
Microarray assisted fine mapping of quantitative trait loci on
Chromosome 15 for susceptibility to seizure-induced cell death
in mice

P. Elyse Schauwecker
Department of Cell and Neurobiology, USC Keck School of Medicine, Los Angeles, CA 90033

Abstract
Prior studies with crosses of the FVB/NJ (FVB; seizure-induced cell death susceptible) mouse and
the seizure-induced cell death resistant mouse, C57BL/6J (B6), revealed the presence of a
quantitative trait locus (QTL) on chromosome 15 (Chr. 15) that influenced susceptibility to kainic
acid-induced cell death (Sicd2). In an earlier study, we confirmed that the Sicd2 interval harbors
gene(s) conferring strong protection against seizure-induced cell death through the creation of the
FVB.B6-Sicd2 congenic strain and created three interval-specific congenic lines (ISCLs) that
encompass Sicd2 on Chr. 15 to fine-map this locus. To further localize this Sicd2 QTL, an
additional congenic line carrying overlapping intervals of the B6 segment was created (ISCL-4)
and compared to previously created ISCLs-1-3 and assessed for seizure-induced cell death
phenotype. While all of the ISCLs exhibited reduced cell death associated with the B6 phenotype,
the most dramatic of these, ISCL-4 showed the most extensive reduction in seizure-induced cell
death throughout all hippocampal subfields. In order to characterize the susceptibility loci on
Sicd2 using this ISCL and identify compelling candidate genes, we have undertaken an integrative
genomic strategy of comparing exon transcript abundance in the hippocampus of this newly
developed Chr. 15 subcongenic line (ISCL-4) and FVB-like littermates. We identified ten putative
candidate genes that are alternatively spliced between the strains and may govern strain-dependent
differences in susceptibility to seizure-induced excitotoxic cell death. These results illustrate the
importance of identifying transcriptomics variants in expression studies, and implicate novel
candidate genes conferring susceptibility to seizure-induced cell death.
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Introduction
It is clear from a number of investigations that dramatic variation in susceptibility to seizure-
induced cell death exists among various mouse stocks and strains and that genetic factors
play an important role in determining susceptibility to seizure-induced excitotoxic cell death
(Schauwecker & Steward, 1997; McKhann et al., 2003; Schauwecker et al., 2004; McLin &
Steward, 2006; Winawer et al., 2007; Müller et al., 2009). We have found that susceptibility
to seizure-induced excitotoxic cell death occurs in many inbred strains of mice and often
differs in extent among strains due to genetic background. In particular, FVB/NJ (FVB)
mice experience significantly more seizure-induced cell death than C57BL/6J (B6). This
differential sensitivity is explained by genes present in quantitative trait loci (QTL).
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Previously, linkage studies using (C57BL/6J X FVB/NJ)N2 mice mapped three
susceptibility loci for the trait of seizure-induced excitotoxic cell death to chromosomes
(Chrs.) 18, 15, and 4 (listed in order of strength of influence on the phenotype) and
designated Sicd, for seizure-induced cell death (Schauwecker et al., 2004). The three
significant QTLs (Chrs 4, 15, 18) together account for nearly 25% of the trait variance for
both genders combined (Schauwecker et al., 2004). Subsequently, through the development
of the congenic strain, FVB.B6-Sicd2, we were able to confirm that the Sicd2 interval on
Chr. 15 harbors gene(s) conferring strong protection against seizure-induced excitotoxic cell
death (Schauwecker, 2011). Interval-specific congenic lines (ISCLs) that encompass Sicd2
on Chr. 15 were generated and used to fine-map this QTL to a 21.16 Mb interval containing
approximately 169 known or predicted genes (Schauwecker, 2011).

However, we were interested in further refining this candidate region to enable rational
candidate gene approaches toward the identification of the underlying genes. In the present
study, we carried out a study of a subcongenic Chr. 15 Sicd2 QTL and FVB-like littermates
using Affymetrix GeneChip Mouse Exon 1.0 ST arrays to assess exon- and gene-level
expression differences in ex vivo hippocampal cells. It is known that many genes underlying
a variety of phenotypes show significant expression level variations in relevant tissues
across genetically segregating populations, and transcriptional regulation of these genes may
play an important role in phenotype manifestation. Upstream regulators (transcription
factors, signaling molecules, etc.) of these genes are likely to be the genetic drivers of the
corresponding phenotypes as well. Therefore, investigations on expression profiles on the
transcriptome level can help greatly in gaining a better understanding of molecular
disturbances in disease. As a result, a microarray application to discovering Sicd QTLs could
provide a shortcut to directly and rapidly identify gene candidates with expression
differences. Here, we identified ten genes that are alternatively spliced between the strains
and may govern strain-dependent differences in susceptibility to seizure-induced cell death.

Materials and methods
This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol
was approved by the USC Animal Care and Use Committee (Protocol #:11638). All efforts
were made to minimize the number and suffering of any animals used in these experiments.

Development of interval-specific congenic lines for fine-mapping and progeny testing
The series of ISCL1-4 were developed and bred in our colony at the Zilkha Neurogenetic
Institute at the University of Southern California Keck School of Medicine as previously
reported (Schauwecker, 2011). In summary, individual congenic recombinant mice
(FVB.B6-Sicd2) were backcrossed to FVB mice (purchased from Jackson Laboratories, Bar
Harbor, ME, USA), resulting in multiple offspring with the same recombination (also
referred to as an ISCL). Individual progeny were genotyped using six microsatellite markers
within or flanking the Sicd2 QTL to identify recombinant mice and define the boundaries of
the introgressed region. At the same time that recombinations in the previous generation
were being replicated, additional recombinants were sought in four subsequent backcross
generations in an ever-narrowing QTL interval and replicated as needed. These mice were
heterozygous for a reduced B6 interval and were then brother-sister mated to produce a first
round of congenics. Heterozygote mating was used to perpetuate the ISCL lines and to
create FVB-like littermate controls (homozygous for FVB alleles across the subcongenic
interval) for comparison. No genotyping, other than on the B6 interval, was done in the
ISCLs as the backcross was always to FVB. All ISCLs were backcrossed for >6 generations
prior to experiments.
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DNA isolation and microsatellite genotyping
High-molecular weight mouse tail DNA was used as a template for PCRs and genomic
DNA was extracted from the tail of the animal according to a previously published protocol
(Miller et al., 1988). Briefly, a small piece (~1 cm) of the tip of the tail was cut off using
sharp scissors. Tail tips were incubated overnight at 55°C in 635 μl of lysis solution
containing 600 μl Tris-NaCl-ethylenediaminetetraacetic acid (EDTA)-sodium dodecyl
sulfate (SDS) buffer (10 mM Tris, pH 7.5, 400 mM NaCl, 100 mM EDTA and 0.6% SDS)
and 35 μl proteinase K (10 mg/ml). DNA was isolated using a high-salt method and standard
procedures of ethanol precipitation and resuspension in Tris-EDTA (10 mM Tris, 1 mM
Na2-EDTA, pH 7.4) and storage at 4°C. After redissolving the DNA, DNA concentrations
were determined spectrophotometrically and samples diluted to 100 ng/μl.

Microsatellite genotyping was conducted as previously described (Schauwecker et al.,
2004). In brief, microsatellite primers were purchased from Invitrogen (Carlsbad, CA,
USA). Primers were selected based on their map locations and on their being polymorphic
between parental strains (http://www.genome.mit.edu). After a 3-min incubation at 94°C,
the reactions were amplified through 35 cycles of 30 seconds at 94°C, 60 seconds at 55°C
and 45 seconds at 72°C, followed by 10 min at 72°C. For markers with allele differences of
8 bp or greater, we used a non-isotopic method of analysis involving sizing of the PCR
products by loading them onto 4% agarose gels (Genepure HiRes Agarose, ISC Bioexpress,
Kaysville, UT, USA) and visualizing them with ethidium bromide staining of PCR products.
After electrophoresis, two independent scorers recorded genotypes from gels analyzed with
a digital gel documentation system (Gel-DocIt, UVP, Upland, CA, USA) that provides
digital images from ethidium bromide-stained gels. To minimize genotyping errors, any
discrepancies or inconsistencies in genotype readings were resolved either by retyping or
discarding questionable genotypes. The map positions of the microsatellite markers and
genes were derived from either the December 2011 (NCBI Build m38) release of the Mouse
Genome Sequencing Consortium (http://www.genome.ucsc.edu/) or its megabase position
from the Mouse Genome Database (http://www.informatics.jax.org/ April 2013).

Systemic kainate administration
The phenotypic effects of the Sicd2 region in ISCLs 1–4 were assessed by progeny testing
(Darvasi, 1997, 1998) by comparing the phenotype of mice homozygous for the
recombinant chromosome with that of FVB-like littermates. Identification of the ISCLs that
show a QTL effect on the phenotype of susceptibility and the ISCLs that do not show a QTL
effect on the phenotype of susceptibility defined the critical genomic interval required for
the QTL effect.

Young adult mice, 6–8 weeks old, (ISCLs1-4, and FVB-like littermates) were administered
kainic acid (Nanocs, New York, NY, USA), dissolved in isotonic saline (pH 7.3) and at a
dose of 20 mg/kg (s.c.). To minimize mortality following status epilepticus (SE) because of
dehydration or starvation, animals were fed moist high-fat rodent chow until animals were
observed to be eating dry chow. In our experience, 20% of mice die during SE at this dose
of kainate. The mortality is not line/strain or seizure intensity dependent and all deaths
tended to occur during the 4 hour observation period.

Behavioral assessment of kainate-induced seizures
Mice were monitored continuously for 4 hours for the onset and extent of seizure activity
using a previously defined six-point seizure scoring scale (Schauwecker & Steward, 1997)
that was adapted from a five-point scale for rats (Racine, 1972). The behavioral progression
of KA-induced seizures was rated and recorded as follows: Stage 1, immobility; Stage 2,
forelimb and/or tail extension, rigid posture; Stage 3, repetitive movements, head bobbing;
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Stage 4, rearing and falling; Stage 5, continuous rearing and falling; and Stage 6, severe
tonic-clonic seizures. SE was defined as continuous behavioral seizure activity that lasted
for at least 30 min or a series of intermittent seizures without restoration of normal
behavioral patterns between successive seizures. The severity of SE was evaluated by the
percentage of time that animals spent in stage 4/5 seizures during SE. For mice to be
included in the study, they had to exhibit at least 45 min of continuous stage 4/5 seizures, as
previous studies have suggested that there is a direct relationship between the generation of
epileptiform activity and the extent of damage in hippocampal subfields (Sperk et al., 1983;
Ben-Ari, 1985; Sperk, 1994). Seizure parameters monitored included latency of convulsions
and duration of severe (Stage 4/5) seizure activity. All experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Southern
California and conducted in accordance with its guidelines. Every effort was made to
minimize animal suffering and to minimize the number of animals utilized in order to
produce reliable scientific data.

Tissue preparation and histological staining
To evaluate the severity of brain damage associated with seizures, brains from animals of
each strain were processed for cresyl violet staining to assess cell loss and morphology
according to previously published methods (Schauwecker et al., 2004; Lorenzana et al.,
2007). Briefly, seven days following kainate administration, mice were anesthetized and
transcardially perfused with 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4).
Brains were removed and post-fixed overnight. Brains were left in 30% sucrose for at least
12–18 hours for cryoprotection. Horizontal (40 μm) frozen sections were be cut on a sliding
microtome and immersed in 0.1M phosphate buffer (pH 7.4) free-floating, until histological
processing had begun. Every sixth section (~240 μm) was processed for cresyl violet
staining to assess cell loss and morphology.

NeuN immunofluorescence
Immunofluorescence was performed on an additional series of sections (every sixth section;
~240 μm) to detect those neurons that survived 7 days following kainate-induced SE. For
immunofluorescent labeling, sections were washed with 0.1M phosphate buffer (pH 7.4) and
blocked with 5% normal serum and 0.1% Triton X-100 in 0.1M phosphate buffer (pH 7.4).
Next, sections were incubated overnight with a neuronal marker against NeuN (monoclonal
from mouse; Millipore, Billarica, MA, USA; 1:500) at 4°C. After several washes, sections
were incubated with a secondary antibody from mouse conjugated with Cy2 (1:200; Jackson
Immuno- Research, West Grove, PA, USA) for 2 h at room temperature. After rinsing,
sections were mounted and coverslipped with ProLong anti-fade mounting medium
(Molecular Probes, Eugene, OR, USA). For labeling, omission of the primary antibody
served as negative control for staining in which the tissue was incubated with antibody
diluent, without the primary antibody included. Labeling for NeuN was viewed under an
Olympus BX51 fluorescence microscope (Olympus, New York, NY, USA).

Morphological assessment of neuronal damage
To provide a global picture of genotype-dependent effects on cell loss throughout the
hippocampus, neuronal degeneration was evaluated in sections stained with cresyl violet.
The number of degenerating neurons in both the right and the left hippocampus from every
sixth section (240 μm separation distance) in four brain regions (CA3, CA1, dentate hilus,
and dentate gyrus), which represented various levels of the hippocampus, was visually
estimated and a histological damage score was assigned on a 0–3 grading scale and
according to the following criteria: grade 0, absence of pyknotic cells; grade 1.0, mild
(<25% of cell pyknotic); grade 2.0, moderate (<50% of hippocampal neurons pyknotic) and
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grade 3.0, extensive (>50% of cells pyknotic) according to previously defined scale
(Fujikawa et al., 1994; Fujikawa, 1995, 1996; Schauwecker et al., 2004). All grading was
performed blindly by an observer who was naïve to the strain.

There was no obvious difference in neuronal damage between hemispheres, so values for
right and left hemispheres were averaged for each mouse. For the hippocampus, scores from
sections were averaged and used for calculating group values. As histological damage scores
were normally distributed, we were able to use standard parametric methods of data
analysis. Thus, to determine whether differences in histological scores existed among the
groups of mice, results were assessed statistically by one-way Analysis of Variance
(ANOVA) with the computer program SigmaStat version 3.50 (Jandel Scientific, San
Rafael, CA, USA) and intergroup differences were analyzed by Student Newman-Keuls post
hoc test.

Quantitative analysis of seizure-induced cell loss
Subsequently, to determine the susceptibility of individual hippocampal subfields to
neurotoxic insult, we counted neurons in cresyl violet-stained sections. Quantitative analysis
of hippocampal cell counts was performed by an observer blinded to the strain groups using
unbiased stereological methods as described previously (Lorenzana et al., 2007; Kong et al.,
2008). The cresyl violet-stained neurons in area CA3, area CA1, the dentate hilus, and the
dentate gyrus were counted in both the right and left hippocampus and counting was
initiated within the ventral hippocampus at the first point where hippocampal subfields
could be easily identified. This level corresponded to horizontal section 54, based on the
atlas of Sidman et al. (1971). Hippocampal subfields were based on Franklin & Paxinos
(1997) classification and discrimination between the CA3 and the dentate hilus region was
based on morphological features and locations of the cells (West et al., 1991; Sousa et al.,
1998). Specifically, for dentate hilar cell counts, the hilus was operationally defined as the
region bordered by the supra- and infrapyramidal granule cell layers and excluding the
densely packed pyramidal neurons of area CA3. Neuron counts were made in all subfields
and the numbers for each side were averaged into single values for each animal. Surviving
cells were counted only if they were contained within the pyramidal cell layer, dentate hilus
or dentate gyrus possessed a visible nucleus and characteristic neuronal morphology and had
a cell body larger than 10 μm. Six square counting frames (200 × 200 μm) were randomly
placed in the pyramidal layer of fields CA1 and CA3 or in the dentate gyrus in 4–5 regularly
spaced horizontal sections from each animal. Two square counting frames were randomly
placed in the dentate hilus in 4–5 regularly spaced horizontal sections from each animal.
Neuronal nuclei were evaluated at three different focal planes and only those in the focal
plane were counted with a 40X objective and considered as a counting unit. Stereological
analysis was performed with the aid of ImagePro Plus 4.5 software (Media Cybernetics,
Silver Spring, MD, USA) and a motorized Z-stage (Optiscan; Prior Scientific, Fairfax, VA,
USA). Final cell counts were expressed as the percentage of cells as compared to saline-
injected sham control FVB-like littermates. Results were assessed statistically by one-way
analysis of variance (ANOVA) using the computer program, SigmaStat (Jandel Scientific,
San Rafael, CA, USA), and intergroup differences were analyzed by Newman-Keuls post
hoc test.

RNA isolation
For RNA isolation, naïve mice were anesthetized with Avertin and killed by decapitation.
Whole brains were removed by dissection and both hippocampi rapidly dissected out on ice.
Both combined hippocampi from a mouse whole brain (~50 mg) were homogenized and
total RNA extracted using the RiboPure kit™ (Ambion, Austin, TX, USA) following
manufacturer’s protocols. RNA concentration was determined using a Molecular Devices
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SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA), and
integrity was evaluated using the Bioanalyzer 2100 platform (Agilent Technologies, Santa
Clara, CA, USA). RNA samples were stored at −80°C until analyzed.

RNA labeling and microarray hybridization
10–20 μg of total RNA was mixed with 200 pMol of oligo-dT primer. After a 10 min
incubation at 70°C and 5 min at 4°C, 20 units of Transcriptor reverse transcriptase (Roche,
Palo Alto, CA, USA), 10 nMol of each dNTP and 4 nMol of aminoallyl-dUTP (Ambion,
Austin, TX, USA) was added and this mix was incubated 2 hours at 42°C. After 30 min of
RNase treatment, cDNA was purified using QIAquick PCR purification kits (Qiagen,
Valencia, CA, USA). The amount of cDNA was determined spectrophotometrically, and
samples were dried in a speedvac. cDNA was resuspended in a carbonate buffer (pH 9.0–
9.3) and mixed with the Cy3- and Cy5-NHS ethers (Amersham, Piscataway, NJ, USA).
After a 1 hour incubation in the dark, 20 mMol of hydroxylamine was added to quench the
reaction, and labeled cDNA were purified using QIAquick PCR purification kits. The
concentration of the labeled cDNA and labeling efficiency were determined
spectrophotometrically, and labeled cDNA was hybridized to Affymetrix Mouse Exon 1.0
ST microarrays according to manufacturer’s instructions.

Microarray experiments, including generation of probes, hybridization to arrays, washing
and scanning, were conducted at the University of Tennessee DNA and Microarray Core
Facility using Affymetrix Mouse Exon 1.0 ST microarrays on a fee-per-service basis. We
used the Affymetrix Mouse Exon 1.0 ST microarray, which carries 1.2 million probe sets
covering one million exon clusters, with an average of 40 probes per gene. All-exon arrays
provided an opportunity to measure both gene expression and alternative RNA splicing.
Unlike the conventional 3′ arrays, transcript-level changes in expression are determined by
calculating the mean change in all the exons in a transcript cluster. In addition to transcript-
level changes, the new all-exon arrays can measure changes in alternative splicing, by
following the expression of each exon, or probeset, independently. Exon arrays are a high-
density microarray platform with probes designed to target all annotated and predicted exons
in the genome. A probeset, consisting of four probes, is designed to target a single putative
exonic region. Furthermore, each exonic region is classified based on the supporting type of
annotation. In addition to probes targeting each exon supported by RefSeq mRNA evidence
(core probes), Exon arrays also have probes that target exons supported solely by expressed
sequence tag evidence (extended probes) or by purely computational predictions (full
probes).

Bioinformatic analysis using Partek® Genomics Suite™

Normalized microarray data were retrieved from the University of Tennessee DNA and
Microarray Core Facility and imported into Partek® Genomics Suite™ 6.6 (Partek,
Missouri, USA) to assess the quality of the data and perform statistical analyses. Affymetrix
CEL files were imported using the Robust Multi-Chip Average (RMA) algorithm.
Affymetrix library files used in conjunction with Partek® Genomics Suite™ were the V1
release version for the Mouse Exon 1.0 ST Array, and annotation files were from NetAffx
(www.affymetrix.com). Core probesets only were selected and a gene-level summary
analysis was conducted. All files were loaded to conduct analyses of all samples, and all
samples were normalized before conducting hierarchical clustering analyses. Data filtration
is required to decrease the chances of false predictions, therefore, increasing the verification
rate. Pre-analysis filtration included removing any probe set that is not expressed in at least
one sample group. The data analysis workflow for exon arrays was two pronged. For
determination of differential expression, probe set information was summarized into gene
level information. Using the Partek “gene expression workflow” to detect differentially
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expressed genes, an ANOVA was performed. ANOVA factors included chip number and
line. Data were filtered to include only data points that had a detection p-value less than 0.05
and a fold-change cut-off of 1.2 in all analyses to minimize the risk of generating false
positive results. Gene expression differences between the ISCL and FVB-like littermates
were determined using a false discovery rate (FDR) of 0.05 in a step up analysis. From this
analysis, gene lists were created and exported lists included significant genes, fold changes
and p-values for comparisons between groups. To identify candidate quantitative trait genes
(QTGs), we filtered for genes that map to our reduced region on chromosome 15 and that
showed significant changes in transcript levels based on the ANOVA Bonferroni algorithm
using a cutoff P value of 0.05.

A second analysis looked at exon level data. In order to obtain meaningful alternate exon
usage information, and to decrease the chance of false positives, several filtering steps were
included prior to analysis. The presence of absence of exon expression was determined
using detection above background (DABG). All probe sets where the DABG p-value <0.05
were removed from the analysis. Data were analyzed for alternative splicing by an ANOVA
with Strain as the main effect and corresponding interaction.

All exon array data were analyzed using tools in Genomics Suite software (v6.6; Partek Inc.,
St. Louis, MO, USA), using Affymetrix annotation files (NetAffx, www.Affymetrix.com).
Exon level data were filtered to include only those probe sets that are in the “core” meta-
probe list, which represents 17,881 RefSeq genes and full-length GenBank mRNAs. The
core data include target-sequence, perfect-match, unique probe sets. The RMA algorithm
was used for probe set (exon-level) intensity analysis. Adjustments were made for GC
content and probe sequence on pre-background-subtracted values. We used background
correction, quantile normalization, log2 transformation, and median polishing for
summarization.

Biological interpretation
Gene enrichment analysis was used to interpret the biological impact of alternative exon
usage and differential expression among ISCL-4 and FVB-like littermates. Gene Ontology
(GO) enrichment analysis was undertaken in Partek Genomic Suite using a chi-square test
comparing the proportion of the transcript list in an ontology, to the proportion of the
background list in that same ontology. Specifically, GO pathway enrichment analysis was
applied to each gene set in order to identify the top functionally enriched pathway categories
related to the genes significantly differentially expressed between strains.

Microarray data accession number
The data discussed in this publication have been deposited in NCBI’s Gene Expression
Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number
GSE47706 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47706).

Confirmational quantitative real-time PCR expression analyses
To confirm and validate select gene expression changes, we performed quantitative real-
time reverse transcription polymerase chain reaction (qRT-PCR) using hippocampal RNA
samples from an independent set of FVB.B6-Sicd2-ISCL4 and the corresponding FVB-like
litttermates. For RNA isolation, naïve mice were anesthetized with Avertin and killed by
decapitation. Whole brains were removed by dissection and both hippocampi rapidly
dissected out on ice. Both combined hippocampi from a mouse whole brain (~50 mg) were
homogenized and total RNA extracted using the RiboPure kit™ (Ambion, Austin, TX, USA)
following manufacturer’s protocols. The quantity and quality of RNA was determined using
a Molecular Devices SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale,
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CA, USA), and integrity was evaluated using the Bioanalyzer 2100 platform (Agilent
Technologies, Santa Clara, CA, USA).

Reactions were set up for two-step reverse transcriptase polymerase chain reaction (RT-
PCR). Prior to first-strand cDNA synthesis with High Capacity cDNA archive kit (Applied
Biosystems, Foster City, CA, USA), aliquots of mRNA were treated with DNase at 37°C for
30 min to eliminate potential contaminating genomic DNA. qRT-PCR was carried out using
SYBR Green chemistry and the ABI Prism 7300 sequence detection system (Applied
Biosystems, Foster City, CA, USA).

Primer sequences for candidate genes were designed from the sequence in the coding region
of the gene; when possible, at least 1 primer spanned an exon/intron boundary using Primer
3 (Rozen & Skaletsky, 2000) based on the murine sequence obtained from the Ensembl
genome browser (release 38). The specificity of each pair of primers was confirmed by its
dissociation curve in quantitative real-time PCR. To correct for run-to-run variability and
differences in primer efficiency, a fivefold serial dilution (ranging from 0.64 to 80 ng) of
genomic DNA were included in each experiment to generate a standard curve of each
candidate gene. All primer sets were tested for optimal dissociation curves with
amplification efficiencies between 85 and 100%. Any primer sets not meeting these
standards were redesigned.

Relative expression was measured using the relative standard curve method, which gives
highly accurate quantitative results and requires the least amount of validation (Applied
Biosystems, Grand Island, NY, USA). Two control reactions were run for each RNA
preparation: (1) a reverse transcription and PCR reaction with no added RNA to control for
contamination of the reagents; and (2) a PCR reaction without the reverse transcription
reaction to detect DNA contamination of the RNA preparation. To correct for sample-to-
sample variation, an endogenous control (GAPDH) was amplified with the target and served
as an internal reference to normalize the data. GAPDH expression did not vary significantly
across the samples, allowing it to be used as the normalizer. For relative quantification of
expression of each gene between the FVB-like littermates and FVB.B6-Sicd2-ISCL4 strains,
the comparative cycle number threshold (CT) method (ΔΔCT) was used: ΔCT = CT (gene of
interest) − CT (reference gene), and this value calculated for each sample. The comparative
ΔΔCT calculation involves finding the difference between each sample’s ΔCT and the mean
ΔCT for the FVB.B6-Sicd2-ISCL4 strain. These values were then transformed to absolute
values with a formula in which comparative expression level = 2-ΔΔCT.

Statistical analysis
SigmaStat (Jandel Scientific, San Rafael, CA, USA) was used for all statistical tests. Data
were presented as mean ± SEM, and differences between groups were compared statistically
by one way ANOVA. One-way ANOVA with Student–Newman–Keul’s post hoc multiple
comparison test was used to assess all ISCLs for significant reduction in the extent of cell
damage relative to FVB-like littermates. Mean values are given for phenotypes ± SEM. Data
were considered to be statistically significant when P < 0.05.

Results
Fine mapping of Sicd2 through creation of interval-specific congenic lines

As previously described (Schauwecker, 2011), the ISCL were detected by screening for
recombination between the flanking markers used to construct the congenic lines. All four
ISCL lines that were validated as carrying unique recombination events and derived from
the original FVB.B6-Sicd2 congenic strain are shown in Figure 1. Some additional lines
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were lost due to infertility. The genetic markers used to characterize each ISCL are shown,
together with their mB positions. Genetic markers throughout the B6 donor region were
characterized in each ISCL.

Seizure parameters following systemic administration of kainate
As susceptibility to seizure-induced cell death can be modulated by the duration and severity
of seizure induction (Berger et al., 1986; Ferraro et al., 1995; Galanopoulou et al., 2002;
Holmes, 2002), we examined whether significant differences in seizure severity, the latency
to the onset of the first severe seizure or the duration of severe seizures differed significantly
among ISCL congenic strains and FVB-like littermates. Results for latency to first seizure
and seizure duration following kainate (KA) administration for the four subcongenic lines
are presented in Table 1. As depicted in Table 1, the latency to the onset of the first severe
seizure differed significantly as tested by ANOVA among all ISCL congenic strains and
FVB-like littermates (F4,134 = 10.738, P < 0.001). In particular, a reduction by nearly 50%
was observed amongst all three ISCL strains with regard to shortened latency to the onset of
severe seizures, as compared to the FVB-like littermates. Similarly, while ISCL-1 and
ISCL-3 showed a trend towards increased duration of severe seizures, only ISCL-4 showed
a significant increase in the duration of severe seizures as compared to FVB-like littermates
(F4,134 = 12.972, P < 0.001). In contrast, it is important to note that, irrespective of mouse
strain or line, observed seizures were of a similar intensity (Table 1).

Susceptibility to kainate-induced cell death in interval-specific congenic lines of Sicd2
We developed 4 interval-specific congenic lines for our Sicd2 QTL. Sections from each of
four groups of ISCL mice sacrificed 7 days following kainate injection and processed for
cresyl violet staining and NeuN immunofluorescence are shown in Figure 2. Briefly, while
we observed a significant protective effect amongst all four ISCL strains when cell death
was assessed throughout the whole hippocampus (Figure 3A), as compared with FVB-like
littermates, when cell damage was assessed across hippocampal subfields a different pattern
emerged. In particular, a significant protective effect was observed in all four ISCL strains
throughout area CA3, as evidenced by retention of cresyl violet staining and NeuN
immunofluorescence. In contrast, we saw a significant protective effect within the dentate
hilus in ISCL-2 and ISCL-4 as well, while we did not observe such a protective effect in
either FVB.B6-Sicd2 congenic mice or the other two ISCL lines (Figure 2). Moreover, only
ISCL-4 demonstrated a protective effect against seizure-induced cell death in area CA1 as
well.

Consistent with previous studies in mice (Schauwecker & Steward, 1997; Schauwecker et
al., 2000; Schauwecker, 2000, 2002a, 2002b), administration of KA to FVB-like littermates
mice led to the degeneration and loss of CA3 pyramidal neurons and hilar neurons, and
sporadic loss of CA1 pyramidal neurons. In accordance with previous studies (Nadler &
Cuthbertson, 1980; Nadler et al., 1980; Sperk et al., 1983; Ben-Ari et al., 1984), cells within
the dentate granule cell layer and area CA2 of Ammon’s horn were spared. In contrast, all
ISCL strains demonstrated significantly less cell death, compared with their respective FVB-
like littermates (Figure 3A). Quantitative analysis of hippocampal subfield group means
revealed that ISCL-2 mice lost on average 20% fewer hilar neurons while ISCL-4 mice lost
on average 40% fewer hilar neurons as compared to FVB-like littermates (Figure 3B).
Within area CA3, while all ISCLs showed a reduction in the extent of cell loss as compared
to FVB-like littermates. ISCL-3 showed a 55% loss of CA3 pyramidal neurons, ISCL-1
showed a 40% loss, and ISCL-2 and ISCL-4 showed the greatest protective effect with
losses of only 20% or 10%, respectively. Furthermore, only ISCL-4 was protected against
any cell loss within area CA1, and displayed nearly complete protection against seizure-
induced excitotoxic cell loss (Figure 3). As ISCL-4 demonstrated the most significant
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reduction in seizure-induced cell death and demonstrated reduced cell death in all
hippocampal subfields, we chose this strain to conduct a transcriptome analysis on as
compared to the FVB-like littermates.

Quality Control of RNA and Microarray Samples
Assessment of RNA integrity on the Agilent Bioanalyser 2100 indicated an average RNA
Integrity Number (RIN) of 9.5, thus RNA samples provided for the microarray were of high
quality. The expression data was entered into Partek® Genomics Suite™ where quality
control analyses were performed. Principal Components Analysis (PCA) mapping indicated
that the greatest variation between hippocampal samples was due to genotype, i.e. between
ISCL-4 and FVB-like littermate samples). There was no obvious clustering based on RNA
extraction date. No samples were identified as biological or technical outliers, therefore all
samples were included in the subsequent bioinformatic analysis.

Hippocampal gene expression changes in Sicd2 subcongenic mice versus FVB-like
littermates

To investigate the effect of strain on gene expression in the hippocampus, we analyzed
hippocampal RNA using a microarray platform that utilizes multiple probes along the
different exons of each gene (Affymetrix GeneChip Mouse Exon 1.0 ST array). The
Affymetrix Exon 1.0 ST microarray contains 1.2 million probe sets that cover 1 million
exon clusters, with an average of 40 probes per gene. The annotations used to design these
probe sets are derived from a variety of sources and vary dramatically in the strength of
experimental evidence which supports their existence. These annotations are divided, in
order of decreasing quality of experimental support into “core”, “extended”, “full”, “free”,
and “ambiguous” annotations. Our analysis was restricted to the approximately 2.2 × 105

core probe sets on the exon array. These probe sets interrogate exons derived from Ref Seq
transcripts and/or full length Gen Bank mRNAs. Eight chips were analyzed per strain group,
with RNA for each chip sample derived individually from the whole hippocampi of eight
ISCL-4 male mice and their FVB-like littermates at 6–8 weeks of age.

To identify underlying gene expression differences between ISCL-4 and FVB-like littermate
hippocampi, a one-way Analysis of Variance (ANOVA) of samples only was conducted
(with genotype as factor) for those genes differentially expressed by a log fold change (LFC)
> ± 1.2 in response to strain. Overall, a total of 723 genes were differentially expressed
between control ISCL-4 and FVB-like littermates; 157 genes had a decreased expression in
ISCL-4 compared to FVB-like littermate hippocampi, while 536 had an increased
expression. Of these, only four genes were located within the introgressed region on Chr 15
and all four of these genes were up-regulated in ISCL-4 mice as compared to FVB-like
littermates (Table 2).

To address the question of whether abnormal splicing events are a cause or a consequence of
strain-related differences in seizure-induced cell death, we carried out an exon-specific
microarray experiment on both strains and assessed alternative splicing using the Partek®
Genomics Suite™ program. Of the 28,072 genes with evidence of expression, 1098 genes
were predicted to have at least one alternative exon in the differentiation between Sicd2-
ISCL4 mice and FVB-like littermates. Ten of these were located in the reduced Sicd2-
ISCL4 region (Table 3), and all of these transcripts were up-regulated in ISCL-4 mice as
compared to FVB-like littermates.

Functionally enriched pathways
Genes that were differentially expressed at p<0.05 across the contrast of strain were
imported into Partek® Genomics Suite™ and subjected to analysis with GO functional
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terms. Table 4 shows the top functionally enriched pathway categories related to genes
differentially expressed between FVB-like and ISCL-4 strains. Gene count refers to the
number of genes from the data sets that contribute to each functional category. The p-value
represents the statistical significance of each functionally enriched category identified.

Functional validation of divergently expressed genes
We selected a subset of 7 genes for confirmation of the microarray results and to obtain an
independent measurement of fold changes between ISCLs and controls, based on known or
predicted function. For these analyses, we used hippocampal RNA from an independent set
of ISCL-4 and FVB-like littermate controls for qRT PCR. As shown in Figure 4, we
confirmed upregulation of four of these genes (Enpp2: F=10.573; P=0.006; Oxr1: F=5.512;
P=0.034; Rspo2: F=50.066; P<0.001; Trhr: F=12.189; P=0.004) and downregulation of one
(Ttc35: F=5.512; P=0.034) by qRT-PCR analysis in hippocampal homogenates of Sicd2-
ISCL4 mice as compared to FVB-like littermates. Four of these genes, Enpp2, Oxr1, Rspo2,
and Trhr, were validated with the microarray results being concordant to the qPCR data in
terms of direction of fold changes. The gene with the largest upregulation in ISCL-4
compared with FVB-like littermates as determined by qRT-PCR was Rspo2 with a 6.4 fold
increase.

Discussion
We have found that susceptibility to seizure-induced excitotoxic cell death occurs in many
inbred strains of mice and often differs in extent among strains due to genetic background.
In particular, FVB mice experience significantly more seizure-induced cell death than B6.
This differential sensitivity is explained by genes present in quantitative trait loci (QTL) on
Chromosomes 18, 15, and 4 (listed in order of strength of influence on the phenotype;
Schauwecker et al., 2004). Prior studies (Schauwecker, 2011) had demonstrated that
congenic mice expressing a B6-derived locus on the Chr. 15 region, Sicd2, showed reduced
susceptibility to seizure-induced excitotoxic cell death following kainate administration,
suggesting that the Sicd2 interval harbors gene(s) conferring protection against seizure-
induced cell death. Interval-specific congenic lines (ISCL) that encompass Sicd2 on Chr. 15
were generated and used to fine-map this QTL.

ISCL-4 mice of the FVB.B6-Sicd2 congenic strain show reduced seizure-induced cell death
following systemic kainate administration

In the present study, we produced four interval-specific congenic lines, ISCL1-4, carrying
differing intervals from Chr. 15 of B6 on an FVB-derived susceptible background. All of
these subcongenic strains had decreased susceptibility compared with their FVB-like
littermates, when cell damage was assessed by regional analysis of hippocampal subfields,
owing to the effect of B6 alleles on Chr. 15. However, differences in the extent of
hippocampal cell death were noted among the ISCL strains. When cell damage was assessed
across all hippocampal subfields, only ISCL-4 showed significant protection against cell
loss in all 3 hippocampal subfields (dentate hilus, area CA3 and area CA1).

Interestingly, earlier studies have suggested that reduced susceptibility to seizure-induced
cell death could result from a reduction in seizure activity (Berger et al., 1986; Ferraro et al.,
1995; Galanopoulou et al., 2002; Holmes; 2002; Sucholmelova et al., 2006). Thus, we
examined several seizure parameters in these four ISCLstrains, such as seizure severity,
seizure latency and seizure duration. Despite the dramatic protective effect we observed in
ISCL-4 mice with regard to susceptibility to seizure-induced cell death in comparison to the
FVB-wildtype strain, we observed a significant reduction in the latency to the first seizure
and a significant increase in seizure duration. Typically, reductions in seizure latency and
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increases in seizure duration suggest increased seizure sensitivity/susceptibility with
resultant increases in cell death. However, we found a considerable discrepancy within the
ISCL-4 mice. Although we would have expected increased cell death, as a result of the
decreased seizure latency and increased seizure duration, we instead found increased
protection against seizure-induced cell death. The shortened latency and increased duration
of seizures give emphasis to the fact that ISCL-4 mice may actually have enhanced kainate
seizure sensitivity. Nevertheless, it is important to note that although ISCL-4 show enhanced
protection against susceptibility to seizure-induced cell death, these protective effects are not
the result of diminished seizure sensitivity.

As differences in the extent of cell death across hippocampal subfields could result from
differences in gene composition within each interval, we were guided by our working
hypothesis that genes that are differentially regulated between strains and are localized to the
QTL are good candidate genes to explain the differential sensitivity. In order to characterize
susceptibility loci on Sicd2 using existing subcongenic strains (Schauwecker, 2011) and
identify compelling candidate genes, we undertook an integrative genomic strategy of
assessing exon transcript abundance in a newly developed Chr. 15 subcongenic line.

Identifying candidate modifier genes through transcriptional profiling
As the most dramatic reduction in seizure-induced cell death susceptibility was expressed in
ISCL-4, which carries a reduced B6-derived region of Chr. 15 on an FVB-derived
susceptible background, we chose to examine gene expression in this subcongenic strain and
compare it to gene expression in FVB-like littermate controls. We hypothesized that the
phenotypic differences displayed by these mice in response to kainate can partly be
explained by a different gene expression profile between the mouse strains, and that this
approach could lead to the identification of candidate genes affecting susceptibility to
seizure-induced cell death. As a first step in the identification of possible positional
candidates for Sicd2, we carried out transcript profiling with microarrays to compare the
level of expression of all genes in the interval in normal hippocampus from susceptible vs.
ISCL mice.

Several studies have employed linkage analysis with QTL mapping to identify genomic
regions regulating quantitative traits in mice (Lang et al., 2010; Samocha et al., 2010;
Hessel et al., 2012; Smolock et al., 2012). However, identification of the genetic
polymorphisms responsible for disease susceptibility has been a slow process. We combined
fine mapping through the creation of interval specific congenic lines and expression
profiling, a strategy that has been successful at identifying putative quantitative candidate
genes in mice (Chiu et al., 2007; Hofstetter et al., 2008; Kim et al., 2009; Villmann et al.,
2009; Kumar et al., 2010). The 14.24-Mb interval that defines the ISCL-4 Sicd2 interval on
Chr. 15 contains approximately 63 known or predicted genes. Thus, using the combined
approach of fine-mapping and focusing on one small region (~ 14 Mb of chromosome 15)
with transcriptomics dramatically decreases the number of genes that are expected to be
differentially expressed - giving us a manageable number of candidates. We determined that
90% of known genes in this region are represented on the Affymetrix GeneChip Mouse
Exon 1.0 ST array chip. This allows us to identify candidate quantitative trait genes (QTGs)
for the cell death susceptibility phenotype. Furthermore, because the two strains are identical
except for a region on the chromosome, the a priori expectation is that the genes within the
QTL interval that differ in expression are by definition cis-regulated (Vadasz et al., 2007;
Ma et al., 2008; Wang et al., 2010; Leduc et al., 2011) and thus QTG candidates. By
focusing on the region that differs, we were able to detect differences in the expression of
nine cis-regulated genes. We confirmed upregulation of four of these genes, Enpp2, Oxr1,
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Rspo2 and Trhr, by qRT-PCR analysis in hippocampal homogenates of Sicd2-ISCL4 mice
as compared to FVB-like littermate mice.

Candidate modifier genes involved in seizure-induced cell death
The implicated genes have a variety of functions. Enpp2 (autotaxin) is one of the members
of a group of widely conserved family of ectonucleotidases that plays a primary role in
purine signaling regulation by hydrolyzing AMP to adenosine (Vuaden et al., 2012). Thus,
the ENPP family is involved in the generation, breakdown, and recycling of extracellular
nucleotides (Bollen et al., 2000; Stefan et al., 2006). Since a single mutation in the mouse
Enpp2 catalytic site leads to an inactive enzyme and renders homozygous knock-out mice
embryonic lethal, the enzymatic activity of Enpp2 is critical to normal development (Ferry
et al., 2007). ENPP2 has been suggested to be involved in cell survival, proliferation, and
tumor cell motility based on its ability to generate lysophosphatidic acid (LPA) (Stefan et
al., 2005; Van Meeteren & Moolenaar, 2007). LPA is a lipid mediator that has wide-ranging
roles in cell proliferation, migration and survival (Anliker & Chun, 2004; Birgbauer &
Chun, 2006; Van Meeteren & Moolenaar, 2007).

Orexins (hypocretins) are recently discovered excitatory neuropeptides synthesized mainly
by neurons located in the posterolateral hypothalamus. They are involved in the regulation
of neurohormones and pituitary hormone secretion, as well as in the control of
cardiovascular and sleep-wake function (Hungs & Mignot, 2001; Willie et al., 2001). The
two types of orexins, orexin A and orexin B, mediate their effects by binding to two G-
protein coupled orexin receptors, Oxr1 and Oxr2 (Langmead et al., 2004). Studies have
shown that loss of either orexin A or B or the receptors results in a loss of appetite as
compared to littermates and a sleep disorder similar to human narcolepsy (Chemeilli et al.,
1999). Activation of orexin receptors can stimulate intracellular calcium influx through a
number of intracellular signaling cascades (Holmqvist et al., 2005; Lund et al., 2000).
Studies have demonstrated that Oxr1 is induced under oxidative stress (Elliott & Volkert,
2004; Natoli et al., 2008), and that loss of Oxr1 causes cell death while increased protein
levels can protect against oxidative stress (Oliver et al., 2011). Importantly, Oliver et al.
(2011) has shown that the sensitivity of neurons to exogenous stress can be exquisitely
controlled by the level of Oxr1 expression.

R-spondins comprise a family of four secreted proteins that activate WNT/β-catenin
signaling at the receptor level, leading to β-catenin-dependent gene activation (Kazanskaya
et al., 2004; Kim et al., 2005; Nam et al., 2006; Wei et al., 2007). They have been shown to
be novel regulators of cell proliferation, cell fate determination, and organogenesis,
particularly as mutations in particular Rspo genes cause human syndromes specified by
specific birth defects. Mice lacking a functional Rspo2 gene exhibit craniofacial
abnormalities likely due to disrupted WNT/β-catenin signaling and gene expression within
the first branchial arch (Jin et al., 2011).

Thyrotropin releasing hormone, Trh, is a tripeptide hormone originally identified in
hypothalamic neurons (Boler et al., 1969) and secreted into the hypothalamic-hypophyseal
portal blood. Trh binds to cell surface thyrotropin-releasing hormone receptors, Trhrs, which
are seven transmembrane spanning receptors located on thyrotrophs and mammotrophs in
the anterior pituitary gland. Binding of Trh to Trhr activates the G proteins, Gq/G11
resulting in the activation of phospholipase C and a subsequent increase in intracellular free
calcium, and the release of both thyroid-stimulating hormone (TSH) and prolactin (Cook et
al., 2003). Thus, tight regulation of the TRHR signal is necessary for proper thyroid
function. While, at present, none of these genes has been shown to play a relevant role in
modulating neuronal excitability on its own, the identification of new and/or novel genes is a
strength of QTL mapping in that it is location-based/hypothesis free and therefore has a
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higher potential of identifying novel mechanisms related to seizure-induced cell death
susceptibility. Thus, at the present time, we cannot exclude that one or a combination of
these genes play important roles in cellular signaling pathways, and thus, might be involved
subsequently at some level in modulating susceptibility to seizure-induced excitotoxic cell
death.

It is important to note that this study is not without limitations. Advances in high-throughput
gene expression platforms have enabled genome-wide analysis of gene expression, allowing
investigation of both cis and trans effects. Based on our experimental design of the congenic
microarray in which we focused on examining those differentially expressed genes in the
donor region, we have focused primarily on annotated genes likely to be under cis regulation
within the limits of the congenic interval. It is possible that our identification of any cis-
regulated genes may show bias towards causal association with respect to transcript
abundance. In particular, a proportion of the total heritability of gene expression could be
explained by the effects of trans regulatory variants introgressed in the given congenic strain
and these trans variants could be critical to differences in gene expression observed between
our subcongenic strain and FVB-like littermates.

Conclusions
In this study, we have demonstrated that changes in alternative splicing occurred between
our ISCL-4 and background strain of FVB-like littermates. Our results highlight the benefit
of using transcriptomics in addition to fine mapping via construction of ISCL lines to
identify QTGs. Thus, we propose that Enpp2, Oxr1, Rspo2, and Trhr are likely candidates in
the respective genetic region and believe that directed study will identify pathways regulated
during epilepsy, giving further insight into differences in the pathological consequences of
seizures. These genes likely contribute to susceptibility to seizure-induced cell death and its
consequences regardless of the mechanistic origin of increased susceptibility. Compared to
other approaches based on DNA microarrays that interrogate single whole genes, studying
the transcriptome at the exon level provides an accurate detailed knowledge about the
variations occurring within the genes. Further functional characterization of gene regions
alternatively spliced has the potential to improve the understanding of the complicated
biological processes connecting isoform variations and phenotype variations. Lastly, an
optimal test to prove that a candidate gene is causal for the QTL effect is quantitative
complementation (Peruzzi et al., 2009; Villmann et al., 2009; Kerr et al., 2012), which
requires knockout models in particular genetic backgrounds. Therefore, the approach of
developing novel subcongenic lines with ever smaller donor segments combined with
bioinformatics, sequence, expression, and functional analyses remains an optimal strategy to
find causal sequence variation for seizure-induced cell death susceptibility candidate genes
identified in this study.
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ANOVA Analysis of Variance

B6 C57BL/6J

Chr. 15 Chromosome 15
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EDTA ethylenediaminetetraacetic acid

FDR false discovery rate

FVB FVB/NJ

ISCL interval-specific congenic line

KA kainic acid

qRT-PCR quantitative real-time reverse transcription polymerase chain reaction

QTG quantitative trait gene

QTL quantitative trait loci

PCA principal components analysis

RIN RNA integrity number

SE status epilepticus

SDS sodium dodecyl sulfate
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FIG. 1.
Fine-mapping of Sicd2 on Chr. 15 with interval-specific congenic lines. ISCLs with varying
B6-derived Chr. 15 segments as compared to the FVB.B6-Sicd2 congenic strain. The B6-
derived interval is shown in black, and white denotes the interval containing the recipient,
FVB strain. Strains were produced as described in Materials and Methods. Microsatellite
DNA markers used for selective specific recombinants are shown at the top and numbers
below refer to the genetic map position in megabases (http://www.informatics.jax.org/).
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FIG. 2.
Comparison of susceptibility to kainate-induced cell death in four interval-specific congenic
lines (ISCL). Four interval-specific congenic lines [interval-specific congenic lines
(ISCLs)-1-4] were developed and tested to attain higher resolution mapping of seizure-
induced cell death (Sicd2). Lines were produced as described in Materials and Methods.
Low-magnification photomicrographs (A,D,G,J) of cresyl violet-stained stained horizontal
sections of the hippocampus illustrating surviving cells throughout the hippocampus 7 days
following systemic kainate administration. High-magnification cresyl violet (B,E,H,K) and
NeuN-immunofluorescent stained (C,F,I,L) horizontal sections of area CA3 among the four
groups. Note that little to no cell death was observed in ISCL-4 throughout all hippocampal
subfields (J, K,L). CA1 and CA3, hippocampal subfields; H, dentate hilus. High-
magnification photomicrographs represent details of the boxed area of CA3 shown in A.
Scale bar: 750 μm (A,D,G,J) and 100 μm (B,C,E,F,H,I,K,L).
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FIG. 3.
Kainate-induced cell death susceptibility phenotype of four interval-specific congenic lines
as compared to FVB-like littermates. A. Data represent neuronal damage scores (in arbitrary
units, mean ± S.E.M.) for FVB.B6-Sicd2-ISCL 1–4 and FVB-like littermates. The extent of
neuronal damage was indexed using a histological damage score. B. Quantitative analysis of
neuronal density in hippocampal subfields following KA administration to ISCLs 1–4 and
FVB-like littermates. Strain-dependent differences in cell loss in hippocampal subfields
were observed at 7 days following KA administration. Viable surviving neurons were
estimated by cresyl violet staining. Bars denote the percentage of surviving neurons (as
compared with saline-injected sham control FVB-like littermates). Data represent the mean
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± SEM for at least 9 mice per strain. Note that cell loss amongst all 3 hippocampal subfields
was only reduced in ISCL-4.
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FIG. 4.
Quantitative real-time PCR validation of differentially expressed genes located within the
FVB.B6-Sicd2-ISCL4 donor region. Quantitative real-time PCR expression of seven
candidate genes in hippocampus of FVB.B6-Sicd2-ISCL-4 as compared with FVB-like
littermates. Expression levels were standardized relative to GAPDH transcript levels using
the standard curve method. Values are provided as mean ± SEM from 8 mice per strain
analyzed in triplicate. Four alternatively regulated genes (Enpp2, Oxr1, Rspo2, and Trhr)
confirmed the exon microarray results. *P<0.05.
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