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Abstract
Background—In a mouse model of focal cerebral ischemia, infarct volume is highly variable and
strain dependent, but the natural genetic determinants responsible for this difference remain
unknown. To identify genetic determinants regulating ischemic neuronal damage and to dissect apart
the role of individual genes and physiological mechanisms in infarction in mice, we performed
quantitative trait locus analysis of surgically induced cerebral infarct volume.

Methods and Results—After permanent occlusion of the distal middle cerebral artery, infarct
volume was determined for 16 inbred strains of mice, chromosome substitution strains, and for 2
intercross cohorts, F2 (B6×BALB/c) and F2 (B6×SWR/J). Genome-wide linkage analysis was
performed for infarct volume as a quantitative trait. Infarct volume varied up to 30-fold between
strains, with heritability estimated at 0.88. Overall, 3 quantitative trait locus were identified that
modulate infarct volume, with a major locus (Civq1) on chromosome 7 accounting for >50% of the
variation, with a combined LOD score of 21.7. Interval-specific single nucleotide polymorphism
haplotype analysis for Civq1 results in 12 candidate genes.

Conclusions—The extent of ischemic tissue damage after distal middle cerebral artery occlusion
in inbred strains of mice is modulated by genetic variation mapping to at least 3 different loci. A
single locus on chromosome 7 determines the majority of the observed variation in the trait. This
locus seems to be identical to LSq1, a locus conferring limb salvage and reperfusion in a mouse model
of hindlimb ischemia. The identification of the genes underlying these loci may uncover novel genetic
and physiological pathways that modulate cerebral infarction and provide new targets for therapeutic
intervention in ischemic stroke, and possibly other ischemic diseases.
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Stroke results in cerebral ischemia with subsequent neural tissue injury (infarct) in the perfusion
territory of the occluded cerebral artery. In general, the severity of tissue damage depends on
several factors related to the cerebrovascular circulation including the duration of occlusion,
the site of occlusion along the affected vessel, the size of the territory perfused by the vessel,
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and the extent of the collateral circulation.1 Experimental studies of stroke in rodents have
provided an extensive body of new data leading to the current understanding of the
pathophysiological mechanisms underlying cerebral infarction. Several genes have been
identified that alter the volume of the infarct when focal cerebral ischemia is surgically induced
in genetically manipulated mouse models.2 Neuronal survival can be strongly influenced by
genes involved in excitotoxicity, inflammation, and endogenous neuroprotection pathways.
2-5 These combined data have provided a large and diverse set of genes and pathways that have
the potential to modulate ischemic cell death.6 Unfortunately, evidence solely based from gene
knockout or transgenic mice does not always provide insight into the mechanisms involved in
the natural disease state. Experimental gene deletion or transgenic overexpression creates an
artificial genetic and physiological state that can be far removed from that found in naturally
occurring diseases. Thus, risk factors and the pathophysiological differences that determine
the outcome of ischemic stroke in the natural state remain uncertain.

In the well-established mouse model of focal cerebral ischemia, innate sensitivity to focal
cerebral ischemia has been shown to be highly variable and strain dependent.7-10 In this study,
we have extended these observations to 16 inbred mouse strains, where we found a wide range
of difference in infarct volume after permanent distal middle cerebral artery (MCA) occlusion,
providing further evidence that the innate response to focal cerebral ischemia is under strong
genetic control. Although the studies in genetically manipulated rodent models suggest various
mechanisms that can influence the extent of ischemic tissue damage, the genetic determinants
and the underlying pathophysiological mechanisms responsible for the differential outcome of
ischemic stroke in the inbred strains of mice remain unknown. The observed phenotypic
differences among strains may be attributable to multiple mechanisms, each driven by sequence
variation at distinct genes. To identify genetic determinants critical to ischemic brain damage
and to dissect apart the role of individual genes and physiological mechanisms in infarction in
mice, we performed quantitative trait locus (QTL) analysis of surgically induced cerebral
infarction.

Methods
Mice

All inbred strain of mice were obtained from the Jackson Laboratory (Bar Harbor, Me) either
directly or bred locally breeding pairs of each strain. Mice were age-matched (12±1 week) and
sex-matched for all experiments. Studies were performed under protocols approved by the
Animal Care and Use Committee of Duke University.

Surgical Procedure
Focal cerebral ischemia was induced by direct occlusion of the distal MCA as detailed in
previous publications,8,9 with the following modifications. Briefly, mice were anesthetized
with ketamine (100 mg/kg) and xylazine (5 mg/kg), and the right MCA was exposed by a 0.5-
cm vertical skin incision midway between the right eye and ear. After the temporalis muscle
was split, a 2-mm burr hole was drilled at the junction of the zygomatic arch and the squamous
bone. While visualizing with a stereomicroscope, the right MCA distal to the lenticulostriate
branches was electrocauterized using a microcauterizer (Fine Science Tools). The coagulated
MCA segment was then transected with Vannas scissors to verify that the occlusion was
permanent. The surgical site was closed with 6-0 sterile nylon sutures, and 4% lidocaine cream
was applied. Animals were maintained at 37°C during and after surgery until fully recovered
from anesthesia, when they were returned to their cages and allowed free access to food and
water. All mice were housed in an air-ventilated room with ambient temperature maintained
at 24±0.5°C.
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Measurement of Infarct Volume
Twenty-four hours after surgery, the animal was euthanized and the brain was removed and
sliced into 1-mm coronal sections using a brain matrix. Slices were stained with TTC as
previously described.11,12 Infarct volumes were calculated by measuring infarct areas on the
separate slices, multiplying areas by slice thickness, and summing all slices; this “indirect”
morphometric method corrects for edematous swelling.11

Statistical Analysis
Infarct volumes were expressed as mean±SD and compared among mouse strains using 1-way
ANOVA or nonparametric Kruskal–Wallis tests. Heritability H2[(genetic (interstrain)
variance)/(genetic variance+environmental (intrastrain) variance)] was estimated using 1-way
ANOVA.

Genotyping
Single nucleotide polymorphism (SNP) genotyping was performed using the GoldenGate
genotyping assay using the 377 genome-wide mouse SNP panel (Illumina). Reported genetic
map positions were retrieved from the SNP database (build 37.1) of NCBI.

Linkage Analysis
Genome-wide scans were plotted using the J/QTL mapping program, version 1.2.1
(http://research.jax.org/faculty/churchill/). Suggestive (P=0.63) and significant (P=0.05)
thresholds were established empirically for each phenotypic trait by 1000 permutation tests
using all informative markers.13 QTLs over suggestive threshold value were named in
accordance with the International Committee on Standard Genetic Nomenclature for Mice
(http://www.informatics.jax.org/mgihome/nomen). The percentage of total trait variance
attributable to each locus was determined using the Fit QTL function provided within the J/
QTL software.

Interval-Specific SNP Haplotype Analysis
For the 31.2-Mb interval on chromosome 7, SNP data were obtained from the Mouse Phenome
Database (http://phenome.jax.org/), Perlegen mouse SNP haplotype analysis browser
(http://mouse.perlegen.com/mouse/mousehap.html), and the Center for Genome Dynamics
(http://cgd.jax.org/). Physical map position was based on the genomic sequence from the NCBI
build 37. Haplotype blocks were defined by 3 or more adjacent14 informative SNPs shared
between the large infarct strains (BALB/c, A/J, and SWR/J), which differed from the haplotype
for B6.

Results
Variability in the Outcomes of Focal Cerebral Ischemia in Different Genetic Backgrounds

To maximize survival and the reproducibility of the extent of ischemic tissue damage that is
critical for any measurement of a quantitative trait, we chose direct occlusion of the right distal
MCA, which exclusively and permanently eliminates blood flow to tissue distal to the
occlusion.15,16 In contrast to proximal artery occlusion models, disruption of the distal MCA
limits ischemic tissue damage to frontal and parietal cortex, reducing ischemia-associated death
and providing a compact territory of tissue damage for quantitative measurements.16 Distal
occlusion of the MCA beyond the Circle of Willis also eliminates any potential effects of
anatomic variation in the anterior and posterior commissural arteries.3,8,17 Permanent
occlusion of distal MCA does not directly affect flow in any other major artery, maximizes
postsurgical survival, and avoids the variable size of the cortical infarct that can result from
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the suture ligation method.8,9,16 Infarct volume was measured at 24 hours, the time point
showing the maximum size.16

As previously described for these 2 strains,7-10 we observed that infarct volumes 24 hours after
MCA occlusion were significantly different between inbred strains C57BL/6J (hereafter B6)
and BALB/cByJ (BALB/c; Figure 1A). Infarct volume of BALB/c mice was 6-fold larger (27.3
mm3) than B6 mice (4.4 mm3). We then determined infarct volumes for an additional 14 inbred
strains encompassing the classical inbred strains recently used for mouse genome
resequencing.18,19 Infarct volumes were highly reproducible among individual animals of the
same inbred strain. Across strains, we observed a wide range of infarct volume (Figure 1B),
with as much as 30-fold difference between the strain pair at the phenotypic extremes
(C57BLKS/J versus SWR/J). Heritability (H2) of the trait of infarct volume after permanent
middle cerebral artery occlusion was estimated to be 0.88. Postsurgical survival did not vary
among strains, as only a single animal from a total of >100 did not survive the ischemic insult.

A Chromosome 7 Locus Contributes the Predominant Effect on Infarct Volume
These marked differences in sensitivity to focal cerebral ischemia between inbred strains
confirm a strong genetic influence on underlying mechanisms of cerebral infarction. To exploit
these differences for identification of natural genetic determinants of infarct volume, we
performed a reciprocal F1 intercross between strains B6 and BALB/c. Infarct volumes in F2
progeny exhibited a large variance, ranging from 0.2 to 43.6 mm3 (Supplemental Figure 1A).
Infarct volume was not correlated with either body size or sex20 in the F2 cohort (Supplemental
Figure 1B). Similarly, infarct volume was not correlated with the strain origin of the males or
females in the (F1) cross, indicating that neither the mitochondrial genome nor the Y-
chromosome contributes to the phenotypic differences.

A total of 105 F2 mice were genotyped for 239 SNP markers that were informative in this
cross. The average spacing between fully informative SNP markers was 6.8±1.6 cM, affording
complete coverage of the mouse genome. We identified a highly significant locus (LOD
score=11.9) mapping to distal chromosome 7 influencing infarct volume. In addition, we
identified 2 suggestive QTL mapping to chromosome 1 and 8 (Figure 2). We designated these
loci Civq (Cerebral infarct volume QTL). Table 1 shows the characteristics of the 3 QTL,
including peak SNP marker location, LOD score, effect size, and mode of inheritance. Civq1
is the strongest QTL that accounts for 56% of the observed variance in infarct volume. As
predicted from the parental and F1 strain phenotypes, the B6 allele shows a codominant
protective effect on infarct volume. To determine the allelic contribution of the effect of
Civq1, infarct volumes were evaluated against genotype at the highest LOD score among all
of the informative SNP markers (Figure 3). There was no statistical difference in infarct volume
between F2 animals homozygous for the B6 and BALB/c allele at rs13479513 when compared
with that of the parental strains. There was also no difference between F2 animals heterozygous
at rs13479513 and F1 (B6/BALB) animals. Therefore, even though other loci are also present
across the genome, Civq1 alone is able to explain nearly all of the phenotypic difference in
infarct volume observed between the 2 inbred strains.

The 2 other QTL located on chromosome 1 (Civq2) and 8 (Civq3) explain 7% and 12%,
respectively, of the variation in the trait. At Civq2, the B6 allele displayed a dominantly acting
protective effect on infarct volume. By contrast, although the BALB/c strain shows larger
infarct volume, the BALB/c allele at Civq3 conferred a protective additive effect to the trait
(Table 1). These opposing phenotypic effects of the B6 (or BALB/c) alleles at the minor loci
would counteract each other in the parental strains, and this may explain the robust correlation
between overall phenotype in the F2 cohort and genotype at the major locus, Civq1. None of
these Civq loci exhibit epistatic interactions with other regions of the genome.
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Chromosome Substitution Strains Between B6 and A/J Validate Civq1 and Civq2
To confirm the presence of an infarct volume locus mapping to mouse chromosome 7, we used
the C57BL/6J-Chr7A/J/NaJ chromosome substitution strain (hereafter CSS7) in which strain
A/J chromosome 7 has been substituted into the B6 background.22 We first examined infarct
volume of the donor A/J strain. A/J mice exhibited an infarct volume ≈6-fold larger than that
of B6 but not statistically different from that observed for BALB/c (Figure 4). Based on this
finding, we next determined the phenotype of the CSS7 mice. The CSS7 mice displayed large
infarct volumes identical to the A/J parental strain that provides chromosome 7. This confirms
that chromosome 7 harbors a locus with a large effect on cerebral infarction, with the B6 allele
providing a protective effect. Additionally, this suggests that the A/J and BALB/c alleles at the
chromosome 7 locus may be identical because of ancestral relatedness.

To confirm existence of the B6 protective allele on Civq2 responsible for 7% of phenotypic
variance, we also measured infarct volumes of CSS1 mice. As predicted, CSS1 exhibited a
significantly larger infarct volume than B6 (Figure 4). In the CSS1 line, the contribution of
chromosome 1 to the phenotype seems larger than would be predicted by the effect size of
Civq2 calculated from the F2 intercross. This was not unexpected, because a locus that is
isolated from the effects of other loci across the genome by chromosome substitution can often
show stronger effects than that predicted from a mapping cross.23 Because we did not map an
infarct volume locus to chromosome 18, the CSS18 was used as a negative control for the CSS
validation approach. The CSS18 mice showed infarct volumes identical to the B6 parental
mice, confirming the negative mapping data and the use of CSS mice for locus validation for
this phenotype.

An Intercross Between Strain B6 and SWR/J Reidentifies Civq1
We conducted a second intercross between inbred strains B6 and SWR/J, which also differ >6-
fold in infarct volume (P<0.001; Figure 1B). Infarct volumes were measured in both sexes for
a total of 78 F2 intercross progeny. F2 mice were genotyped for 215 SNP markers that were
informative between the B6 and SWR/J strains. From this cross, we identified a highly
significant locus (LOD=9.7) that mapped to the identical position (peak LOD at rs13479513)
on chromosome 7 as that of Civq1 (Figure 5). Similar to Civq1 mapped in the original
B6×BALB/c cross, Civq1 identified in this second cross also explains the majority of the effect
(57%) of the total variance of infarct volume and shows the same genotype-phenotype
correlation. These data further validate the importance of Civq1 in the determination of infarct
volume in common inbred mouse strains.

Combined Cross Analysis and Interval-Specific SNP Haplotype Analysis Narrowed Civq1 to
12 Candidate Genes

The limited number of crossovers in a traditional mapping cross results in a large confidence
interval for the typical QTL. Similarly, in our crosses the portion of the linkage peak above the
significance threshold extends over 42 Mb of chromosome 7 in the B6×BALB/c and 32 Mb
in the B6×SWR/J cross, implicating hundreds of genes as potential candidates. Recently,
Churchill and coworkers24 have shown that by combining and analyzing data from multiple
crosses, the number of crossovers is increased and the QTL interval can be reduced. Thus, we
merged the genotype and phenotype data from the 2 intercrosses and performed genome-wide
linkage analysis on the combined data. The combined animals from both intercrosses yielded
an overall LOD score of 21.7 (Figure 6). This analysis also reduced the 1.5-LOD interval to
9.9 Mb encompassing 225 potential candidate genes.25

The combined cross analysis provides a much tighter location for the causative gene, but still
containing a larger number of candidates. Thus, to further dissect the interval we compared
ancestral SNP haplotype patterns within the inbred mouse lineage. Interval-specific SNP
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haplotype analysis can reduce confidence intervals by identifying high-priority regions within
a QTL interval that are likely to harbor the causal polymorphism.14 Approximately 97% of the
genetic variation between the inbred laboratory mouse strains is found in ancestral haplotype
DNA regions that seem to be identical by descent, with a minority of the sequence variation
being unique to any individual strain.26,27 Civq1 was identified in 2 different genetic crosses
and in the CSS series, each of which include B6 as one of the parental strains. Furthermore,
multiple inbred strains exhibit small infarct volumes, suggesting that the protective B6 allele
at Civq1 might not be unique to this strain. Allelic variation at Civq1 is therefore most likely
attributable to a gene that maps within an ancestral haplotype block that is shared between
BALB/c, A/J, and SWR/J, but that is different from B6. We examined all haplotypes throughout
the 1.5-LOD interval of Civq1, defining a haplotype block to be 3 or more adjacent consecutive
shared SNP alleles.14 Sixteen haplotype blocks, encompassing a combined total of 900 kb,
exhibited the appropriate pattern of haplotype variation or relatedness. These 16 haplotype
blocks contained only 12 possible candidate genes for Civq1 (Table 2).

Discussion
Although significant progress has been made in the identification of genetic risk factors for
human ischemic stroke susceptibility,28 identification of genetic risk factors for stroke
outcomes has been severely limited. Because variation in the anatomic location of the occluded
artery, extent/duration of occlusion, time until treatment, and other contributing factors cannot
be controlled in patients, few genetic factors have been identified that contribute to the severity
of tissue damage in human ischemic stroke. By contrast, these same factors are readily
controlled using experimental animal model systems.

Different inbred mouse strains show robust differences in stroke outcomes after MCA
occlusion, providing evidence that the innate response to focal cerebral ischemia is under strong
genetic control.7-10 Hsu and coworkers8 examined the size of cortical infarct after permanent
distal MCA occlusion in 3 different inbred strains; B6, BALB/c, and 129X1/SvJ. BALB/c mice
had significantly larger infarcts than B6 and 129X1/SvJ strains. The authors postulated that
the greater susceptibility of BALB/c to ischemic damage was not associated with a greater
reduction in flow to the MCA territory, because blood flow before and after occlusion was
nearly identical in all 3 strains. Similarly, although some strains had a poorly developed
posterior segment of the Circle of Willis, this anatomic difference did not strictly correlate with
either distal blood flow or infarct volume. Thus, Majid et al8 suggested that the differential
ischemic outcomes after permanent MCA occlusion are not caused by interstrain differences
in cerebrovascular anatomy but may instead be related to intrinsic differences in ischemic
tolerance or protection pathways in neural tissue.

However, more recently, Faber and coworkers17 have postulated that the differential tissue
damage after MCA ligation is attributable to differences in preexisting vascular anatomy
between B6 and BALB/c strains. B6 mice have a well-developed collateral vessel network in
the pial area of the brain leading to robust perfusion after MCA ligation, whereas BALB/c
showed almost no collateral vessels, and greatly impaired perfusion after ligation. Their data
suggest that the observed differences in infarct volume between strains are due to sequence
variation in genes regulating collateral vessel formation.

These and other studies8,17,29-33 indicate that the patho-physiological mechanisms responsible
for the differential stroke outcomes in inbred strains remain uncertain. Despite the ongoing
debate on mechanism, experimental proof is lacking for any of the hypotheses, because current
data supporting each view derives primarily from correlative studies of a limited number of
inbred strains, studies by their very nature which lack any genetic support. The observed
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phenotypic differences among strains may be attributable to multiple mechanisms, each driven
by different genetic loci.

Our study confirms that the differences in the severity of ischemic tissue damage after distal
MCA occlusion in the common inbred strains are highly heritable because of natural genetic
variation. Through the use of different inbred strains and genetic crosses, we present evidence
of 3 distinct QTL that modulate the volume of cerebral infarction. These Civq loci do not map
to regions of conserved synteny for any of the loci mapped for human stroke susceptibility,
illustrating distinct genetic contributions to stroke susceptibility versus stroke outcomes. In
particular, a single locus (Civq1) mapping to distal mouse chromosome 7, accounts for the
major portion of variation in infarct volume in multiple inbred lines. These data demonstrate
that natural variation in infarct volume in this species is predominantly attributable to the effects
caused by sequence variation at a single locus, and possibly at a single gene. These data further
suggest the presence of an ancestral allele of the gene determining the outcome of focal cerebral
ischemia. The identification of the same QTL in different crosses facilitated the use of ancestral
haplotype analysis to greatly reduce the number of potential candidate genes at this locus.

In a MCA occlusion study using the spontaneous hypertensive stroke-prone rat (SHRSP), a
QTL modulating infarct volume has been mapped to rat chromosome 5.34 The major locus we
have mapped in the mouse, Civq1, is not the region of conserved synteny for the rat locus on
chromosome 5. Furthermore, we did not uncover a significant locus on mouse chromosome 4,
the genomic region of conserved synteny for rat chromosome 5. Therefore, the same gene
cannot be responsible at these 2 loci. In an intercross between SHRSP with WKR rats, blood
pressure was influenced by 5 different loci across the genome. One of these, mapping to rat
chromosome 1, also influenced infarct volume after distal MCA occlusion.35 Intriguingly,
congenic animals for this locus also showed increased cerebral blood flow, providing genetic
evidence for the importance of the regulation of cerebral blood flow in the modulation of infarct
volume in this species. We note that a portion of Civq1 on mouse chromosome 7 is partially
overlapping with the region of conserved synteny for the rat chromosome 1 linkage peak. The
width of the linkage peaks in both species precludes further conjecture on the relationship
between the 2 loci.

Intriguingly, Civq1 maps in the identical genomic region as a locus that was mapped in a mouse
model of hindlimb ischemia.21 Similar to the focal cerebral ischemia model, different mouse
strains show differences in limb salvage in surgically induced hindlimb ischemia.17,21,36-39 In
a cross between B6 and BALB/c, a very strong locus influencing limb necrosis and recovery
of perfusion (LSq1) maps to the identical position as Civq1 on chromosome 7.21 Because
Civq1 was identified in 2 different intercrosses, and the SNP databases have recently increased
in density and accuracy, interval-specific SNP haplotype analysis for Civq1 provided increased
resolution resulting in fewer candidate genes than that determined for LSq1,21 which did not
share these same advantages. Intriguingly, 6 new genes now appear for Civq1 that were not
originally described for LSq1. More complete and accurate SNP data sharpened and sometimes
extended poorly defined borders of certain haplotype blocks, and also uncovered new, smaller
blocks in regions that previously did not exhibit haplotype structure. Assuming that Civq1 and
LSq1 represent the identical allelic variant, these additional 6 candidate genes for Civq1 should
be added to the list of those under consideration for LSq1.

Given the physiological similarities between the 2 ischemic models and the identical map
position, we propose that the observed effects of Civq1 and LSq1 do in fact represent different
phenotypic manifestations of the same gene. Civq1/LSq1 may confer sensitivity to the effects
of ischemia in multiple tissues through the same physiological mechanism. Identification of
the underlying genes will provide a better understanding of the innate processes modulating
ischemic tissue damage in the brain, peripheral limbs, and possibly other tissues and organs.
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This gene and the others underlying the other Civq loci may provide novel targets for
therapeutic intervention in human vascular occlusive diseases.

CLINICAL PERSPECTIVE

Although significant progress has been made in the identification of genetic risk factors for
human ischemic stroke susceptibility, identification of genetic risk factors for stroke
outcomes has proven more challenging. Because variation in the anatomic location of the
occluded artery, extent/duration of occlusion, time until treatment, and other contributing
factors are not easily controlled for in patients, few genetic variants have been identified
that contribute to the severity of tissue damage in human ischemic stroke. By contrast, these
same confounding factors are readily controlled using experimental animal model systems.
Different inbred mouse strains exhibit robust differences in infarct volume after distal
middle cerebral artery occlusion, providing evidence that the response to focal cerebral
ischemia is under strong genetic control. We have extended these observations to show that
in 16 different inbred strains of mice, infarct volume can vary by >30-fold. Using a genetic
mapping approach in this experimental model, we have exploited these innate differences
to identify regions of the mouse genome that modulate infarct volume. Three different
genomic regions significantly altered infarct volume, with a small region of mouse
chromosome 7 accounting for more than half of the observed variation. Molecular genetic
analysis reduced the list of candidate genes for this region of chromosome 7 to only 12
genes. The identification of this and other genes in this experimental model may uncover
novel genetic and physiological pathways that modulate cerebral infarction, and provide
new targets for therapeutic intervention in ischemic stroke and other vascular occlusive
diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Infarct volume after surgically induced focal cerebral ischemia differs widely among inbred
mouse strains. A, Focal cerebral ischemia was induced and ischemic tissue damage was
measured by TTC staining 24 hours after permanent distal MCA occlusion. The posterior faces
of representative 1-mm coronal sections from the B6 and BALB/c mouse strains are shown.
The size of the infarct is much larger in BALB/c than in B6 mice. B, Distribution of infarct
volumes across 16 inbred strains of mice. Values represent mean±SD. The value in parentheses
refers to number of animals used per strain.
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Figure 2.
A major locus for infarct volume maps to distal chromosome 7. The graph presents the results
of a genome-wide linkage scan for infarct volume 24 hours after permanent MCA occlusion
in 105 (B6×BALB/c) F2 progeny. Chromosomes 1 through X are represented numerically on
the x axis. The relative width of the space allotted for each chromosome reflects the relative
length of each chromosome. The y axis represents the LOD score. The significant (P<0.05)
and suggestive (P<0.63) levels of linkage were determined by 1000 permutation tests. One
region of the genome, distal chromosome 7, displays highly significant linkage to the trait,
with a LOD score of 11.9. Two loci mapping to chromosome 1 and 8 only reached the P=0.63
suggestive level.
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Figure 3.
The chromosome 7 QTL contributes the predominant effect to the infarct volume trait. The
histogram displays the phenotypic effect of the allele at SNP rs13479513 (in parenthesis) on
infarct volume in comparison with the overall phenotype of the parental strains. F2 animals
homozygous for the BALB/c allele (n=29) exhibit higher mean infarct volume than mice
homozygous for the B6 allele (n=32). Infarct volumes for F2 animals heterozygous at the SNP
(n=44) are intermediate to those of the homozygous animals. Significantly, there is no
difference in infarct volume between F2 animals homozygous for the B6 or BALB alleles at
rs13479513 when compared with that of the respective B6 or BALB/c parental strains.
Similarly, there is no difference between F2 heterozygotes at rs13479513 and F1 (B6/BALB)
animals. Thus, the parental origin of the allele at this locus effectively determines infarct
volume, regardless of the genotype throughout the remainder of the genome. Error bars
represent SD.
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Figure 4.
The B6 chromosome 7 confers a strong protective effect on ischemic infarct volume in a
chromosome substitution strain. Similar to BALB/c, A/J mice display larger infarct volumes
than B6 mice. The CSS C57BL/6J-Chr7A/J/NaJ (CSS7) mice which have an A/J chromosome
7 substituted into the B6 genomic background, show a similar infarct volume as A/J (the source
of chromosome 7) and BALB/c, but significantly different than B6 mice (the genomic
background). The CSS1 mice, where a minor locus was mapped, also exhibit larger infarct
volumes than B6, but consistent with the lower effect size, smaller than BALB/c, A/J, and
CSS7 mice. CSS18 mice, substituting a copy of A/J chromosome 18, where no infarct volume
locus was mapped, show no difference with B6 mice, consistent with the QTL mapping data.
Error bars indicate SD.
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Figure 5.
Civq1 is reidentified in a second intercross between B6 and SWR/J inbred mouse strains. The
graph presents the results of a genome-wide linkage scan for infarct volumes in 78 (B6×SWR/
J) F2 progeny. The y axis represents the LOD score. The significant (P<0.05) and suggestive
(P<0.63) levels of linkage were determined by 1000 permutation tests. One region of the
genome, distal chromosome 7, displays significant linkage to the trait, reaching a LOD score
of 9.7. This linkage peak completely overlaps Civq1 originally mapped in the B6×BALB/c
intercross.
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Figure 6.
Fine-mapping of the Civq1 interval using combined cross and interval-specific SNP haplotype
analysis. The top graph presents the LOD score plots on chromosome 7 in crosses B6×BALB/
c (dashed line), B6×SWR/J (dotted line), and combined cross (solid line). The combined cross
approach narrowed 1.5-LOD interval of Civq1 to 9.9 Mb. Interval-specific haplotype sharing
patterns among the strains further reduced the interval to 12 possible candidate genes.
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