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Abstract

Genetic factors independent of those affecting plas-
ma lipid levels are a major contributor to risk for
atherosclerosis in humans, yet the basis for these is
poorly understood. This study examined plasma
lipids and diet-induced atherosclerosis in 16-month-
old female mice of strains C56BL/6] and DBA/2J.
Mice of the parental strains, from recombinant in-
bred strains derived from these (BXD RI), and F,
progeny were fed an atherogenic diet for 16 weeks,
beginning at 1 year of age. This induced atheroscle-
rotic lesion formation in both parental strains,
accompanied by increased plasma LDL levels.
However, individual BXD RI strains and the BXD F,
mice demonstrated a range of atherosclerotic lesion
formation that was not or at best weakly correlated
with plasma lipid levels. Quantitative trait locus
(QTL) analysis of the BXD F, mice identified a locus
with significant linkage (lod 4.5) for aortic lesion size
on Chromosome (Chr) 10 that was independent of
plasma lipids. Other loci with suggestive or signifi-
cant linkage for various plasma lipid measures were
identified on Chr 2, 3, 4, 5, 6, 7, 11, and 17. In this
intercross, the genes primarily influencing athero-
sclerosis are distinct from those controlling plasma
lipid levels.

Introduction

Atherosclerosis is a chronic inflammatory disease of
the elastic and muscular arteries characterized by
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intimal thickening with lipid deposition, leading
ultimately to obstruction of the affected vessel by
thrombosis or progressive lesion enlargement (Lusis
2000). Oxidized lipids in the artery wall are believed
to be an important inflammatory stimulus contrib-
uting to lesion development and progression (Ber-
liner et al. 1995). Epidemiological and clinical
studies have identified numerous risk factors, both
environmental and genetic, contributing to athero-
sclerosis (Ellsworth et al. 1999). Among the signifi-
cant components associated with cardiovascular
disease are cholesterol levels and obesity. Although a
few distinct genetic disorders predispose to athero-
sclerosis, such as LDL receptor deficiency, the ge-
netic basis for most cases is multifactorial, and the
contributing genes are not known with certainty.
This is particularly true for genes that may act at the
level of the vessel wall, because of the relative in-
accessibility of tissue for study.

Mouse models have been useful for the dissec-
tion of such complex traits (Moore and Nagle 2000).
The availability of a large number of inbred strains
with variation in the relevant traits has allowed for
the construction of mouse crosses, which can be
used to map quantitative trait loci (QTLs). Athero-
sclerosis itself, and cholesterol homeostasis and
obesity as risk factors, are complex traits known to
be controlled by multiple genes in mice and in hu-
mans, as we and others have established (Dansky
et al. 2002; Mehrabian et al. 2001; Mu et al. 1999;
Nishina et al. 1993; Paigen 1995; Pitman et al. 1998;
Purcell et al. 2001; Welch et al. 2001). This study
presents results of QTL analyses for aortic fatty
lesion size and plasma lipid levels in a C57BL/6] x
DBA/2] (BXD] intercross, for which we have
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previously reported analyses of femoral bone density
and morphometry and obesity (Drake et al. 2001a,
2001Db). This cross was constructed owing in part to
preliminary findings in BXD recombinant inbred (RI)
strains fed an atherogenic diet. Among BXD RI
strains, both aortic lesions and plasma lipids showed
significant variation, yet they were discordant
among strains, suggesting that the genetic basis for
lesion development was independent of that for hy-
perlipidemia. We report the identification of a locus
on Chr 10 contributing to aortic fatty lesion devel-
opment, independent of multiple QTLs linked to
plasma lipid and/or obesity phenotypes. The results
suggest that, in this cross, the genes primarily in-
fluencing atherosclerosis are unique from those
controlling cholesterol and adipose tissue.

Materials and methods

Genetic cross for QTL analysis. C57BL/6] (B6),
DBA/2] (DBA), and BXDRI mice were purchased
from The Jackson Laboratory (Bar Harbor, Me.) and
were housed under conditions meeting the guide-
lines of the Association for Accreditation of Labo-
ratory Animal Care. F; animals derived from
crossing B6 females and DBA males were used to
generate F, progeny. The F, mice were weaned at 21
days, and only females were selected and placed on a
rodent chow diet containing 17.5% protein and 11%
fat (Purina 5001). At 12 months of age the BXD F,
mice were transferred to a high-fat, high-cholesterol
diet (HF) containing 75% chow supplemented with
7.5% cocoa butter, 2.5% dextrose, 1.625% sucrose,
1.625% dextrin, 1.25% cholesterol, and 0.5% sodium
cholate (Diet # 90221; Harlan Teklad, Madison, Wis.)
for 16 weeks. All mice were fed ad Iibitum and
maintained on a 12-h light/dark cycle. The F, mice
studied are the same as those reported previously
(Drake et al. 2001a, 2001b). The BXDRI strain mice
(all females) received the same diet under similar
conditions, except that it was initiated at 3 months
of age and continued for 15 weeks. At completion of
the study periods, mice were fasted overnight, with
body weight and length measurements obtained and
blood collected immediately prior to sacrifice. The
heart and ascending aortae were removed en bloc and
were embedded in OCT compound and frozen at
—70°C for subsequent sectioning. Kidneys and
spleens were collected for DNA isolation, and fat
pads (omental, retroperitoneal, parametrial, and
subcutaneous) were removed and weighed.

Experimental measurements. For plasma lipid
levels, blood was collected by retro-orbital bleeding
under isoflurane anesthesia from mice fasted for 14 h.

Samples were collected prior to placement of the
mice on the HF diet (chow diet samples) and at the
time of sacrifice (high-fat, or HF, diet samples).
Plasma was separated from cells by centrifugation of
blood at 12,000 g for 3 min. Enzymatic assays for
total cholesterol, HDL cholesterol, triglycerides, and
unesterified free fatty acids were performed as pre-
viously described (Mehrabian et al. 1993). Combined
VLDL and LDL cholesterol levels were calculated as
the difference in total cholesterol levels and HDL
cholesterol levels, and are referred to in figures as
LDL.

Aortic fatty lesion quantitation. Quantitation
of aortic fatty lesion formation was performed as
previously described (Qiao et al. 1994). Serial cryo-
sections were made of the hearts and attached aortae
up to the level of the aortic arch. Every fifth section
was collected on poly-D-lysine-coated slides up to
the level of the aortic valve, and every other section
was collected through the region of the aortic root.
Samples were stained with oil red O and hematox-
ylin for routine analysis. Slides were examined by
light microscopy, and aortic intimal fatty lesions
were quantitated by morphometry as described.

Linkage and data analyses. A linkage map for
all chromosomes was completed with microsatellite
markers spanning an average density of approxi-
mately 13 ¢cM. PCR primers were purchased from
Research Genetics (Huntsville, Ala.). Concentrated
DNA was serially diluted to 20 ng/uL in water, and
genotyping was performed by PCR amplification as
previously described (Machleder et al. 1997). PCR
products were run on 5% polyacrylamide gels and
detected by autoradiography. A linkage map was
constructed by using Map Manager QTXb13, fol-
lowing procedures described in the accompanying
manual (Manly and Olson 1999). QTL analyses were
performed by using QTL Cartographer version 1.16
(Basten and Zeng 1994, 2002). Composite interval
mapping (CIM) was performed with model 6 in the
Zmapqtl program, multitrait analysis by the
JZmapqtl program, and multiple interval mapping
(MIM) performed using the MImapqtl program, fol-
lowing procedures described in the accompanying
manual. MIM analysis with MImapqtl incorporates
identification of the presence and nature of epistatic
interactions between loci influencing a specific trait
(Zeng et al. 1999). Phenotypic traits were trans-
formed as needed, and in a few instances 1 or 2
outliers (>3 sp) were excluded, to induce approxi-
mate normality of the residuals, which involved
either taking the natural log or in some cases the
square root of the trait values. Normality of the
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distribution before and after transformation was as-
sessed with the S statistic as calculated by the Qstats
program of QTL Cartographer. ANOVA and corre-
lation analyses were done with Statview v.5.0 (SAS
Institute Inc, Berkeley, Calif.). QTL analysis of BXD
RI strain data was performed by MapManager
QTXb13 with the marker set assembled by Williams
and colleagues (Williams et al. 2001).

The BXD F, study was performed in a two-step
process. To the extent possible, all traits were mea-
sured, and full genotyping of all chromosomes as
described above was performed on the first 142 mice.
For technical reasons (that did not result in selection
bias), lesion scores were obtained on 123 of these
mice. After QTL analysis identified loci controlling
aortic lesion size on Chrs 7 and 10 as described be-
low, aortic lesions were measured, and additional
markers on Chrs 7 and 10 were determined on an
additional 144 mice to confirm the significance of
these loci.

127)

oo
H H H H O+

BXD F, (n = 140)
7,051 +971 n

-5

High fat diet

DBA/2] (n = 5)
175 + 31
37 +4
138 + 33

na
na
3) 4,323 = 1943 (n

(o] L
[l ol a\
H oH H
o 0
SR
Results

C57BL/6] (n = 10)
15,177 + 8206 (n

na
na

Female parental mice of both B6 and DBA/2 strains
were fed an atherogenic diet for 16 weeks, and lipo-
protein levels were measured for animals on both a
chow and a high-fat diet (Table 1). When cholesterol
levels were compared among the same strains on
different diets (HF diet vs. chow diet), both of the
parental mice had a dramatic increase in total cho-
lesterol levels when maintained on the HF diet.
However, on the same diet, plasma lipid levels were
not significantly different between the two parental
strains. Similarly, aortic fatty lesions developed in
both strains although the extent of lesion formation
tended to be less in the DBA mice, as has been de-
scribed by others (Nishina et al. 1993)

In contrast, evaluation of these traits among 18
BXD RI strains (two to four mice each) showed
significant differences, indicating the presence of
multigenic determinants (Fig. 1). There was no
significant correlation between aortic lesion scores
and any of the plasma lipids (Spearman correlation
coefficients all <0.1 with p > 0.1). QTL analysis did
not reveal any suggestive or significant linkages for
any of the traits.

A BXD F, population was constructed to further
examine the relationship of plasma lipids with ath-
erosclerotic lesions, and to identify genetic loci
controlling these. Administration of the high-fat diet
for 16 weeks caused significant changes in plasma
lipids (all p < 0.0001 by paired t-test), including
elevation in total and LDL/VLDL cholesterol and
depression of HDL cholesterol, triglycerides, and
free fatty acids (Table 1). The only statistically

H H H HOH

—N O —a <
NN — < <

5) BXD Fy (n = 141)
na

——
+H H

O \O O
O 1 —

Chow diet
na
na
na

DBA/2J (n

6
5
1
na
na

C57BL/6] (n = 10)
6
4
2

2/section)

Table 1. Plasma lipid levels in parental and F, mice on chow and high-fat diets. Values are mean + SEM

Total cholesterol (mg/dL)

HDL cholesterol (mg/dL)
LDL/VLDL cholesterol (mg/dL)
Triglycerides (mg/dL)

Free fatty acids (mg/dL)

Aortic fatty lesions (um
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Fig. 1. Distribution of phenotypes examined in 18 individual BXD RI strains (aortic lesions; total, HDL, and LDL cho-
lesterol on a high-fat diet; and HDL and LDL cholesterol on a chow diet), presented in order of increasing aortic lesion
score. From left to right in each graph, the individual strain No.s are: 29, 12, 18, 16, 8, 22, 14, 9, 25, 28, 19, 1, 27, 23, 30, 6,
24, 11. Bar height represents the mean value derived from two to four animals.

significant correlation between aortic lesions and
plasma lipids was with plasma LDL/VLDL on the
high-fat diet, and that was relatively weak (Table 2).

Genome-wide linkage analyses were performed
on these traits by both composite interval mapping
(CIM) and multiple interval mapping (MIM) analy-
ses, as implemented in the QTL Cartographer suite
of programs (Table 3).

Data for aortic fatty lesion size were available
from 127 mice for genome-wide QTL analysis. Ap-
proximately 36% of total variance was genetic. CIM
analysis identified three loci with significant or

suggestive linkage, on Chrs 7, 8, and 10 (Table 3),
which together accounted for 30% of trait variance.
MIM analysis identified an additional lesser locus on
mid Chr 2 at approximately 68 ¢cM. The locus with
the greatest effect (contributing approximately 11%
of total variance, and having a peak CIM lod score of
4.51) was located on mid Chr 10 (Fig. 2A). The locus
exhibited an additive inheritance pattern, with the
DBA allele associated with greater lesion size (Fig.
2B). Mean lesion size in mice homozygous for the B6
alleles at this locus was only approximately one-
third that of mice homozygous for the DBA alleles.
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Table 2. Correlation matrix for aortic lesions and plasma lipid measures among F, mice. Values are correlation
coefficients and in () p value if <0.05. Cells on the diagonal represent chow vs high-fat diets; cells above and to the
right of the diagonal are for high-fat diet, and cells below and to the left are for chow diet

Aortic lesions Total chol HDL chol LDL chol Triglycerides FFA
Aortic lesions .164 -.106 217 (.017) .030 -.108
Total chol .089 .152 .082 .948 (<.0001) .234 (.006) .404 (<.0001)
HDL chol -.035 935 (<.0001) 223 (.008)  —.194 (.022) -.066 339 (<.0001)
LDL chol -.100 .551 (<.0001) .220 (.006) .093 .190 (.026) .294 (.003)
Triglycerides -.120 246 (.002) .093 1459 (<.0001) 332 (<.0001) .269 (.001]
FFA 066 385 (<.0001] 341 (<.0001) 256 (.001) 307 (<.0001] 1235 (.005)

A second locus accounting for approximately 10% of
total variance was identified on proximal Chr 7 (peak
CIM lod score 3.3). No epistatic effects were de-
tected, although the relatively small sample size
does not allow for much power to detect such in-
teractions. To confirm the significance of the loci on
Chrs 7 and 10, the intercross was extended to in-
clude an additional 146 mice, which were analyzed
for aortic lesion scores and linkage with markers on
Chrs 7 and 10. The strength of the linkage remained
consistent for the Chr 10 locus (simple interval
mapping lod 4.3), but decreased for the Chr 7 locus
(lod 2.1). The Chr 10 locus for atherosclerotic lesions
did not coincide with any of the loci described below
for plasma lipids (Table 3), nor were plasma lipid
traits for either chow or high-fat diets influenced by
this locus (Fig. 2B).

Plasma lipids were measured from animals at 1
year of age while on a chow diet, and prior to sacri-
fice at 16 months of age, after 16 weeks on an ath-
erogenic diet, and QTL analyses were performed for
each of these. The fraction of total variance attrib-
utable to genetic effects was greater for lipid levels
on a chow diet than on the high-fat diet (Table 3).
The loci identified for lipid levels on the chow diet
were in almost all cases clearly distinct from loci
from the high-fat diet samples, and, with the ex-
ception of loci on proximal Chr 3 (Fig. 3), loci for
HDL were distinct from those for LDL. Total, HDL
and LDL cholesterol levels on the chow diet all had
coincident QTL on proximal Chromosome 3. LDL
on the high fat diet also showed a weak QTL at the
same region. For each of these traits, the B6 allele
was associated with higher levels and exhibited both
additive and dominant effects. Application of a test
for close linkage vs pleiotropy (Drake et al. 2001b)
indicated that the loci could not be identified as
distinct at a significance level of 0.05, consistent
with the presence of one locus with pleiotropic ef-
fects. Also consistent with this hypothesis was the
finding of a significant increase in the lod score to
nearly 10 when multitrait analysis as implemented
in the JZmapqtl program of QTL cartographer was

performed for chow HDL, chow LDL, and HF LDL
(Fig. 3A).

Other loci with significant linkage (lod > 4.3) for
lipid traits were distal Chr 6 (chow total and HDL
cholesterol; Fig. 3B) and mid Chr 17 (chow FFA).
Among the loci listed in Table 3, few interactions
were detected by the MIM analysis. Those that were
identified involved loci on Chrs 2 and 3 for chow
LDL (dominant by dominant effect), and Chrs 2 and
7 for HDL on the high-fat diet (additive by additive
effect). These contributed 4.5 and 2.2% to genetic
variance respectively. Total cholesterol on a chow
diet had the highest level of genetic variance as de-
termined by the MIM analysis. In addition to the
three loci listed in Table 3 that were identified by
CIM analysis as having lod scores > 2.8, MIM anal-
ysis identified loci on Chrs 4, 10, 14, and 16, which
in aggregate contributed approximately 22% to total
variance. Also, interactive effects between four pairs
of loci made an additional contribution to overall
variance: loci on Chrs 10 and 14 (5.1%); 16 and 17
(5.6%); 17 and 10 (2.0%}; and 4 and 10 (6.8%).

Discussion

Mice are naturally resistant to the development of
atherosclerosis, but the lesions can be induced in the
B6 and DBA strains fed an atherogenic diet, as we
have done here. Administration of the diet is ac-
companied by an elevation of plasma LDL choles-
terol and a decrease of HDL to levels more akin to
those found in human populations. Although ad-
ministration of the diet is an essential prerequisite
for lesion development, lesion size varies consider-
ably among the F, population and is only weakly
correlated with the degree of LDL elevation. Data
from BXD RI strains were consistent. Therefore,
other factors besides plasma lipids must influence
lesion development. In this study we have identified
a significant locus on Chr 10 that influences aortic
lesion size independent of plasma lipids. This (and
other loci for other traits) was identified in the QTL
analyses of the F, population, but not in the RI strain
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Table 3. QTL for aortic lesion and lipid traits with suggestive (lod >2.8) or significant (lod >4.3) linkage by composite interval mapping. Genetic variance and

additive/dominant effect data are from MIM analyses

Parental allele associated

% dominant

% additive

cM position
(nearest marker)

Trait (fraction of

with higher value

effect effect

Lod score

Chromosome

variance that is genetic)
Aortic lesions (0.364)
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3.39
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Fig. 2. Locus on Chr 10 contributing to the development of
aortic fatty lesions in BXD F, mice on a high-fat diet. (A)
Lod curve for log aortic lesion scores, and HDL and LDL
cholesterol levels on the high-fat diet. Arrowheads indi-
cate location of typed markers. (B) Size of aortic fatty
lesion by genotypes at the peak marker D10Mit42.

set, which has more limited power. Two other loci
with suggestive linkage were also identified. It is of
interest that for the primary locus on Chr 10, the
DBA allele was associated with greater lesion size,
even though among the parentals, the aggregate of
published data suggests that the B6 strain has larger
lesions. One of the lesser loci (Chr 8) did show an
association of larger lesions with the B6 allele, and
presumably there are multiple other loci that this
study lacked the power to detect that contribute to
the larger lesion size in B6 mice. We did not detect
significant interactions among the loci identified as
a potential explanation for this, although, as noted,
the sample size limits the power to detect them.

A number of QTL have been reported that in-
fluence atherogenesis, frequently unrelated to plas-
ma lipid levels (Dansky et al. 2002; Mehrabian et al.
2001; Mu et al. 1999; Nishina et al. 1993; Paigen
1995; Pitman et al. 1998; Purcell et al. 2001; Welch
et al. 2001). The locus described in our current study
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Fig. 3. QTLs for plasma lipid levels on (A) Chr 3, (B) Chr 6.
The multi-trait lod curve is derived by multi-trait analysis
of chow HDL, chow LDL, and HF LDL traits as described
in the text.

is sufficiently near that described by Dansky on
proximal Chr 10 (Dansky et al. 2002) that it may
represent the same underlying gene or genes. In ad-
dition to the lipid traits reported here, this locus is
independent of loci for adipose tissue mass on Chrs 2
and 6, which we have previously reported on for this
intercross (Drake et al. 2001b). This is relevant, as
adipose tissue mass is strongly inversely correlated
with lesion size in this cross, and it has been shown
that mice with obesity-inducing mutations have
decreased lesion size relative to the isogenic back-
ground strains (Nishina et al. 1994). Clinical studies
in humans have suggested that non-lipid related
factors play an important role in atherosclerosis risk
(Robinson and Loscalzo 1998). Although some are
characterized at the phenotypic level, such as ele-
vated homocysteine, and association studies are
suggestive for others, such as PAIl, none are as yet

unequivocally defined at the genetic level (Lusis et
al. 1998). Studies of mice with induced mutations in
genes such as PON1 and myeloperoxidase clearly
demonstrate that alteration in non-lipid related
genes can significantly influence atherogenesis
(Brennan et al. 2001; Shih et al. 2000). Identification
of the gene responsible for the Chr 10 locus will,
therefore, be of value in helping elucidate non-lipid
related potential genetic risk factors for atheroscle-
rosis in human.

This study also contributes the identification of
several novel loci controlling plasma HDL levels
and, for some loci, other plasma lipid traits as well.
The locus on proximal Chr 3 showing linkage with
multiple lipid measures coincides with a locus we
identified previously in an intercross of strains B6
and C3H for plasma HDL on an atherogenic diet and
7-alpha hydroxylase mRNA levels in liver. Also, the
Chr 7 locus, which was found for HDL cholesterol
on the high-fat diet, is an interesting QTL since it
corresponds to an HDL cholesterol QTL in a (C57BL/
6XSpretus) x C57BL/6 F, population previously
identified (Warden et al. 1993). Loci identified on
Chrs 4 and 6 that had significant linkage for plasma
HDL on high fat and chow diets respectively have
not been previously identified, nor have the other
loci not mentioned above, to our knowledge.

Confirmation of the loci described here through
the use of congenic strains is the next step, in con-
junction with finer mapping, also utilizing congenic
strains. The recent development of a genome-wide
set of congenic strains (designated ““genome tagged
mice”’ or GTM in short) carrying DBA segments on a
B6 background will greatly speed the continued
evaluation of these and other loci identified in BXD
intercross, backcross, or RI strain studies (Iakoubova
et al. 2001).
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