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Abstract

We previously described a new mouse model for multigenic
obesity, designated BSB. We now report the use of a com-
plete linkage map approach to identify loci contributing to
body fat and other traits associated with obesity in this
model. Four loci exhibiting linkage with body fat, or with
the weights of four different fat depots, residing on mouse
chromosomes 6, 7,12, and 15, were identified and confirmed
by analysis of additional BSB mice. Each of the four loci
differed with respect to their effects on the percent of body
fat, specific fat depots and plasma lipoproteins. The loci
exhibited allele-specific, non-additive interactions. A locus
for hepatic lipase activity was co-incident with the body fat
and total cholesterol loci on chromosome 7, providing a
possible mechanism linking plasma lipoproteins and obesity.
The chromosome 7 locus affecting body fat, total cholesterol
and hepatic lipase activity was isolated in congenic strains
whose donor strain regions overlap with the chromosome 7
BSB locus. These results provide candidate genes and candi-
date loci for the analysis of human obesity. (J. Clin. Invest.
1995. 95:1545-1552.) Key words: lipoproteins * cholesterol
* obesity * genetics * linkage (genetics)

Introduction

Obesity is the most powerful risk factor for non-insulin-depen-
dent diabetes mellitus, and it is also associated with hyperten-
sion, altered plasma lipoprotein profiles, coronary artery disease
and increased mortality (1-3). With rare exceptions, human
obesity is a multifactorial trait which exhibits a strong familial
tendency (4-6). Due to its multifactorial nature, efforts to iden-
tify the genetic factors contributing to human obesity have been
largely unsuccessful. However, the development of highly poly-
morphic markers and new statistical procedures have made it
practical to analyze polygenic quantitative traits in animal mod-
els (7-10). Studies of the NOD mouse model of insulin depen-
dent diabetes mellitus have clearly shown the power of system-
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atic identification of the multiple genes underlying a complex
disease (1 1, 12).

In the present study we have utilized a complete linkage
map approach to identify the genetic loci contributing to obesity
in a new multigenic mouse model for obesity, designated BSB'
( 10, 13 ). In contrast to the Mendelian mouse models for obesity
(ob, db, fat, tub, ad, AY) ( 14), obesity in BSB mice resembles
that observed in humans with respect to its multifactorial nature.
Obesity in this model is also associated with basal hyperinsu-
linemia, glucose intolerance, hyperlipidemia, and increased lean
body mass (13), as is often seen in obese humans. Using a
partial linkage map, we previously reported evidence for two
chromosomal loci contributing to obesity in BSB mice (15).
We have now extended the BSB cross and have constructed a
complete linkage map covering all 19 autosomal chromosomes
and the X chromosome. The results confirm the previously iden-
tified loci on mouse chromosomes 6 and 7 and reveal two
additional loci on mouse chromosomes 12 and 15. Furthermore,
analysis of strains congenic (16-18) for mouse chromosome
7 indicate that a gene in this region dramatically influences
body fat. The interactions among the four loci are complex
rather than additive, and the loci exhibit specific effects on the
distribution of body fat and traits associated with obesity.

Methods

Genetic crosses. Breeding pairs of Mus musculus domesticus (C57BL/
6J) were obtained from The Jackson Laboratory (Bar Harbor, ME) and
Mus spretus were obtained from Dr. Michael Potter (SPRET/Pt, Na-
tional Institutes of Health, Bethesda, MD) or from The Jackson Labora-
tory (SPRET/Ei, Bar Harbor, ME). A backcross was performed by
crossing F1 females, resulting from the cross of female C57BL/6J with
male M. spretus mice, with male C57BL/6J mice. We have designated
these backcross progeny as BSB mice. After weaning at 21 d, mice
were individually housed in plastic cages with free access to food and
water throughout the experimental period. The first cross (SPRET/Pt
BSB) had a mean age of 217+95 d and the second cross (SPRET/Ei
BSB) had a mean age of 229+72 d at the time of sacrifice. Mice were
fed standard commercial rodent chow containing 12% of calories as fat
from weaning throughout the study (N = 207 females, 205 males). 99
BSB mice were maintained on a moderate fat, high cholesterol diet
(Teklad 90221; Teklad Premier Laboratory Diets, Madison, WI) con-
taining 30% of calories as fat for 5 wk before sacrifice ( 19). Preliminary
studies with inbred and congenic strains suggest that prolonged exposure

1. Abbreviations used in this paper: BB, a genetic locus homozygous
for C57BL/6J alleles; cM, centiMorgans; LOD, logl0 of the likelihood
of the odds ratio; Mob-], Mob-2, Mob-3, Mob-4, genetic loci underlying
multigenic obesity; ob, obese mouse mutation; QTL, quantitative trait
locus; SB, a genetic locus heterozygous for Mus spretus and C57BL/
6J alleles; SPRET, Mus spretus; BSB, (C57BL/6J X Mus spretus)
x C57BL/6J backcross mice; tub, tubby mouse mutation.
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to the high fat diets can affect body fat content. However, the mice
included in this study were on the diets for no more than 5 wk, and
they showed no differences in median body fat content and the range
of body fat percent as compared to mice maintained on a chow diet.

Quantitative phenotype measurements. Mice were fasted for approx-
imately 15 h prior to transport to the laboratory and collection of blood
through the retroorbital sinus within 90 s of initiating ether (SPRET/
Pt BSB) or isoflurane (SPRET/Ei BSB) anesthesia at - 3 h into the
light phase of the diurnal cycle. Blood samples were collected in plasma
separator tubes containing EDTA, placed on ice and centrifuged to
prepare plasma. Plasma total and HDL cholesterol, triglyceride and
glycerol concentrations were determined as previously described ( 15).
Plasma hepatic lipase activity, measured only in the SPRET/Pt BSB
cross, was measured using a glycerol tri [3H]oleate substrate as pre-
viously described (20). Briefly, the substrate and aliquots of preheparin
plasma were incubated at 370C for 60 min, and the liberated free fatty
acid radioactivity was extracted and counted. Body-mass-index was
calculated as body weight (g) divided by the square of the anal-nasal
length (cm). Three intra-abdominal fat pads, the retroperitoneal, mesen-
teric, and epididymal (male) or parametrial (female) fat pads were
dissected, weighed and returned to the carcass. A subcutaneous fat pad
laying over the outer thigh (femoral) was also dissected, weighed and
returned to the carcass. Individual fat pads were not dissected in initial
sacrifices of the SPRET/Pt BSB cross. Body composition, glucose lev-
els, insulin levels, and corticosteroid levels were measured as previously
described (13, 15).

Genotyping and data analysis. Genotyping was performed as de-
scribed previously (21). Simple sequence length variants were detected
by polymerase chain reaction (8, 15). The quantitative trait locus (QTL)
mapping method was used (9). Linkage analysis of the polymorphisms
found for each locus was performed with the MAPMAKER program
3.0. Levels of significance (P) and age adjusted values were calculated
with the StatView and SuperANOVA programs (Abacus Concepts) on
the Macintosh.

Genotyping data suggest that the two substrains of Mus spretus used
are genetically quite similar, since both have identical allele sizes for
> 99% of simple sequence length variants. Phenotyping results also
suggest that the two substrains are similar, since values for total and
HDL cholesterol levels, and for other traits, were not statistically differ-
ent (data not shown). Moreover, the degree of substrain similarity does
not affect QTL mapping, since data can be combined from crosses
involving very different strains, such as has been done for identification
of a modifier of induced intestinal neoplasia in mice (22).

Results

Construction oflinkage maps. The previously reported 215 BSB
mice (13, 15) and 197 additional BSB mice were typed for a
variety of traits related to obesity. To map genes contributing
to obesity the mice were typed for 81 additional markers to
yield a linkage map that includes a total of 148 markers covering
all chromosomes except the Y chromosome. The map is in good
agreement with previous studies (23) and is estimated to cover
> 90% of the genome with an average spacing of 10 centi-
morgans (cM) between markers. Thus, with the exception of a
few cases, the genes underlying the obesity in BSB mice should
reside within - 5 cM of a typed marker. Fig. 1 shows the
linkage maps for chromosomes 6, 7, 12, and 15.

Chromosomal loci for obesity and related traits in BSB
mice. We searched for genetic loci underlying quantitative traits
using the MAPMAKER/QTL program (24), which calculates
the strength of associations between genotypes and phenotypes
as the logl0 of the likelihood of the odds ratio (LOD) score. It
has been calculated that in the mouse a LOD score of 3.3 is
the threshold for statistically significant linkage (25). In the
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Figure 1. Linkage maps for chromosomes 6, 7, 12 and 15 for BSB
mice. Linkage maps were constructed from 253 BSB mice from the
cross of SPRET/Pt x C57BL/6J using the MAPMAKER 3.0 program.
Distances are given as Kosambi centiMorgans. Simple sequence length
polymorphism markers were taken from published maps (23). D7Uclal
is a previously described restriction fragment length variant for a random
mouse cDNA clone (15).

BSB cross involving SPRET/Pt, four quantitative trait loci
(QTLs) exhibited significant LOD scores with respect to per-
cent body fat or fat pad weights, with the 148 currently typed
loci. We next typed an additional 197 SPRET/Ei BSB mice for
genetic markers at each of the four loci. For three loci the LOD
scores increased as additional animals were typed. However, for
a locus on chromosome 12 the LOD score was not significantly
affected by the typing of additional BSB mice. These additional
mice were derived from a cross involving the inbred strain of
Mus spretus derived at The Jackson Laboratory (SPRET/Ei)
whereas the original cross involved a separate subline of Mus
spretus (SPRET/Pt). The failure of the chromosome 12 QTL
to increase significantly may be related to different chromosome
12 alleles in the two sublines of Mus spretus used.

Comparisons of age adjusted body composition and lipopro-
tein levels by genotype at selected markers are presented in
Table I. We previously observed D7Mit8 on distal chromosome
7 to be significantly linked to percent body fat and plasma total
cholesterol in the initial cross of BSB mice (15). The locus
was designated Mob-i, for multigenic obesity-1. The present
results confirmed the existence of this locus for body fat, as the
LOD score increased from 2.9 at D7Mit8 in the previous study
to 4.2 in this study. The Mob-i locus explains 6.5% of the
variance in the percent of body fat. Mice that were heterozygous
for Mus spretus and C57BL/6J alleles at the D7Mit8 marker
had 25% more body fat than mice that were homozygous for
C57BL/6J alleles at that locus (P < 0.0003, Table I). The
Mob-i locus was also associated with total plasma cholesterol
(LOD score 4.4) and with percent body water (LOD score 4.6).
LOD scores for body mass index (LOD score 2.9), body weight
(LOD score 2.9), and HDL cholesterol levels (LOD score 3.1 )
at the Mob-i locus were just below the threshold for signifi-
cance.

A second locus, on chromosome 6 near the marker D6Miti,
designated Mob-2, was not previously observed to be linked to
percent body fat, but was linked to fat pad weight at the femoral
depot (LOD score 2.7). In the expanded data set this LOD score
increased to 4.8, explaining 7.1% of the variance in femoral fat
pad weight (Table I). Mice that were heterozygous at the
D6Miti locus had about 2-fold heavier femoral fat pads than
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Table L Comparison ofAge Adjusted Body Composition and Lipoprotein Levels by Genotype at Selected Markers

Statistics by Genotype

BB SB ANOVA LOD

D7Mit8
Body fat (%) 17.1±0.8 21.4±1.0 P < 0.0003 4.2

n = 214 n = 177
Hepatic lipase activity (nU/ml)O 50.6±2.7 68.5±3.3 P < 0.0001 5.1

n = 82 n = 68
Total cholesterol (mg/dl) 70±1.8 78±1.9 P < 0.0012 4.4

n= 187 n= 148
HDL-cholesterol HF (mg/dl)* 51±3 73±5 P < 0.0001 3.1

n = 54 n = 45
Body weight (g) 28±0.6 31.7±0.8 P < 0.0011 2.9

n= 198 n= 160
Body mass index 0.297±0.005 0.324±0.007 P < 0.0015 2.9

n= 198 n= 158
D6MitJ

Femoral fat pad (g) 0.47±0.04 0.95±0.09 P < 0.0001 4.8
n= 126 n= 113

Total cholesterol (mg/dl) 68±1.7 77±1.7 P < 0.0001 3.4
n = 210 n = 207

D12Mit27
Body fat (%)§ 12.1±0.8 17.4±1.2 P < 0.0002 4.8

n= 103 n=88
DJ5MitJ3

Mesenteric fat pad (g) 0.52±0.04 0.34±0.02 P < 0.0001 3.4
n= 141 n= 151

Data are age adjusted means±SE. * HF, high-fat diet (19), phenotype not affected by age and not age adjusted. § Based on SPRET/Pt mice only.

mice that were homozygous C57BL/6J at that locus (P
< 0.0001, Table I). The Mob-2 locus also contributes to total
plasma cholesterol (LOD score 3.4) and exhibits suggestive
linkage to percent body water (LOD score 3.2) and retroperito-
neal fat, HDL-cholesterol and insulin (data not shown).

In addition to confirming the previously reported Mob-] and
Mob-2 loci, the present study has detected two novel loci, one
underlying body fat percent and one modulating mesenteric fat
pads. One locus resides on mouse chromosome 12 near the
marker D12Mit27. It exhibits a LOD score of 4.8 for percent
body fat and explains 7% of the variance (Table I and Fig. 2).
Mice that were heterozygous at the D12Mit27 locus had 44%
greater body fat than mice homozygous for C57BL/6J alleles
at that locus (P < 0.0002, Table I). The chromosome 12 locus
also exhibited suggestive linkage to body water and body weight
(data not shown). Data on LOD scores for body fat percent of
the chromosome 12 locus in the second BSB cross (SPRET/
Ei) were not included in Table I because they were neutral with
respect to the final LOD score. The LOD scores for body fat
percent were: both crosses combined, LOD 4.8; mice from the
first cross (SPRET/Pt), LOD 4.8; mice from the second cross,
LOD 0.7. The BSB linkage map for chromosome 12 is 30
cM longer than published maps (23, 26). While the explanation
for this is unclear, differences in genetic length should not sig-
nificantly affect the peak LOD score, since LOD scores greater
than 3.0 were observed at four independent loci: D12Mit4,
D12Mit47, D12Mit27, and D12MitJ41.

The other novel locus identified in BSB resides on mouse

chromosome 15 near DJSMitJ3. It exhibits a LOD score of 3.4
and explains 5.9% of the variance in mesenteric fat (Table I).
Mice heterozygous at this locus had 32% smaller mesenteric
fat pads than mice that were homozygous for C57BL/6J alleles
(P < 0.0001, Table I). There was also suggestive linkage for
percent body fat at the chromosome 15 locus (data not shown).
We designate the chromosome 12 and 15 loci as Mob-3 and
Mob-4, respectively.
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Figure 2. LOD likeli-
hood plot for the percent
of body fat, adjusted for
a linear effect of age, at
the chromosome 12
Mob-3 locus. The y axis
shows the LOD score
calculated by the MAP-
MAKER/QTL program
at 2-centiMorgan inter-
vals. The x-axis shows
the genetic distances of
markers in cM. All mark-
ers are linked to each
other with log likelihood
scores of at least 5. The
order of these markers is
supported by odds ratios
of at least 100: 1.
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Table II. Phenotypic Data on C57BIJIOSnJ Mice and the Chromosome 7 Congenic Mice, BJO.129(5M)/nSn (BiO.129) and
B1O.C(41N)/Sn (BO.C)

P P
Congenic Congenic

Background Strain C57/BL/IOSnJ B10.129 (Background vs. B10.129) BIO.C (Background vs. BlO.C)

Body weight (g) 22.2±0.4 19.5±0.4 0.0007 21.3±0.8 NS
AN length (cm) 9.2±0.1 9.0±0.1 NS 9.8±0.1 0.005
Body mass index 0.26±0.00 0.24±0.01 0.004 0.22±0.01 0.001
Parametrial fat pad (g) 0.53±0.04 0.26±0.07 0.005 0.38±0.07 NS
Retroperitoneal fat pad (g) 0.10±0.01 0.02±0.01 0.0006 0.03±0.01 0.0003
Mesenteric fat pad (g) 0.24±0.04 0.25±0.02 NS 0.08±0.02 0.007
Femoral fat pad (g) 0.27±0.02 0.14±0.03 0.006 0.04±0.02 <0.0001
Body fat (%) 14.1±0.6 9.2±1.4 0.01 8.7±1.0 0.003
Total cholesterol (mg/dl) 60±3 75±3 0.01 67±6 NS
LDL Cholesterol (mg/dl) 4.6±1.4 11.1±1.4 0.01 7.5±3.5 NS
Hepatic lipase activity (uU/ml) 69±4 47±8 0.02 70±7 NS

Data are means±SE. Analyzed by Student's t-test. For C57BL/lOSnJ, 10 mice were studied for body weight, AN length, and blood values; 9 mice
were studied for fat pad and composition measures. Five B10.129(5M)/nSn mice were studied. For BIO.C(41N)/Sn, 5 mice were studied for body
composition; 4 mice were studied for blood parameters.

Linkage of hepatic lipase activity to obesity and plasma
cholesterol. Human studies have revealed a relationship be-
tween hepatic lipase activity, obesity, and lipoprotein metabo-
lism (27, 28). Therefore, we quantitated plasma hepatic lipase
activity in the BSB mice. A QTL for hepatic lipase activity was
identified on distal mouse chromosome 7, with a peak LOD
score of 5.1. This locus, which is distinct from the hepatic lipase
structural gene on chromosome 9 (29), accounts for - 9% of
the variance in hepatic lipase activity. No other LODs > 2 were
identified for hepatic lipase activity in this cross. Mice that
were heterozygous for Mus spretus and C57BL/6J alleles at
the D7Mit8 marker had 35% higher plasma hepatic lipase activ-
ity levels than mice that were homozygous for C57BL/6J alleles
at that locus (P < 0.0001, Table I). Hepatic lipase activity in
the BSB mice was strongly correlated with carcass fat (rho
= 0.75) and with total cholesterol levels (rho = 0.67). It was
also positively correlated with levels of insulin (rho = 0.56)
and inversely correlated with plasma corticosterone (rho =
-0.65). Of the four fat pads measured, hepatic lipase activity
was strongly associated with the three intra-abdominal fat pads
(rho = 0.68), while not being significantly associated with the
subcutaneous (femoral) fat pad. In contrast to Mob-1, none of
the other obesity loci exhibited significant linkage to hepatic
lipase activity (data not shown).

Isolation of obesity loci in congenic strains. We reasoned
that the genetic variations influencing obesity in BSB mice may
be relatively common, since many inbred strains of laboratory
mice vary in body fat content and other traits related to obesity
(30). Therefore, where possible, we examined previously con-
structed congenic strains for the chromosomal regions con-
taining the Mob genes. Each congenic strain consists of a small
chromosomal region derived from one strain that has been trans-
ferred, by selective breeding, onto the genetic background of a
second strain (17). The resulting congenic strain is 98-99%
identical with the background strain (17, 18). If the transferred
chromosomal region carries one of the multigenic obesity loci,
and if the donor and recipient strains carry different alleles of
the obesity gene, then the congenic strain should differ from
the background strain in obesity parameters.

Fortunately, several different congenic strains for loci near
the Mob-i gene on chromosome 7 were previously derived. We
examined two of these, B1O.129(5M)/nSn and B1O.C(41N)/
Sn. Both congenic strains are on the genetic background of
strain C57BL/lOSnJ. Congenic strain B1O.129(5M)/nSn con-
tains a region of chromosome 7 flanking the H-1 gene derived
from strain 129/J (18), whereas strain B1O.C(41N)/Sn con-
tains a region of chromosome 7 flanking the H-1 gene derived
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Figure 3. Effect of the
Mob-1 gene on obesity
related traits in
B1O.129(5M)/nSn and
BlO.C(41N)/Sn con-
genic strains. All animals
were maintained on
chow diets. Ages (in
days) at sacrifice were:
C57BL/lOSnJ (140 n
= 5, 175 n = 5),
BlO.C(41N)/Sn (135 n
= 3, 149 n = 2) and
B1O.129(5M)/nSn (165
n = 5). Thus, all tested
animals were between
135 and 175 days old at
death. The C57BL/lOSnJ
and the BlO.C(41N)/SnJ
mice were derived from
two litters, whereas
B1O.129(5M)/nSn were
derived from one. Body
weight, retroperitoneal
fat pad, percent body fat,
percent body water and
total plasma cholesterol
found in the congenic
strains are given as per-
cent of the C57BL/lOSnJ
background strain.
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Figure 4. Molecular mapping of chromosomal breakpoints in
BlO.C(41N)/Sn and BIO.129(5M)/nSn congenic strains. Polymor-
phisms for D7Mit57, D7NdsS, D7Mit69, D7Mit37, D7Mit4O, D7MitJOO,
and D7MitJ66 were identified and typed in the parental and congenic
strains following polymerase chain reaction (23). The distances in cM
between markers are derived from the consensus maps of GBASE (The
Jackson Laboratory). The locations of H-i and various candidate genes

are indicated with relative map positions indicated in parentheses.

from strain BALB/cJ (18). The two congenic strains differed
from the background C57BL/ 1OSnJ strain in several parameters
related to obesity (Table II and Fig. 3). As compared to strain
C57BL/lOSnJ mice, the two congenic strains exhibited only
- 25% of the retroperitoneal fat pad weight, 60% of the
body fat, and 110% of the plasma cholesterol. Total body weight
and hepatic lipase activity were decreased in the B10.129(5M)/
nSn congenic strain. Thus, the characteristics of the locus iso-
lated in these congenic strains is strikingly similar to the Mob-

locus identified in BSB mice.
We mapped the breakpoints between the background strain-

derived and donor strain-derived chromosomes. DNA was pre-

pared from the congenic and background strains and simple
sequence length polymorphisms between C57BL/lOSnJ, 129/
J and BALB/cJ were then identified and typed in the congenic
strains. Both congenic strains contain between 27-29 cM of
donor strain DNA on chromosome 7 (Fig. 4). For the
BlO.129(5M)/nSn congenic, the donor 129/J region extends
from D7Mit69 to D7Mit40. These results clearly suggest that
D7Mit4O is proximal to D7MitlOO, although recombination
mapping has not separated these loci. For the B1O.129(5M)/
nSn congenic, the congenic donor BALB/cJ region extends
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Figure 5. Genotypic interactions of Mob genes in obesity. Body fat (%)
in mice with each of the 16 possible combinations of alleles at the four

D7Mit37 loci are presented as box plots. S represents mice heterozygous for Mus
spretus and C57BL/6J alleles and B represents mice homozygous for
C57BL/6J alleles. In this box plot, the median is marked by the center
horizontal line. The upper and lower horizontal lines (the hinges) split

D7Mit66 the remaining halves in half again, covering the range from 25 to 75
D7Miti 00 percentile. The whisker lines extend from below and above the hinges

to the 12.5 and 87.5 percentile. This box plot shows two different classes
of outliers; outside values, plotted as asterisks, and far outside values,

- D7Mit066 which are plotted as the circles (54, and SYSTSAT, Inc. Evanston, IL).

from D7Mit69 to D7Mit66, suggesting that D7MitJOO is distal
to D7Mit66, although linkage maps place these markers in the
reverse order (23).

Discussion

Using a complete linkage map approach, we identified four
distinct loci contributing to obesity in the BSB mouse model
of multigenic obesity (Mob-i, -2, -3, and -4). The existence of
three of the loci (Mob-i, -2, and -4) was confirmed by typing
a second group of BSB mice with appropriate genetic markers,
and the existence of the Mob-i gene was further confirmed by
analysis of congenic strains in the region of mouse chromosome
7 in which Mob-i resides. This paper presents a complete and
complex view of multifactorial obesity in the BSB mouse ana-

lyzed by systematic linkage mapping with a set of co-varying
traits: the percent of body fat, water and protein, weight of four
fat pads, body weight, body mass index, plasma insulin, glucose,
corticosterone, hepatic lipase activity, and cholesterol levels.
The results are consistent with the view that obesity can result
from complex interactions among a variety of genes.

Fig. 5 illustrates the effects of the individual loci, as a func-
tion of genotype, on the percent body fat. We originally pre-

dicted that obesity in the BSB cross must result from the com-

bined effects of genes from both parents, since C57BL/6J, Mus
spretus, and their Fl heterozygotes are all relatively lean ( 15).
Our current results show that Mus spretus alleles promote obe-
sity at the chromosome 6, 7, and 12 loci, whereas C57BL/6J
alleles promote obesity at the chromosome 15 locus. Further-
more, the chromosome 15 locus appears to promote obesity only
if the homozygous C57BL/6J genotype occurs on a background
where the chromosome 6, 7, and 12 loci are all heterozygotes.
Thus, mice that are heterozygous at all four loci have median
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Figure 6. LOD scores for obesity and associated phenotypes at the four
loci. Peak LOD scores are shown for hepatic lipase activity, plasma
total cholesterol, percent body fat, mesenteric and femoral fat pads on
chromosomes 6, 7, 12, and 15.

body fat of 16%, whereas mice that are heterozygous on chro-
mosomes 6, 7, and 12 but homozygous for C57BL/6J alleles
on chromosome 15 have body fat of 28%. Conversely, mice
that are C57BL/6J homozygotes at all four loci have median
body fat of 15%, whereas mice with identical genotypes, except
for a Mus spretus allele at the chromosome 15 locus, have
median body fat of 9%. In general, each of the four Mob loci
does not appear to act in an additive manner with the other 3
loci.

A variety of traits, including basal hyperinsulinemia, glu-
cose intolerance, and alterations in lipoprotein metabolism, have
been associated with human obesity (1, 31, 32). Moreover, the
distribution of fat varies among individuals; thus, visceral fat in
the abdomen is often associated with obesity in males, whereas
subcutaneous fat is most often associated with obesity in fe-
males (33-36). It is unclear, however, whether these obesity-
associated traits are the result of the effects of specific genetic
factors or whether they are simply secondary to hormonal status.
Nor have genetic factors contributing to the distribution of body
fat been characterized. Thus, it was of interest to determine
whether the Mob-i, -2, -3, and -4 loci exert effects on any
specific trait (Fig. 6). Two of the loci (chromosomes 7 [Mob-
I] and 12 [Mob-3]) are significant for total body fat whereas
two loci (chromosomes 6 [Mob-2] and 15 [Mob-4]) are sig-
nificant for femoral and mesenteric fat, respectively. Likewise,
two obesity loci are co-incident with total plasma cholesterol
(chromosomes 6 [Mob-2] and 7 [Mob-i]) and two obesity loci
are not (chromosomes 12 [Mob-3] and 15 [Mob-4]). These
results suggest that obesity and cholesterol levels are correlated
because two loci have pleiotropic effects on both obesity and
cholesterol levels and that increased cholesterol levels are not
caused by obesity per se.

Hepatic lipase activity is associated only with chromosome
7 (Mob-i). In vivo studies have correlated an elevated hepatic
lipase activity with abdominal obesity in both men and women
(27, 28). Interestingly, this fat depot has also been correlated
with an increased risk of atherosclerosis (1, 37, 38 ). Our results
in mice suggest a genetic link between hepatic lipase activity,
intra-abdominal fat, obesity and plasma cholesterol levels.

Analyses of the chromosome 7 congenic strains are consis-
tent with the effects of the Mob-i gene observed in the BSB
model of multigenic obesity. While the majority of the congenic
donor region is proximal to the peak of the BSB QTL, the QTL
and the congenic donor regions overlap for 4-5 cM. The 90%
confidence interval for Mob-i extends to the D7MitJOO locus
that forms the distal border of the congenic donor regions, while
the 99% confidence interval for the Mob-i locus extends to the
Hbb locus, which is 4 cM from D7Miti 00. Since tub is shown
as nonrecombinant with Hbb and D7Miti7 in GBASE (The
Jackson Laboratory, 1994), the region of overlap between the
QTL and the congenics includes the tub gene. It is of interest
that previous studies have shown that the tub mutation affects
plasma cholesterol levels (39). Thus, although it remains possi-
ble that the Mob-i gene and the loci identified in the congenic
strains are distinct, they exhibit remarkably similar characteris-
tics. Thus, both Mob-i and the congenic loci have significant
effects on percent body fat, plasma cholesterol levels and he-
patic lipase activity. No other multigenic obesity gene in the
BSB cross affects all three traits. Also, it seems unlikely that a
second obesity locus should occur in a nearby region of chromo-
some 7.

Mapping of the donor strain chromosomal region of the H-1
congenic strains shows that it contains several candidate genes,
including Snrpn, Igfir, tub, and Ath-3 (see Fig. 4). Snrpn is an
imprinted gene in both humans and mice and is located in the
region of mouse chromosome 7 homologous to the human
Prader-Willi locus (40). Prader-Willi is a maternally imprinted
disease associated with hyperphagia and obesity. The tub muta-
tion is a single gene mutation of mice that leads to obesity and
diabetes (41). The Ath-3 gene has been reported to underlie
susceptibility to atherosclerosis in the AXB and BXA recombi-
nant inbred strains (42). The insulin-like growth factor 1 recep-
tor (Igf ir) is also an obesity candidate gene (43). Several
candidate genes are clearly outside of the donor strain region:
Stp, phenol preferring sulfotransferase; Ins2, the second mouse
insulin locus (44); and Igf 2, the locus for insulin-like growth
factor 2.

The Mob-2, -3, and -4 loci also contain candidate genes for
obesity. The Mob-2 locus occurs near a mutation, ob, that causes
severe obesity and diabetes in the mouse. The ob gene on chro-
mosome 6 is - 4 cM from D6Miti. The human locus homolo-
gous to ob is predicted to reside on chromosome 7q (45).
Linkage analysis of 402 sib-pairs in the Quebec family study
of obesity has shown that the KELL blood group antigen on
7q33 is linked to body-mass-index (weight/height2) and to the
sum of six skinfold measurements (P < 0.0001) (46), sug-
gesting that the human homologue of the Mob-2 locus could
contribute to obesity. The Mob-3 locus covers a region of distal
chromosome 12 that contains the gene for thyroid stimulating
hormone receptor (Tshr) (Fig. 2). The peak LOD score for the
Mob-4 locus on chromosome 15 is very near the gene for growth
hormone receptor (Ghr). Growth hormone and IGF-1 have
recently been recognized as primary agents partitioning energy
between fat and lean tissue. Moreover, both basal and stimulated
growth hormone concentrations are decreased in obese individu-
als (47-49) and are returned toward normal with weight loss
(50, 51). On the other hand, growth hormone receptor number
is elevated in obesity (43). In contrast, concentrations of insu-
lin-like growth factor- I (IGF-1), a primary mediator of growth
hormone's effects, are elevated and IGF-1 receptors are de-
creased in obesity (43).

1550 Warden et al.



Previously QTL mapping has been used to identify loci
underlying diet-induced obesity in a cross between strains
SWR/J and AKR/J (52, 53). Whole genome mapping of this
cross revealed loci on chromosomes 4, 9 and 15. It is possible
that the chromosome 15 locus in the SWR/J X AKR/J cross
is identical with that in BSB mice since it is located on the
proximal portion of the chromosome with the peak LOD score
at DJ5Nds2, 8.6 cM distal to DJ5Mitl3 (53).

The construction of congenic strains containing the various
loci contributing to obesity is of primary importance to define
their locations more precisely and to examine their interactions
in detail. A chromosome 7 locus that may correspond to Mob-
1 was identified in two previously isolated congenic strains, but
congenic strains for the chromosome 6, 12, and 15 loci are not
available. Using genetic markers, it should be feasible to isolate
the various BSB loci using relatively small numbers of matings
(25). The availability of congenic strains will also aid in the
analysis of candidate genes residing at the various loci and, if
necessary, the positional cloning of novel genes.

In conclusion, the present results have revealed or confirmed
the locations of four separate loci contributing to obesity in a
multifactorial mouse model. Genetic analysis of the correspond-
ing (syntenic) chromosomal regions in humans, and examina-
tion of candidate genes residing at the loci, may provide an
understanding of genetic factors in human obesity.
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