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 We recently mapped  Adip1 , an obesity quantitative trait 
locus (QTL), to the middle portion of mouse chromosome 
1, between microsatellite markers  D1Mit10  (92,584,545 
bp) and  D1Mit139  (128,413,910 bp) in a set of LGXSM 
recombinant inbred (RI) strains ( 1, 2 ). This same region 
was found to affect body size at necropsy and body size 
growth between 3 and 10 weeks of age in replicate F 2  inter-
crosses of LG/J with SM/J mice ( 3, 4 ), the parent strains 
of the LGXSM RI strain set. In the RI line mapping study, 
this region was found to have signifi cant effects on all four 
measured fat depots (reproductive, renal, mesenteric, and 
inguinal), body weight at necropsy, and serum leptin and 
cholesterol levels. These effects were observed in both 
sexes and on both high and low fat diets. The calpain-10 
locus ( Capn10,  Chromosome 1 begins at 94,830,953 bp) is 
one of 134 genes identifi ed in this QTL region ( 1 ). 

 The calpains are a family of cytoplasmic cysteine pro-
teases ( 5, 6 ). Their physiological functions are poorly un-
derstood, but they have been implicated in the regulation 
of a variety of cellular processes including adipocyte dif-
ferentiation ( 7, 8 ). One isoform, calpain-10, may also af-
fect the risk of type 2 diabetes ( 9, 10 ). Calpain-10, which is 
ubiquitously expressed, may affect apoptosis in pancreatic 
islet cells ( 11 ), mitochondrial function ( 12 ), insulin secre-
tion ( 13, 14 ), and oxidative utilization of glucose in mus-
cles ( 15 ). Genetic variation in  CAPN10  has been associated 
with insulin resistance, dyslipidemia, and high fatty acid 
levels in a Japanese population ( 16 ); obesity in a Scandina-
vian population ( 17 ); and free fatty acid levels in a Finnish 
population ( 18 ). It has also been suggested that some 
 CAPN10  alleles confer higher risk for cardiovascular dis-
ease in those with diabetes ( 19 ). Human studies suggest 
that  CAPN10  variants may affect a large array of disease-
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 MATERIALS AND METHODS 

 LG/J and SM/J are inbred strains selected for large or small 
body weight at 60 days ( 26 ) and have been used for a series of 
QTL mapping studies for body size, growth, obesity- and diabetes-
related traits, and skeletal morphology ( 2, 27–29 ). Phenotypic 
differences between these two strains are typically caused by 
many genes of relatively small effect ( 1, 26 ).  Adip1 , one such 
QTL, is mapped to the central section of mouse chromosome 1, 
which contains the positional candidate gene  Capn10  ( 1 ). 

 The  Capn10  knockout mice were generated by replacing ex-
ons 1 and 2 with a selective cassette (nuclear-localized LacZ and 
neomycin-resistance genes) in R1 embryonic stem (ES)   cells 
which were derived from a male blastocyst, hybrid of two 129 sub-
strains (129 × 1/SvJ and 129S1/Sv-Oca2+Tyr+Kitl  Sl-J  /J  ). Heterozy-
gous  Capn10  knockout mice were backcrossed to C57BL/6J for 
six generations. The region of chromosome 1 between markers 
rs13475881 (nt 58,439,402) and rs6194543 (nt 157,588,922) is 
still 129 in origin. 

 LG/J and SM/J mice were obtained from Jackson Laborato-
ries and bred to produce parents for the QHCT crosses. C57BL/6J 
wild-type mice were obtained from the Jackson Laboratories. 
LG/J and SM/J males were bred to  Capn10  knockout (mutant) 
and C57BL/6J (wild-type) females to produce four different sets 
of hybrid offspring: LG/J ×  Capn10  knock-out (N = 116; 67♀:49♂); 
LG/J × C57BL/6J wild-type (N = 76; 38♀:38♂); SM/J ×  Capn10  
knock-out (N = 64; 33♀:31♂); and SM/J × C57BL/6J wild-type (N = 
79; 41♀:38♂). Each animal’s body weight was recorded weekly 
from 1 to 20 weeks. Pups were weaned at 3 weeks of age, trans-
ferred to single-sex cages of four or fi ve animals, placed on a 
high-fat diet (Harlan Teklad #TD88137;  Table 1 ),  and main-
tained to 21 weeks of age. An intraperitoneal glucose tolerance 
test (IPGTT) was performed in week 19 by testing basal glucose 
level using a Glucometer Dex blood glucose meter (Bayer) after 
a 4-h fast, injecting 0.01 ml of a 10% glucose solution for each 
gram of body weight, and measuring subsequent glucose levels 
15, 30, 60, and 120 min postinjection. From these measurements, 
the area under the curve (AUC) of glucose level plotted against 
time since injection was calculated for each animal. An insulin 
response test (IRT) was performed in week 20 by fi rst measuring 
fasting (4-h fast) glucose level, then injecting 0.75 U of insulin 
per kg body weight into the peritoneum, and testing glucose lev-
els at 15, 30, 60, and 120 min after injection. Animals experienc-
ing insulin shock as denoted by severe ataxia, extreme lethargy, 
and glucose readings at or below 25 mg/dl were immediately in-
jected with 0.25 cc of 10% glucose. All postinjection data for in-
sulin shock animals were excluded from analysis. All procedures 
were consistent with the PHS Policy on Humane Care and Use of 
Laboratory Animals and approved by Washington University 
School of Medicine’s Animal Studies Committee. 

 Animals were sacrifi ced using an overdose of sodium pento-
barbital at 21 weeks of age after a 4-h fast, followed by blood 
collection via cardiac puncture. Serum levels of cholesterol, tri-
glycerides (TG), free fatty acids, glucose, insulin, and leptin were 
assayed as described in Chakravarthy et al. ( 30 ). Body weight was 
recorded at necropsy and internal organs (heart, liver, kidneys, 
spleen) and fat depots (reproductive, renal, inguinal, mesen-
teric) were removed and weighed to the nearest 0.01 g. 

 A three-way ANOVA, including sex, experimental strain, tester 
strain, and their interactions as factors ( 31 ) was performed for 
each trait. Sets of traits were also analyzed jointly using MANOVA, 
including the fat depots, body and organ weights, time-specifi c 
glucose values for the IPGTT and IRT tests, and serum levels. 
When a signifi cant three-way sex-by-experimental strain-by-tester 
strain interaction was detected, analyses of the strain types and 
their interaction were performed separately in males and females. 

related phenotypes, although replication of results across 
populations has proven diffi cult. The calpain-10 gene is 
also a very good candidate for being the locus responsible 
for  Adip1 ,   the obesity-related QTL. 

 Here, we test the hypothesis that  Capn10  is responsible 
for the observed QTL effects in populations derived from 
the LG/J–by–SM/J cross using a quantitative hybrid com-
plementation test (QHCT) ( 20 ). This test has been suc-
cessfully applied in QTL studies in  Drosophila  ( 21, 22 ), 
 Arabidopsis  ( 23 ), and mice ( 24, 25 ). This is not the same as 
an ordinary complementation test, but it has a similar in-
terpretation. In a QHCT, two experimental strains (LG/J 
and SM/J) are each crossed with two tester strains, a 
mutant strain ( Capn10  � / �   ) and its wild-type control 
(C57BL/6J). If the mutant–wild-type contrast is signifi -
cantly different for crosses involving the two experimental 
strains, then there is a quantitative failure of the mutant to 
complement the experimental strain alleles. Quantitative 
failure to complement is indicated by a signifi cant experi-
mental-by-tester strain interaction among the four classes 
of hybrids (  Fig. 1  ).  A quantitative failure to complement 
signifi es either that the QTL alleles at the locus of interest 
are responsible for the observed phenotypic variation or 
that other loci differing between the experimental strains 
interact with the mutant allele. In either case, the locus of 
interest is confi rmed as being involved in trait variation. 
Here we cross experimental mouse strains LG/J and SM/J 
with a  Capn10  knock-out strain ( Capn10  � / �   ) (H. Ye and G. 
I. Bell, unpublished observations) and its C57BL/6J wild-
type control strain to test whether the  Capn10  gene may be 
responsible for the observed LG/J–by–SM/J intercross 
QTL effects. 

  Fig.   1.  Quantitative hybrid complementation test (QHCT)( 20 ).   
Two experimental strains (LG/J and SM/J) are crossed to two tes-
ter strains ( Capn10  knockout and C57BL/6J wild-type) producing 
four sets of F 1  hybrids. When the difference between the mutant 
and wild-type hybrids changes, depending on the experimental 
strain they are mated to, there is a quantitative failure to comple-
ment as a result of differences between experimental strain alleles 
at the mutant locus or at other loci interacting with the mutant 
locus. The signifi cance of failure to complement is given by the 
experimental-by-tester strain interaction.   
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for fat pads, body, and organ weights. Serum cholesterol 
failed to show a signifi cant experimental-by-tester strain 
interaction, although the  Capn10  knockout hybrid animals 
had consistently lower cholesterol levels than wild-type 
hybrids. 

 A three-way MANOVA with experimental strain, tester 
strain, and sex showed a signifi cant three-way interaction 
indicating that the results of the QHCT differed between 
males and females for glucose response curves from the 
IPGTT (Probability = 3.1 × 10  � 6 ). Therefore, we performed 
the test separately in males and females (  Fig. 3  ).  Males 
showed a very strong experimental-by-tester strain interac-
tion. However, unlike the fat pads and organ weights, it is 
the SM/J hybrids, not the LG/J ones, that show the effect 
of the  Capn10  knockout. The difference between knock-
out and wild-type hybrids is not signifi cant when they are 
mated to the LG/J strain. However, there is a large differ-
ence between knockout and wild-type hybrids when crossed 
to the SM/J strain. The SM/J–by– Capn10  knockout males 
have much lower glucose levels (27% lower at the baseline, 
and 26% to 40% lower through the rest of the 2-h test) 
than the SM/J–by–C57BL/6J hybrid males. The experi-
mental-by-tester strain interaction is borderline signifi cant 
in females ( P  = 0.051), with signifi cant interaction effects 
at 30 min and nearly signifi cant effects at 60 min. The pat-
tern of effects in females is similar to that in males but at 
a reduced effect size. As expected, the AUC results cor-
respond to those given by the multivariate tests of IPGTT 
time-specifi c glucose levels, although here the females show 
a signifi cant interaction effect ( P  = 0.024) (  Fig. 4  ).  

 The insulin response test (IRT) results were similar to 
those reported for the IPGTT (  Fig. 5  ),  except that the 
three-way interaction was not quite signifi cant at the 5% 
level (Probability = 0.073). Therefore, results provided are 
for the sexes pooled. The MANOVA identifi es signifi cant 
experimental-by-tester strain interaction, with the effect of 
the  Capn10  knockout being much stronger in the SM/J 
hybrids than in the LG/J hybrids. Neither serum insulin 
levels nor glucose levels at necropsy had signifi cant exper-
imental-by-tester strain interaction, although the  Capn10  
knockout hybrids consistently had lower glucose levels 
than the wild-type C57BL/6J hybrids. 

 DISCUSSION 

 In our earlier QTL mapping study ( 1 ) utilizing the 
LGXSM recombinant inbred strains, we found a locus 
on chromosome 1 ( Adip1 ), between genome coordinates 
92,584,545 and 128,413,910 bp, with effects on all four 
measured fat depots (reproductive, renal, mesenteric, and 
inguinal); body weight at necropsy; serum leptin and cho-
lesterol levels; and tail length. Our new fi ndings confi rm 
our earlier QTL results in that most of the traits affected 
by  Adip1  also failed to complement  Capn10 , including 
the four fat depots, leptin, and body weight at necropsy. 
In addition, organ weights showed a failure to comple-
ment, with strong interactions for liver and heart weights 
and weaker interactions for kidney and spleen weights. 
We also found interactions for serum free fatty acids and 

Analyses were performed on both the raw and logarithmic scale, 
which produced similar results, so the raw scale is presented here 
for simplicity. Pairwise tests were also performed between the 
mutant and wild-type hybrids within the experimental strain for 
purposes of interpretation. 

 RESULTS 

 Means and standard deviations for all phenotypes 
in each of the hybrids, probabilities for differences 
between C57BL/6J wild-type and  Capn10  knockouts 
when crossed to either SM/J or LG/J, and the probabil-
ity of no experimental-by-tester strain interaction are 
provided in  Table 2 .  Analysis of the sum of the four fat 
pads indicates a signifi cant experimental-by-tester strain 
interaction. Hybrids between the SM/J strain and the 
mutant and wild-type tester strains were not different in 
their levels of adiposity (  Fig. 2  ).  In contrast, the LG/J 
strain hybrids had much heavier fat depots when crossed 
with the  Capn10  knockout strain than with the wild-type 
C57BL/6J (2.32 g heavier, a 37% increase). Results are 
similar for the individual fat depots, with increases of 
41%, 58%, 41%, and 19% for the reproductive, renal, 
mesenteric, and inguinal fat pads, respectively. Serum 
leptin showed a nearly signifi cant interaction ( P  = 0.075) 
with the same pattern as that observed for the fat-pad 
weights. While a difference between mutant and wild-
type was clear in the LG/J hybrids (50% difference; 
 P  = 3.1 × 10  � 5 ), the SM/J hybrids displayed a smaller 
(29%) but statistically signifi cant ( P  = 0.024), difference 
between knockout and wild-type hybrids. Thus, leptin 
levels were higher in  Capn10  knock-out than wild-type 
hybrids, but the crosses with LG/J were not quite signifi -
cantly more different from one another than the crosses 
with SM/J. 

 Body and internal organ weights, including the heart, 
kidneys, liver, and spleen, all show the same hybrid pheno-
typic pattern as the fat pads, with signifi cant experimental-
by-tester strain interactions. Percentage increase in body 
and organ weights between knockout and wild-type hy-
brids mated to LG/J ranged from a high of 34% for the 
liver to 18%, 16%, and 13% for body weight, heart weight, 
and spleen weight, with a low of 7% for the kidneys. 

 Serum free fatty acids ( P  = 0.0084) and triglycerides 
( P  = 0.0068) showed signifi cant three-way interactions, in-
dicating different effects in males and females. Sex-specifi c 
analyses indicated signifi cant interactions in females but 
not in males for FFA and TG. Patterns of hybrid differ-
ences for female FFA and TG are the same as noted above 

 TABLE 1. Composition of High Fat Diet 

Component High Fat Diet

Calories from fat (%) 42
Casein (g/kg) 195
Sugars (g/kg) 341
Corn starch (g/kg) 150
Cellulose (g/kg) 50
Anhydrous milk fat (g/kg) 210
Cholesterol (g/kg) 1.5  
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to complement in this study may be affected by other, 
nearby loci. 

 Our statistical fi ndings clearly demonstrate that alleles 
from the SM/J and LG/J inbred mouse strains interact 
with the  Capn10  knockout mutation on a C57BL/6J back-
ground. This result is most likely due to differences between 

triglycerides in females. No interaction was discovered for 
cholesterol levels. Even so,  Capn10  hybrids had lower cho-
lesterol levels than the C57BL/6J hybrids. Thus, there is 
strong congruence in phenotypes affected between the RI 
line QTL mapping and the QHCT experiments. Effects 
mapped to  Adip1  in the RI lines that do not show failure 

 TABLE 2. Mean, SE, and signifi cance test for F 1  hybrids 

Trait SM-B6 SE SM-C10 SE Probability SM LG-B6 SE LG-C10 SE Probability LG Probability Int

Weight (g)
 Body 33.86 0.831 33.20 0.849 0.577 39.73 0.793 46.86 0.646  8.0 × 10  � 11   1.1 ×10  � 6  
 Tail 80.20 0.478 77.94 0.488 0.001 93.35 0.456 91.52 0.371  0.002  0.639 
 Heart 0.17 0.004 0.16 0.004 0.154 0.17 0.004 0.20 0.003  4.7 × 10  � 7   8.7 × 10  � 6  
 Kidney 0.19 0.004 0.19 0.004 0.567 0.20 0.004 0.21 0.003  0.004  0.019 
 Spleen 0.10 0.005 0.09 0.005 0.190 0.11 0.005 0.12 0.004  0.021  0.012 
 Liver 1.87 0.081 1.73 0.082 0.234 1.67 0.077 2.24 0.063  6.7 × 10  � 8   5.9 × 10  � 6  

Fat depot (g)
 Reproductive 1.87 0.129 1.89 0.132 0.897 2.20 0.123 3.11 0.100  4.1 × 10  � 8   2.9 × 10  � 4  
 Renal 0.73 0.070 0.84 0.072 0.294 1.05 0.067 1.67 0.054  3.7 × 10  � 11   1.5 × 10  � 4  
 Mesenteric 0.78 0.053 0.84 0.054 0.390 1.01 0.051 1.42 0.041  3.2 × 10  � 9   6.5 × 10  � 4  
 Inguinal 1.64 0.102 1.49 0.104 0.306 2.02 0.097 2.41 0.079  0.003  0.006 
 Total fat 5.01 0.321 5.06 0.328 0.922 6.28 0.307 8.60 0.249  2.4 × 10  � 8   2.0 × 10  � 4  

IPGTT ♀�(mg/dl)
 0 min 210 7.07 154 6.57  4.6 × 10  � 8  185 7.47 181 6.16 0.626  2.2 × 10  � 4  
 15 min 363 12.68 256 11.79  3.5 × 10  � 7  306 13.41 304 11.06 0.933  2.6 × 10  � 5  
 30 min 413 17.38 308 16.15  1.4 × 10  � 4  309 18.37 332 15.15 0.275  1.8 × 10  � 4  
 60 min 443 17.37 281 16.14  3.7 × 10  � 8  293 18.36 309 15.14 0.433  3.6 × 10  � 7  
 120 min 335 14.95 205 13.90  4.8 × 10  � 7  203 15.81 230 13.04 0.101  1.8 × 10  � 7  
 Multivariate  2.1 × 10  � 8  0.320  1.6 × 10  � 6  

IPGTT ♀�(mg/dl)
 0 min 139 3.47 122 4.29  0.009 132 3.77 113 3.04  2.9 × 10  � 5  0.783
 15 min 233 6.39 203 7.92  0.005 193 6.94 179 5.60 0.097 0.242
 30 min 228 6.36 185 7.88  0.001 174 6.91 172 5.57 0.763  0.003 
 60 min 176 5.43 145 6.72  0.004 153 5.89 144 4.75 0.189 0.057
 120 min 129 4.35 113 5.39 0.084 111 4.72 107 3.81 0.332 0.230
 Multivariate  0.013  0.004 0.051

IRT (mg/dl)
 0 min 162 3.45 146 3.82  0.002 146 3.50 145 3.16 0.909  0.023 
 15 min 142 3.81 107 4.21  5.8 × 10  � 9  127 3.86 120 3.49 0.173  3.5 × 10  � 4  
 30 min 111 5.27 88 5.83  0.004 111 5.34 95 4.83  0.021 0.548
 60 min 107 3.97 93 4.39  0.015 96 4.03 96 3.64 0.983 0.074
 120 min 136 3.72 115 4.12  1.5 × 10  � 4  116 3.77 118 3.41 0.632  0.002 
 Multivariate  9.4 × 10  � 7  0.153  0.001 

AUC ♂�
(minutes*mg/dl)

46338 1667 30711 1549  1.4 × 10  � 10  32205 1762 34214 1453 0.380  1.7 × 10  � 7  

AUC ♀��
(minutes*mg/dl)

21434 511 18068 632  5.6 × 10  � 5  18006 555 17092 447 0.201  0.025 

Serum level  
 Leptin (ng/ml) 10.09 0.99 13.03 1.16 0.055 12.13 0.99 18.18 0.89  1.1 × 10  � 5  0.124
 Insulin (ng/ml) 1.60 0.14 1.56 0.16 0.848 1.62 0.14 1.90 0.12 0.127 0.247
 Cholesterol 

(mg/dl)
173 5.17 135 6.05  3.9 × 10  � 6  204 5.20 182 4.65  0.002 0.127

 Glucose (mg/dl) 327 9.37 255 10.97  1.4 × 10  � 6  330 9.42 267 8.43  1.8 × 10  � 6  0.618
 Free fatty acid ♀

�(mmol/l)
1.92 0.23 1.48 0.25 0.197 3.23 0.23 1.70 0.18  5.6 × 10  � 7   0.016 

 Free fatty acid ♂�
(mmol/l)

1.99 0.12 1.19 0.13  1.1 × 10  � 5  1.98 0.12 1.48 0.10  0.002 0.203

 Triglyceride ♀�
(mg/dl)

145 23 121 26 0.501 268 24 120 18  2.6 × 10  � 6   0.008 

 Triglyceride ♂�
(mg/dl)

161 10 106 11  3.5 × 10  � 4  162 10 122 9  0.003 0.336

Hybrids are SM/J × C57BL/6J (SM-B6); SM/J × Capn10 knockout (SM-C10); LG/J × C57BL/6J (LG-B6); and LG/J × Capn10 knockout (LG-
C10). Probabilities are given for differences in means between SM-B6 and SM-C10 (Probability SM) and LG-B6 and LG-C10 (Probability LG), and 
the probability of experimental-by-tester strain interaction (Probability Int), which is the test for a failure to complement. Signifi cant probabilities 
are in boldface.

Abbreviations: AUC, area under the curve; IPGTT, intraperitoneal glucose tolerance test; IRT, insulin response test.
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effect for the diabetes-related phenotypes, such as intra-
peritoneal glucose tolerance test (IPGTT) profi le, area 
under the curve (AUC), and insulin response test (IRT) 
profi le. For each of these phenotypes, the mutant–by–wild-
type comparison is apparent in the crosses to SM/J but 
not in crosses to LG/J. Specifi cally, the wild-type–by–SM/J 
hybrids have a higher basal glucose level, higher AUC, and 
less complete recovery to baseline at 2 h than the  Capn10  
knockout–by–SM/J hybrids. The  Capn10  knockout is pro-
tective against hyperglycemia when combined with the 
SM/J strain. The SM/J–by–C57BL/6J hybrids also respond 
poorly in the IRT, although this is primarily due to the 
higher fasting glucose levels in the SM/J–by–C57BL/6J 
hybrids. Again, the  Capn10  knock-out protects against dia-
betes. It is also of interest that the interaction effect, while 
present in both sexes, is much stronger in the males than 
females. Thus, the effects of the  Capn10  knockout are in 
opposite directions and occur in distinct backgrounds for 
obesity- and diabetes-related traits. 

 We also found sex-specifi c effects for levels of serum 
free fatty acid and triglyceride and for the IPGTT results. 
For the two serum components there is evidence that the 
effect of the  Capn10  knockout is only apparent in females 
from the LG/J crosses. The IPGTT effects have the same 
pattern and are statistically signifi cant in both males and 

  Fig.   2.  Total fat depot weight for the four hybrid classes produced 
in the QHCT. SM, the SM/J strain; LG, the LG/J strain; C10, the 
 Capn10  knockout on a C57BL/6J strain background; B6, the wild-
type C57BL/6J strain; NS, not signifi cant at the 10% level. Proba-
bility of no interaction between experimental and tester strains 
appears to the left of the two-headed arrow. Probability of no differ-
ence between B6 and C10 hybrids crossed to either the SM/J or 
LG/J strain appears above the horizontal line. Error bars   represent 
one standard error around the group mean. QHCT, quantitative 
hybrid complementation test. Error bars placed at the top of each 
column represent plus and minus one standard error around the 
group means.   

  Fig.   3.  Response to an IPGTT for males and females in the four 
hybrid groups in the QHCT. Mean glucose levels at each time point 
are plotted along with an error bar extending ±1 SE. The the  y  axis 
runs from 100 to 250 in females and from 100 to 500 in males. The 
glucose level scale ( y  axis) for males is twice that for females. IP-
GTT, intraperitoneal glucose tolerance test; QHCT, quantitative 
hybrid complementation test.   

the  Capn10  alleles in the LG/J and SM/J genomes. We pre-
dict that sequence differences in or near the  Capn10  locus 
are responsible for the observed quantitative failure to com-
plement. These differences may be structural, as a result of 
coding differences between the LG/J and SM/J  Capn10  
alleles, or because of expression differences in some or all 
the tissues expressing  Capn10 . It is also possible that the 
statistical interaction between LG/J and SM/J alleles and 
the  Capn10  knockout may not localize to the  Capn10  locus 
itself but be caused by epistatic interactions of  Capn10  with 
other loci segregating between LG/J and SM/J. We feel 
this is less likely than a  Capn10 -based difference between 
LG/J and SM/J because we previously mapped a QTL for 
the same traits that showed failure to complement to this 
region, and these QTL effects were not due to epistasis in 
the LGXSM RI strain study. However, further research is 
needed to eliminate the possibility of an epistatic source 
for the QHCT results. In either case, it is apparent that the 
 Capn10  locus plays an important role in modulating obesity 
and diabetes in these mice. 

 The pattern of failure to complement over all pheno-
types was complex. For most obesity traits, including the 
fat depots, body weight at necropsy, organ weights, and 
serum leptin, free fatty acids, and triglycerides, hybrids 
involving the LG/J strain showed a difference between 
 Capn10  mutant and wild-type hybrids, whereas the mutant–
wild-type difference was absent in hybrids formed with the 
SM/J strain. Hence the  Capn10  knockout leads to obesity, 
increased organ size, and increased serum leptin, free fatty 
acid, and triglyceride levels on a mixed C57BL/6J–by–
LG/J hybrid background but not on a mixed C57BL/6J–
by–SM/J hybrid background. Interestingly, this same 
combination of alleles and backgrounds has the opposite 
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the LGXSM recombinant inbred strains ( 32 ). Further-
more,  Adip1  did not display sex-specifi c effects ( 1 ). It ap-
pears that  Capn10  does not contribute much to the 
sex-specifi c effects noted in the LG/J–by–SM/J cross, al-
though there is at least some genetic variation for sexual 
dimorphism in serum component levels and glucose re-
sponse at the  Capn10  locus. 

 These differences in patterns of effects for obesity- and 
diabetes-related traits are consistent with our fi nding of a 
lack of correlation between obesity and diabetes pheno-
types across the LGXSM RI strains ( 32 ). While it is possible 
that a single molecular change could lead to both an in-
crease in obesity and a decrease in diabetes (or vice versa), 
we must also consider the possibility that there are multi-
ple molecular differences between LG/J and SM/J at the 
 Capn10  locus with different molecular lesions leading to 
effects on different phenotypes. Other studies of  CAPN10  
in humans suggest that different single nucleotide poly-
morphisms (SNP  s) are often associated with different phe-
notypes ( 33 ). This may also be the case for the differential 
effects of LG/J and SM/J alleles. 

 In addition to the relevance of our fi ndings with regard 
to genetic differences between LG/J and SM/J inbred 
mouse strains, our results confi rm physiological effects of 
 Capn10    variants on a wide variety of obesity- and diabetes-
related traits in mice. Obesity-related traits were strongly 
enhanced by the  Capn10  knockout in a LG/J–by–C57BL/6J 
hybrid background, whereas hyperglycemic diabetes-
related traits were strongly reduced by the knockout in the 
SM/J–by–C57BL/6J hybrid background. In addition, the 
 Capn10  knockout resulted in lower necropsy serum glu-
cose and cholesterol levels in both backgrounds. This 
range of effects complements previous fi ndings regarding 
calpain-10’s effects in various human populations. It also 
underscores the potential diffi culty in replicating statisti-
cal and physiological effects in different human popula-
tions. The knockout allele clearly has different effects in 
different crosses as most fi ndings in the LG/J–C57BL/6J 
contrasts are not replicated in the SM/J–C57BL/6J con-
trasts, and vice versa. Thus, most results are background-
specifi c. A similar phenomenon in human populations 
has the potential to mask the effects of calpain-10 alleles in 
some populations for some traits but not for others. 

 CONCLUSION 

 We have found a quantitative failure to complement at 
the  Capn10  locus for obesity- and diabetes-related traits, 
supporting the hypothesis that this locus is, at least in part, 
responsible for  Adip1 , a QTL detected in earlier mapping 
studies of the LG/J–by–SM/J cross ( 1 ). It is likely that sin-
gle or multiple molecular differences in or near the  Capn10  
locus are responsible for obesity- and diabetes-related dif-
ferences between the LG/J and SM/J inbred mouse strains. 
Our results confi rm the effects of calpain-10 on a variety of 
obesity- and diabetes-related traits previously reported in 
human populations and support the hypothesis that fail-
ure to replicate for some traits in human populations may 
be due to variation in genetic background effects.  

females in the SM/J crosses but are much stronger in 
males than in females. These sex differences in the effects 
of  Capn10  are likely because of differences in the hor-
monal environment between the sexes and the conse-
quences of these differences for  Capn10  expression and 
function. However, it is noteworthy that  Capn10  had simi-
lar effects in both sexes for all the other traits, including 
fat-pad weights, despite strong, ubiquitous sex-by-strain in-
teractions reported for most of the traits analyzed here in 

  Fig.   4.  AUC for males and females in the four hybrid groups in 
the QHCT. The AUC ( y  axis) scale for males is twice that for fe-
males. SM, the SM/J strain; LG, the LG/J strain; C10, the  Capn10  
knockout on a C57BL/6J strain background; B6, the wild-type 
C57BL/6J strain. AUC, area under the curve; QHCT, quantitative 
hybrid complementation test.    

  Fig.   5.  Glucose levels for the duration of the IST for the four hy-
brid groups in the QHCT. IST, insulin response test; QHCT, quan-
titative hybrid complementation test.   

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Calpain-10 gene obesity and diabetes effects 913

 REFERENCES 

    1 .  Cheverud ,  J. M. ,  T. H.   Ehrich ,  T.   Hrbek ,  J. P.   Kenney ,  L. S.   Pletscher , 
and  C. F.   Semenkovich .  2004 .  Quantitative trait loci for obesity and 
diabetes-related traits and their dietary responses to high fat feed-
ing in the LGXSM recombinant inbred mouse strains.    Diabetes   .    53   :  
 3328 – 3336 .  

    2 .  Hrbek ,  T. ,  R.   Alves de Brito ,  B.   Wang ,  L. S.   Pletscher , and  J. M.  
 Cheverud .  2006 .  Genetic characterization of a new set of recom-
binant inbred lines (LGXSM) formed from the intercross of SM/J 
and LG/J inbred mouse strains.    Mamm. Genome   .    17   :   417 – 429 .  

    3 .  Cheverud ,  J. M. ,  E. J.   Routman ,  F. A.   Duarte ,  B.   van Swinderen , 
 K.   Cothran , and  C.   Perel .  1996 .  Quantitative trait loci for murine 
growth.    Genetics   .    142   :   1305 – 1319 .  

    4 .  Vaughn ,  T. T. ,  L. S.   Pletscher ,  A.   Peripato ,  K.   King-Ellison ,  E.  
 Adams ,  C.   Erikson , and  J. M.   Cheverud .  1999 .  Mapping quantita-
tive trait loci for murine growth: a closer look at genetic architec-
ture.  Genetical Res  .   74   :   313 – 322 .  

    5 .  Goll ,  D. E. ,  V. F.   Thompson ,  H.   Li ,  W.   Wei , and  J.   Cong .  2003 .  The 
calpain system.    Physiol. Rev.     83   :   731 – 801 .  

    6 .  Suzuki ,  K. ,  S.   Hata ,  Y.   Kawabata , and  H.   Sorimachi .  2004 .  Structure, 
activation, and biology of calpain.    Diabetes   .    53   (   Suppl 1   ):   S12 – S18 .  

    7 .  Patel ,  Y. M. , and  M. D.   Lane .  1999 .  Role of calpain in adipocyte dif-
ferentiation.    Proc. Natl. Acad. Sci. USA   .    96   :   1279 – 1284 .  

    8 .  Patel ,  Y. M. , and  M. D.   Lane .  2000 .  Mitotic clonal expansion during 
preadipocyte differentiation: calpain mediated turnover of p27.  
  J. Biol. Chem.     275   :   17653 – 17660 .  

    9 .  Horikawa ,  Y. ,  N.   Oda ,  N. J.   Cox ,  X.   Li ,  M.   Orho-Melander ,  M.   Hara , 
 Y.   Hinokio ,  T. H.   Lindner ,  H.   Mashima ,  P. E. H.   Schwarz ,  et al . 
 2000 .  Genetic variation in the gene encoding calpain-10 is associ-
ated with type 2 diabetes mellitus.    Nat. Genet.     26   :   163 – 175 .  

    10 .  Horikawa ,  Y.   2006 .  Calpain-10 (NIDDM1) as a susceptibility gene 
for common type 2 diabetes.    Endocr. J.     53   :   567 – 576 .  

    11 .  Johnson ,  J. D. ,  Z.   Han ,  K.   Otani ,  H.   Ye ,  Y.   Zhang ,  H.   Wu ,  Y.  
 Horikawa ,  S.   Misler ,  G. I.   Bell , and  K. S.   Polonsky .  2004 .  RyR2 and 
calpain-10 delineate a novel apoptosis pathway in pancreatic islets.  
  J. Biol. Chem.     279   :   24794 – 24802 .  

    12 .  Arrington ,  D. D. ,  T. R.   Van Vleet , and  R. G.   Schnellmann .  2006 . 
 Calpain 10: a mitochondrial calpain and its role in calcium-
induced mitochondrial dysfunction.    Am. J. Physiol. Cell Physiol   .    291   :  
 C1159 – C1171 .  

    13 .  Sreenan ,  S. K. ,  Y-P.   Zhou ,  K.   Otani ,  P. A.   Hansen ,  K. P. M.   Currie , 
 C-Y.   Pan ,  J-P.   Lee ,  D. M.   Ostrega ,  W.   Pugh ,  Y.   Horikawa ,  et al .  2001 . 
 Calpains play a role in insulin secretion and action.    Diabetes   .    50   :  
 2013 – 2020 .  

    14 .  Lynn ,  S. ,  J. C.   Evans ,  C.   White ,  T. M.   Frayling ,  A. T.   Hattersley , 
 D. M.   Turnbull ,  Y.   Horikawa ,  N. J.   Cox ,  G. I.   Bell , and  M.   Walker . 
 2002 .  Variation in the calpain-10 gene affects blood glucose levels 
in the British population.    Diabetes   .    51   :   247 – 250 .  

    15 .  Baier ,  L. J. ,  P. A.   Permana ,  X.   Yang ,  R. E.   Pratley ,  R. L.   Hanson ,  G. 
Q.   Shen ,  D.   Mott ,  W. C.   Knowler ,  N. J.   Cox ,  Y.   Horikawa ,  et al .  2000 . 
 A calpain-10 gene polymorphism is associated with reduced muscle 
mRNA levels and insulin resistance.    J. Clin. Invest.     106   :   R69 – R73 .  

    16 .  Sugimoto ,  K. ,  T.   Katsuya ,  K.   Ishikawa ,  Y.   Iwashima ,  K.   Yamamoto , 
 Y.   Fu ,  A.   Matsuo ,  M.   Motone ,  H.   Rakugi , and  T.   Ogihara .  2003 . 
 UCSNP-43 G/A polymorphism of calpain-10 gene is associated 
with hypertension and dyslipidemia in Japanese population .   Am. J. 
Hypertens.     16(Suppl 1)   :   A82 .  

    17 .  Hoffstedt ,  J. ,  E.   Naslund , and  P.   Arner .  2002 .  Calpain-10 gene poly-
morphism is associated with reduced beta(3)-adrenoceptor func-
tion in human fat cells.    J. Clin. Endocrinol. Metab.     87   :   3362 – 3367 .  

    18 .  Orho-Melander ,  M. ,  M.   Klannemark ,  M. K.   Svensson ,  M.   Ridderstrale , 
 C. M.   Lindgren , and  L.   Groop .  2002 .  Variants in the calpain-10 gene 
predispose to insulin resistance and elevated free fatty acid levels.  
  Diabetes   .    51   :   2658 – 2664 .  

    19 .  Ordovas ,  J. M.   2007 .  Genetic links between diabetes mellitus and 
coronary atherosclerosis.    Curr. Atheroscler. Rep.     9   :   204 – 210 .  

    20 .  Mackay ,  T. F.   2004 .  Complementing complexity.    Nat. Genet.     36   :  
 1145 – 1147 .  

    21 .  Mackay ,  T. F. , and  J. D.   Fry .  1996 .  Polygenic mutation in  Drosophila 
melanogaster : genetic interactions between selection lines and can-
didate quantitative trait loci.    Genetics   .    144   :   671 – 688 .  

    22 .  Long ,  A. D. ,  S. L.   Mullaney ,  T. F.   Mackay , and  C. H.   Langley .  1996 . 
 Genetic interactions between naturally occurring alleles at quanti-
tative trait loci and mutant alleles at candidate loci affecting bristle 
number in  Drosophila melanogaster.     Genetics   .    144   :   1497 – 1510 .  

    23 .  Loudet ,  O. ,  V.   Saliba-Colombani ,  C.   Camilleri ,  F.   Calenge ,  V.  
 Gaudon ,  A.   Koprivova ,  K. A.   North ,  S.   Kopriva , and  F.   Daniel-
Vedele .  2007 .  Natural variation for sulfate content in  Arabidopsis 
thaliana  is highly controlled by APR2.    Nat. Genet.     39   :   896 – 900 .  

    24 .  Yalcin ,  B. ,  S. A.   Willis-Owen ,  J.   Fullerton ,  A.   Meesaq ,  R. M.  
 Deacon ,  J. N.   Rawlins ,  R. R.   Copley ,  A. P.   Morris ,  J.   Flint , and  R.  
 Mott .  2004 .  Genetic dissection of a behavioral quantitative trait 
locus shows that Rgs2 modulates anxiety in mice.    Nat. Genet.     36   :  
 1197 – 1202 .  

    25 .  Watanabe ,  A. ,  T.   Toyota ,  Y.   Owada ,  T.   Hayashi ,  Y.   Iwayama ,  M.  
 Matsumata ,  Y.   Ishitsuka ,  A.   Nakaya ,  N.   Maekawa ,  T.   Ohnishi ,  et al . 
 2007 .  Fabp7 maps to a quantitative trait locus for a schizophrenia 
endophenotype.    PLoS Biol.     5   :   e297 .  

    26 .  Chai ,  C. K.   1956 .  Analysis of quantitative inheritance of body size 
in mice. I. Hybridization and maternal infl uence.    Genetics   .    41   :  
 157 – 164 .  

    27 .  Cheverud ,  J. M.   2006 . Genetic architecture of quantitative variation. 
 In  Evolutionary Genetics: Concepts and Case Studies. C. W. Fox and 
J. B. Wolf, editors. Oxford University Press, Oxford. 288–309.  

    28 .  Kenney-Hunt ,  J. P. ,  B.   Wang ,  E. A.   Norgard ,  G.   Fawcett ,  D.   Falk , 
 L. S.   Pletscher ,  J. P.   Jarvis ,  C. C.   Roseman ,  J. B.   Wolf , and  J. M.  
 Cheverud .  2008 .  Pleiotropic patterns of quantitative trait loci for 
seventy murine skeletal traits.    Genetics   .    178   :   2275 – 2288 .  

    29 .  Norgard ,  E. A. ,  C. C.   Roseman ,  G. L.   Fawcett ,  M.   Pavličev ,  C. 
D.   Morgan ,  L. S.   Pletscher ,  B.   Wang , and  J. M.   Cheverud .  2008 . 
 Identifi cation of quantitative trait loci affecting murine long bone 
length in a two-generation intercross of LG/J and SM/J mice.  
  J. Bone Miner. Res.     23   :   887 – 895 .  

    30 .  Chakravarthy ,  M. V. ,  Y.   Zhu ,  M.   López ,  D. F.   Wozniak ,  T.  
 Coleman ,  Z.   Hu ,  M.   Wolfgang ,  A.   Vidal-Puig ,  M. D.   Lane , and  C. 
F.   Semenkovich .  2007 .  Brain fatty acid synthase activates PPAR �  to 
maintain energy homeostasis.    J. Clin. Invest.     117   :   2539 – 2552 .  

    31 .  Sokal ,  R. R. , and  F. J.   Rohlf .  1995 .  Biometry . W. H. Freeman & 
Company, New York.  

    32 .  Cheverud ,  J. M. ,  T. H.   Ehrich ,  J. P.   Kenney ,  L. S.   Pletscher , and  C. 
F.   Semenkovich .  2004 .  Genetic evidence for discordance between 
obesity and diabetes-related traits in the LGXSM recombinant in-
bred mouse strains.    Diabetes   .    53   :   2700 – 2708 .  

    33 .  Turner ,  M. D. ,  P. G.   Cassell , and  G. A.   Hitman .  2005 .  Calpain-10: from 
genome search to function.    Diabetes Metab. Res. Rev.     21   :   505 – 514 .        

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

