
INTRODUCTION

Even after the completion of human genome project,
it is still increasingly challenging to localize susceptibility
genes that are involved in the expressionof quantitative
traits, such as obesity, hyperglycemia, hypertension
(1, 2). This is largely due to the complex nature of inter-
actions among those genes and/or gene-environment
associations. Genetic dissection of complex trait in hu-
man is compromised by genetic heterogeneity and nu-
merous environmental variations. Therefore, the ad-
vantage of alleviating the complexity by utilizing well-
defined animal models in constant breeding condition
for the study of multigene variance is far more signifi-
cant than for the study of single-gene trait.

Marker-assisted linkage analyses for quantitative
trait loci (QTL) and subsequent congenic strain con-

struction have become a usual measure (3, 4). The
Nidd 2/of locus mapped to rat chromosome 14 is one
of the fourteen hyperglycemia QTLs we identified in
our previous linkage analysis using the OLETF rat,
a model for the type 2 diabetes (5, 6). In an independ-
ent genetic analysis we also mapped an obesity QTL,
Obs 5 , within an overlapping chromosomal segment
with Nidd2/of (7).With subsequently generated con-
genic strain, this 38 cM segmentwasconfirmed to con-
tain polymorphisms related to both abnormal glucose
regulation and retroperitoneal fat accumulation (8).
Here we constructed a series of subcongenic strains,
in which OLETF-derived segment is shortened from
either ends in order to further narrow down the frag-
ment which includes a QTL down to a few cM. Our
result indicated that there aremultiple loci in this region
and each QTL appears to play a distinctive role.

MATERIALS AND METHODS
Rat strains and animal procedures

The F.O-Nidd2/of congenic strain, a parental strain
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containing Nidd2/of locus (“of”meaning OLETF rat),
was intercrossed with Fischer-344 (F344/Crj, SCL,
Inc. Hamamatsu Japan)(8). The resultant F1 progeny
male was backcrossed with F344 females. By using
microsatellite markers BC1 was screened for chro-
mosomes inwhich recombination occurredwithin the
Nidd2/of region. The progeny with desirable recom-
binant chromosomes was crossed to F344 rats and the
heterozygote offspringswere selectively bred to fix the
recombinant chromosome on the F344 background.
The established strain was subsequently maintained
by brother-sister mating. Each strain was named after
the genome structure in the region. For example, F.O-
Ni2/of.rat55 indicates that the OLETF-derived seg-
ment extends from the proximal end to the position
defined by D14Rat55 microsatellite marker. Simi-
larly, F.O-Ni2/rat55.of exchanges the distal portion
starting from the locus at D14Rat55.

All rats were kept under specific pathogen-free con-
ditions. The temperature (21±2℃), humidity (55±

10%), and air conditioning were all controlled. Rats had
free access to tap water and standard laboratory chow
and were maintained at a 12-h light and dark cycle (7
am/7 pm). This studyconformed to theguidelinesfor the
care and use of Laboratory animals of The University
of Tokushima Graduate School Institute of Health Bi-
oscience.

Genotyping

DNA isolation and polymerase chain reaction (PCR)
amplification ofmicrosatellitemarkerswereperformed
as described previously (5).The primers for micro-
satellite markers were purchased from ResearchGe-
netics, Inc. (Hrinlsville, Ala.).

Phenotyping

Oral glucose tolerance test (OGTT)were performed
on male rats of 30 weeks of age as described (5). The
animals were fasted overnight ; bloodglucose levelswere
measured with the glucose oxidase method (Arkray,
Kyoto, Japan) at 0, 30, 60, 90 and 120 min after oral ad-
ministration of 2.0 g glucose (in a 2.8 M glucose so-
lution) per kilogram of body weight. Animals were
anesthetized with pentobarbital sodium intraperito-
neally one week after the OGTT. The abdominal fat
pads consisting of mesenteric, retroperitoneal, and
epididymal fats were removed and weighted. The adi-
posity index was calculated from each fat pad and body
weight (percentage of fat weight/body weight)(7).

Statistical analysis

All values are expressed as means±SE. The statis-

tical significance of differences was evaluated using
ANOVA for comparing all traits among congenic strains
and control F344 strains.

RESULTS

Generation of the new congenic strains

The extent of the congenic region for newly estab-
lished substrains of F.O-Nidd2/of is described inFigure1.
Five of these strains have distinctive deletion patterns
of OLETF-derived chromosome from the distal side
of the region and the other five from the proximal side.
This is the same strategy as those for identifyingbinding
site of a transcription factor within a promoter region
by making a series of deletion mutants. Therefore as-
suming that a single QTL is sole determinant for the
hyperglycemia or obesity in F.O-Nidd2/of strain, com-
mon region for all the substrains showing the identical
phenotypes to that of the parental strain should newly
define the QTL.

OGTT analysis of Nidd2/of substrains

The substrains were characterized by an oral glu-
cose tolerance test (OGTT), the same test used for
mapping the Nidd2/of (Table 1). None of the strains
showed significantly increased blood glucose levels
at any time point during OGTT. Since the entire con-
genic region in F.O-Nidd2/of is covered by these strains,
this result suggested that there aremore than one QTL
within this segment. It is worth noting that the neither
of the two strains which exchange the shortest segment
at either end, namely F.O-Ni2/of.rat10 and F.O-Ni2/
wox1.of, showed equivalent hyperglycemia to that of
the parental stain, suggesting that there are twoQTL
at both ends of the segment. This is indeed an intrigu-
ing observation because camel’s hump-likeLODscore
curve in our original linkage analysis in this region ret-
rospectively infers the presence of QTL at both ends
(Figure 1)(9). The middle portion might also contain
additional QTLs, because althoughstatistical significance
was not achieved, strains with shorter fragment tend
to show proportionally lower blood glucose levels
(Table 1).

Adiposity analysis of Nidd2/of substrains

OLETF rat is genetically susceptible to obese pheno-
type and obesity is important for the development of
diabetes (10, 11). In the previous linkage analyses,
we found that in the OLETF rat the distinctive set of
loci plays a role forobesity fromthose for hyperglycemia
phenotype. Furthermore each obesity QTL affects on
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the adiposity in a body-location specific manner (7).
Obs5 was identified for increased retroperitoneal
fat index. In subcongenic strains, only certain strains
showed increased retroperitoneal fat index (Table 1).

The likely location for the QTL is between D14Rat143
and D14Rat55, based on the fact that all strains in
Figure 1 that contain all or part of this region have sig-
nificant effects on adiposity. In contrast, none of the

Figure. 1. Genetic map of chromosomal regions exchanged in the congenic substrains. Lod score plots for linkage to glucose
level at 30 min in OGTT (solid line) and retroperitoneal fat index (dotted line) are shown (7, 9). The known extent of the OLETF-
derived portion carried by each congenic strain is designated by the filled bars; the open ends of this bar designate intervals
containing the recombinant end points. The strain represented by gray bar, F.O-Ni2/of.rat23, is known to possess OLETF-
derived segment at D14Rat23 locus. Thus the interval at either side contains one recombinant end point. The markers ap-
pearing in this figure are those that are polymorphic between OLETF and F344 rats and were used for genotype check. Genetic
distances represented in centiMorgans were determined by Kosambi map function. Hatched and Stippled bars indicate
the fine mapped loci for Nidd2/of and Obs5 QTL, respectively.
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substrains examined pronounced any influences on
mesenteric fat accumulation, which is consistent with
our linkage analysis and with the fact that the parental
F.O-Nidd2/of strain showednodifference from theF344
rat. Epididymal fat index and body weight were also
affected in some substrains (Table 1). This is unex-
pected because the F.O-Nidd2/of shows no significant
influence on this type of fat tissue.

DISCUSSION

Among the 14 hyperglycemicQTLswe selected the
Nidd2/of locus for fine mapping analysis as a next step
toward gene finding. This is because our initial char-
acterization of the congenic strain revealed that the
locus appears to bemore significant for the expression
of diabetic phenotypes. Firstly, this locus is responsive
to obesity. When obesity was introduced either by high
fat diet or leptin receptor deficiency ( fa/fa), glucose
levels were significantly elevated bymore than simple
addition of the effect from Nidd2/of and the effect from
the state of obesity (unpublished observation). Given
the well-established role of obesity for type 2 diabetes,
it stands to reason to expect to find important genes
or signaling cascades by studying the QTL like Nidd2/
of . Secondly, we demonstrated the epistatic interaction
between the Nidd2/of and Nidd1/of by analyzing a
double congenic rat possessing the both loci (unpub-
lished observation).

In the past decade, quantitative trait locusmapping
using animal models has identified hundreds of chro-
mosomal regions crucial for the expression of athero-
sclerosis, diabetes, hypertension, obesity and other
complex phenotypes (12-16). Indeed in several reports

QTL was further dissected bymethods similar to what
is described in the current study (17, 18). It is rather
surprising that in many cases it was found that there
were multipleQTLwithin a singleQTLregionas initially
mapped (17, 19). Thus, thenumberofgenes for complex
trait is likely to increase as more elaborate mapping
work emerges. Indeed in yeast it was found that un-
derlying genes for a certain quantitative phenotype
are tightly linked within a small chromosomal region
(20, 21).

Before we began this mapping, we were more in-
clined to believe that perhaps a singleQTL plays a dual
role for both hyperglycemia and obesity, becauseQTL
mapping gives only a rough estimation of underlying
gene location. However, this study clearly demonstrated
that loci for these traits are distinctive and there are
likely to be at least twoQTLs forhyperglycemicpheno-
type. Apparent disappearance of diabetic phenotypes
among substrainsmaymerely be due to theweak con-
tribution from each QTL, therefore more statistical
power may be required for detecting them. Alterna-
tively constructing a double-subcongenic strain intro-
gressing short segments at both endsmay achieve the
equivalent diabetic effect to that of the parental congenic
strain.

It is interesting that at least threeQTLswith specific
function are clustered and intricate interaction among
them is crucial for glucosemetabolism. From thepoint
of understanding how obesity causes diabetes and how
each QTL associates one another, this region should
provide a unique opportunity, as there are limitednum-
ber ofgenes thus it represents amodelwithsubstantially
reduced complexity.

Table 1. Phenotypic characterization of congenic substrains

strain n 0 min 30 min 60 min 90 min 120 min AUC BW Mesenteric
fat pad

Retroperito
neal fat pad

Epididymal
fat pad

Mesentric
fat Index

Retroperito
neal fatIndex

Epididymal
fat Index

F 344 9 79.2±2.8 105.4±3.9 109.4±2.8 106.3±2.6 102.1±2.1 12357±290 388±5.5 10.65±0.45 8.96±0.29 11.66±0.45 2.74±0.10 2.31±0.07 3.00±0.09

F.O-Nidd 2/of 8 81.2±3.3 133.0±8.4† 120.6±5.6¶ 119.5±5.9¶ 119.3±5.2† 14201±692¶ 397±6.6 10.31±0.73 10.36±0.73¶ 10.88±0.59 2.59±0.15 2.60±0.15¶ 2.73±0.12

F.O-Ni 2/of.rat 10 10 78.5±2.2 111.6±1.4 106.6±1.6 107.5±1.6 102.5±0.8 12408±120 411±5.2† 12.24±0.56 11.38±0.34‡ 13.91±0.50† 2.97±0.12 2.77±0.07† 3.38±0.11¶

F.O-Ni 2/of.rat 55 9 82.6±1.5 102.6±2.3 102.1±1.6 102.4±1.9 104.3±1.9 12016±175 404±3.9¶ 12.28±0.46 12.11±0.45‡ 14.81±0.37‡ 3.04±0.09 2.99±0.09‡ 3.66±0.08‡

F.O-Ni 2/of.wox 14 8 82.1±1.7 100.4±1.8 105.4±3.1 105.6±2.2 108.0±2.8 12193±255 426±5.3‡ 12.53±0.86 12.54±0.62‡ 15.08±0.91† 2.93±0.18 2.94±0.13‡ 3.53±0.18†

F.O-Ni 2/of.rat 5 8 77.1±2.3 101.5±4.5 103.2±3.9 109.5±4.3 103.0±3.4 12126±404 409±7.3¶ 9.81±0.68 10.32±0.47 12.56±0.59 2.38±0.15 2.52±0.11 3.06±0.11

F.O-Ni 2/of.rat 23 7 79.6±3.4 96.0±4.8 97.3±5.8 97.4±4.8 94.3±4.8 11329±331 408±7.7¶ 9.70±0.32 10.58±0.42 12.91±0.69 2.38±0.06 2.59±0.08¶ 3.16±0.13

F.O-Ni 2/wox 1.of 7 77.3±1.8 111.3±2.4 108.1±3.6 108.0±3.1 105.7±3.2 12567±303 420±6.2† 11.95±0.78 11.84±0.49‡ 14.00±0.70† 2.83±0.15 2.82±0.09† 3.33±0.13¶

F.O-Ni 2/rat 143.of 6 75.0±3.0 125.7±10.2 109.3±3.0 109.7±4.5 108.3±3.8 13090±501 428±7.0‡ 12.25±0.90 10.92±0.57¶ 14.36±0.70† 2.85±0.18 2.55±0.11 3.35±0.12¶

F.O-Ni 2/wox 14.of 9 74.6±2.6 113.1±7.7 106.1±3.1 105.4±1.3 106.1±1.0 12450±313 409±11.1 11.14±0.59 11.16±0.79¶ 12.44±1.0 2.71±0.12 2.70±0.14¶ 3.01±0.21

F.O-Ni 2/rat 55.of 7 80.1±2.7 111.8±3.5 107.7±2.6 103.9±1.5 108.1±1.8 12527±196 392±11.6 9.51±0.80 10.09±0.58 12.35±0.67 2.41±0.18 2.57±0.11 3.14±0.12

F.O-Ni 2/rat 8.of 9 81.4±3.0 109.2±3.6 109.3±2.1 107.2±2.3 105.3±2.1 12575±234 388±6.9 10.55±0.47 9.95±0.25 11.92±0.32 2.72±0.12 2.57±0.06 3.07±0.06

All values are given as means±SE. Fasting glucose and glucose at 30, 60, 90, 120 min. are given in mg/dl, AUC in mg/dl
X min, and body weigh, fat pad in gram. Each congenic strain was compared with F344(ANOVA), and significant differ-
ences are indicated : ¶P＜0.05,†P＜0.01,‡P＜0.001

M. Akhi et al. Fine mapping of diabetic and obesity QTL１１２



ACKNOWLEDGEMENTS

This study was supported in part by grant from the
Ministry of Education, Culture, Sports, Science and
Technology of Japan. We thank Takako Koizumi,
Daisuke Sano for technical assistance of breeding
congenic strains.

REFERENCES

1. Flint J, Mott R : Finding the molecular basis of
quantitative traits : successes and pitfalls. Nat
Rev Genet 2 : 437-45, 2001

2. Glazier AM,Nadeau JH, AitmanTJ : Finding genes
that underlie complex traits. Science 298 : 2345-
9, 2002

3. Darvasi A : Experimental strategies for thegenetic
dissection of complex traits in animal models.
Nat Genet 18 : 19-24, 1998

4. Korstanje R, Paigen B : From QTL to gene: the
harvest begins. Nat Genet 31 : 235-6, 2002

5. Moralejo DH, Wei S, Wei K, Weksler-Zangen
S, Koike G, Jacob HJ, Hirashima T, Kawano
K, Sugiura K, Sasaki Y, Ogino T, Yamada T,
Matsumoto K : Identification of quantitative trait
loci for non-insulin-dependent diabetes mellitus
that interact with bodyweight in theOtsuka Long-
Evans Tokushima Fatty rat. Proc Assoc AmPhy-
sicians 110 : 545-58, 1998

6. Kawano K, Mori S, HirashimaT,Man ZW, Natori
T : Examination of the pathogenesis of diabetic
nephropathy in OLETF rats. J Vet Med Sci 61 :
1219-28, 1999

7. Ogino T, Wei S, Wei K, Moralejo DH, Kose
H, Mizuno A, Shima K, Sasaki Y, Yamada T,
Matsumoto K : Genetic evidence for obesity loci
involved in the regulation of body fat distribution
in obese type 2 diabetes rat, OLETF. Genomics
70 : 19-25, 2000

8. Kose H,MoralejoDH,OginoT,MizunoA,Yamada
T, Matsumoto K : Examination ofOLETF-derived
non-insulin-dependent diabetesmellitusQTLby
construction of a series of congenic rats. Mamm
Genome 13 : 558-62, 2002

9. Wei S, Wei K, Moralejo DH, Ogino T, Koike
G, Jacob HJ, Sugiura K, Sasaki Y, Yamada T,
Matsumoto K:Mapping and characterization of
quantitative trait loci for non-insulin-dependent
diabetes mellitus with an improved genetic map

in the Otsuka Long-Evans Tokushima fatty rat.
Mamm Genome 10 : 249-58, 1999

10. Okauchi N, Mizuno A, Yoshimoto S, Zhu M,
Sano T, Shima K : Is caloric restriction effective
in preventing diabetesmellitus in theOtsukaLong
Evans Tokushima fatty rat, a model of spontane-
ous non-insulin-dependent diabetes mellitus ?
Diabetes Res Clin Pract 27 : 97-106, 1995

11. Shima K, Zhu M, Mizuno A:Pathoetiology and
prevention of NIDDM lessons from the OLETF
rat. J Med Invest 46 : 121-9, 1999

12. Gauguier D, Froguel P, Parent V, Bernard C,
Bihoreau MT, Portha B, JamesMR, Penicaud L,
Lathrop M, Ktorza A : Chromosomal mapping
of genetic loci associatedwith non-insulin depend-
ent diabetes in the GK rat. Nat Genet12:38-43,
1996

13. Galli J, Li LS, Glaser A, Ostenson CG, Jiao H,
Fakhrai-Rad H, Jacob HJ, Lander ES, Luthman
H : Genetic analysis of non-insulin dependent
diabetes mellitus in the GK rat. Nat Genet 12 :
31-7, 1996

14. Rapp JP : Genetic analysis of inherited hyperten-
sion in the rat. Physiol Rev 80 : 135-72, 2000

15. Mehrabian M, Wen PZ, Fisler J, Davis RC, Lusis
AJ : Genetic loci controlling body fat, lipoprotein
metabolism, and insulin levels in amultifactorial
mouse model. J Clin Invest 101 : 2485-96, 1998

16. Taylor BA, Phillips SJ : Obesity QTLs onmouse
chromosomes 2 and 17. Genomics 43 : 249-57,
1997

17. Galli J, Fakhrai-Rad H, Kamel A, Marcus C,
Norgren S, Luthman H : Pathophysiological and
genetic characterization of the major diabetes
locus in GK rats. Diabetes 48 : 2463-70, 1999

18. Cicila GT, Garrett MR, Lee SJ, Liu J, Dene H,
Rapp JP: High-resolution mapping of the blood
pressure qtl on chromosome 7 using dahl rat
congenic strains. Genomics 72 : 51-60, 2001

19. Garrett MR, Rapp JP: Multiple blood pressure
QTL on rat Chromosome 2 defined by congenic
Dahl rats. Mamm Genome 13 : 41-4, 2002

20. Steinmetz LM, SinhaH,RichardsDR, Spiegelman
JI, Oefner PJ,McCusker JH,DavisRW:Dissecting
the architecture of a quantitative trait locus in
yeast. Nature 416 : 326-30, 2002

21. Christians JK, Keightley PD : Genetic architec-
ture : dissecting the genetic basis of phenotypic
variation. Curr Biol 12 : R415-6, 2002

The Journal of Medical Investigation Vol. 52 February 2005 １１３


