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The Otsuka Long-Evans Tokushima Fatty (OLETF)
rat is an animal model for obese NIDDM. We performed
a genome wide scan in F2 progenies obtained by cross-
ing OLETF rats with two control strains, Long-Evans
Tokushima Otsuka (LETO) and Fisher-344(F-344) rats.
Since diabetes develops only in male progenies, we
used only male F2 rats for the linkage studies.Highly
significant linkage was observed between the pheno-
type, postprandial hyperglycemia and P-450ald locus
on chromosome 1 and D7Mit 11 locus on chromosome
7. In addition, suggestive linkage was found between
fasting glucose level and body weight and these two
loci. Four other regions (D1Mitl12, D2Mitl1l, D5Mgh14,
and D17Arb1) on chromosome 1, 2, 5, and 17 were de-
tected to influence body weight, fasting glucose level
or postprandial hyperglycemia independently. We
concluded that non-insulin-dependent diabetes melli-
tus(NIDDM) in OLETF rats is regulated by multiple
genes which affect fasting, postprandial hyperglyce-
mia, and obesity differently. © 1997 Academic Press

The incidence of diabetes is progressively increasing
in both industrial and developing countries. The most
common form of diabetes is NIDDM, caused by a rela-
tive loss of insulin effect induced by decreased insulin
secretion and/ or increased insulin resistance in the
peripheral organs.

Genetic factors are known to contribute to the devel-
opment of diabetes.However, it is difficult to establish
which genes are involved because, diabetes is a multi-
factorial disease resulting from the complex interaction
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of multiple genes and environmental factors such as
diet, obesity, stress, etc.This is particularly true for
NIDDM, the onset of which is after middle age. Al-
though defects in several putative genes were reported
in human NIDDM, they accounted for less than 10% of
the incidence of the disease(1-5). Therefore, a suitable
model to analyze the genes causing NIDDM is needed.

OLETF rats spontaneously develop NIDDM with
polyuria, polydipsia and mild obesity (6). Their patho-
physiological features include mild obesity, hyperglyce-
mia, hyperinsulinemia and postprandial hyperglyce-
mia in the early stage, and the gradual development of
hypoinsulinemia with atrophic islets as well as typical
renal complications like Kimmelstiel-Wilson nodules.
Males spontaniously develop overt diabetes, but fe-
males develop it only after ovariectomy. OLETF rats
can be regarded as a good annimal model of NIDDM.

OLETF rats have been studied from both a physio-
logical and genetic view point. The expression of chole-
cystokinin-A receptor gene in the pancreas and the hy-
pothalamus is weak or absent in OLETF rats (7-9).
Since cholecystokinin-A is a gastrointestinal hormone
and plays an important role in the control of satiety in
the brain, this defect might contribute to mild obesity
in OLETF rats. Hirashima et al mapped a candidate
locus for postprandial hyperglycemia on chromosome
X in OLETF rats (10). However, candidate regions have
yet to be established on autosomal chromosomes in
OLETF rats.

In this study, we discovered that the loci on chromo-
some 1 and 7 significantly cosegregated with postpran-
dial hyperglycemia in OLETF rats.

These results will contribute to the detection of caus-
ative genes in human NIDDM.

MATERIALS AND METHODS

OLETF and LETO rats were selectively separated from an outbred
colony of Long—Evans rats and maintained at Tokushima Research
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Institute, Otsuka Pharmaceutical Co. F-344 rats were purchased
from Charles River Japan Co.All rats were kept free of specific patho-
gens in acontrolled room where the temperature, humidity and light-
ing were set at 23 + 2°C, 55 + 5% and 07:00 - 19:00, respectively.

They were fed a CRF-1 diet (Oriental Yeast Co., Tokyo, Japan)
and tap water ad libitum.

We independently produced two sets of F2 progenies (100 and 145
rats for each) by crossing OLETF with 2 different control strains,
LETO and non-diabetic F-344 strain, and only male progenies were
used for linkage analysis, because females had not developed diabe-
tes by the age of 30 weeks.

1. F2 progenies from crosses between OLETF and LETO rats. To
remove paternal and maternal effects from the linkage analysis, we
produced two sets of F2 progenies, 50 rats in each, from two types
of F1 progenies (female OLETF X male LETO and female LETO X
male OLETF). There was no significant difference in postprandial
hyperglycemia between the two sets, but body weight and fasting
glucose level were significantly higher in the F2 progenies from the
crosses between female OLETF and male LETO than those from the
crosses between female LETO and male OLETF.

In parent rats at the age of 30 weeks, plasma glucose levels at 120
min after oral glucose tolerance test (2g glucose/ kg body weight)
were 16.0 = 1.8 (n = 14), 8.3 = 0.4(n = 14) and 7.1 + 0.3 mmol/l
(n=7) for OLETF, LETO and F-344 strain, respectively. Plasma glu-
cose levels were measured at 0, 30, 60, 90 and 120 min after the oral
administration.

When we applied a glucose level of over 14.0mmol/l to the diagnos-
tic criterion of diabetes, the incidence of diabetes was the same in
the two types of progenies(12% in each). Therefore, linkage analyses
were carried out as for one population; in total 100 F2 progenies
from crosses between OLETF and LETO rats.

2. F2progenies from crosses between OLETF and F-344 rats. Dia-
betes developed in male F2 progenies from crosses between female
OLETF and male F-344 rats, but not in male F2 progenies from
reciprocal crosses. We produced 145 male F2 progenies by mating
F1 obtained from crosses of female OLETF X male F-344, with each
other 2% of which developed diabetes.

3. Oral glucose tolerance test. Each animal at the age of 30 weeks
was orally administered glucose solution (2g/kg body weight) after
16hr fasting, and blood was taken at 0, 30, 60, 90 and 120 min.
Plasma glucose levels were measured by a glucose oxidase method
with a Glucose-B Test Kit (Wako, Osaka, Japan).

Insulin levels were not measured in this study, since fasting and
postprandial hyperglycemia are more sensitive indices with which
to characterize glucose intolerance in OLETF rats.

4. Genotyping. Animals were sacrificed under anesthesia to re-
move the liver which was immediately frozen in liquid nitrogen.
Genomic DNA was extracted from the liver by a standard method
using phenol-chloroform.

Firstly, we carried out linkage analysis in the F2 progenies from
OLETF X LETO. Since OLETF and LETO strains, derived from the
same out-bred Long—Evans colony, share a similar genetic back-
ground, polymorphisms between the strains were detected only by 14%
of 600 microsatellite markers used. Primers for microsatellite markers
were synthesized based on published papers and Gene bank data, or
purchased from Research Genetics (11-14). At least one marker was
assigned to each chromosome except for chromosome 15 and X.

Since candidate loci were detected on chromosome 1 and 7 in the
F2 progenies from OLETF X LETO, we focused on these regions and
performed linkage analysis on another set of 145 F2 progenies from
crosses between OLETF and F-344 which had different genetic back-
grounds. To elucidate linkage region(s) on other chromosomes in this
second set, we chose 24 F2 progenies, 12 each with high and low
postprandial glucose levels at 120 min, and screened microsatellite
markers covering all chromosomes. Since probative values between
diabetic phenotypes and the candidate loci on chromosome 1 and 7
by ANOVA were less than 0.05% in these 24 F2 progenies, we ex-
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pected to detect similarly or more strongly linked loci on other chro-
mosomes by this screening.

More polymorphic markers could be used for the second than the
first set, since 52% of the markers so far examined showed polymor-
phisms. We examined 155 markers so that adjacent distance was at
least 1 cM as estimated from published rat genomic maps and the
polymorphic markers covered about 70% of the chromosomes (11, 12).

Of the 155 markers screened, 13 showing possible candidate re-
gions based on the above criterion (p<0.05) were genotyped to 145
F2 progenies.

Polymerase chain reaction (PCR) was performed under the follow-
ing conditions: denaturing at 94°C for 3 min, 25-30 cycles consisting
of 94°C for 1 min, 50-60°C for 1 min, 72°C for 1 min, and final exten-
sion for 3 min at 72°C. The products were electrophoresed on a 7.5
or 9% polyacrylamide gel and stained with ethidium bromide.

An autosequencer (ABI PRISM 377, PerkinElmer, JAPAN) was
used when the difference in length detected between the products
was small. P-450ald locus was mapped 1.3 cM from ATP1A3S locus
on chromosome 1 by using the F2 progenies produced from crosses
between stroke-prone spontaneously hypertensive rats and Wistar
Kyoto rats.

5. Statistical analysis. We used raw and transformed values
(natural logarithm) for physiological parameters and performed sta-
tistic analysis with the JMP program (SAS Institute Inc. SAS Cam-
pus Drive Cary, NC 27513) for linear correlation and one way
ANOVA and MAPMAKER/QTL for mapping and calculation of LOD
score to traits (15). Since we obtained similar statistic results, we
expressed the results only using the raw values. We used the criteria
applied by Galli et al’ on Goto-Kakizaki NIDD rats, that is, suggestive
(p=0.003) and significant (p=5 x 10~°) (16).

RESULTS

Pre and postprandial glucose levels at 30, 60, 90 and
120 min were significantly higher in the F2 progenies
from OLETF X LETO than OLETF X F-344 at the age
of 30 weeks (Table 1). The incidence of diabetes was
12% and 2% in the F2 progenies from OLETF X LETO
and OLETF X F-344, respectively. LETO rats share
some diabetogenic loci with OLETF rats.

The higher incidence in the former might be attribut-
able to this.

Eight out of 70 markers on chromosome 1 showed
polymorphisms in the F2 progenies from OLETF X
LETO. Two suggestive regions, each for fasting and
postprandial hyperglycemia, respectively, were ob-
served on chromosome 1.ATP1A3S locus suggestively
linked with postprandial hyperglycemia at 60, and 90
min and summated glucose level (p<0.0009, Lod
score=2.68), but not with fasting glucose level.

Also, ATPA3X1 located 2.3 cM from ATP1A3S sug-
gestively linked with postprandial hyperglycemia at 60
min(p<0.0027). In contrast, D1Mit 12 suggestively
linked only with fasting glucose level, (p<0.0012). The
maximum Lod score to fasting glucose level among the
three loci (D1Mit8- D1Mit12- MAC.D12) was 2.94.
ATP1A3S and D1Mitl2 mapped about 70 cM apart.
These results suggest that different loci on the same
chromosome control fasting glucose and postprandial
hyperglycemia.
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TABLE 1

Phenotypic Characteristics of F2 Progenies from Crosses between OLETF X LETO
or OLETF X F-344 at the Age of 30 Weeks

Plasma glucose level (mmol/l)

Body weight
(9) Fasting 30 min 60 min 90 min 120 min SUM
OLETF X LETO(100) 622 + 76 6.7 = 0.7 124 =23 11.8 = 25 115+ 25 10.6 = 2.3 53.0 £ 9.3
OLETF X F-344(145) 570 = 62 6.3 + 0.8 114+ 24 10.3 = 2.2 10.2 £ 21 94 + 1.8 476 + 8.3

Note. Values are expressed as the mean + s.d.m. (

): Number of animals. SUM: summated plasma glucose level pre- and post-oral

glucose administration. Significant differences were observed in all phenotypes between the F2 progenies (p < 0.001).

Seven out of 24 markers on chromosome 7 showed
polymorphisms between OLETF and LETO strains.
There was some linkage between D7Mit2 on chromo-
some 7 and postprandial hyperglycemia at 30 min
(p<0.0058). This region did not cosegregate with body
weight.

Obesity is a risk factor for NIDDM. D2Mit11 on chro-
mosome 2 suggestively cosegregated with body weight
(p<0.0017), but not with fasting and postprandial hy-
perglycemia. These results helped to elucidate candi-
date loci of diabetes in the other set of F2 progenies.

Since OLETF and LETO strains share about 86%
of the genome of the out bred Long—Evans rat, the
polymorphic regions between the strains were the re-
sult of heterogeneity in the original rats. The candidate
regions established in the F2 crosses (OLETF X LETO)
might be located near diabetogenic genes.

Polymorphic rate in microsatellite markers be-
tween OLETF and F-344 strains was higher than that
between OLETF and LETO strains; 11 of 70 markers
on chromosome 1. There was no polymorphism at
ATP1A3S and ATPA3X1 between OLETF and F-344
strain. P-450ald located about 1.3 cM from ATP1A3S
significantly cosegregated with postprandial hyper-
glycemia at 60 min and summated glucose level, and
suggestively cosegregated with fasting and postpran-
dial hyperglycemia at 30, 90 and 120 min (Table 2).
Lod scores were 4.6 and 4.3 for 60 min and summated
glucose level, respectively. Since there was no poly-
morphic marker within 30 cM of P-450ald, we could
not specify a candidate region to these traits on chro-
mosome 1.

Further, the linkage suggested between fasting glu-
cose level and D1Mitl2 on chromosome 1 was con-
firmed in the F2 progenies from OLETF X F-344
crosses and this region was a candidate for the trait
(Table 2).

Nine out of 24 markers on chromosome 7 showed
polymorphisms between OLETF and F-344 strains.
D7Mitll mapped at the same site as D7Mit2 signifi-
cant linked with postprandial hyperglycemia and sug-
gestive linked with body weight and fasting glucose
level (Table 2).

The highest Lod score for summated glucose level
was 4.8 and was found near D7Mit11 locus. Since body
weight significantly correlated with fasting glucose
level and postprandial hyperglycemia (r?=0.24, 0.34,
0.24, 0.26, 0.25 and 0.33 for fasting, 30, 60, 90, 120 min
and summated glucose level, respectively), this region
on chromosome 7 appeared to contain obese and diabe-
trogenic gene(s). The mean values of body weight, and
pre and postprandial hyperglycemia in the D7 Mitll
hetero genotype group were between those of the homo
genotype groups (Table 3). Thus, the locus acts codomi-
nantly or recessively.

D2Mit11 on chromosome 2 suggestively cosegregated
with body weight in the F2 progenies from OLETF X
LETO crosses but did not show any significant linkage
with body weight in F2 progenies from OLETF X F-
344 cross.

We detected a further three regions, on chromosomes
5,17 and X, in F2 progenies from OLETF X F-344 cross.
D17Arb1 on chromosome 17 sub-significantly cosegreg-
ated with postprandial hyperglycemia at 60, 90, 120
min and summated glucose level (p<0.0035, 0.0036,
0.0038 and 0.0033, respectively).

D5Mgh14 on chromosome 5 sub-significantly corre-
lated with summated postprandial hyperglycemia
(p<0.0061), while DXMgh2 on chromosome X sugges-
tively cosegregated with postprandial hyperglycemia
except at 30min (p<0.0018, 0.0024, 0.0008 and 0.0007
for 60, 90, 120 and summated glucose level, respec-
tively, Lod score=3.0 at 120min).

DISCUSSION

We discovered candidate loci for NIDDM in OLETF
rats on chromosomes 1 and 7 in two different sets of F2
progenies and found these loci partly influenced fasting
glucose level and obesity.

Further, a candidate for fasting glucose level was
detected on chromosome 1 and was independent of
postprandial hyperglycemia.

Recently, linkage analyses in Goto-Kakizaki (GK)
rat, a model for non-obese NIDDM (16, 17) have
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TABLE 2
Linkage Analysis between Several Loci and Phenotypes of F2 Progenies from Crosses between OLETF and F-344

Oral glucose tolerance test

Body
Chr. Marker N cM weight Fasting 30 min 60 min 90 min 120 min SUM

1 P-450ald 144 <0.0143 <0.0004 <0.0009 <3.5x 107° <0.0008 <0.0013 <48 x 10°°
Di1Mit12 141 70.0 <0.0022

7 D7Mghl 144 <0.0128 <0.0049 <0.0313 <0.0059 <0.0061 <0.0059
D7Mit11 137 19.5 <0.0011 <0.0007 <12 X 107® <11 x 107® <0.0001 <1.0 X 107° <2.0 X 107°
D7Mit16 144 6.1 <0.0208 <0.0122 <0.0023 <0.0001 <0.0065 <0.0032 <0.0003
D7Mgh3 143 1.9 <0.0368 <0.0165 <0.0295 <0.0011 <0.0200 <0.0065 <0.0025
D7Mit4 139 16.4 <0.0763 <0.0052 <0.0502 <0.0983 <0.0239
D7Mit5 145 13.0 <0.0095 <0.0027 <0.0020 <0.0065 <0.0034
D7Mit6 143 14.8 <0.0268 <0.0298 <0.0312 <0.0065 <0.0051 <0.0065 <0.0034

Note. Each value is expressed as a probative value calculated by one way ANOVA analysis. N: Number of animals. SUM: Summated

plasma glucose level pre- and post-oral glucose administration.

mapped regions for postprandial hyperglycemia to
chromosome 1.

These regions were independent of fasting glucose
level. We mapped a region for postprandial hyperglyce-
mia in OLETF rats more than 100 cM from a previously
mapped locus for fasting glucose level(16, 17). It is in-
teresting that a candidate diabetogenic gene(s) was
mapped to chromosome 1 in different NIDDM models.
Our P-450ald region does not possess any putative
gene(s) for diabetes and there is no synteny proposed
for the candidate region for diabetes in model animals
and human.

The highest significant linkage was observed be-
tween the region on chromosome 7 and postprandial
hyperglycemia and the region suggestively cosegreg-
ated with fasting glucose level and body weight.

The regions on chromosome 7, named bw/gkl and
Weightl were proposed as candidates for body weight
in GK rats but not glucose intolerance (16,17).The bw/
gkl region was mapped about 20 cM from D7Mitll,
but there was no comparative map for the Weightl
region. These results indicate that multiple genes con-

tribute to obesity, some of which also relate with glu-
cose intolerance. Further, D2Mitll on chromosome 2
suggestively cosegregated with body weight in OLETF
rats and was located near a locus affecting subsignifi-
cantly body weight in GK rat (16).

Cholecystokinin-A receptor is a possible candidate
gene, however, the locus did not cosegregate with body
weight in the F2 progenies at the age of 30 weeks (per-
sonal communication).The receptor was mapped on
chromosome 14.We screened two markers on chromo-
some 14, but there was no linkage between the markers
and the phenotypes. Even though the gene relates with
body weight, its effect would be small. Leptin gene is
specifically expressed in adipose cells and supposed to
be a causative gene for obesity (18). However, there
was nho change in the coding region, the gene structure
and expression of mMRNA in adipose tissue between
OLETF and LETO strains (19). We can rule out the
role of ob-gene in obesity of OLETF rats.

In OLETF rats, D17Arb1 on chromosome 17 was a
considerable candidate for postprandial hyperglyce-
mia. On the other hand, Nidd/gk6, on chromosome 17

TABLE 3
Effect of Genotype of D7 Mitll on Phenotypes of F2 Progenies from Crosses between OLETF and F-344 Rats

OLETF/ OLETF/F- F-344/F- Percent expl.
Phenotype OLETF (24) 344 (77) 344 (36) p value genetic variance
Body Weight(g) 605 + 58 573 + 60 545 + 55 <0.0011 8.3
Fasting(mmol/l) 6.7+ 1.0 6.3 +0.7 5.9 + 0.7 <0.0007 8.9
30 min(mmol/l) 135+ 238 113+ 22 106 = 1.8 <12 x10°° 14.3
60 min(mmol/l) 12.2 + 35 10.3 + 1.9 9.5+ 0.9 <1.1x10°° 14.4
90 min(mmol/l) 119 + 3.6 10.0 = 1.7 9.7+ 1.0 <0.0001 11.8
120 min(mmol/l) 109 = 2.9 93+14 8.8 0.9 <1.0 x 107° 14.6
SUM 55.1 + 12.8 47.1 £ 6.9 443 + 4.2 <2.0 X 107 16.8

Note. Each value is expressed as the mean = m.s.d. ( ): Number of animals. SUM: Summated plasma glucose level pre- and post-oral

glucose administration.
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was proposed as a candidate for fasting glucose in GK
rat (17). Since we had no comparative map of the area
around the loci, we could not estimate the distance
between them. It is interesting that a candidate for
NIDDM was mapped on the same chromosome in dif-
ferent NIDDM models.

There was no significant linkage between D5Mit8 on
chromosome 5 and postprandial hyperglycemia. The
locus was mapped between two markers, the nearest
of which was 8.1 cM away and showed no linkage with
any trait. This region should be studied in the future,
because Nidd/gk4 on chromosome 5 was proposed as a
cordidate locus for glucose intolerance in GK rat, and
the fatty locus in Zucker strain, a model for obesity,
was assigned also to chromosome 5 (17, 20).

A region on chromosome X was recently proposed as
a candidate for postprandial hyperglycemia in the F2
progenies from OLETF X F-344 (10). The F1 progenies
that possesed X chromosome derived from OLETF
showed higher postprandial glucose levels at 120 min
than those that possesed X chromosome derived from
LETO or F-344 (10).

The region on chromosome X appeared to contain a
genetic factor for diabetes in OLETF rats. Since female
F2 progenies did not develop diabetes, the region may
act recessively or be regulated by other factor(s) such
as male sex hormones. Our data supported a previous
report on chromosome X in OLETF rats (10).

We detected several candidate regions for pheno-
types, that is obesity, fasting glucose level and post-
prandial hyperglycemia, in NIDDM.

These results confirm that NIDDM is regulated by
multiple genes. Some regions influence only a single
phenotype, while others affect several. As none of these
regions appear to contain putative gene(s) for glucose
metabolism or appetite, our results will hopefully con-
tribute to the elucidation of candidate gene(s) for
NIDDM in human.
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