NIDDM Genes in Mice

Deleterious Synergism by Both Parental Genomes
Contributes to Diabetogenic Thresholds
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We used mouse genetics to model how polygenic thresh-
olds for the transition from impaired glucose tolerance
(IGT) to NIDDM are reached. NON/Lt and NZO/HI are
inbred mouse strains selected for IGT and polygenic obe-
sity, respectively. Their F1 male progeny consistently
developed NIDDM. Genetic analysis of F2 males from
both cross directions identified an NON-derived dia-
betogenic locus, Nidd 1, on chromosome (Chr) 4 near the
leptin receptor. This locus was associated with reduced
plasma insulin, increased non-fasted blood glucose, and
lower body weight. Another NON-derived diabetogenic
locus on Chr 18 (Nidd2) that controls blood glucose was
identified. An NZO-derived diabetogenic region on Chr 11
(Nidd3), possibly comprising two separate loci, reduced
ability to sustain elevated plasma insulin and signifi-
cantly reduced weight gain over time. Thus, the diabeto-
genic synergism between genetic loci from strains sepa-
rately exhibiting subthreshold defects perturbing glu-
cose homeostasis underscores the likely complexity of the
inheritance of obesity-associated forms of NIDDM in
humans. Diabetes 47:1287-1295, 1998

IDDM, the most prevalent form of diabetes in

humans, is a complex, multifactorial disease

with multiple etiologies. Genetic and environ-

mental factors, notably dietary, are thought to
interact deleteriously to produce an increasingly severe
insulin resistance and B-cell dysfunction in an age-depen-
dent fashion, which results in impaired glucose tolerance
(IGT). Whether individuals make the transition from this pro-
dromal state of latent NIDDM to overt hyperglycemia may
depend in part on the ability of muscle, liver, and adipose tis-
sue to modulate the level of insulin resistance and of pan-
creatic p-cells to make the necessary adaptations to provide
enough insulin to compensate for insulin resistance. Famil-
ial predisposition for upper-body obesity is the major phe-
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notypic risk factor associated with development of NIDDM
in humans (1), as is whole-body obesity in mice (2). NIDDM-
predisposing obesity is usually accompanied by development
of insulin resistance as manifested by increased hepatic glu-
cose output as well as decreased peripheral glucose utiliza-
tion and consequent IGT. Development of an obesity-induced
diabetes (“diabesity”) appears to represent a threshold liability
effect requiring the interaction of additional genes and an envi-
ronmental component (1). Such thresholds may pertain to
humans, considering that there are many more individuals in
the general population with android obesity than there are
individuals with NIDDM. In the present study, we use the
power of mouse genetics to model how polygenic thresholds
for the transition from IGT to overt NIDDM are reached and
exceeded through diabetogenic contributions from both
parental genomes. We employ an outcross of two inbred
strains selected for either IGT or obesity, NON (nonobese non-
diabetic) and NZO (New Zealand obese).

NON is an inbred strain produced by selection at each gen-
eration for high fasting blood glucose (BG) (3). Males of the
NON/LtHI substrain maintained on a 4.5% fat—containing diet
exhibit IGT and develop a mild, postpubertal obesity primar-
ily associated with increases in visceral fat depots (4). How-
ever, they do not make the transition to overt NIDDM. Inter-
estingly, serum immunoreactive insulin (IRI) levels in NON
mice are at the low end of the normal range (£25 pU/ml)
throughout life, and a potential defect in 3-cell stimulus-secre-
tion coupling is indicated (4). This strain may therefore rep-
resent a mouse counterpart of the Goto-Kakizaki (GK) rat, a
model of latent NIDDM associated with low glucose-stimulated
insulin secretion by B-cells coupled with IGT (5).

NZO is an inbred mouse strain initially selected for poly-
genic obesity (6). Defects in glucose-stimulated insulin secre-
tion, in hepatic control of glucose production, and in insulin
clearance have been postulated (7). Recent biochemical
analyses further suggested that metabolic anomalies in car-
bohydrate metabolism are secondary to defects in lipid
metabolism (8). NZO/HI mice of both sexes exhibit unusually
high birth weights, are large at weaning, and rapidly develop
severe obesity even when maintained on a standard diet con-
taining 4.5% fat. Although the rapid postweaning increase in
body weight (including large increases in visceral and sub-
cutaneous fat depots [9]) resembles that produced by muta-
tions in either the leptin (Lep) or leptin receptor (Lepr)
genes, NZO mice differ from mice with mutations at the Lep
locus in that NZO mice have elevated serum leptin levels. They
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also differ from mice with mutations at the Lepr locus in
that the function of the NZO variant of the leptin receptor is
apparently normal (10). Nevertheless, NZO mice appear to
exhibit peripheral resistance to leptin (11,12). As illustrated
below, only a subset of NZO/HI males makes the transition
from a state of IGT to overt NIDDM.

RESEARCH DESIGN AND METHODS

Mice. NZO/HI and NON/LtHI parental strains were maintained by mating sib
pairs in a specific pathogen-free (barrier) facility at the Diabetes Research Insti-
tute, Dusseldorf, Germany. F1 and F2 generations were produced and main-
tained in the same facility. Mice were given access ad libitum to autoclaved drink-
ing water and a diet containing 4.5% fat, 51.5% carbohydrate, and 21% protein
(SSNIFF, Soest, Germany). Mice were weaned at 3 weeks of age. Same-sex lit-
termates were caged in groups of 3-5.
Analytic procedures for phenotype determination. Body weight (BW)
recording and blood harvesting from the tip of the tail were performed between
8:00 and 9:00 A.m. on nonfasted mice. Blood glucose (BG) was determined by an
automated glucose oxidase method (Care Diagnostica, Voerde, Germany) on 20
ul blood. Nonfasting serum IRI was assayed with a radioimmunoassay kit (Phar-
macia Insulin RIA 100; Pharmacia AB, Uppsala, Sweden) on 100 pl (undiluted) or
50 pl (diluted) serum. BW and BG were determined at monthly intervals begin-
ning at 4 weeks of age through 52 weeks. Serum IRI was determined at 16, 24, 36,
and 52 weeks. Mice were necropsied at 36 or 52 weeks.
Genotypic analysis. Tail DNA was prepared from all mice at week 16 by a salt-
out procedure. As a first screen for potential linkages, a modification of the
weighted DNA pooling technique of Taylor and Phillips (13) was used. Equal
aliquots of individual DNAs from mice representing phenotypic extremes were
pooled based on data from the 24-week and 36-week sampling intervals. From the
first 80 (NZO X NON) F2 mice, 7 pools were made: low BG (<225 mg/dl), low
BG-high IRI (>100 pu/ml), low BG-low IRI (<50 pU/ml), high BG (>300 mg/dl),
high BG-low IRI, high BG-high IRI, and medium BG (225-300 mg/dl). Most pools
consisted of at least 19 DNA samples, with the largest totaling 25 and one with
only 5 (low BG-high IRI, which was not given much weight). Some DNA samples
were in more than one pool, e.g., both the high BG pool and the high BG-high IRI
pool. The pools were typed by polymerase chain reaction (PCR) on 4% Metaphor
(FMC, Rockland, ME) agarose gels for 83 polymorphic microsatellite markers
(Research Genetics, Huntsville, AL) spanning most of the genome at roughly 20-
cM intervals. From the first 61 (NON X NZO)F2 DNA samples, four pools were
made: low BG, high BG, low IRI, and high IRI. These pools, ranging in size from
19 to 27 DNA samples each, were typed for 52 polymorphic markers spanning more
than half the genome. This more limited genomic scan was based on prior infor-
mation obtained from the scan of the reciprocal (NZO X NON)F2 pools. Mark-
ers were typed for all individuals in either cross where a genotypic skewing
(quantifiably more of one allele product amplified than the other) in a particular
pool or pools was observed. An F1 DNA was always typed with the pools to ascer-
tain that both alleles for each marker were equally amplifiable. Lepr was typed
as previously described (14) using PCR primers (forward) 5-GCAACGATAAAC-
TAGTGG-3' and (reverse) 5'-TTGAGGCTTCTTGGATGA-3'. A 541-bp product is
produced after 34 cycles of amplification at 94°C for 60 s, 50°C for 90 s, and 72°C
for90's (Perkin Elmer 2400 Thermal Cycler; Norwalk, CT). This product was puri-
fied by ethanol precipitation and then digested by 5 U of Rcal. (Boehringer
Mannheim, Indianapolis, IN). The product of the NZO allele was digested into two
fragments of 374 and 167 bp, whereas the NON allele product was not cut.
Statistical analysis. Because NZO parental males were not characterized by a
single phenotype but rather fell into various subphenotypic classes, cluster analy-
sis was performed on the phenotypic data (crosses combined) and for each gen-
eration separately to assign mice to diabetic or prediabetic syndromes in an
unbiased manner. For each variable with repeat measures (BW, BG, and serum
IRI), the mean, standard deviation, standard error of the mean, sum, and minimum
and maximum values for each mouse over the period of sampling were entered
into the analysis. A hierarchical cluster analysis (15) was performed using the
squared Euclidian distance between the points; among the various methods of clus-
tering, we used the method termed linkage between the cluster groups (15). Vari-
ables associated with BW were poor discriminators. Mean BG, maximum BG,
mean serum IRI, and minimum serum IR1 over the sampling period were most use-
ful for the designation of physiologically meaningful subgroups (see Fig. 2).
Atotal of 193 (NZO X NON)F2 and 201 (NON X NZO)F2 mice was generated
for DNA typing. Quantitative trait locus (QTL) analysis was performed using
MapManager QTb16 (16). A nonparametric analysis of ranked data was used
because of the highly skewed distribution for BG and IRI. Analysis was per-
formed both for the combined data set and for each cross separately, because
effects of the direction of the cross on the phenotypes were indicated. Each
mouse was ranked for its BG or IRl value at 24 and 36 weeks within each cross.
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To remove variance associated with the direction of the cross when the full data
set was analyzed, the raw data were first ranked within a cross before the data
from both crosses were combined. To adjust for multiple tests (two phenotypes
at each of two time points), the criterion logarithm of odds (LOD) score used for
formal designation of a Nidd locus was increased to 4.9 using the full data set and
to 5.2 for the tests within individual crosses. Linkage markers on chromosomes
giving LOD scores >3.0 are reported as suggestive of additional Nidd loci.
Associations of significant BG or IRl QTLs with BW were tested using
repeated measures analysis of variance, which permitted, in a single analysis for
each QTL, estimation of overall allelic effects on weight as well as estimation of
effects on growth rates. Analyses of BW were performed on log-transformed
data to eliminate the positive association of age with the variance of BW. Sepa-
rate analyses were performed for the developmental period of rapid growth
(weeks 4-12) and for the period of slower maturational growth (weeks 16-36).
A Bonferroni adjustment was made for the number of analyses (5) run for both
crosses combined to account for the multiple comparisons problem, so that the
overall chance of incorrectly rejecting any of the null hypotheses was 0.05.

RESULTS

Diabetes exacerbation in F1 males. Figure 1 describes a
longitudinal profile for mean BG and BW in aging NON/LtHI
and NZO/HI males. As described above, NON parental males
maintain postprandial normoglycemia despite exhibiting IGT
(Fig. 1A). These males develop a progressive and moderate
maturity-onset obesity, attaining weights in excess of 40 g by
20 weeks of age (Fig. 1B). Weaning weights of NZO males are
significantly higher (P < 0.0001) than those of NON males, and
NZO males remain heavier than NON males at all ages (Fig.
1B). Obesity development in postweaning NZO males is
remarkable, with weights between 40 and 50 g attained by 12
weeks of age. Although obesity development in NZO mice of
both sexes is rapid and predictable, male-limited NIDDM
development is not. Various subphenotypic classes of
NZO/HI males can be discriminated when cluster analysis is
applied, using the means of lifetime BG, lifetime IRI, the
highest BG, and the lowest IRI during lifetime as an iteratively
evaluated set of optimal discriminators. The resulting cluster
groups illustrate that progression from IGT (common to all
NZO males) to overt NIDDM is a complex threshold phe-
nomenon (Fig. 2). This phenotypic heterogeneity was not a
reflection of underlying genetic inhomogeneity, because the
highly inbred status of NZO/HI mice was confirmed by recip-
rocal skin graft acceptance and absence of heterozygosity in
a genome-wide scan with simple sequence repeat markers.
Interestingly, those NZO/HI males progressing from IGT to
NIDDM between 12 and 20 weeks of age showed greater
mean weight gain between 4 and 8 weeks than did those
males that remained normoglycemic (mean BW change +
SE was 16.9 £ 0.6, n =9, vs. 14.6 £0.7, n = 20, respectively, P
=0.05). After 16 weeks, those males progressing from IGT into
overt diabetes gained weight more slowly than did normo-
glycemic mice, such that the difference between the groups
diminished. Mean serum IRI levels were within a normal
range for all males sampled at 16 weeks of age (364 £ 5.1
pU/ml, n = 31). By 20 weeks, mean IRI had risen above nor-
mal levels (50.9 + 4.8 uU/ml, n = 25). It should be noted that
this progressively developing hyperinsulinemia is moderate
relative to that produced by single gene obesity mutations
such as Lepr® and Lep®.
Differential severity of NIDDM in F1 males from recip-
rocal outcross. Comparisons of longitudinal profiles of
mean BW and BG show that the NZO and NON genomes con-
tributed synergistically to provoke a predictable NIDDM syn-
drome in F1 males. F1 males produced in reciprocal out-
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FIG. 1. Synergism of NON and NZO parental genomes to produce a
more severe NIDDM syndrome in reciprocal F1 males. Note that the
NZO characteristic obesity pattern is transmitted to F1 progeny. A:
Synergism of NON and NZO parental genomes to elicit maturity-onset
NIDDM in F1 males. B: F1 males develop NZO-type obesity.

crosses resembled NZO parental males in terms of the rapid
development of obesity after weaning. However, both (NZO
X NON)F1 and (NON X NZO)F1 males differed from NZO
males in the development of a more severe maturity-onset dia-
betes syndrome. F1 females exhibited the rapid NZO parental
pattern of weight gain and, like parental NZO females, did not
develop overt hyperglycemia (data not shown).

A comparison of the mean data for reciprocal outcrosses
presented in Table 1 versus the data summaries presented by
cluster grouping (Table 2) illustrates the value of cluster
analysis for delineating differences in subdiabetogenic phe-
notypes that are not obvious when group mean statistics are
presented. Analogous to the NZO males at a given sampling
interval, clusters of F1 males representing multiple subphe-
notypes were identified (Fig. 2 and Table 2). Reciprocal F1
males showed the rapid weight gain pattern typical for NZO
males, yet F1 males more consistently attained diabetogenic
thresholds for development of NIDDM. Hyperglycemia (BG
>250 mg/dl) predictably developed between 12 and 20 weeks
and became more severe with age in most individuals. Inter-
estingly, the clustering of phenotypes depicted in Fig. 2 indi-
cated that a higher percentage of (NZO X NON)F1 individu-
als fell into the more severely diabetic phenotypic clusters.
The most severely diabetogenic cluster group, i.e., cluster 7
(Fig. 2 and Table 2), was limited to the NZO parentals (7.7%)
and the (NZO X NON)F1 males (21.2%). The most severely
diabetic cluster group in the reciprocal (NON X NZO) males
(cluster 6) was distinguished by maintenance of a higher
mean lifetime serum IRI than the most severely diabetic
group in the NZO X NON cross. Similarly, cluster groups 3 and
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FIG. 2. Cluster analysis of parental, F1, and F2 genotypes illustrates
1) physiological heterogeneity among NZO mice, 2) heterosis among
F1 mice (emergence of more severely affected genotypes), 3) recov-
ery of the parental phenotype in F2 mice, and 4) an effect of the
direction of the cross. The cluster limits are BG normal = <200 mg/dl;
BG high = 200-300 mg/dl; BG very high = >300 mg/dl; IRl low = <40
pU/ml; IRI normal = 40-80 pU/ml; IRI high = 80-100 pU/ml; IRI very high
=>100 pU/ml. Mean individual BG and IRl based on sampling from 4-52
weeks of age were used as the classification criteria. The number of
mice of each genotype is given in parentheses.

4, describing less severe diabetogenic classes characterized
by elevated BG with concomitant high to very high serum IRI,
comprised 78% of (NON X NZO)F1 males. The most hyper-
insulinemic cluster group (cluster 3), comprising 13% of the
(NON X NZO)F1 males, was not represented in the recipro-
cal (NZO X NON)F1 male cluster groupings (Fig. 2 and Table
2). Persistence of a hyperglycemic state in the face of
increasing serum IRI indicates an increasingly severe insulin-
resistant state. However, it probably also indicates existence
of a compensatory mechanism to limit glucose levels. Hence,
examination of cluster categories identified a higher per-
centage of males with the more diabetogenic phenotypes in
the (NZO X NON) outcross compared with the reciprocal
(NON X NZzO) outcross.

Segregation of diabetogenic subphenotypes in recip-
rocal F2 males. Because diabetes was limited to NZO and
reciprocal F1 males, genotypic analysis was limited to F2
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TABLE 1
Mean glucose and insulin levels for P1, F1, and F2 males at 24- and 36-week sampling intervals
Strain (n) BW (9) BG (mg/dl) Serum insulin (U/ml)
NON
24 weeks (20) 441+£50+1.1 132+£14+3 26+15+4
36 weeks (20) 475+36+0.38 158 +£41+9 29+15+4
NZO
24 weeks (38) 56.7+72+1.2 256 + 98 + 16 73+57+9
36 weeks (33) 62.0+88+16 279+118+ 21 91+63+11
(NZO X NON)F1
24 weeks (46) 58.3+50+0.7 300 + 120 + 18 93 £62 + 10*
36 weeks (41) 63.5+46x0.7 363 +£98 + 15 110+ 76 £ 12
(NON X NZO)F1
24 weeks (61) 62.3+42+05 316 £79 +10 107+48+7
36 weeks (40) 69.2+48+0.8 343 +99 + 16 174 £81 + 13
(NZO X NON)F2
24 weeks (193) 55.0£6.4%05 298 £ 149+ 11 89+89+6
36 weeks (190) 58.6+9.0+0.7 355+ 168+ 12 93 + 107 + 8%
(NON X NZO)F2
24 weeks (203) 53.4+£6.6+05 332+164 + 12 78715
36 weeks (194) 56.4+94+0.7 383+£211+15 98 £ 124 + 9%

Data are means + SD + SE. *n =42; tTn=171; ¥n = 181.

males. Group means of parental versus F1 and F2 males are
shown in Table 1 for 24- and 36-week sampling intervals.
With regard to BW, F2 males resembled F1 males in that the
former also exhibited the NZO parental pattern of high wean-
ing weight and rapid weight increases between 4 and 12
weeks that is shown for F1 males in Fig. 1B. The lack of a sub-
population exhibiting the more moderate NON weight-gain
pattern over this maturational period indicates the presence
of directional dominance of high BW determinants from
NZO. As in F1 males, cluster analysis based on the same set
of discriminators used for NZO and F1 males did partition the
(NZO X NON)F2 males into five subphenotypic classes and
the (NON X NZO)F2 males into at least six classes (Fig. 2 and
Table 2), indicating that direction of the cross affected the phe-
notype. The NON parental cluster group (cluster 1), absent in
the F1 male generation, reappeared in the F2 generation in
addition to the spectrum of prediabetic/diabetic cluster
groups present in the NZO parental male population (Fig. 2
and Table 2).

QTL analysis in the F2 populations. Potential linkage of
genes to the NIDDM subphenotypes of BG and IRI were indi-
cated using the set of 83 microsatellite markers on DNA
pools from individuals at each extreme of the F2 distribution,
as described in METHODS. This scan method guided in-depth
genomic analysis of chromosomal regions to which potential
linkage was indicated (Table 3). Appropriate statistical cor-
rections for multiple comparisons were applied. Significant
linkage of a NON-derived diabetogenic locus on Chr 4 con-
tributing to low IRI and elevated BG was indicated when
analyzing both F2 crosses separately (LOD scores >4.0).
When both crosses were combined, power to detect linkage
increased so that LOD scores became highly statistically
significant (P value of 1.2 X 107, the level proposed as the
genome-wide threshold for linkage in an F2 cross [17]
adjusted for multiple comparisons). This locus, representing
a dominant susceptibility contribution from NON, and pro-
visionally designated Nidd1, yielded peak LOD scores for
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BG and IRI within the D4Mit58-Lepr interval at both the 24-
and 36-week sampling intervals (Fig. 3). Although currently
listed as mapping between D4AMit166 and D4Mit58 (18), the
recombination data in Table 3 support a previous report
locating Lepr distal to D4Mit58 (19). In addition to linkage to
both of the two NIDDM subphenotypes (BG and serum IRI),
Niddl further contributed a significant main effect (P <
0.0005) to BW, with homozygosity for the NZO allele associ-
ated with greater weight gain (and higher serum IRI) during
the maturational phase after 16 weeks of age. This locus
accounted for 11% of the variance in BW at 24 weeks.

A second highly significant NON-derived diabetogenic
allele was detected on the proximal region of Chr 18. This
locus, provisionally designated Nidd2, differed from Nidd1
in affecting BG but not serum IRI in a dominant or additive
fashion. The effect of this linkage was time dependent, being
strongest at the 24-week sampling interval and giving a LOD
score for BG of 5.0 at D18Mit60 (Fig. 3 and Tables 3 and 4).
Unlike Nidd1, Nidd2 did not exert significant main effects on
BWs of F2 males.

As expected, given that spontaneous NIDDM was
observed in the NZO parental males, diabetogenic contribu-
tions from the NZO genome were also detected. At least
one—and likely two—NZO genomic contributions affecting
serum IRI at 24 weeks in an additive fashion on the medial
region of Chr 11 were indicated in the combined F2 popula-
tion (Table 3 and Fig. 3). A peak at D11Mit261 (LOD score
of 8.9) was separated from a second peak at D11Mit 41
(LOD score of 11.1) by 15 recombination units. We provi-
sionally designate a locus within this interval as Nidd3 with
the expectation that interval-specific congenics will ulti-
mately allow identification of more than one Nidd locus in this
region. This locus exhibited highly significant linkage to
serum IRI, but not BG, at 24 weeks. A temporal component
affected ability to detect linkage, because the LOD score was
drastically diminished at 36 weeks (Table 3). There was a
significant main effect (P = 0.02) of D11Mit261 on BW, with
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TABLE 2
Diabetogenic subphenotypes arranged according to cluster groups depicted in Fig. 2
24-week 24-week 24-week 36-week 36-week 36-week
Cluster group, description (n) BW (g) BG (mg/dl) IRI pU/ml) BW (g) BG (mg/dl) IRl (LU/mI)
NON
1, BG normal, IRI normal (20) 441+1.1 132+3 26+ 4 475+0.8 158 £ 9 29+4
NzO
2, BG normal, IRI high (13) 51.3+1.6 171+ 9 50+ 11 578+ 15 189 +10 92+ 16
4, BG high, IRI high (16) 589+1.3 259 + 16 100 + 16 66.4+1.3 267 £ 15 110 £ 16
5, BG high, IRl normal (7) 639+12 324 £22 81+15 67.3+2.7 366 =12 60 = 22
7, BG very high, IRI low (3) 509 +5.1 431 +83 14+ 4 40.7 £6.1 615 + 64 15+8
(NZO x NON)F1
2, BG normal, IRI high (5) 53.3+£20 221+ 36 88+ 28 59.6+£25 239 +£27 73+22
4, BG high, IRI high (23) 57.8+0.7 253+ 14 124 + 13 64.7+05 337+12 163 £ 12
5, BG high, IRI normal (13) 61.6+1.6 367 + 30 71+10 66.6 +0.9 439 + 13 70+9
7, BG very high, IRl low (11) 58.7+1.2 425 + 40 39+8 58.2+1.3 509 + 27 22+4
(NON X NZO)F1
2, BG normal, IRI high (7) 59.2+18 220+ 28 84+19 64.6 2.3 208 =30 109 £ 16
3, BG high, IRI very high (9) 648+1.0 313+ 28 140 + 13 69.7+1.2 314+£24 297 + 35
4, BG high, IRI high (45) 62.2+0.6 330+ 11 102+7 68.8+0.6 386 + 12 162 +£13
6, BG very high, IRI normal (8) 61.7 +1.0 448 + 23 41+ 6 62920 538 + 38 32+4
(NZO X NON)F2
1, BG normal, IRl normal (36) 50.0 £0.7 154 £ 4 36+4 55.0+0.8 176 £ 7 488
3, BG high, IRI very high (59) 56.6 £ 0.7 230+ 10 153+ 15 62.5+0.8 274 £9 179+ 19
4, BG high, IRI high (54) 58.6 £0.8 328+ 14 99+8 63.6+1.1 396 + 13 817
6, BG very high, IRl normal (21) 53.8 +0.9 418 + 23 34+5 52117 570 £ 12 23+5
7, BG very high, IRI low (17) 486+1.1 578 + 36 26+ 10 436+£12 677 + 25 8+1
(NON X NZO)F2
1, BG normal, IRI normal (32) 492+1.1 163+£6 34+5 541+14 173+5 58+7
3, BG high, IRI very high (14) 60.0+1.1 354 +18 205+ 18 65.3+1.3 379 £ 26 346 £ 51
4, BG high, IRI high (88) 56.1+£0.6 277+9 109+ 7 60.6 £ 0.7 299 +£10 124 +£11
5, BG high, IRl normal (29) 542 +£0.9 414 + 17 435 541+13 533 +15 335
6, BG very high, IRl normal (18) 488+ 1.2 579 £ 30 20+£3 46.0+1.2 721 + 26 10+£2
7, BG very high, IRl low (14) 439+15 635+ 32 11+3 400+£15 873 +22 61
Data are means * SD.
DISCUSSION

the NZO allele associated with greater weight gain and
accounting for 7% of the variance at 24 weeks. The direction
of the cross affected expression of the NON allele; mice
homozygous for the NON allele weighed less if their grand-
parental sire was an NZO male (P = 0.04).

Whereas the NZO-derived Nidd3 susceptibility allele on
Chr 11 affected serum IRI but not BG, at least one, and possi-
bly two, more NZO diabetogenic factors determining high BG
but not serum IRI may exist on Chr 5. Power to detect this link-
age was reduced by the finding that the NZO contributions to
elevated BG were exclusively obtained in the (NZO X
NON)F2 cross. As shown in Table 3, at the 24-week sampling
interval, a moderately high LOD score (4.2) for BG was linked
to an NZO locus marked by D5Mit81 (28 cM). At 16 and 20
weeks, LOD scores were 2.8 and 3.5, respectively, whereas at
36 weeks, no significant linkage to D5Mit81was detectable.
Genetic complexity of the Chr 5 contribution was further
underscored by a second, discrete peak (LOD score = 2.9)
detected at D5Mit7 (Table 3), sited at least 18 cM distal to
D5Mit81. There was suggestion of association of BW with both
markers at 24 weeks (P = 0.02), accounting for 4.5% of the vari-
ance in BW. Another cross direction—specific NZO diabetogenic
contribution was suggested on Chr 9, where a LOD score of 3.2
for D9MIt28 (19 cM), potentially controlling serum IRI, was
detected exclusively in the NON X NZO outcross (Table 3).
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The present study is the first to use genome-wide scan tech-
niques to identify NIDDM susceptibility QTLs in the mouse.
Our analysis identifies a minimum of three mouse Nidd loci
with complex relationships to diabetes-related subpheno-
types. In a human population, inheritance of sufficient num-
bers of polygenes to trigger clinical NIDDM in the majority of
cases very likely represents contributions from both mater-
nal and paternal progenitors. A threshold model in mice,
wherein deleterious combinations of genes are acquired
from both parents, has recently been simulated by introduc-
tion in the heterozygous state of one copy of a genetically tar-
geted insulin receptor gene and one copy of a targeted muta-
tion in an unlinked insulin receptor substrate-1 gene (20). This
multigenic simulation, designed to impair insulin signaling,
indeed produced a progressively more severe hyperinsu-
linemia and insulin resistance in F1 mice of both sexes on a
mixed genetic background, with NIDDM developing in 39%,
predominantly the males. An insulin resistance syndrome in
the absence of hyperinsulinemia was observed in (BTBR X
C57BL/6J)F1 male progeny that was not present in either
parental strain (21). Two previous studies have used segre-
gation analysis to identify more than three Nidd genes con-
trolling subphenotypes marking IGT in the GK rat (22,23). Fur-
ther, a separate GK-derived locus was identified that
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TABLE 3
Markers for potential Nidd loci and recombination distances (6)

Locus cM 0 n BG (24 weeks) BG (36 weeks) Ins (24 weeks)  Ins (36 weeks)
D4Mit80 37.7 — — 35 4.7 4.9 54
D4Mit166 445 4.9 391 4.4 6.8 5.4 4.7
D4Mit58 485 35 394 5.4 5.6 6.9 5.7
Lepr 2.1 394 5.7 6.5 7.0 5.7
D4Mit146 50.8 4.0 394 45 4.6 5.8 4.6
D5Mit75 20.0 — — 2.6* — — —
D5Mit81 28.0 5.4 189 4.2* — — —
D5Mit300 34.0 2.8 192 2.3* — — —
D5Mit134 41.0 6.9 193 1.8* — — —
D5Mit7 50.0 8.7 193 2.9* — — —
D5Mit208 54.0 1.3 193 2.3* — — —
D5Mit158 62.0 7.6 122 1.4* — — —
DIMit90 9.0 — — — — 1.9 —
DI9Mit128 18.0 3.8 198 — — 3.2t —
D9Mit207 33.0 13.1 198 — — 2.5t —
D11Mit77 2.0 — — — — 2.3 24
D11Mit19 14.0 49 392 — — 2.6 2.0
D11Mit270 20.0 12.6 393 — — 4.0 2.0
D11Mit131 29.0 4.5 392 — — 6.8 35
D11Mit261 34 4.2 392 — — 8.9 2.8
Acrb 40 4.0 392 — — 7.5 2.7
D11Mit41l 49 11.0 392 — — 111 3.0
D11Mit70 54 5.0 393 — — 8.1 2.9
D11Mitl126 63 8.2 393 — — 4.3 —
D12Mit203 38.0 — — — — 2.1 —
D12Mit204 40.0 3.9 388 — — 3.0 —
D12Mit47 45.0 5.6 388 — — 2.0 —
D18Mit110 4.0 — — 2.8 1.8 — —
D18Mit68 10.0 6.0 387 4.6 2.6 — —
D18Mit60 16.0 4.2 387 5.0 2.8 — —
D18Mit236 21.0 43 390 3.7 2.2 — —

LOD scores are presented for a free model and only for those chromosomes showing a marker with a LOD score =3. Values under
cM are map position data from 1997 Mouse Chromosome Committee reports (39). Lepr position based on current recombination
data confirming previously published physical mapping data (17). *NZO X NON F2 only; TNON X NZO F2 only.

increased BW and interacted with insulin but not glucose
levels. These studies show a uniparental (GK) contribution,
because no diabetogenic contributions from the “normal”
progenitor strains were detected (although they probably
exist). More recently, an F2 segregation analysis of dia-
betogenic background modifiers of the Lepr™ gene in rats
showed contributions by both parental strains (24). In the
present study, we demonstrate that the NON genome con-
tributes at least two loci (Nidd1 and Nidd2 ) that synergize
deleteriously with other NZO-contributed Nidd genes
(Nidd3 and possibly additional loci on Chr 5, 9, and 12) to
move more individuals across a diabetogenic threshold.
The highly significant linkage for Nidd1 (Chr 4) derived
from the NON genome is within the region containing the lep-
tin receptor (Lepr) gene. In addition to linkage to both of the
two NIDDM subphenotypes (BG and serum IRI), Nidd1 fur-
ther contributed a significant main effect (P < 0.0005) to BW,
with homozygosity for the NZO allele associated with greater
BW gain during the maturational phase after 16 weeks of
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age. The NON leptin receptor cDNA has been sequenced and
appears normal, although serum and adipocyte leptin levels
were deemed disproportionately low given an increased fat
depot mass in this strain (25). Hence, it seems unlikely that
the diabetogenic contribution from NON in this region from
Chr 4 represents a deviant leptin receptor. The NON (and GK)
strain characteristic of reduced insulin secretion in response
to glucose has been noted above. Insulin is a major regulator
of leptin gene expression (26). Islet B-cells express leptin
receptors on their surface, and leptin exerts negative feedback
on B-cell insulin secretion (27). However, in NON mice, low
serum leptin level is not accompanied by elevated IRI secre-
tion. This would suggest that if an adipocyte-insular axis
indeed exists, it is not fully operative in NON mice. Among
interesting candidate genes in this area are a Janus kinase
encoding gene (Jakl) and a tyrosine kinase receptor (Tiel)
gene. A member of the hepatocyte nuclear factor 3 gene fam-
ily (Hfh2) has been mapped in proximity to Lepr (28). The
support intervals for Nidd2 on Chr 18 and Nidd3 on medial
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FIG. 3. Support intervals for Nidd loci using nonparametric analysis
and assuming a free model. Potential candidate genes in the intervals
are noted; numbers between microsatellite markers represent recom-
bination distances in cM. A: QTL intervals for BG. B: QTL intervals for
serum insulin.

Chr 11 encompass several interesting candidate genes. On Chr
18, a locus termed early growth response 1 (Egrl) and the glu-
cocorticoid receptor-1 (Grl1) map within the support inter-
val (29). On Chr 11, several glutamate receptors (Glrl), an
acetylcholine receptor, B-subunit (Acrb), carboxypeptidase D
(Cpd) (30), and the muscle-adipocyte glucose transporter
(Glut4) present potential candidate genes for Nidd3. Sub-
normal GLUT-4 activity has been observed in brown adipose
tissue of 5-week-old NZO mice (31). Interestingly, a locus
contributing to IDDM (ldd4) has also been found in this
interval (32). The Cpd gene represents an intriguing candidate
gene because we have previously found that a null mutation
in the carboxypeptidase E (Cpe) locus on Chr 8 produced a
male sex-specific obesity-diabetes syndrome on the
C57BLKS/J background (33). However, preliminary bio-
chemical analysis failed to indicate any differences in catalytic
activity of CPD in brain extracts from NZO compared with
NON mice (Dr. Lloyd Fricker, Albert Einstein School of Med-
icine, personal communication).

Weaker evidence suggesting presence of at least one or
more Nidd loci on Chr 5 is of interest. We have found that the
D5Mit7 marker for the smaller of two peak LOD scores
detected on this chromosome showed no recombinants with
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the vitamin D binding protein (Vdbp) locus when the latter
gene was typed by us in The Jackson Laboratory (B6 X
SPRET) X SPRET DNA mapping panel (34). Specific variants
at this locus, also known in humans as GC (group-specific
component protein, Chr 4¢.12), have recently been associated
with elevated plasma glucose levels in both Pima Indians
and Japanese NIDDM patients (35-37). Suggestive evidence
for linkage on Chr 9 and Chr 12 was also obtained. Develop-
ment of recombinant congenic stocks of NON mice carrying
putative Nidd susceptibility alleles identified in Table 3 are
currently being developed in an effort to confirm the contri-
butions of the chromosomal regions potentially harboring
Nidd loci.

These present results in mice are consistent with previous
genetic studies in rats showing a significant parental
strain/sex effect on phenotypic variables associated with
pathophysiology of diabetes in F1 and F2 progeny following
outcross. Previous studies indicated that maternal-paternal
effects were associated with severity of IGT in reciprocal out-
cross between GK (derived by selective breeding of glucose-
intolerant Wistar rats) and glucose-tolerant Wistar rats, with
greater impairment associated with GK as the maternal par-
ent (22). However, in another reciprocal outcross between GK
and Fisher 344 rats, a higher level of glucose intolerance was
associated with GK as the paternal parent (23). These effects
could be explained by a pathogenic point mutation in a mito-
chondrial gene similar to that reported in diabetes-prone BHE
rats (38). Parental genomic imprinting or maternal effects on
the fetus peculiar to the gestational environment also repre-
sent logical possibilities. Among the latter effects might be per-
turbations of fetal metabolism if gestational diabetes were
present in the dam or differential exposure to fetal sex
steroids if a male fetus developed between two male fetuses
versus two female fetuses. In the present study, NIDDM was
prevalent in both reciprocal F1 male populations, so that
matrilineal inheritance of a mitochondrial gene defect affect-
ing energy metabolism seems unlikely. Preliminary results
from reciprocal F1 backcrosses to NON/Lt also confirm that
NIDDM can develop regardless of whether the mitochondrial
donors are NZO or NON females. This same series of back-
crosses of reciprocal F1 mice to NON sires or dams also
demonstrated that the NZO Y chromosome was not required
for NIDDM development. Interestingly, the preliminary back-
cross data to NON confirmed what was observed in NZO/HI
males regarding the relationship between early weight gain and
risk for NIDDM development. Post-hoc analysis of rates of BW
gain in both NZO/HI and first backcross males over an 8-week
span from weaning revealed that males that were to make the
transition from IGT to NIDDM gained weight more rapidly than
did those that remained normoglycemic over this period.
Although only a 12.5% difference in mean BW at 12 weeks dis-
tinguished future diabetic NZO/HI males from those destined
to remain nomoglycemic, the subtle environmental factors
affecting these maturational changes in weight (and which
probably include litter effects) were clearly important in
determining risk for NIDDM development. The actual mech-
anisms underlying either maternal or paternal diabetogenic
effects depending on specific strain combinations remain
unresolved, because none of the highly significant Nidd inter-
vals identified in this study were dependent on cross direction,
nor were they mapped within previously reported imprint-
able genomic regions. Evidence for cross-dependent linkages
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TABLE 4

Nidd loci controlling BG and/or IRI indicated by QTL analysis at 24- and 36-week sampling intervals

Phenotype/LOD score BW associated (% variance)

Locus Susceptibility donor Interval marker

Nidd1 (Chr 4) NON Lepr

Nidd2 (Chr 18) NON D18Mit60

Nidd3 (Chr 11) NzZO D11Mit4l
D11Mit261

BG,, = 5.7 Yes (11%)
IRl,, = 7.0

BGaye = 6.5

IRl = 5.7

BG,, = 5.0 No
IRl,; = 11.9 Yes (7%)
IRI,, = 11.0

IRI,, = 8.9

Nonparametric LOD score for both crosses were combined (for BG and/or IRI) at 24 or 36 weeks.

were based on LOD scores that were only suggestive, such that
alarger population of F2 male segregants would have to be ana-
lyzed to establish whether the linkages were spurious or real.

In conclusion, we have demonstrated that F1 males from
reciprocal outcrosses between NZO/HI and NON/Lt are more
NIDDM-susceptible than are NZO/HI males, establishing the
principle that deleterious polygenes from both parental
genomes can interact synergistically to increase the num-
bers of individuals exceeding diabetogenic thresholds. We
have only begun, through F2 segregation analysis, the task of
identifying the genetic map positions of “diabesity” genes
contributed by each parental genome. Studies to validate the
putative linkages identified in the present report are in
progress, entailing both first-backcross analysis to NON/Lt and
construction of interval-directed recombinant congenic
stocks at the second backcross.
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