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Three Recessive Loci Required for Insulin-Dependent
Diabetes in Nonobese Diabetic Mice

MicHAL PROCHAZKA, EDWARD H. LEITER,* DAVID V. SERREZE,

Dougras L. COLEMAN

A polygenic basis for susceptibility to insulin-dependent diabetes in nonobese diabetic
(NOD) mice has been established by outcross to a related inbred strain, nonobese
normal (NON). Analysis of first and second backcross progeny has shown that at least
three recessive genes are required for development of overt diabetes. One, Idd-1°, is
tightly linked to the H-2K locus on chromosome 17; another, Idd-2°, is localized
proximal to the Thy-1/Alp-1 cluster on chromosome 9. Segregation of a third, Idd-3°,
could be shown in a second backcross. Neither Idd-1° nor Idd-2° could individually be
identified as the locus controlling insulitis; leukocytic infiltrates in pancreas were
common in most asymptomatic BC1 mice. Both F1 and BC1 mice exhibited the
unusually high percentage of splenic T lymphocytes characteristic of NOD, suggesting
dominant inheritance of this trait. The polygenic control of diabetogenesis in NOD
mice, in which a recessive gene linked to the major histocompatibility complex is but
one of several controlling loci, suggests that similar polygenic interactions underlie this

type of diabetes in humans.

ONOBESE DIABETIC (NOD) MICE
derived by Makino ez al. from the
non-inbred ICR strain are a model
for insulin-dependent diabetes (Idd) in man
(1). Both cellular and humoral autoimmuni-
ty against pancreatic B cells appears to be a
central feature in pathogenesis (2, 3). Insuli-

286

tis, a leukocytic infiltration of the pancreatic
islets, is a salient histopathological lesion (1,
4). Insulitis was found at approximately
40% frequency in reciprocal [(NOD X
NON)F1 X NOD] backcross mice at 9
weeks of age, suggesting control by a single
recessive trait inherited from NOD mice (4).

Subsequently, a diabetogenic recessive gene
was associated with the unique NOD H-2
haplotype on chromosome 17 (Chr 17)
when an outcross/backcross analysis was
performed between NOD and C3H mice
(5). However, the low frequency of overt
diabetes obtained in this analysis suggested
the involvement of more than one NOD-
derived recessive gene.

Breeding stock of the NOD strain and a
related diabetes-resistant strain, nonobese
normal (NON) were used at inbred genera-
tion F32 and F35, respectively. We have

continued inbreeding and designate our

sublines as NOD/Lt and NON/Lt; these
inbred strains differ at numerous loci includ-
ing the major histocompatibility complex
(MHC), H-2 (4—-6). Consistent with the
previously observed diabetes incidence of
80% in females and 10% in males (1),
NOD/Lt females exhibit a diabetes inci-
dence of >90% by 10 months of age;
however, NOD/Lt males exhibit a higher
than reported diabetes incidence, averaging
50 to 70% by 10 months when fed diet
formulation 96W (Emory Morse Co., Guil-
ford, Connecticut). F1 mice (23 males and
24 females) from reciprocal NOD/Lt X
NON/Lt outcrosses were studied for devel-
opment of hyperglycemia over a 12-month
period. In contrast to the high incidence of
hyperglycemia in parental NOD/Lt mice of
both sexes by 12 months of age, F1 mice of
both sexes were uniformly diabetes-resist-
ant. NON/Lt can be distinguished from
NOD/Lt mice by the number and functions
of T lymphocytes in peripheral blood and
spleen, as well as by their Thy-1 phenotypes
[Thy-1.1 and -1.2, respectively (6)].
NON/Lt mice develop T-lymphocytopenia
associated with an age-dependent decline in
responsiveness to concanavalin A whereas
NOD mice show a persistent T cell hyper-
plasia associated with strong T cell mitogen-
ic responses (7). However, the numbers and
mitogen responsiveness of T lymphocytes in
all F1 mice examined were NOD-like (7).
Indeed, although pancreatic islet structure
was intact and numbers of granulated f cells
were normal, focal pancreatic lymphocytic
infiltrates in perivascular and periductular
areas, often abutting islets at one pole (but
quite distinct from the insulitis observed in
NOD parental mice), were noted in five of
nine F1 males and nine of ten females exam-
ined histologically at 12 months. Thus, both
recessive and dominant traits inherited from
NOD were associated with pathogenesis.

In the present study, the genetic polymor-
phisms  distinguishing NOD/Lt from
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Fig. 1. Southern blot of genomic, Pvu II-digest-
ed liver DNA showing the polymorphism distin-
guishing NOD, NON, and F1 mice at the P450-3
locus on Chr 9. Two bands are observed; the
upper 5.0-kb fragment is common to both strains
whereas the anodal lower band is polymorphic
(4.8-kb in NOD and 4.6-kb in NON). Lanes a to
d show representative RFLP patterns observed in
diabetic BC1 mice with the following genotypes:
lane a, Thy-1°/Alp-1°/Mod-1?°; lane b, Thy-
I1*®/Alp-1°*Mod-12°; lane c, Thy-1%Alp-1°/Mod-
I° and lane d, Thy-1®/Alp-1""/Mod-1°. These
segregation data collectively indicate that Idd-2
must be located proximal to the Thy-1/Alp-1
markers.

NON/Lt mice on Chr 1, 3, 5,9, 15, and 17
were utilized to determine the number and
the chromosomal localization of the NOD
recessive diabetogenic genes. In addition to
the reported polymorphic differences be-
tween the NOD/Lt and NON/Lt (6), we
found a restriction fragment length poly-
morphism (RFLP) at the P450-3 locus on
Chr 9 with Pvu II-digested genomic DNA
probed with the full-length complementary
DNA clone pP3450FL (8). The polymor-
phic Pvu II fragment in NOD mice is 4.8 kb
and in NON mice is 4.6 kb (Fig. 1).

A total of 200 first backcross (BC1) mice
were produced from reciprocal backcrosses
of F1 mice to the diabetes-susceptible
NOD/Lt parental strain. Three mice died of
causes other than diabetes and three more
died between 8 and 10 months of undiag-
nosed causes. Only 19 of the BC1 mice (6
males, 13 females) developed overt diabetes
(glycemic changes) during the 12-month
observation period. This diabetes incidence
(9.5%) contrasts sharply with an expected
50% diabetes incidence (uncorrected for
penetrance) if a single recessive MHC-
linked gene controlling insulitis were segre-
gating and is consistent with a ratio expect-
ed for at least three unlinked autosomal
recessive genes. All 19 diabetic mice were
homozygous for the H-2K* allele of NOD;
18 were I-E° like NOD (Table 1). The one
exception, a K%-EX recombinant female,
was the first BC1 diabetic to be detected.
The classification of this female by MHC-
typing of peripheral blood and splenic leu-
kocytes was independently confirmed by
RFLP analysis of Bam HI-digested geno-
mic DNA hybridized with an Eg specific
probe (9). The finding that diabetogenesis
was dependent upon homozygosity for the
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NOD H-2K* marker allele confirmed the
observation of Hattori ez al. (5) that a
diabetogenic recessive trait is MHC-linked.
Our data establish that this locus [provision-
ally named Idd-1, in accordance with the
rules recommended by The Committee on
Standardized Genetic Nomenclature for
Mice (10)] is tightly linked to the H-2K end
of the MHC. NOD mice possess the suscep-
tibility allele, Idd-1°, and NON a resistance
allele, Idd-1". Our evidence does not allow
determination of whether the diabetogenic
recessive gene is within the MHC, or be-
tween the centromere and the K end of the
H-2 complex. Since the first mouse to devel-
op diabetes was a recombinant between H-
2K and I-E, the diabetogenic recessive locus
would have to be between these two mark-
ers if it were within the MHC. The likely
position for this recessive gene would be the
unique I-Ag region of NOD (11). However,
I-A genes in heterozygotes are expressed
codominantly. Such codominant expression

might in part explain why all F1 and BC1

mice analyzed in the present study had the
high percentages of splenic T cells character-
istic of the NOD strain (Table 2).
Screening the BC1 mice for other poly-
morphic genetic markers distinguishing
NOD/Lt from NON/Lt at Chr 1 (Idh-1),
Chr 3 (Car-2, Amy-1), Chr 5 (Dao-1), Chr 9
(Thy-1, Alp-1, P450-3, Mod-1), and Chr 15
(Gpt-1) indicated a second recessive diabeto-
genic gene on the proximal end of Chr 9
located within the 25-centiMorgan (cM)
segment between the centromere and Alp-1
(Table 1). This locus and its respective
alleles are provisionally designated Idd-2° in
the NOD strain, and Idd-2" in the NON
strain. Thirteen of the diabetic mice shown

in Table 1 (including two heterozygotes for
Alp-1) were also typed for Thy-1 located 1
cM proximal to Alp-1. Since no recombina-
tion was observed between these two tightly
linked markers (all mice with the NOD b
allele at Alp-1 had the NOD Thy-1° allele as
well), the Idd-2 locus is tentatively posi-
tioned proximal to the Thy-1.

The NON/Lt strain could be differentiat-
ed from the NODY/Lt strain in regard to the
complete absence of insulitis in the former
strain, even after 2 years of age. In NON/Lt
mice at 1 year of age and older, focal
mononuclear cell infiltrates were observed in
association with ducts, blood vessels, and
acini, and occasionally, at one pole of an
islet. However, insulitis (mononuclear cell
infiltration into the islet capsule, with associ-
ated islet structural erosion), was not ob-
served in this strain. Histopathologic analy-
sis of the pancreases of nondiabetic BC1
mice surviving to 1 year of age showed a
high frequency of leukocytic infiltrates that
were completely independent of whether the
mice typed homozygous or heterozygous
for NOD markers for either or both the Idd-
I* and Idd-2° alleles. Sections of Bouin’s-
fixed, paraffin-embedded pancreases from
each mouse, sampled at three different levels
1000 pm apart, were screened for lympho-
cytic infiltration; staining with aldehyde
fuchsin to detect granulated B cells allowed
determination of B cell cytopathology asso-
ciated with insulitis. Approximately 25 to
35 islets per mouse were assessed. Pan-
creases of only 17% of asymptomatic BC1
mice were free of islet-associated lesions and
these included all possible (inferred) Idd
genotypes (Table 3). Focal leukocytic infil-
trates were observed in 83% of the asymp-

Table 1. Genetic profile of diabetic BC1 mice showing localization of two diabetogenic recessive genes
on NOD Chr 9 and 17. Phenotypes of apolipoprotein-1 (Alp-1) and supernatant malic enzyme (Mod-1)
were determined on Titan III cellulose acetate plates (Helena Laboratories, Inc.) as described (13).
Allele a designates a fast anodal electrophoretic variant, allele b a slow variant of the respective protein.
RFLP alleles at P450-3 were determined by Southern blot analysis of 10 pg of liver DNA digested with
Pvu II and probed with nick-translated pP3;450FL plasmid as described (8). D, 4.8-kb fragment in
NOD; N, 4.6-kb fragment in NON; DN, both fragments in F1. The MHC haplotype of NOD is K I-
A IE® S Slp° D® and of NON is K® I-A° I-E* Ss"Sip® D®. The I-A of NOD is unique (11) and a
haplotype designation is pending; the I-A of NON is as yet uncharacterized. H-2K and I-E were typed
in a microcytotoxicity assay (I4) by means of monoclonal antibodies against K® (31-3-4), K® (28-13-
3S), and E* (17-3-3) determinants. All BC1 mice were typed; this table shows the genotypes of the 19
mice that developed diabetes.

Chromosome 9 Chromosome 17

Strain Number
Alp-1 P450-3 Mod-1 H-2K IE observed
NOD b D b d o
NON a N a b k
Fl ab DN ab db k
BCl b D b d o 11
b D ab d o 1
b DN ab d o 3
ab DN b d o 2
ab DN ab d o 1
b D ab d k 1
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Table 2. Inheritance of T-lymphocyte hyperplasia.

Ph P iable splenic leuk *

Strain enotype ercent viable splenic leukocytes (%) Age r:}(nge
H-2K Thy-1 T cells B cells (wecks)

NOD dd 212 42.6 + 1.95 (5) 532 + 1.12 (5) 30

NON bb 171 15.1 = 2.52 (8) 57.2 + 251 (8) 20

F1 bd 1/2 39.5 + 2.37 (4) 46.6 + 2.27 (4) 26

BC1 dd 2/2 37.9 + 1.99 (31) 424 + 1.84 (31) 14-44

BC1 dd 1/.2 33.3 = 1.56 (7) 482+ 2.67 (7) 12-42

BC1 db 2/2 35.4 + 221 (13) 50.8 + 2.39 (13) 36-44

BC1 db 1/.2 29.0 + 2.16 (11) 52.1 +2.96 (11) 36-44

*Values represent the mean percentage + SEM of viable splenic leukocytes for the indicated number of mice (%).
Separate aliquots of 2 X 10° splenocytes were incubated with or without mouse monoclonal antibody to Thy-1.1
(anti-Thy-1.1) or anti-Thy-1.2 for 30 minutes, washed, and then stained for an additional 30 minutes with
fluoresceinated goat anti-mouse immunoglobulin, prior to enumeration in an Ortho cytofluorograph. T lymphocyte
levels were calculated by subtracting the percentage of splenocytes staining positive for surface immunoglobulin in the
absence of anti-Thy-1 from those incubated with anti-Thy-1 followed by anti-mouse immunoglobulin. T cell
percentages of F1 and all BC1 genotypes were significantly different from NON (P = 0.001), but F1 percentages were
not signtficantly different from NOD. Both groups of BC1 mice heterozygous at Thy-1 had a significantly lower

percentage in comparison to NOD (P = 0.003).

tomatic BC1 mice of both sexes. Although
primarily concentrated peripherally to struc-
turally intact islets (periductular and perivas-
cular as observed in F1 mice), lymphocytic
penetration into variable numbers of islets
(insulitis) was clearly observed in 27% of
the pancreases of asymptomatic mice, again
without correlation to (inferred) homozy-
gosity for either or both of the Idd-1° and
1dd-2* alleles. Although insulitis was scored
in only a few of the islets most of the islets
with or without the periinsular leukocytic
aggregations were structurally intact and
filled with well-granulated B cells, thus re-
flecting the normoglycemic status of the
mice.

If only two diabetogenic recessive genes
inherited from the NOD strain are required
for diabetogenesis, then a maximum of 25%
of BC1 mice should have developed diabetes
(assuming full penetrance). On the contrary,
if three recessive Idd alleles were required, a

theoretical maximum incidence of 12.5%
would be expected at BC1 (very close to the
9.5% observed). We tested the hypothesis
that the 27% (37/139) of nondiabetic BC1
mice that were homozygous for NOD-type
marker alleles on Chr 9 and 17 (and there-
fore presumably also for Idd-1° and Idd-2°)
remained diabetes-free due to heterozygos-
ity at a third recessive locus (I4d-3). Non-
diabetic BC1 males homozygous for NOD
Chr 9 and 17 markers were selected for a
second backcross (BC2) to NOD females. If
these selected BC1 breeders were diabetes-
resistant because of heterozygosity at a third
locus (Idd-3%/Idd-3"), then the maximum
incidence of overt diabetes in the BC2 gen-
eration would theoretically be 50% (assum-
ing complete penetrance). A diabetes inci-
dence of 46% (27 of 59 mice, 12 males and
15 females) was obtained by 10 months of
age; this strongly supported the conclusion
that NOD mice differ from NON mice by

Table 3. Dissociation of pancreatic leukocytic infiltrates from Idd-1° and Idd-2° diabetogenic alleles
inherited from NOD. Data are from 139 aglycosuric and normoglycemic BCI mice surviving to 1 year
of age. Phenotypes for Alp-1 and Mod-1 markers are described in Table 1.

Linked Number of mice with
Marker genes diabetogenic degree of leukocytic
genes* infiltrationt Total
Alp-1 Mod-1 H-2K Idd-1 1dd-2 0 1 2 land 2
b b d s s 2 5 22 8 37
b ab d s $ 1 1 3 1 6
ab ab db st sr 3 2 14 1 20
ab b db sr sr 0 0 5 0 5
b b db st $ 11 0 16 8 35
ab ab d $ st 5 2 11 3 21
ab b d $ sr 0 2 2 1 5
b ab db sr s 1 1 6 2 10
Total 23 13 79 24 139

*s = NOD susceptibility allele; r = NON resistance allele. Since none of these mice were diabetic, the genotypes at
1dd-1 and Idd-2 are inferred on the basis of marker genes. tIntensity of leukocytic infiltrates are scored as follows:
0 = none, with no visible lesions to islets; 1 = insulitis (penetration of lymphocytes into the islet capsule, with islet
cells exhibiting cytoarchitectural disarray and erosion of beta cell mass); 2 = periductular and perivascular lymphocytic
aggregations, often localized at one pole or surrounding islets which are completely normal in structure and aldehyde
fuchsin staining properties.

288

susceptibility alleles at only the one addi-
tional locus. No linkage of Idd-3* to infor-
mative biochemical genetic markers segre-
gating in BC2 at Chr 1, 3, 5, or 15 could be
shown.

Our results indicate that the genetic basis
of diabetes susceptibility in the NOD/Lt
strain versus resistance in the NON/Lt strain
is attributable to polygenic interactions of at
least three NOD recessive genes and possi-
bly also of (co)dominant determinants in-
herited from the NODY/Lt strain that control
T cell hyperplasia. Makino e al. (4) screened
pancreases of 9-week-old prediabetic (NON
X NOD)F2 and BCl mice for insulitis;
their data suggested that genetic control of
diabetogenesis in these closely related strains
was mediated by a single autosomal locus
producing presence or absence of insulitis.
Given the widespread distribution of
leukocytic infiltrates in pancreases of 1-year-
old (NON x NOD)F1 and BCl mice
found in the present study, it seems unlikely
that Idd-1°, Idd-2°, or Idd-3° individually
represents the recessive locus controlling the
presence of insulitis. The pancreatic aggre-
gations may reflect the dominant T cell
lymphoproliferative drive inherited from
NOD. In F1 and nondiabetic BC1 individ-
uals, these aggregates were predominantly
localized at the islet capsule perimeters rath-
er than infiltrating into the core of the islets
(insulitis).

Our study indicates that a complex poly-
genic interaction is required for eliciting
sutficient B-cell destruction to be reflected
by widespread insulitis and development of
overt diabetes. This study has only elucidat-
ed diabetogenic genes that distinguish
NOD/Lt from NON/Lt mice. That these
closely related strains share numerous diabe-
togenic susceptibility loci was clearly illus-
trated when outcross/backcross analysis was
performed between NOD and an unrelated
strain, C57BL/Ks], selected because of its
well-established sensitivity to diabetogenic
chemicals and obesity genes (7). Only one
BC1 female of 115 mice (0.9%) produced
by backcross of (C57BL/Ks] x NOD/Lt)F1
to NOD/Lt mice developed diabetes, indi-
cating that NOD/Lt and C57BL/Ks] mice
differ at a minimum of six diabetogenic
recessive loci.

This polygenic basis of insulin-dependent
diabetes inheritance in mice is similar to that
in rats (12) and clearly indicates that analysis
of a susceptibility genotype for diabetes
mellitus in humans should not be limited
only to analysis of HLA-linked genes. Loca-
ton of non-MHC-linked diabetogenic
genes in NOD mice should prove valuable
in suggesting other human chromosomes
that may carry loci affecting autoimmunity
against pancreatic B cells. In humans, the
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THY-1 and ALP-1 loci are found on the
long arm of Chr 11; it is therefore reason-
able to suggest this chromosome as a poten-
tial site for a diabetogenic locus analogous
to Idd-2.
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Modern Turtle Origins: The Oldest Known

Cryptodire

EUGENE S. GAFENEY, ]J. HowARD HUTCHISON, FARISH A. JENKINS, JR.,

LORRAINE J. MEEKER

The discovery of a turtle in the Early Jurassic (185 million years before present)
Kayenta Formation of northeastern Arizona provides significant evidence about the
origin of modern turtles. This new taxon possesses many of the primitive features
expected in the hypothetical common ancestor of pleurodires and cryptodires, the two
groups of modern turtles. It is identified as the oldest known cryptodire because of the
presence of a distinctive cryptodiran jaw mechanism consisting of a trochlea over the
otic chamber that redirects the line of action of the adductor muscle. Aquatic habits
appear to have developed very early in turtle evolution. Kayentachelys extends the
known record of cryptodires back at least 45 million years and documents a very early

stage in the evolution of modern turtles.

HE EVOLUTIONARY HISTORY OF

turtles extends at least to Late Trias-

sic time (200 million years before
present), but the fossil record of their early
diversification is incomplete. A substantial
structural and temporal hiatus exists be-
tween the most primitive known form, Pro-
ganochelys quenstedti of the Late Triassic
(middle Keuper of Germany) (1), and tur-
tles with essentially modern features, which
first appeared in the Late Jurassic (140
million years before present) (2). Progano-
chelys has a shell and is hypothesized as the
sister group of all other turtles (3), but the
skull has relatively few chelonian features.
There are no characters of Proganochelys that
indicate that this genus belongs to either the
cryptodires or the pleurodires, the two
groups of modern turtles. Both cryptodires
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F. A. Jenkins, Jr., Department of Organismic and Evolu-
tionary Biology and Museum of Comparative Zoology,
Harvard University, Cambridge, MA 02138.

17 JULY 1987

and pleurodires possess distinctive special-
izations of the skull and postcranial skeleton
consistent with the interpretation that they
are monophyletic, and together they are
united in a single monophyletic taxon, the
Casichelydia (4, 5). The discovery of an
Early Jurassic (185 million years before
present) cryptodire (Fig. 1) extends the
known history of the cryptodires back more
than 45 million years and documents an
intermediate stage in the evolution of mod-
ern turtles; the skull and shell structure of
this new form represents an appropriate
ancestral morphotype for all Cryptodira.
The systematics:
Order Testudines
Gigaorder Casichelydia
Megaorder Cryptodira
Family Kayentachelyidae, new
Kayentachelys, new genus
Type species: Kayentachelys aprix, new spe-
cies.
Known distribution: Early Jurassic, Arizo-
na, United States.
Etymology: Kayenta, for the Kayenta For-
mation; chelys, Greek for turtle.

Diagnosis: As for species.

Kayentachelys aprix, new species
Type specimen: Museum of Northern Ari-
zona V1558.
Locality: Gold Spring, Adeii Eechii Cliffs,
Coconino County, Arizona (35°45'35"N,
111°04'51"W).
Horizon: Silty facies of the Kayenta Forma-
tion, Early Jurassic.
Etymology: aprix, Greek for tight, in refer-
ence to the fused basicranial articulation.
Referred specimens: MNA V1559-V1570;
V2664. MCZ 8914-8917.
Diagnosis: A combination of primitive and
advanced characters (6). Primitive amniote
characters: pterygoid teeth, interpterygoid
vacuity; prootic exposed ventrally. Primitive
chelonian characters: nine costals; epiplas-
tron with dorsal process. Derived casichely-
dian characters: antrum postoticum; fused
basipterygoid articulation; 11 peripheral
bones. Derived cryptodiran characters:
processus trochlearis oticum; processes pter-
ygoideus externus projecting posteriorly
with a flat, vertical plate (7).

Turtles have often been cited as examples
of “living fossils,” a group that is structurally
conservative throughout its history. In fact,
however, this viewpoint is erroneous. Al-
though all turtles appear superficially similar
because they have a shell, there have been
fundamental cranial and postcranial changes
during their history. Cryptodires and pleur-
odires (Fig. 2), the two groups of living
turtles, have independently evolved different
trochlear mechanisms that redirect the main
tendon of the jaw adductor muscle (8). As a
result, the adductor, which has expanded
posteriorly relative to the jaw joint, main-
tains a vertical line of action during jaw
closure. In cryptodires the trochlea is
formed by a thickened protuberance on the
anterodorsal portion of the prootic and
quadrate, whereas in pleurodires the troch-
lea is a lateral process of the pterygoid.
Kayentachelys has the cryptodire trochlear
condition. Another characteristic of crypto-
dires is an extensive fusion of the palatoqua-
drate and neurocranium that encloses the
middle ear. Primitive amniotes and Progano-
chelys lack these advanced characters of the
ear region and also have an open basiptery-
goid articulation. Kayentachelys represents
an intermediate stage in that it has a fused
basipterygoid articulation but lacks the dis-
tinctive cryptodiran posteroventral floor of
the middle ecar, exposing the prootic in
ventral view. Kayentachelys also retains fea-
tures that are primitive for turtles such as
palatal teeth, an interpterygoid vacuity, a
dorsal process on the epiplastron, and a
ninth costal bone in the carapace. Kayenta-
chelys thus shows that cryptodires evolved
their distinctive trochlear pattern early in
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