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Summary
Diabetes-prone (DP) BB rats spontaneously develop insulin-dependent diabetes resembling type
1 diabetes mellitus in man . They also exhibit lifelong T cell deficiency. The segregation of both
diabetes and lymphopenia was studied in crosses between this inbred line of rats and the related
but nondiabetic and nonlymphopenic inbred diabetes-resistant (DR) BB rat line. Diabetes segregated
as a single, autosomal recessive trait and was always accompanied by lymphopenia . Among the
limited number ofdifferences in the genomic DNA sequences of the two lines, DP and DR BB,
one may account for the development of diabetes and lymphopenia in the DP BB rats . It may
be possible to screen the genomic DNA for such differences to detect a marker for thephenotypes .

Diabetes in the spontaneously diabetic and lymphopenic
BB rat resembles type 1 insulin-dependent diabetes in

man (1) . The /3 cells are selectively destroyed in association
with a mononuclear cell infiltration ofthe islets ofLangerhans
(reviewed in reference 2) . This cell destruction is thought
to be of autoimmune origin and the rats die unless exoge-
nous insulin is administered . The lymphopenia affects only
T lymphocytes and is thought to result from abnormally low
migration of cells out of the thymus (3) . Diabetes-resistant
(DR) BB rats, bred in parallel with the diabetes-prone (DP)
BB rats, were derived from a nondiabetic sibling pair in the
fifth generation ofinbreeding the BB rats (4) . Previous studies
of noninbred BB rat lines with varying incidence rates of di-
abetes have suggested a complex inheritance (4-7) .

In this study, we have taken another approach to deter-
mine the number ofloci necessary for diabetes in the BB rat .
Our study is based on a carefully controlled sister-brother
breeding of both DP and DR BB rats initiated by Butler
et al . (4), and then continued in 1981 at the Hagedorn Re-
search Laboratory (Gentofte, Denmark) (8, 9), and in 1988
at the University ofWashington (Seattle, WA). In this colony,
the DR BB rats exhibit neither lymphopenia nor diabetes .
More importantly, MHC class I and II gene probes failed
to detect differences between the DP and DR BB rats that
segregate with diabetes (8, 9) . Therefore, we speculate that
the MHC-associated susceptibility gene is present in the DR
BB rats also. The aim of this study was to determine the
number ofnon-MHC-associated diabetogenic loci by crossing
the DP and DR BB lines and studying the segregation of
diabetes in the Ft, and F2 generations, and F2 x Fl matings .

Materials and Methods

Breeding.

	

The sister-brother breeding of the DP and DR BB
rats was carried out in certified SPF facilities . Two crosses were
performed, one at the Hagedorn Research Laboratory (HRL), the
other at the University of Washington (UW) . The temperature,
humidity, and light cycle were controlled and the rats had free access
to water and food: Altromin®; Chr. Petersen a/s (Ringsted, Den-
mark) at HRL; and Wayne sterilizable rodent blox®; Continental
Grain Co . (Chicago, IL) at the UW. Quarterly quality assurance
controls were negative for viruses, mycoplasm, and parasites. Histo-
logical examinations failed to detect infectious pathology.
Thebody weight ofeach individual rat was recorded daily from

40 d of age. If a rat was not gaining weight the urine was tested
for glucose (Testape; Eli Lilly Co, Indianapolis, IN) and if positive,
the diagnosis of IDDM was confirmed when the blood glucose
concentration exceeded 10 mmol/liter. Diabetic animals were treated
with daily injections (0-5 U) of insulin (Lilly U40P ; kindly do-
nated by Eli Lilly Co.) .

Histology.

	

Rats were anesthesized with 10 mg/kg, i.p ., pen-
tobarbital and exsanguinated by cardiac puncture. The pancreas was
removed, coded, fixed in Bouin-Holland's solution and paraffin,
sections were stained with hematoxylin and eosin . The histologic
examination was performed by two investigators independently and
with coded slides .

BloodLymphocytes.

	

Tail vein blood samples were from unanesthe-
tized rats and blood leukocyte numbers were determined in dupli-
cates in a cell counter (model Zbi; Coulter Electronics Inc., Hia-
leah, FL).
A mouse IgG1 mAb, MRC OX-19 (Serotec, Bio Products for

Science, Indianapolis, IN), was used to enumerate CD5+ T lym-
phocytes by indirect immunofluorescence (9) . A total of 10' cells
were analyzed, and the percent OX-19 positive lymphocytes was
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used to calculate the number of T lymphocytes per microliter of
blood . Lymphopenia was defined as <2,500 OX-19-positive cells
per microliter.

Results
Parental BB Rats .

	

A total of 468 DP rats were obtained
in the 18-29th generations of inbreeding (Table 1). The age
at onset has decreased with increasing degree of inbreeding,
however, the average frequency of diabetes has remained at
or >90% (Fig . 1) .
The pancreatic histology of diabetic DP rats showed ei-

ther marked insulitis or endstage islets, whereas all DR rats
investigated at similar timepoints showed no such islet
pathology (Table 2) . At all ages, the numbers ofOX-19-positive
T lymphocytes in the DP rats were significantly less (p <
0.0005) than in the DR rats (Fig. 2) . The highest number
of T lymphocytes observed in a DP rat <60 d was 960 cells
per microliter, whereas the lowest number observed in a DR
rat was 2,700 cells per microliter.
F, Rats.

	

DPBB diabetic males were mated with female
DR BB rats to produce Fl hybrids. None of the 112 F t rats
followed for an average of 350 d (range, 150-507) became
diabetic (Table 3) . Tested randomly, including rats older than
350d, their blood glucose levels were normal (data not shown) .
Pancreatic histology showed neither islet inflammation nor
periductulitis (Table 2) . Age-related acinar atrophy, as well
as some interstitial inflammation and perivascular infiltrates,
were noted in older rats. T lymphocyte numbers were un-
affected by age and comparable with those observed in the
DR parental line (Figure 2) .
FZ Rats .

	

Sibling Ft animals were intercrossed to produce
F2 offspring (Table 3) . In the first cross, 161 rats from 20
litters were followed until 150 d of age. The observed fre-
quency of diabetes was 24% (40/161) . In the second cross,
23% (40/171) of the F2 rats developed diabetes in a new set
of 20 litters, followed for >150 d. The age at onset of dia-
betes in the F2 rats was similar to that of the DP parental

298 Segregation of Diabetes in BB Rats

0
50 60 70 80 90 100110120130140>150

Age (days)
Figure 1 .

	

The cumulative percentage of diabetes in DP BB/Hrl rats :
generations 18-27 (curve 1) ; generation 27 (curve 1) ; generation 18 (curve
3) ; F2 rats (curve 4) ; and F2 x F, matings BB rats (curve 5) .

line (Fig. 1) . The F2 diabetic rats had insulitis as well as end-
stage islets (Table 2) . The nondiabetic F2 rats had normal
blood glucose concentrations, and their pancreata were free
of islet inflammation (Table 2) . Leukocyte numbers were
similar to those observed in the parent DR line and Fl
hybrids. None of the nondiabetic F2 rats were found to be
consistently lympopenic. The leukocyte numbers in diabetic
F2 rats were similar to that observed in the parental DP line

' Generation 22 derived by Caesarian section into gnotobiotic environment until 66 d of age, due to severe mycoplasm infection in the preceeding
generation(s) .
t Percent .

Table 1 .

!Generation

Incidence of

<60 d

Insulin-dependent Diabetes

60-99 d

in DP BB/Hrl

Age

100-149 d

Rats

>150 d No diabetes n Percent diabetes

18-20 0 67 17 5 3 92 97

21-25' 0 48 8 2 1 59 98
25-29 15 274 12 1 15 317 95

18-19 15 389 37 8 19 468 96

3.2t 83.1 7 .9 1 .7 4.1



Table 2 .

	

The Number ofRats with or without Insulitis or Endstage
Islet Morphology in Pancreas Samples from DP, DR, F,, F2,
and F2 x F, Mating Rats

' Additional F2 rats were produced to be killed at timepoints before
150 d of age to study the histology of the pancreas in this age group.

(data not shown) . Furthermore, all diabetic rats had T lym-
phocyte numbers comparable with the DP rats, but reduced
numbers compared with the DR, Fl , and nondiabetic F2
rats at all ages (p < 0.0005) (Fig . 2) .

F2 x F, Matings.

	

Rats, produced from mating male di-
abetic F2 rats with their F, mother, showed 43% (18/42)
diabetes. The age at onset was similar to that of the DP and
diabetic F2 rats (Fig. 1) . All diabetic rats had lymphopenia
(Fig. 2) and their pancreata revealed severe insulitis (Table 2) .

Discussion
According to classical Mendelian genetics, an observed fre-

quency of zero diabetic rats among F, hybrids is consistent
only with a recessive mode of inheritance of this trait . Fur-
thermore, as we did not detect insulitis, subclinical islet dis-
ease as a function of the heterozygous state can be rejected .
The observed frequencies of diabetes among the F2 rats were
within the 95% confidence limits for one locus . According
to Mendel's law of 1:2 :1 segregation in intercrosses between
heterozygotes, 25% of the rats would be expected to be
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Figure 2.

	

Ox-19-positive cells per microliter of peripheral blood in DP,
DR, F,, nondiabetic F2 (F2-), diabetic F2 (F2+), nondiabetic F2 x F1,
and diabetic F2 x F, (BKX+) rats compared at different ages. The DR
rats were not sampled at 40 and 150 d ofage. Shown are mean values ± SD.

homozygotes that express the recessive phenotype. At the
gene level, either a single gene or several genes transmitted
in close linkage may be involved . If, however, two indepen-
dently transmitted loci were involved instead of one, then
only 1/16 (6.25%) would develop diabetes among the F2
rats . Clearly, we demonstrate that such a hypothetical segre-
gation cannot account for our findings (Table 3) . That the
affected F2 rats were indeed homozygotes was demonstrated
by mating them with heterozygous Ft rats . We observed the
expected 1 :1 segregation ofthe diabetic and nondiabetic pheno-
types. Again, insulitis was only seen in the pancreata of such
homozygous F2 animals. All the pancreatic samples from
nondiabetic F2 rats were without subclinical islet inflamma-

Table 3 .

	

The Observed Diabetes Frequencies and 95% Confidence Limits of this and of Hypothetical Frequencies of one Pair and
Two Independent Pairs of Recessive Alleles for IDDM in the F,, F2, and F x F, Mating Rats

Cross Generation Total

n

Diabetic

n

Percent

95%

Observed

confidence intervals

One allele

on :

Two alleles

First F, 30 0 0 0-12 0 0
F2 161 40 24 18-32 18-32 2.5-10

Second F, 82 0 0 0-4 0 0
F2 171 40 23 17-30 19-31 2.6-9.9

F2 x F1 42 18 43 28-59 35-65 12-38

Generation Age No insulitis Insulitis/endstage

d

DP 83-467 0 10
DR 107-367 4 0
F, 161-507 40 0

F2 diabetic 66-317 0 9
F2 nondiabetic 66-426" 74 0
F 2 x F, diabetic 69-107 0 3



tion, which supports the findings in the Fi rats . We detected
some focal inflammation in the acinar tissue randomly among
old DP, DR, Fl, and F2 rats. The presence in DR rats sug-
gested that these changes may be part of an age-related pan-
creas pathology (10) rather than a diabetes-related process.
Therefore, in our rats, diabetes and insulitis were transmitted
together in a recessive fashion . The observed segregation of
lymphopenia in our rats is in accordance with previous reports
(5, 9) . However, the near complete cosegregation of the two
phenotypes is somewhat unexpected. Our data suggest that
lymphopenia is predictive of future diabetes in the F2 of the
cross between our DP and DR rats. In contrast to our own
(9) and others' previous studies, we extended the observation
period beyond 150 d of life and detected an additional three
F2 rats with diabetes. The difference in prevalence of diabetes
in the F2 rats in the present study (23%) and those in the
literature (2-6%) is not simply explained by a short observa-
tion period, but may rather be a consequence of the shared
background of the DP and DR lines in this study.
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Since only one locus may account for the difference in
phenotypic expression of diabetes in our DP and DR BB rats,
and since this locus is linked with lymphopenia that maps
outside the MHC (5), then the assumption of the presence
of the MHC-associated susceptibility gene in the DR rats
appears valid . Recent studies have shown similar nucleotide
sequences of the coding regions of the class II antigens among
DP and DR BB rats, as well as Wistar rats (11, 12) .
The cross between our DP and DR rats exhibits a simple

mode of inheritance of insulin-dependent (type 1) diabetes.
Among the limited number of differences in the genomic
DNA sequences of the two lines, one may account for the
development of diabetes and lymphopenia in the DP rats.
It may be possible to screen the genomic DNA for such differ-
ences to detect a marker for the phenotypes. Furthermore,
it may eventually be possible to characterize the DNA se-
quences that confer these phenotypes .
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