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Summary. Fragments of cloned rat class I transplantation an-
tigen genes were used to define the polymorphism detected
between two lines of closely related BB rats. One line, BB-
Hagedorn (BB/H), is prone to diabetes, and the other (BB
control) is resistant. A cDNA probe representing part of the
second extracellular domain of a classI antigen detected
several DNA fragments and revealed a 2kb fragment present
in resistant, but absent in diabetes-prone, BB/H rat DNA fol-
lowing digestion with BamH1. A 40 bp cDNA probe from the
same domain showed a further simplified pattern in the DNA
hybridization analysis. Only two fragments, 15kb and 7kb,
were present in the resistant rats; the diabetes-prone BB/H
rats lacked the 7 kb fragment. Several lines of evidence suggest

that the gene contained in this 7 kb fragment may be deleted.
Analysis of other diabetic BB rats and in the F, generation of
intercross offspring of F; hybrid parents following cross-
breeding between the resistant (BB-control) and diabetes-
prone (BB/H) line demonstrate that the class I polymorphism
was not linked directly to diabetes. Examination of various
other BB lines and sublines indicate that these polymorphisms
can be traced back to at least one other subline (Worcester) in
the parent colony.

Key words: Major histocompatibility complex, BB rat, re-
striction fragment polymorphisms.

The diabetic BB rat has proven to be a valuable model
for the study of Type1 (insulin-dependent) diabetes.
The parallels between diabetes in both the rat and man
are numerous [1-3], and the freedom of experimenta-
tion inherent in an animal model has led to an under-
standing of the disease which was previously impossi-
ble.

Like its human counterpart, the onset of diabetes in
the rat has an important immunological component
with many lines of evidence indicating that it is an auto-
immune disease. Briefly, the results of experiments de-
monstrating passive transfer of diabetes to non-diabetes
prone rats [4], prevention of diabetes by neonatal thy-
mectomy [5], rabbit anti-rat lymphocyte serum [6] and
the presence of lymphocytic thyroiditis [7], as well as
anti-islet [§, 9] and other autoantibodies [10, 11], all indi-
cate that an autoimmune mechanism is involved in BB
rat diabetes.

The genetics of diabetes in the BB rat remains un-
clear. However, breeding studies, in which crosses were
made between BB rats and other strains of rats with ei-
ther the same or different tissue types, demonstrated
that there may be as many as two or three separate ge-
netic components, with one linked to the major histo-

compatibility complex (MHC) and the other indepen-
dent of it [12, 13]. Thus, a gene (or genes) within the
MHC may provide part of the clue for the mechanism
of diabetes as well as other autoimmune diseases. In-
deed, many research efforts are currently directed at the
characterization of this component.

Since the discovery of diabetes-prone rats in the
BioBreeding facility in Canada in 1974 [14], several lab-
oratories have developed inbred lines of these rats [15].
These inbred lines, showing high, low or no incidence
of diabetes, are all assumed to be closely related, since
they were all derived from the original BB colony. How-
ever, since the original BioBreeding colony was not
maintained as inbred [1], some genetic heterogeneity
can be considered to have been present at the beginning
of, and maintained throughout, the inbreeding process.

Many types of studies with the BB rat, both genetic
and immunological, require a knowledge of the degree
of relationship between various inbred diabetic and
control strains. It is particularly important to have the
ability to test this relationship, especially within the
MHC, because differences within the MHC can have a
pronounced effect on experimental data even though
the differences may not be linked to diabetes. An aware-
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ness of MHC differences is also necessary in order to
compare results, not only within a laboratory, but also
between laboratories. The classical techniques of serol-
ogy and tissue transplantation are of only limited use in
this context because, due to various defects within their
immune system, diabetic BB rats are unable to reject
foreign tissue [16]. Moreover, the MHC is composed of
nearly 40 genes, as seen by molecular cloning studies
[17], with only a few of these genes detectable by classi-
cal immunological techniques. Thus, these techniques
cannot accurately assess the relationship between var-
ious BB lines.

One tool that is becoming increasingly useful in ge-
netic analysis in general, and in analysis of the MHC in
particular, is the detection of restriction fragment length
polymorphism (RFLP) by Southern blotting. With a
suitable DNA probe, one is able to screen a gene, or
family of genes, for DNA base changes or small inser-
tions or deletions of DNA sequence which remove, in-
sert, or rearrange restriction enzyme sites. Thus, genetic
differences between animals can be quickly and easily
detected regardless of the availability of the gene prod-
uct or an assay for it.

We have previously used these techniques to detect
an RFLP within the MHC of an inbred non-diabetic
BB-control line which was absent from our inbred dia-
betic BB/H line [18]. The presence of this 2 kilobase
(kb) BamH1 fragment within the class1 MHC of BB-
control rats, as well as an additional 7kb BamH1 frag-
ment, provides excellent markers for the inheritance of
the diabetic MHC chromosome as well as the uniformi-
ty of the MHC between various BB lines. We report
here further characterization of these polymorphic frag-
ments and their use in genetic analysis of the MHC in
the BB rat.

Materials and methods

The diabetic line, BB/Hagedorn (BB/H), and the w-subline control
animals, BB control, used in these studies were as described previous-
1y [18]. The BB/H rats had been kept in brother-sister breeding at the
Hagedorn Research Laboratory since the tenth generation of inbreed-
ing. The rats included in the present study were obtained in the
15-18th generations. The BB control animals were from Dr. A. Like
(University of Massachusetts, Worcester, Mass., USA), and were in
their 10th generation of inbreeding. Both BB/H and BB control rats
were maintained in a parallel inbreeding program. In the 19th genera-
tion of inbreeding of the two lines, a diabetic BB/H female was mated
with a BB control male to yield 10 non-diabetic F; rats. Three F
breeding pairs were obtained to give a total of 34 litter mates in two
subsequent matings. Type 1 diabetes developed in 25% of the F, ani-
mals. The diabetic BB x LEH line resulted from a cross between BB
rats and Long Evans Hooded rats and were a gift from Dr. J. Logothe-
topoulos (University of Toronto, Canada), and were maintained as a
separate colony in our laboratory. The BB-Diis line originated in the
Ottawa colony, and was a gift from Dr. L.Herberg (University of
Diisseldorf, FRG). The various strains of the BB/W were obtained
from Dr. D.Guberski (University of Massachusetts). The strains, as
well as their average age of onset of diabetes and percent incidence,
are as follows: BA (100 days/60%), BB (90d/74%), BE (105d/ < 50%),
BF (100d/60%), BP (105d/ < 50%) and NB (90d/65%).
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Total genomic DNA was either prepared from the livers of freshly
killed rats as described [18] or from a section of the tail from living ani-
mals. Approximately 2 cm of the tail was removed, frozen in liquid
N,, pulverized with a mortar and pestle, and then digested with pro-
teinase K followed by phenol/chloroform extraction as described for
liver nuclei preparations [18].

Restriction enzyme digestions, agarose gel electrophoresis, South-
ern blotting, nick translation, and DNA hybridization and washing
were performed according to our previous description [18] When
hybridizations were performed under less stringent conditions, they
were incubated overnight at 37 °C, then washed in the same buffers as
described [18], except that the temperature was lowered to 42 °C.

The probes used in this study were mouse pH2d-1 as described
[18]; pKA19, a cDNA clone consisting of the region coding for the
second extracellular domain of a rat classI antigen; pIWO-2, an
Hpall/Alu I restriction fragment of pKA19 subcloned into the Accl
site of plasmid pUC-8 [19]. The class I1 probes were derived as fol-
lows: Ea probe, a 700 bp Pstl fragment from the mouse E« gene; Ef
probe, a 500bp Pstl fragment of the mouse Ef gene; Aa probe, a
1300bp Cfol fragment of the mouse Aa gene; and Af probe, an
800 bp Cfol fragment of the mouse Af gene. All probes were derived
from the coding sequences of their respective genomic clones, a gift
from Dr. R. Germain (NIH, Bethesda, MD, USA).

Results

Class I gene polymorphism

The class I MHC region of the Hagedorn strain of BB
rat was previously reported to contain a restriction frag-
ment length polymorphism seen as the absence of a 2kb
band that was present in the BB control line [18]. The
DNA probe used in that study in a different set of rats
(Fig.1A) was a cDNA clone containing most of the
coding region of a mouse class ] MHC gene. However,
the complexity of this family of genes in the rat pre-
cluded a more thorough assessment of the size of this
band or the presence of other polymorphisms in the
diabetic line. Progressively smaller fragments were
therefore used as probes of Southern blots to eliminate
as many of the non-polymorphic bands as possible, and
resulted in a more simplified banding pattern. When a
c¢DNA clone (pKA19) containing approximately one-
half of the region coding for the second extracellular
domain of a rat class I protein was used as a radioactive
probe of BamH?1 digests of total DNA from BB/H and
BB control rats, the pattern was indeed much simpler
(Fig.1B). The 2kb band was well separated from the
others and was clearly present in the BB controls and
absent from the diabetic BB/H rats (Fig.1A). When
screened with this probe, the DNA from all of the con-
trol animals (12/12) and none of the diabetic animals
(0/12) had the 2kb band.

While the pKA19 probe resulted in a simpler band-
ing pattern, we were still unable to resolve the high mo-
lecular weight region of the gel. Since this mass of genes
could obscure any further polymorphisms between the
two rat lines, a number of smaller probes were con-
structed by digesting the insert of pKA19 with frequent
cutting restriction enzymes and ligating them to the bac-
terial plasmid, pUCS. Of the clones thus obtained, one
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Fig.1A-D. Class I MHC restriction frag-
ment length polymorphisms using frag-
ments of cloned class I cDNA. DNA from
either BB/H or BB control rats was digested
with BamHI and blotied to nitrocellulose
after electrophoresis for 15 h in 1% agarose
gels. The pair of lanes to the left in each
panel were from BB/H rats; those to the
right were from BB control. The *P-labeled
DNA probes were A mouse pH2%, B rat
pKA19, C rat pIWO-2, D rat pKA19 and
subjected to electrophoresis for twice as

D long

- 2kb

Fig.2. The F, and F, generations from one
of the families resulting from a cross be-
tween a female BB/H and a male BB con-
trol rat. Each animal was tested for the pres-
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(pIWO-2) detected a striking polymorphism against a
simple background when used to probe BamH1 digests
of DNA from the two rat lines. Only two bands (15 kb
and 7 kb) were detected in the BB control animals; one
of the bands, at approximately 7 kb, was absent from
the diabetic BB/H rats (Fig.1C).

While the hybridization of this probe to the control
rat DNA was quite strong, the possibility existed that
the pIWO-2 fragment did not form a stable hybrid with
the diabetic rat DNA due to its small size (approximate-
ly 40 base pairs). We eliminated this possibility by run-
ning the agarose gel at a higher voltage and for a longer
time so as to resolve the high molecular weight region of
the gel. A blot of this gel was then probed with the origi-
nal cloned ¢cDNA fragment (pKA19) from which
pIWO-2 was derived. The larger size of this fragment
(200 bp) wouid insure a stable hybrid with all the bands
to which the smaller piece hybridized. The resulting au-
toradiograph (Fig.1D) clearly demonstrated hybridiza-
tion to the 7 kb band in the BB control animals and ab-

ence of the 2 kb and 7 kb polymorphic
class I MHC bands by hybridizing either
2p_pKA19 (2kb) or 32P-pIWO-2 (7 kb) to
Southern blots of BamHI digests of DNA
from each animal. They were followed for
the development of diabetes up to 180 days

sence of hybridization to any corresponding band in the
BB/H rats.

The observation of two polymorphic class MHC
genes in diabetic BB/H rats as compared to the BB con-
trol rats led to the question of whether the inheritance of
either the 2kb or the 7 kb bands was linked to the ab-
sence of diabetes in the BB controls. To test this link,
rats from the control strain were bred with diabetic rats.
The two lines of rats were in their 19th generation of
separate sister-brother breeding. In the F; generation, as
expected, the animals did not develop diabetes; in addi-
tion, all of the progeny were positive for both the 2kb
and the 7 kb bands. It is important to note that heterozy-
gotes can only be scored as positive in these Southern
blots, since it is impossible to differentiate between one
positive and two positive chromosomes on the blot.

To further follow the inheritance of these traits,
crosses were made between littermates of the F; genera-
tion. A typical family from this cross (Fig.2) had two
diabetic rats in the F, generation, with both developing
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Table 1. Summary of the inheritance of the 2kb and 7kb class I re-
striction fragment polymorphisms and diabetes in the F, generation
of a cross between a female diabetic BB/H and a male BB control rat.
DNA was extracted from the tail and cut with BamHI prior to South-
ern blotting. The 3P-labeled DNA probes were pKA19 (2 kb band)
and pIWO-2) (7 kb band). The animals were followed for diabetes un-
til 180 days of age. Two additional diabetic rats died before DNA
could be prepared, and were not included in these numbers

Bands
7kb(—) 7kb(+) 7Tkb(-) 7Tkb(+) 0
2%b (=) 2kb(+) 2kb(+) 2kb(—) Total
n=10 n=>55 n=7 n=6 n=78
Diabetic
rats (%) 1(10)  10(18) 229 233  15(19)
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Fig.3. Presence of the 7 kb polymorphic class I MHC band in related
BB lines. BamHI digests of DNA were probed with 32P-pITWO-2. BB-
Diis represents 2 rats from the BB/Diis line. BB/H is a diabetic rat
and BB-W is a BB control rat from our colony. Wistar is a commer-
cially available Wistar rat. BB x LEH resulted from a cross between a
BB line and Long Evans Hooded rats
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Fig.4. Screening BB rat DNA for class II MHC restriction fragment
length polymorphisms. DNA was digested with EcoRI. The left lane
in each panel is BB/H DNA; the right lane is BB control. The probes
used were 2P-labeled fragments of the coding regions of mouse Ag,
Ea, AB or Eff genes

the disease at approximately 80 days of age. However,
both of these rats inherited both the 2 kb and the 7kb
bands (Fig.2). Conversely, none of the rats lacking the
two bands subsequently developed diabetes, despite the
fact that they were followed for 180 days.

The data from all four families are summarized in
Table 1. Out of 15 diabetic rats observed in this genera-
tion, only one missed both the 2 kb and 7 kb bands. Two
of the diabetic rats lacked the 2 kb band while retaining
the 7 kb band, and therefore were considered possible
recombinants along with four of the non-diabetic rats.
Additionally, two diabetic rats and five control rats
lacked the 7 kb but had the 2 kb band (Table 1). The da-
ta indicate therefore that the polymorphic class 1 MHC
appeared to be inherited independently of the diabetic
trait.

The absence of these two bands in the BB/Hage-
dorn rats raised the question about whether other dia-
betic BB rat strains also contain these polymorphisms.
We tested the BB x LEH, which is a line resulting from
a cross of a male diabetic BB rat of the original Ottawa
colony with a Lewis Hooded rat and the diabetic BB/
Diis rats for the presence of the 7 kb band. All rats test-
ed, four diabetic BB x LEH and five BB/Diis, had the
7 kb band upon hybridization with the pIWO-2 probe
(Fig.3). The presence of the 2 kb band was not tested for
in these rats.

Since both the BB/H and BB/control lines were de-
rived from the colony at Worcester, we tested several
sublines of inbred rats from that colony. Of the sublines
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tested (BA, BB, BE, BF, BP and NB), at least two of
them, the BA and BB sublines, clearly lacked both the
2kb and 7 kb polymorphic fragments. Thus, the poly-
morphisms detected in the BB/H line could be traced
back to at least two sublines in the parent Worcester
colony, and were not a recent genetic accident.

Class 11 gene polymorphisms

A more detailed rescreening of the class Il MHC region
for RFLP was carried out, since earlier studies with hu-
man DR¢ and human DQp chain cDNA clones as
probes did not reveal polymorphism between BB/H
and BB control rats [18]. The possibility that these
probes lacked adequate homology with the analogous
rat genes was tested using mouse genomic clones as
probes. DNA preparations from BB/Hagedorn and BB
control rats were digested with either BamH1, EcoR1 or
Pst1, blotted to nitrocellulose and probed with frag-
ments from the coding regions of either mouse Aa, Ap,
Ea, or Ef genes. After hybridization and subsequent
washing under conditions of very low stringency so as
to allow the detection of bands with a minimum of
homology, no polymorphic bands between the diabetic
BB/H and BB control rats were seen with any of the
probes (Fig.4).

Discussion

Previous observations of a restriction fragment length
polymorphism in the diabetic BB/H line when com-
pared with our inbred control BB line [18] were extend-
ed here to include both a 2kb and a 7 kb BamH1 band.
These bands were absent in all of the BB/H animals
tested, and they were detected using probes derived
from fragments of a region of cDNA coding for the sec-
ond extracellular domain of a rat class I MHC antigen.
While all of the BB/Hagedorn animals missed both of
these bands, breeding studies failed to reveal any link-
age between the inheritance of the bands and the inci-
dence of diabetes. However, the absence of these bands
in at least one subline in the Worcester colony indicated
that the genetic event that resulted in the loss of the two
polymorphic fragments happened at least 14 genera-
tions previously and had been stably maintained ever
since.

The presence of these two polymorphic fragments
provides valuable markers in genetic studies of the BB
rat. On the one hand, they are useful for demonstrating
the lack of uniformity in the MHC between various
lines of the BB rat. Knowledge of this is important in
many studies where genetic variations in the MHC
could affect various immune phenomena such as the re-
jection of transplants. Laboratories involved in these
studies should be aware that their inbred lines may dif-
fer in the MHC even though the rats may still be RTI"
haplotype. However, the presence of these two poly-
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morphic fragments in all strains examined except the
BB/H and the BB/W-BB subline allow one to follow
the MHC chromosomes from these two lines specifical-
ly through generations of crosses with other lines. Thus,
a more accurate assessment of the role played by the
MHC chromosome in the development of diabetes can
be obtained.

We have not yet localized precisely the actual defect
which caused the loss of the 7 kb band in the BB/Hage-
dorn line. This fragment contains a class | MHC gene as
seen by its hybridization with a cloned rat class I MHC
cDNA probe and by analysis of a genomic clone of this
fragment from the BB control line (Kryspin-Serensen
and Kastern, unpublished observations). The inability
of the pIWO-2 (Fig.1B-D) probe, or any of the others
we have tested, to hybridize to an analogous band in the
BB/Hagedorn line suggested that at least a portion of
this gene was deleted in the line. A close inspection of
Figure 1C and Figure 3 indicated that the intensity of
the 15kb band in the BB/H line is insufficient to ac-
count for the shift of the 7 kb band to this higher molec-
ular weight (i. e. after the loss of a single BamHI site) in
these animals.

A deletion within a class1 gene could have pro-
found effects on an organism and could explain any of
a number of immune dysfunctions in these animals. The
polymorphisms described here seemed not to be related
to lymphopenia, since only a few of the F2 animals
were even mildly lymphopenic, and these could not be
correlated with the inheritance of the bands (Dyrberg
and Kastern, unpublished observations). Due to the
high homology between various class I genes and their
protein products, it is possible that the production of
one class I protein could compensate for the loss of an-
other so as to prevent lethality. However, in a system
where the substitution of a single amino acid could
cause profound autoimmune reactions [20], this possi-
bility is unlikely. The absence of the 2 kb and 7 kb bands
correlated very strongly with the absence of a serum
fo-microglobulin immunoreactive component [21].
Since f,-microglobulin associates with class 1 MHC an-
tigens, this suggests that the absence of this component
indicates the loss of a class I antigen species. However,
the function of this serum fraction is unknown, and any
number of the immune defects observed in the BB line
could be attributed to the loss of a circulating class I an-
tigen.

Other than the two restriction fragment length poly-
morphisms described here, we have not observed any
other polymorphisms between the BB/H and BB con-
trol lines. This includes detailed studies involving dif-
ferent restriction enzyme digestions, different probes
and different hybridization conditions. Moreover, the
studies have included both the class I and class IT MHC
regions using either rat or closely related mouse DNA
probes. Using outbred BB rats from the Ottawa colony,
both class I and class II polymorphisms have been de-
tected by others [22, 23]. The significance of these obser-
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vations is unclear, since the control BB line (BBN) is
known to have RTI? specificities in addition to the RTI"
of the diabetic lines [24]. Moreover, the 7kb BamH1
band reported here would not have been detected in
those studies, since only a small fragment of a rat-spe-
cific probe (such as pIWO-2), could detect the band.
Thus, we conclude that, at least at the level of resolution
of these techniques, there are no major differences in
the MHC of the BB/H diabetic and the non-diabetic
BB control animals. This is not surprising, since the two
lines are very closely related and maintained through
strict inbreeding. At this point, we cannot exclude other
genetic variations not detected by these methods. For
example, point mutations not affecting a restriction en-
zyme site or variations in the levels of expression of any
of these genes could also account for the lymphopenia,
autoimmunity, appearance of Type 1 diabetes or other
facets of the BB rat syndrome.

Our observation of 13 apparent recombination
events in the F, generation of the crosses between the
BB/Hagedorn and the BB control lines suggest either
that the 2 kb and 7 kb genes are quite distant from each
other on the chromosome, or that the MHC in the BB
line is a kind of recombination hotspot. These putative
recombinant chromosomes were stably inherited in
Mendelian fashion as seen by crosses of some of these
animals with animals lacking both the 2kb and 7kb
bands (data not shown). We have observed from molec-
ular cloning experiments that the 2kb and 7kb frag-
ments are not neighbours, and may well lie quite distant
from each other on the chromosome. However, this
alone cannot explain two recombinant events in a single
family of 13 pups. Indeed, we have observed several in-
stances where the progeny produced new banding pat-
terns unlike those seen in the parents, particularly in the
class II region (data not shown). Therefore, it may be
possible that the MHC of the BB rat does contain re-
combinational instability, and that this instability may
contribute to the susceptibility towards diabetes.
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