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Abstract

For many years, the vast amount of data gathered from
analysis of nonobese diabetic (NOD) and congenic NOD
mice has eclipsed interest in the rat for the study of type 1
diabetes. The study of rat models has continued, however,
and recently there has been a reanimation of interest for
several reasons. First, genetic analysis of the rat has accel-
erated. Ian4L1, cblb, and Iddm4 are now known to play
major roles in rat autoimmunity. Second, rats are amenable
to study the interactions of genetics and environment that
may be critical for disease expression in humans. Environ-
mental perturbants that predictably enhance the expression
of rat autoimmune diabetes include viral infection, toll-like
receptor ligation, and depletion of regulatory T cell popu-
lations. Finally, data generated in the rat have correctly
predicted the outcome of several human diabetes prevention
trials, notably the failure of nicotinamide and low dose par-
enteral and oral insulin therapies.
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Introduction

Type 1 diabetes comprises ∼10% of all diabetes mellitus,
and its prevalence is increasing (Green et al. 2001).
Affected individuals require lifelong injections of in-

sulin for survival (Rossini et al. 2003). The disease results
from inflammatory infiltration of the islets of Langerhans
(insulitis) and selective destruction of insulin-producing
beta cells (Atkinson and Eisenbarth 2001). Generally con-
sidered to be autoimmune in origin, type 1 diabetes often
occurs in persons who also suffer from other autoimmune
diseases of the gut and thyroid. It is strongly associated with
the major histocompatibility complex (MHC1), is T cell

dependent, and is ameliorated by immunosuppression. De-
spite a wealth of information, however, type 1 diabetes re-
mains refractory to prevention (Allen et al. 1999; Lampeter
et al. 1998; Skyler et al. 2002) by methods other than un-
acceptably toxic immunosuppression (Parving et al. 1999).

To circumvent the ethical and logistical constraints in-
herent in studying type 1 diabetes in outbred populations of
humans exposed at random to chemical and microbiological
agents, investigators continue to rely on animal models that
can be readily tested, biopsied, and autopsied. It is possible
to breed these models to study and manipulate inheritance
and to test for their response to environmental agents.

Two species have provided extensive data relevant to
spontaneous human type 1 diabetes—the rat and the mouse.
The most widely used model is the nonobese diabetic
(NOD1) mouse (reviewed in Serreze and Leiter 2001). Lit-
erally thousands of studies have illuminated the complex
genetics and immunology of these animals whose disease
involves at least 27 genetic loci and a large number of
immunological defects (Serreze and Leiter 2001). They
have, however, proven disappointing as models in two re-
spects. First, immunomodulatory interventions, other than
systemic immunosuppression, that readily prevent diabetes
in these mice (Atkinson and Leiter 1999) have to date
proven inefficacious in humans (Allen et al. 1999; Lampeter
et al. 1998; Skyler et al. 2002). Second, with respect to the
environment, they model type 1 diabetes poorly because the
overwhelming majority of perturbants, including virus in-
fection (Hermitte et al. 1990; Leiter 1998; Oldstone 1990;
Wilberz et al. 1991), reduce the frequency of diabetes and
often prevent it entirely (Atkinson and Leiter 1999).

Although the original NOD mouse and various NOD
congenic mice continue to provide a wealth of valuable
information, there is growing recognition of the need to
continue to study alternative yet complementary systems
(Greiner et al. 2001). Rats provide one such system. The BB
rat (reviewed in Mordes et al. 2001) is the oldest, best
known, and most extensively studied strain, but a predispo-
sition to autoimmune beta cell destruction is common to
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several rat strains (Table 1). Signature features of rat models
of type 1 diabetes that are stressed in this review are high-
lighted in Tables 2 and 3. Rat autoimmune diabetes may
occur “spontaneously” in viral antibody-free (VAF1) hous-
ing, as is the case with the NOD mouse. Alternatively,
diabetes may appear in response to some form of immuno-
logical perturbation, which is generally not the case in
mouse models (Table 1).

Spontaneous Autoimmune Diabetes in
the Rat

The principal animal models of spontaneous type 1-like
diabetes in the rat include the following: (1) the diabetes-
prone BB rat, (2) the LETL rat, (3) the KDP rat, and (4) the
congenic LEW rat. Some of the salient characteristics of
these models are listed in Table 2, with corresponding char-
acteristics of the human disease.

Diabetes-prone BB Rat

BB rats are the most extensively studied rat model of type
1 diabetes. They are derived from a Canadian colony of
outbred Wistar rats in which spontaneous hyperglycemia
and ketoacidosis occurred in the 1970s. Affected animals
were the founders for two colonies that were later used to
establish all other BB rat colonies. One colony established
in Worcester, Massachusetts (BB/Wor1), has been inbred,
and the spontaneously diabetic animals are formally desig-
nated Worcester diabetes-prone BB rats (BBDP/Wor1) (see
www.biomere.com). From a second colony in Ottawa,
Canada, “BBdp” rats are outbred. Several of the tertiary BB

rat colonies have given rise to immunologically and geneti-
cally distinct BB rat substrains (Prins et al. 1991), including
BB/OK, BB/Pfd, and BB.SHR rats (Klöting et al. 1998;
Kovács et al. 2001; Mathieu et al. 1994; Schröder et al.
2002). Rats of Worcester origin sold by a major European
vendor, M&B (formerly Møllegaard), are designated BB/
Mol or BB/Wor//Mol (Mordes et al. 2001). Results of stud-
ies that use BB rats of different origins may not be directly
comparable (Mordes et al. 2001). In this article, the term
“BB rat” is used when referring to findings that appear to
apply generically to all rats derived from the original
founders; more specific designations are used in reference
to findings that may be substrain specific.

Clinical and Immunological Pathology

Both inbred BBDP/Wor rats and outbred BBdp rats of both
sexes develop pancreatic insulitis that is rapidly followed by
selective destruction of beta cells and frank diabetes be-
tween 50 and 90 days of age (Guberski 1994). It is note-
worthy that the natural course of insulitis in the
spontaneously diabetic BB rat (Figure 1) is different from
that of the NOD mouse. In the rat, there is no significant or
persistent infiltration adjacent to the islet (“peri-insulitis”)
before progression to frank insulitis and overt diabetes. In-
sulitis in BB rats is morphologically similar to that observed
in human type 1 diabetes and features a predominance of
Th1-type lymphocytes (Kolb et al. 1996; Zipris et al. 1996).

After the onset of hyperglycemia, residual “end-stage”
islets are small, distorted, and composed predominantly of
nonbeta cells. Unless treated with exogenous insulin, hy-
perglycemic BB rats quickly progress to fatal diabetic ke-
toacidosis. BBDP/Wor rats also develop spontaneous

Table 1 Rat models of type 1 diabetesa,b

Type Strain MHC Reference (see text)

Spontaneous BBDP and BBdp RT1u/u/u Mordes et al. 2001
LETL RT1u/u/u Kawano et al. 1991
KDP RT1u/u/u Yokoi et al. 2002
LEW.1AR1/Ztm-iddm RT1u/u/a Lenzen et al. 2001

Induced BBDR RT1u/u/u Mordes et al. 2001
PVG RT1c/c/c Penhale et al. 1990
PVG.RT1u RT1u/u/u Ellerman and Like 2000
PVG.R8 RT1a/u/u Ellerman and Like 2000
WAG RT1u/u/u Ellerman and Like 2000
WF.iddm4d congenic RT1u/u/u Mordes et al. 2002

Both LEW.1WR1 RT1a/u/u Mordes et al. 2003a
Transgenic None NA NA

aModels of autoimmune diabetes in the rat. All models are characterized by the presence of pancreatic insulitis. The major histocompatibility
locus (MHC) in the rat is designated RT1 and the haplotypes are designated RT1 A, B/D, and C. RT1 A and RT1 C are class I loci; the class
II loci are in linkage disequilibrium and designated B/D. With the exception of the PVG model induced by the combination of irradiation and
thymectomy, all rat models of autoimmune diabetes express the RT1 B/Du class II allele. Methods of induction include regulatory T cell depletion,
toll-like receptor (TLR) ligation, and certain viral infections.
bBBDP (inbred) BBdp (outbred) rats from different colonies; NA, not applicable.
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lymphocytic thyroiditis but not clinical hypothyroidism
(Rajatanavin et al. 1991).

The most obvious and problematic immunopathology in
all spontaneously diabetic BB rats is profound T cell lym-
phopenia (Elder and Maclaren 1983; Yale et al. 1985). This
condition is characterized by a severe reduction in the num-
ber of CD4+ T cells (Jackson et al. 1981) and nearly com-
plete absence of the CD8+ T cell subset (Jackson et al. 1983;
Poussier et al. 1982; Woda et al. 1986). The rats are also
severely deficient in ART2+ T cells. ART2 is a rat matura-
tional T cell alloantigen with nicotinamide adenine di-
nucleotide glycohydrolase activity that appears to identify
cells with immunoregulatory properties (Bortell et al. 1999).
The phenotypic T cell abnormalities in BBDP/Wor rats
can be attributed to a severely reduced life span of periph-

eral T cells. The majority of cultured BBDP/Wor T cells
undergo apoptosis within 24 hr (Ramanathan et al. 1998),
and recent thymic emigrants in vivo exhibit a preapoptotic
��TCRlowB220+CD4−CD8− phenotype and undergo apo-
ptosis in the liver (Iwakoshi et al. 1998). The presence of
lymphopenia does not in itself confer susceptibility to au-
toimmunity in the rat (Joseph et al. 1993), but spontaneous
diabetes in BBDP/Wor rats requires that they be lympho-
penic (Awata et al. 1995). This pathology is not character-
istic of either NOD mice or humans with type 1 diabetes,
and it has compromised the acceptability of diabetes-prone
BB rats as a model for the human disease.

Neonatal thymectomy, injections of antilymphocyte se-
rum, and depletion of CD8+ T cells (but not natural killer
[NK1] cells) all prevent the disease, as do many standard

Table 2 Comparative clinical and genetic features of spontaneous autoimmune diabetes: Characteristics
of spontaneous autoimmune diabetes mellitus in humans, NOD mice, and three rat model systemsa

Human NOD mouse BBDP/Wor
LEW.1AR1/
Ztm-iddm KDP

Age at onset: Adolescence Up to 6 mo 7-14 wk 6-12 wk 8-16 wk
Ketosis: Severe Mild Severe Severe Severe
Insulin deficiency: Severe Mild to severe Severe Severe Severe
Associated

autoimmune
diseases:

Thyroiditis, celiac
disease, vitiligo,
PA,
polyendocrine
syndromes

Sialadenitis,
thyroiditis

Thyroiditis Thyroid, adrenal,
salivary glands
free of
infiltration

Thyroid and
kidney
infiltrates
present

Autoantibodies: Insulin, GAD,
ICA, ICSA,
BSA, CPH, EC,
IA-2, IAA

Insulin, GAD, ICA ICA present; GAD
and IAA are
controversial

ICA and
antibodies to
GAD, IA-2 not
found

Unknown

MHC genes: HLA-DQ and DR Unique I-Ag7

Absent I-E
RT1u/u/u RT1u/u/a RT1u/u/u

Non-MHC genes: CTLA-4. At least
2 loci, perhaps
�16

�2 microglobulin;
possibly
CTLA-4; �27
loci

>3 loci. Ian4L1
mutation causes
lymphopenia;
Iddm4

At least 1
recessive locus

Cblb

Gender effect: M = F F > M M = F M = F M = F
Response to

general
immuno-
suppression:

Cyclosporine
prolongs
endogenous
insulin
production if
given at onset

Cyclosporine,
tacrolimus
prevent
diabetes

Cyclosporine,
tacrolimus,
thymectomy, ALS,
radiation prevent
diabetes

Unknown Unknown

Response to
environmental
perturbation

Diet and viral
infection
implicated in
pathogenesis,
but no
definitive proof

More than 150
interventions
prevent
disease

LCMV prevents
disease; Certain
diets and bacterial
vaccines reduce
diabetes
frequency

Unknown Unknown

aALS, anti-lymphocyte serum; BSA, bovine serum albumin; CPH, carboxypeptidase H; CTLA-4, cytotoxic T-lymphocyte antigen 4; DR, diabetes
resistant; EC, endothelial cell surface; GAD, glutamic acid decarboxylase; HLA, human leukocyte antigen; IAA, insulin autoantibodies; ICA, islet
cell autoantibodies; ICSA, islet cell surface antibodies; LCMV, lymphocytic choriomeningitis virus; MHC, major histocompatibility complex; PA,
pernicious anemia.
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