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C3H.SW/SnJ females (haplotype H-2b) were mated
with C3HeB/FeJ males (haplotype H-2k), which were
heterozygous for the recessive mutation, diabetes (db).
The object of the study was to analyze whether the
H-2" haplotype conferred diabetes resistance to db/db
males in the F2 generation. Severity of diabetes did not
segregate with H-2 haplotype in this mouse model of di-
abetes. Instead, all F2 male mutants developed a much
more severe diabetes syndrome than did "grandparental-
type" C3HeB/FeJ-db/db males. Most surprisingly, unlike
grandparental-type db/db females, which were uniformly
resistant to the diabetogenic action of the db mutation,
75% of F2 db/db females developed severe diabetes. Ul-
trastructural comparison ofbeta cells in islets ofthese di-

THE MOUSE carries genomic information for produc-
ing at least three categories of endogenous retroviruses
distinguishable on morphologic, serologic, and bio-
chemical criteria. These are the type C particles as-
sociated with leukemogenesis and autoimmune diseases
in mice, the type B particles (and their immature precur-
sors, the intracytoplasmic type A particle) associated
with mammary tumorigenesis, and the intracisternal
type A particles (IAPs) which are normally expressed
in early embryogenesis. l 2 Both the type C and type B
particles are shed from the cell surface, acquiring an
outer unit (plasma) membrane envelope in the process.
In contrast, IAPs remain sequestered intracellularly
within the cisternae of the rough endoplasmic reticu-
lum (RER) and do not bud from the plasma membrane.
However, during a brief period of early embryogene-
sis, their 73,000-dalton group-specific antigen (p73) is
expressed at the cell surface.2

Retroviral gene expression in pancreatic beta cells of
adult mice may be of pathogenetic significance in the
development of both chemically and genetically in-
duced diabetes. Appel et a13 described the induction of
intracellular type C particles and IAP budding into the
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abetic females versus those in the diabetes-resistant F2 mu-
tants showed expression in the susceptible females of a
type C retrovirus which budded extracellularly and in-
tracellularly into vacuoles. No other islet endocrine cell
type showed this expression, but intraislet exocrine cells
as well as some ductal epithelial cells did produce type
C particles. Macrophages were frequently observed in
close association with the virus-expressing cell types. Fail-
ure of the diabetes acceleration factor(s) to segregate ac-
cording to Mendelian expectations further suggested that
type C retrovirus induction was linked to the accelerated
pathogenesis of diabetes in the F2 generation. (Am J
Pathol 1985, 119:22-32)

RER in prenecrotic beta cells of CD-1 male mice fol-
lowing diabetes induction by multiple low doses of
streptozotocin. Intracellular type C particles have also
been reported sequestered within the RER in prenecrotic
beta cells of the nonobese diabetic (NOD) mouse.4
When different inbred strains of mice were studied for
their response to an autosomal recessive obesity muta-
tion, diabetes (db), only those inbred strains constitu-
tively able to express IAPs in the RER of their beta cells
developed severe diabetes.5 The appearance of increased
numbers of morphologically identifiable IAPs in beta
cells was accompanied by increased intracellular con-
centrations of p73; studies in vitro indicated that this
induction was glucose-dependent.5'6 The beta cell was
the only islet cell type to exhibit these sequestered
retroviruses in any of these models of diabetes, and in
each model decrease in the size of the islets was pri-
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marily due to beta cell necrosis. Autoimmune mecha-
nisms directed against beta cells have been implicated
in the etiopathogenesis of diabetes in CD-1 males
treated with multiple low doses of streptozotocin,7 the
NOD mouse,8 and the C57BL/KsJ-db/db mouse.9 Al-
though type C particles have been observed to bud ex-
tracellularly from the pancreatic exocrine cells of in-
bred mice,10"°1 they have heretofore not been observed
to bud from islet cells. Conceivably, retroviral proteins
might pass into, or be secreted through, beta cell mem-
branes in the absence of assembly of the entire particle
at the cell surface, as occurs with p73 during early em-
bryogenesis. If retroviral gene products at the surface
of beta cells could indeed lead to immune sensitization
of the host, then the presence of intact viral particles
budding from beta cell surfaces might be expected to
accelerate this process.
The unexpected discovery of accelerated diabetogen-

esis in a hybrid stock of C3H-db/db mice permitted an
examination of this question in the present study. This
stock was created for determination of whether the ma-
jor histocompatibility complex (H-2) was an important
modifier of inbred strain susceptibility to the diabeto-
genic action of the db mutation.12 C3H.SW/SnJ females
(haplotype H-2b) were crossed with C3HeB/FeJ males
(haplotype H-2k) heterozygous for the "diabetes" mu-
tation (+ Idb). The F1 mice (all H-2b/H-2k heterozy-
gotes) were intercrossed to produce an F2 generation
in which H-2 and db would segregate independently.
Since a sexual dimorphism in susceptibility was known
to exist in "grandparental-type" C3HeB/FeJ-db/db mice
(i.e., males susceptible, females resistant),13 only F2
db/db males were originally studied. All F2 db/db males,
regardless of H-2 genotype (H-2b/H-2b, H-2b/H-2k, or
H-2k/H-2k), showed an accelerated diabetogenesis,
with 1000o mortality before 6 months of age as com-
pared with grandparental db/db males, which exhibited
only 50%o mortality by 8 months of age.12 Failure to
observe the expected segregation of these diabetogenic
accelerating factors in the F2 generation suggested that
the C3H.SW/SnJ female grandparent had transmitted
an extrachromosomal factor to all of her male prog-
eny. Such transmission was very possible, because the
C3HeB/FeJ subline carrying the db mutation was
specifically created to eliminate certain C3H milk-borne
retroviruses14; these would potentially have been rein-
troduced by mating with an unfostered C3H.SW/SnJ
female. The accelerated diabetogenesis in F2-db/db
males led us to examine in the present study whether
the diabetes resistance characterizing the grandparen-
tal-type C3HeB/FeJ-db/db females had been compro-
mised in the F2 generation and, if so, whether acceler-
ated diabetogenesis was associated with shedding of
retroviruses at the beta-cell surface.

Materials and Methods

Mice

The establishment and maintenance of a db-congenic
stock of mice on the C3HeB/FeJ inbred background
(H-2k haplotype) has been described previously.13
C3HeB/FeJ females are free of the Bittner agent (a milk-
borne mouse mammary tumor virus) by virtue of an
original transplantation of C3H/HeJ eggs into a
C57BL/6J female. 14 Unfostered C3H.SW/SnJ females
(H-2b haplotype) were initially obtained from the re-
search colony of Dr. Marianna Cherry, of the Jackson
Laboratory. More recently, C3H.SW/SnJf (caesarian-
derived and fostered onto B6D2F1 females) were ob-
tained from the Animal Resources Department of the
Jackson Laboratory. C3H.SW/SnJ- + /+ females were
mated with C3HeB/FeJ- +1db males. The (C3H.SW/
SnJ x C3HeB/FeJ- + /db)F1 mice (all H-2b/H-2k het-
erozygotes) were progeny-tested for the presence of the
db gene by mating to a known + Idb heterozygote. The
+/db H-2b/H-2k heterozygous F1 mice thus identified
were intercrossed to produce F2 mice in which db and
H-2 haplotypes were segregating independently.

F2 dbldb mice were detected at weaning by their in-
creased adiposity and were compared with a group of
sex-matched lean littermate controls (designated as + /?
because they include + / + and + Idb genotypes at a
1:2 ratio). Some of the +/db heterozygotes were
identified by a test cross with a known + Idb hetero-
zygote followed by a progeny test for the appearance
of db/db homozygotes. H-2 typing to distinguish be-
tween parental (H-2b/H-2b, H-2k/H-2k) and recom-
binant (H-2b/H-2k) genotypes was performed by in
vivo absorption of a monoclonal antibody against
H-2Kb and a conventional anti-H-2k alloantiserum as
described in detail elsewhere.12 Mating of F2 + 1db
H-2bIH-2b males to C3H.SW/SnJf females (Animal
Resources Department, The Jackson Laboratory) and
subsequent intercrossing of + 1db heterozygotes (all
H-2b/H-2b) followed by further backcrosses to the
C3H.SW/SnJf mice effected the "trapping" of the db
mutation into the C3H/SW/SnJ subline.

Analytic Methods

Mice were allowed free access to water and food (diet
96W, Emory Morse Co., Guilford, Conn). Plasma glu-
cose in nonfasted mice was determined monthly until
death in males and for 12 months in females.13 All fe-
males were sacrificed at 12 months of age. Pancreatic
and plasma insulin were determined by radioimmuno-
assay.13 An necropsy, pancreata were bisected (head to
tail), one-half being extracted for insulin with the use
of acidified ethanol and the other half being fixed in
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Figure 1-Changes in mean
monthly plasma glucose in (A)
PI (grandparental-type) C3HeB/
FeJ-dbldb males, (B) F2 dbldb
males, and (C) P, and F2 dbldb
females analyzed according to
H-2 genotypes (H-2b/H-2b,
H-2b/H-2k, or H-2kIH-2k). In (D),
the same F2 dbldb females as
shown in (C) are analyzed not
according to H-2, but according
to whether mean monthly plas-
ma glucose fell above or below
280 mg/dl. The dotted line
drawn at 320 mg/dl represents
this mean + 2 SD. Paren-
theses show the number of
mice per group; hatched lines
denote the mean plasma glu-
cose levels of matched litter-
mate controls.

AGE( MONTHS)

Bouin's fluid for light-microscopic observation follow-
ing aldehyde fuchsin staining of islets of 5-IA paraffin
sections. 13 The protein content of the pancreatic extracts
was also determined.13

Electron Microscopy

Pancreatic islets for ultrastructural observation were

obtained from tribromoethanol-anesthetized + /? and
db/db F2 females between 5 and 8 months of age. In-
traventricular perfusion of a rinse and fixative (2%7e
glutaraldehyde, 117o paraformaldehyde in 0.1 M sodium
cacodylate, pH 7.2) was performed at a pressure of 70
mm of mercury as described previously.'5 Following per-

fusion, islets were hand-microdissected with the aid of
a Wild dissecting microscope, were postfixed in ilo
OSO4, embedded, then sectioned, and examined with
a Hitachi HU-IIC transmission electron microscope
operated at 75 kV.

Results

Diabetes Development in F2 Mice

Age-related changes in plasma glucose in C3HeB/
FeJ-db/db grandparental-type (Pi) and F2 db/db mice

of both sexes are shown in Figure 1. Input of diabetes-
accelerating factor(s) from the C3H.SW/SnJ grand-
parental females to all F2 db/db males, regardless of
H-2 genotype, has been described in an earlier report'2;
plasma glucose values and H-2 genotypes for males are

reproduced here to allow comparison to the pattern
seen in F2 females. Compared with C3HeB/FeJ-db/db
grandparental-type (Pj) males (Figure IA), F2 db/db
males developed a markedly accelerated hyperglycemia
(Figure iB). Grandparental-type (P,) C3HeB/FeJ-db/db
females were extremely resistant to the hyperglycemic
action of the db genes (Figure IC), whereas in F2 db/db
females a more severe hyperglycemia developed, again
independent of H-2 genotype (Figure IC). In these fe-
males the obesity typically associated with the db mu-

tation developed, and they weighed an average of 29
g more than + /? littermates at 12 months of age (69
± 3 g for db/db versus 40 ± 2 g for + /? controls).
The F2 db/db females lived much longer than the F2
db/db males. None in the group of F2 db/db females
described in Figure 1 had died of disease after 1 year

of aging, whereas all F2 db/db males were dead or mori-
bund before the sixth month of age.'2 Although no

segregation into diabetes resistant and diabetes suscep-
tible classes were discerned when the hyperglycemia of
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F2 db/db females were grouped and analyzed accord-
ing to H-2 genotype (Figure IC), a clear 3:1 segrega-
tion into susceptible versus resistant phenotypes could
be demonstrated by computer sorting solely on the basis
of whether an individual's mean monthly blood glu-
cose fell above or below 280 mg/dl over an 8-month
sampling period (Figure ID). By the third month of age,
in 13 of 18 females (roughly 75%) accelerated hyper-
glycemia developed, in comparison with C3HeB/FeJ-
db/db grandparental-type females (P,, Figure IC),
whereas 5 of 18 (roughly 25 7o) retained the grandparen-
tal resistance to induction of hyperglycemia in the pres-
ence of the db genes.

This 3:1 segregation pattern in F2 db/db females
clearly differentiated them from F2 db/db males, all of
which uniformly exhibited accelerated diabetogenesis.
Such a 3:1 segregation suggested that the C3H.SW/SnJ
female grandparent may have carried a dominant dia-
betes susceptibility gene, while the C3HeB/FeJ grand-
parental male carried the recessive allele. In males, this
trait was presumably secondary to C3H.SW/SnJ-de-
rived (extrachromosomal?) factors interactive with the
male sex-associated traits (Y-chromosome genes?). 12 To
determine whether a dominant gene for susceptibility
(S) and its recessive allele for resistance (s) was segregat-
ing in the F2 generation, we backcrossed two F2- + /db
H-2b/H-2b males (potential genotypes at the S locus
would be SS, Ss, or ss in 1/4:1/2:1/4 frequencies) to
C3H.SWf/SnJ females (putatively SS genotype). The
probability that both F2 males employed in this "trap-
ping" cross was ss homozygotes would be 1/16; in this
event the first backcross generation (BC1) would all be
Ss. Therefore, when BC1 individuals were sib-mated for
recovery of db/db mice (now all H-2b/H-2b homozy-
gotes and therefore called C3H.SW/SnJ-db/db), the
maximum recovery of ss individuals in the db/db fe-
male group could be no greater than 1/64 (1/16 x 1/4,
or 1.6'7o). The actual results obtained from these crosses
are shown in Figure 2, with grandparental-type (P,) mu-
tant males (Figure 2A) and females (Figure 2C) com-
pared with the C3H.SW/SnJ-db/db males (Figure 2B)
and females (Figure 2D). The C3H.SW/SnJ-db/db
males exhibited the same acceleration of diabetogene-
sis as had the F2 mutant males; and again, no segrega-
tion equivalent to that observed for F2 mutant females
was observed. Instead, the C3H.SW/SnJ-db/db females
continued to segregate into two phenotypes based on
the extent of hyperglycemia and at the same 3:1 ratio
previously observed in the F2 generation (Figure 2D).

Light Microscopy of Islets and Islet Function

Figure 3 shows representative islet morphology in F2
mice. Figure 3a illustrates normal, well-granulated beta
cells in the islets of F2 males determined by progeny
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Figure 2-Effect of trapping the db mutation on the C3H.SW/SnJ inbred
background (H-2 haplotype). Mean monthly plasma glucose (+ SEM) for
grandparental-type C3HeB/FeJ-dbldb males (A) and females (C) are plot-
ted for comparison to the C3H.SW/SnJ-db/db males (B) and females (D).
In parentheses is the number of mice per group initially and surviving to
6 months; hatched lines denote the plasma glucose levels of matched litter-
mate controls. The approximate 3:1 ratio of susceptible to resistant dbldb
females in D was considerably lower than expected (64/1) and was identi-
cal to that observed in the F2 generation (see Figure 11D).

testing to be + /+ homozygotes. Because F2 db/db
males died suddenly between 3 and 5 months of age,
only five pancreases were obtained in adequate condi-
tion at necropsy for histologic analysis. The islets of
Langerhans in these specimens were extremely degener-
ate in structure, containing fewer than 5%o granulated
beta cells (Figure 3b). In addition to aldehyde fuchsin-
unstainable islet cells, the islet capsular space contained
numerous enlarged intraislet ductular structures and
exocrine cells. Mitotic figures were frequently observed
in the duct cells; and, when an aldehyde fuchsin-positive
beta cell was found, it was generally one cell removed
from the ductal lumen. These lumens contained a
mucuslike secretion that stained faintly with aldehyde
fuchsin (Figure 3b); macrophages were often seen at
the periphery of this secretion. Perivascular and duc-
tular inflammatory cell infiltrates (small lymphocytes,
macrophages, and a few polymorphonuclear neutro-
phils) were commonly observed; the inflammation in-
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Figure 3-Light micrographs of aldehyde-fuchsin stained pancreatic islets in F2 generation mice. a-Well-granulated islet in a +/+ male. (x 400)
b-Degenerate islet in pancreas of a 4-month-old dbldb male. Signs of islet atrophy include absence of granulated beta cells and the proliferation of
intraislet ducts. A weakly aldehyde fuchsin-positive stain is seen in a mucus secretion within the ductal lumen (asterisk); macrophages (arrows) are seen
in association with this material. (x 760) c-Well-granulated islet in a +/+ female. (x 380) d-Hyperplastic, partially degranulated islets in pan-
creas of a hyperglycemia-resistant 12-month-old dbldb female whose mean monthly plasma glucose over a 6-month period fell below 280 mg/dl (see
Figure 1 d). (x 200) e-Hyperplastic islet undergoing necrosis in pancreas of a hyperglycemic 12-month-old dbldb female whose mean monthly plas-
ma glucose over a 6-month period fell above 280 mg/dl (see Figure 1 D). Prbminent lumens (L) created by intraislet duct proliferation, as well as infiltration
of islet areas containing granulated beta cells by exocrine cells (E), and diffuse perivascular leukocytic infiltrates are seen. (x 190) f-"Exocrinization"
of an islet in the pancreas of a hyperglycemic 12-month old dbldb female. The original islet zone is still demarcated from the exocrine parenchyma,
but the islet itself is filled with exocrine cells, with only small rests of granulated beta cells (arrows) surviving. (x 380)
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TYPE C RETROVIRUS IN DIABETIC MICE 27

volved the surrounding exocrine parenchyma as well as
the damaged islets. Fibrotic changes were noted around
the perimeter of some of these islets, but the most char-
acteristic change was the complete replacement of islet
tissue by exocrine cells which remained demarcated
from the rest of the exocrine parenchyma by the islet
capsular space (see, Figure 30).
The histopathology of the pancreas of F2 db/db fe-

males was consistent with plasma glucose concentra-
tion at necropsy (12 months). Islet structure and beta
cell granulation in lean F2 + /? females were normal
(Figure 3c). Mutant females from the group whose mean
monthly plasma glucose was below 280 mg/dl showed
hypertrophy and hyperplasia of beta cells; aldehyde
fuchsin staining of these beta cells was less intense, in-
dicating partial degranulation. Radioimmunoassay of
plasma insulin at sacrifice confirmed hypersecretion
(mean ± SEM, 1009 ± 728,U/ml, range, 118-3560,
versus 49 ,uU/ml in + /? females). Similarly, total pan-
creatic insulin content was increased (21.7 ± 8 dAg/mg
pancreatic protein versus 6.4 ± 0.6 pig/mg in + /? con-
trols), a reflection of the beta-cell hypertrophy and
hyperplasia.
The histopathology observed in the hyperglycemic

group of F2 db/db females contrasted sharply with that
observed in the hyperglycemia-resistant group. In the
hyperglycemic group, the presence of greatly enlarged
islets indicated that hypertrophy and hyperplasia of beta
cells had occurred; however, most of these hyperplas-
tic islets were at various stages of degeneration. One
such islet mass illustrated in Figure 3e shows granulated
beta cells scattered between intraislet ducts, exocrine
cells, and leukocytes. An example of an "exocrinized"
islet is shown in Figure 3f, wherein scattered groups of
granulated beta cells are surrounded by exocrine cells
within the islet capsule. Mean plasma insulin values ob-

tained at sacrifice of these highly insulin-resistant
mutants (mean ± SEM, 2080 ± 939,U/ml; range,
246-5145) were twice as high as observed in the
hyperglycemia-resistant db/db females, while pancreatic
insulin content was only one-fifth as high (4.6 ± 0.8
gig/mg protein). This insulin content was 25% below
the value for normal females (6.4 ± 0.6 gg/mg pro-
tein). Focal necrosis of the exocrine parenchyma, and
fatty tissue replacement were frequently observed. In
addition to these pancreatic lesions, hepatomas were
found at a high incidence (65%) in these 12 month old
females, and livers were fatty in all db/db mutants,
regardless of sex or degree of hyperglycemia. The adre-
nal cortex and medulla were hypertrophied in females.
Of the five db/db males studied, two had extensive
nephritis in one kidney, consisting of multiple renal ab-
scesses with surrounding granulomatous reaction.

Retroviral Activation in Beta Cells

Table 1 documents the types of retroviruses observed
by electron microscopy in the pancreases of mice of the
P1 and F2 generations. IAPs were constitutively ex-
pressed in small numbers in beta cells of C3HeB/FeJ-
+/+ and C3H.SW/SnJ-+/+ parental generation mice.
This expression was markedly enhanced by the hyper-
glycemia associated with diabetogenesis in the C3HeB/
FeJ-db/db males. Expression was much less pronounced
in the very mildly hyperglycemic C3HeB/FeJ-db/db fe-
males. No other islet endocrine cell type showed lAPs,
and in none of these P1 sublines was type C retrovirus
ever observed in beta cells. However, immature type C
particles were observed budding from exocrine cells,
and mature type C were often seen in the intracellular
spaces between exocrine cells. This type C expression
was seen in exocrine cells of both normal and db/db

Table 1 -Intracisternal Type A Particle (IAP) and Type C Retrovirus Expression in Pancreas of P, and F2 Generation Mice

Cell type and associated retrovirus

Beta

Genotype

P, Generation
C3HeB/FeJ- + / + males
C3H.SW/SnJ- + / + males
C3HeB/FeJ-db/db males
C3HeB/FeJ-dbldb females

F2 generation
+/? (both sexes)
dbldb females, hyperglycemia-resistant
dbldb females, hyperglycemia

IAP Type C

+

++

++

Exocrine

IAP Type C

+

+ +

+

Ductal epithelial

IAP Type C

++

++

++

++

+ ++

++ ++

Three mice of each category were sampled, with at least three islets and associated exocrine tissue examined from each individual. Relative abun-
dance of retroviral particles for each cell type per grid was estimated on a scale in which - = absent, + = 1-5 particles, + + = 5-10 particles, + + +
= 10-20 particles, and + + + + = more than 20 particles. F2 dbldb males were not analyzed because islet atrophy was too severe at the sampling
points chosen (9 weeks and older).
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P, generation mice. However, in C3HeB/FeJ-db/db
males with severe hyperglycemia, type C viral expres-
sion was seen only in exocrine cells adjacent to or within
the degenerate islets, and virus was also associated with
the mucus secretion in the ductal lumens, apparently
deriving from the ductal epithelial cells.

Neither normoglycemic F2 + /? lean controls nor F2
db/db females resistant to hyperglycemia differed from
P1 generation female mice with regard to retrovirus ex-
pression, with beta cells expressing IAPs, but not type
C particles (Table 1). A striking difference, however, was
noted in the F2 db/db females which were hyper-
glycemic; the prenecrotic beta cells of these mice were
expressing type C retrovirus that was being shed from
the plasma membrane as well as budding intracellularly
into vacuoles and lysosomelike structures (see Figure
5). Type C particles were also observed in the periinsu-
lar and intraislet exocrine cells, as well as the ductal
lumens, apparently deriving from the ductal epithelial
cells. IAP production was also greatly enhanced in these
hyperglycemic mice.

Figure 4a contrasts the ultrastructural appearance of
well-granulated beta cells in the enlarged islets of the
diabetes-resistant F2 db/db (type C-negative) with that
of atrophic islets seen in hyperglycemic F2 db/db fe-
males, in which both type C and IAP expression was
high in beta cells (Figure 4b-d). This islet profile shown
in Figure 4b is composed primarily of surviving alpha
cells which are virus negative. An example of islet "exo-
crinization" (see Figure 3f) is shown in Figure 4c; a clus-
ter composed of a well-granulated alpha cell and three
beta cells at various stages of degranulation is com-
pletely enclosed by exocrine cells. A portion of a
necrotic beta cell being engulfed by an intraislet mac-
rophage is shown in Figure 4d.
The most noteworthy ultrastructural feature of the

beta cells in these atrophic islets was the expression of
type C particles typical of murine leukemia viruses at
the beta cell surface (Figure 5a). The first distinct viral
structures were electron-dense, crescent-shaped protru-
sions at the plasma membrane which developed short
microvillous "stalks" as they budded (Figure 5a and in-
set). Mature virions, approximately 100 m,u in diameter,
were observed in the intracellular spaces between beta
cells. In addition to presentation at the cell surface, these
particles budded intracellularly into cytoplasmic vacu-
oles (Figure 5b). Often these vacuoles were partially or
completely filled with an amorphous, electron-dense
substance such that they resembled lysosomes. Fusion
of contiguous particles in areas of extensive virus bud-
ding from the vacuole membranes was sometimes ob-
served (Figure 5c); presumably, such fused particles, in
cross-section, produced the atypical tubular forms
sometimes seen (Figure 5d). The above-described forms

of type C retroviral expression were seen in approxi-
mately 107oo of the beta cells surveyed in an islet. In con-
trast, the annular intracisternal type A particles (IAP)
were present in nearly every beta cell examined (Figure
Se); the greatest concentrations were always observed
in the most degranulated (hyperglycemia-stressed) beta
cells.
The periinsular and intraislet exocrine cells in the

hand-microdissected islet preparations expressed large
numbers of type C particles along their cell surfaces
(Figure 5f), without the intracytoplasmic budding forms
of type C virus seen in beta cells. The intraislet ductal
epithelial cells were filled with mucus droplets and ap-
peared to be hypersecretory (Figure Sg): no intracyto-
plasmic type C or IAP retroviruses were noted. How-
ever, this cell type appeared to be shedding type C
viruses, because the mucus secretion in the ductal lu-
mens (see Figure 3b) sometimes contained considera-
ble numbers of type C particles (Figure 5h).

Discussion

In a previous analysis of a sexually dimorphic ex-
pression of the db mutation in CBA/LtJ mice, we found
that diabetes-resistant female mutants could not be con-
verted to diabetes susceptibility by endocrinologic ma-
nipulation, even though the diabetes-susceptible males
could be rendered diabetes-resistant by estrogen treat-
ment.'5 In the present study, simply by mating C3HeB/
FeJ- + /db males to C3H.SW/SnJ females and sib-mat-
ing the progeny, the female resistance was abrogated
in 75%o of the F2 db/db females, and the male suscep-
tibility was markedly exacerbated in 1000o of the F2
db/db males. The failure of the diabetogenic accelera-
tor factor(s) to segregate in these males, as well as the
failure to decrease the 25Wo frequency of db/db females
retaining resistance following backcross to C3H.SW/
SnJ females, strongly suggested congenital transmis-
sion of a retrovirus from C3H.SW/SnJ females into
the C3HeB/FeJ subline derived originally to be free
of such C3H maternally transmitted retroviruses. Con-
genital infection of offspring by the mother can occur
via direct infection of ova, via intrauterine infection
of the embryo, or via the milk at birth. Although the
classic example of a milk-borne retrovirus is MMTV,
ecotropic type C retrovirus may also be disseminated
through milk to offspring. Melief et al16 achieved trans-
fer of high titers ofMuLV by foster-nursing of neonates
from a virus-negative stock (C57BL/lOJ) by females
of a virus-positive congenic resistant stock (BlO.A/
SgSn). Interestingly, when the virus-positive BlO.A fe-
males were mated with virus-negative B1O males, only
75(1 of the progeny were virus-positive, matching the
figure of 75Wo of diabetes-accelerated female db/db
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Figure 4-Electron micrographs of pancreatic islets in F2 dbldb female mice at 12 months of age. a-Well-granulated beta cells constitute the majority
of cells in the hyperplastic islets of a diabetes-resistant female. (x 2600) b-Atrophied islet in the pancreas of a hyperglycemic female. This field
consists mainly of alpha (A) cells, a delta (D) cell, and a beta (B) cell. (x 4200) c-A small rest of granulated islet cells remain within an islet capsule
infiltrated by exocrine cells (see Figure 3) in the pancreas of a hyperglycemic female. (x 8442) d-A portion of a beta cell (B) exhibiting degenerative
cytoplasmic changes being enveloped by a macrophage (M) in a atrophic islet in the pancreas of a hyperglycemic female. (x 2850)
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Figure 5-Retroviral expression in islets of hyperglycemic F2 dbldb females. a-Budding of immature type C particle (single arrows) from the plasma
membrane of a beta cell. Mature virions (double arrows) are seen in the intracellular space. (x 34,970) Inset shows detail of the semicircular viral
nucleocapsid forming at the beta-cell surface (x72,792) b-Appearance of "aberrant" intracellular forms of the type C retrovirus budding into a
vacuole (V) in the beta-cell cytoplasm. The vacuoles contain an amorphous, electron-dense substance and sometimes appear to be lysosomes. (x 59,825)
c and d-Intracellularly-budding type C particles apparently fusing by pairs to form elongated tubular elements. An early stage in the formation of a
typical trilaminar viral nucleocapsid is seen in c (arrow). (c, x 91,680; d, x 64,640) e-An intracisternal type A particle (arrow) in the cytoplasm of
the degranulated beta cells. This was the most commonly encountered retrovirus in beta cells of hyperglycemic mice and also was present at low density
in beta cells of normoglycemic mice of both C3H sublines. (x 45,450) f and g- Hypersecretory intraislet duct cells associated with an atrophic islet.
Type C particles (arrows) are present in the ductal secretion. Macrophages were often seen in the ductal lumens apparently phagocytosing ductal secre-
tions (see Figure 3b). (f, x 11,349; g, x 26,658) h-Extensive shedding of type C particles from the surface of an intraislet exocrine cell. Some of
the budded virons are fusing. (x 28,560)
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progeny in the present cross. Thus, genomic integra-
tion of congenitally transmitted retrovirus appears not
to occur in all individuals. The absence of mammary
tumors in 12-month-old + /? and db/db females indi-
cated that an exogenous MMTV had not been trans-
mitted. Moreover, our ability to retain accelerated di-
abetogenesis on a line of C3H.SWf/SnJ mice (fostered
free of C3H milk factors) indicated that the milk was
not the likely vector of transmission, and that the type
C viral expression in beta cells probably reflected am-
plification of an endogenous C3H.SW retroviral ge-
nome. The high incidence of hepatomas found in the
db/db females was probably a function of the hyperin-
sulinemic state produced by the obesity (db) mutation,
because a similar high incidence was reported in obese
C3H-AvY male mice.17 In comparing the severity of the
diabetic syndrome in various inbred mouse strains, we
had previously noted an association between the H-2b
haplotype and resistance to the diabetogenic action of
the db mutation.'3 This association was apparently
coincidental because the present study has clearly
demonstrated lack of H-2 influence on syndrome de-
velopment on the C3H inbred strain background. In
addition, we had previously noted a strong association
between diabetes susceptibility in inbred mice and their
ability to express IAP retroviral gene products in their
beta cells.' Increased intracellular p73, demonstrable
by immunocytochemical methods, as well increased
numbers of IAPs, identified by electron microscopy,
led us to propose that if exposed to cells of the immune
surveillance system, p73 might be perceived as a neo-
antigen. If this hypothesis were correct, then a demon-
stration of increased retroviral activity at the beta cell
surface should be reflected by an accelerated destruc-
tion of beta cells. Our finding of a type C particle be-
ing shed from mouse beta cells is novel; that this novel
expression was observed only in beta cells of the db/db
females with accelerated diabetogenesis and not in beta
cells of the diabetes-resistant females suggests to us that
elaboration of retroviral gene products at the surfaces
of beta cells leads to immune sensitization of the host.
Only the beta cells showed this activation of retroviral
genomes, and the beta cells were the only endocrine
islet cell type destroyed. It should be mentioned that
certain retroviral proteins can be integrated into the
plasma membrane at sites not associated with matura-
tion of virus particles, eg, the type C env gene prod-
uct, gp7O, and the IAP gene product, p73, in early em-
bryogenesis.2' 8 Elevated serum levels of gp7O have been
associated with accelerated pathogenesis of lupus
nephritis in autoimmune BXSB male mice.'9 A recent
report has shown that a noncytopathic viral infection
of mouse beta cells can lead to deterioration of beta
cell function as a result of persistent infection.20 Such

a finding may explain the male glucose intolerance
observed in the "Wellesley hybrid," a cross between
C3Hf females and I strain males21; ie, the I strain could
have contributed a retroviral genome to the foster-
derived C3H line. Further, the present study suggests
a potential explanation for the observation that F, males
of a cross between C3H/Tif females and DBA/2J males
were sensitive to diabetes induction by multiple, low
doses of streptozotocin, whereas the parental males were
resistant.22 The cytopathologic significance of the in-
tracellular forms of type C virus in beta cells is un-
known. The observation of aberrant type C particles
budding into intracellular vacuoles is not unique to the
present study; it has been described in the beta cells of
outbred CD-1 male mice following administration of
multiple low doses of streptozotocin.3 Following infec-
tion of inbred mice with a type C retrovirus isolated
from wild (Lake Cassitas) mice, lower limb paralysis
develops which is characterized by intracellular bud-
ding of type C particles in the degenerating central ner-
vous system myelinated neurons.23 Perhaps noteworthy
in this regard is the finding of accelerated thymus atro-
phy and T-lymphopenia in C57BL/KsJ-db/db mice.9'24
Retroviruses have been reported to produce T-lympho-
cyte dysfunction in mice,26 and an antiserum directed
against a recombinant virus gp7O also recognizes a thy-
mus differentiation antigen.26 The recent demonstration
of a human retrovirus associated with T-lymphopenia
in humans with acquired immunodeficiency syndrome
(AIDS) further emphasizes the cytopathic potential of
certain retroviruses.27
The leukocyte most commonly observed by light and

electron microscopy to have infiltrated into the islets
in hyperglycemic db/db mice was the macrophage. Pos-
sibly these intraislet macrophages were processing an-
tigens for presentation to lymphocytes. We have recently
demonstrated that macrophages may spontaneously ex-
press cytotoxic activity against beta cells in vitro, 18 and
so a destructive role for the macrophage itself must be
considered. Screening sera from C3HeB/FeJ mice by
indirect fluorescence microscopy, we have found autoan-
tibodies reacting with cells in the islets of Langerhans
in 400o of db/db males (all hyperglycemic) but in none
of the nearly normoglycemic C3HeB/FeJ-db/db fe-
males (Ji-Won Yoon, E. H. Leiter, and D. L. Cole-
man, manuscript in preparation). Antibodies against
insulin and p73 are being detected at serum dilutions
of 1/100 and greater with the use of enzyme-linked im-
munosorbent assay (ELISA); studies to screen the sera
collected from F2 db/db mice for antibodies against
type C antigens (p30, gp7O) are now in progress, as are
host range and tropism studies. Continued study of the
kinds of endogenous virus gene expression that can be
elicited in mammalian beta cells is clearly important.
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