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Summary. Multiple injections of streptozotocin to 
Charles River (CD-1) Laboratory mice resulted in a 
syndrome characterised by diabetes mellitus, insulitis 
and the induction of endogenous type C viruses in 
pancreatic beta cells. Within one week after the com- 
pletion of five intraperitoneal injections of strep- 
tozotocin, the CD-1 mice exhibited irreversible 
hyperglycaemia and insulinopaenia. Light micro- 
scopic studies of pancreata from mice sacrificed at 
this time demonstrated insulitis and beta cell ne- 
crosis. Electron microscopic studies revealed spheri- 
cal and atypical cylindrical type C viruses and occa- 
sional clusters of intracisternal type A viruses exclu- 
sively within beta cells. To clarify the identification of 
the type C viruses and their role in the genesis of the 
insulitis, type C virus specific antigens were identi- 
fied within islet cells by immune fluorescence at vari- 
ous intervals after streptozotocin administration. 
Immune fluorescence studies demonstrated the 
presence of type C virus antigens within islets from 
streptozotocin treated mice but not in buffer-injected 
controls. Time course studies suggested that type C 
virus induction may precede the appearance of 
insulitis by two days and that insulitis is consistently 
accompanied by the presence of virus positive islet 
cells. 

Key words: Diabetes mellitus, streptozotocin, type C 
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Considerable interest has been generated in the pos- 
sible pathogenetic roles of autoimmune disorders and 
infectious viral agents in the aetiology and progres- 
sion of diabetes mellitus. The implication of abnor- 

mal autoimmune mechanisms is based upon the clini- 
cal observation that diabetes is frequently associated 
with autoimmune diseases of the thyroid [1, 2, 3], 
adrenal cortex [4, 5], haemapoietic tissues [3, 6] and 
gastric mucosa [3, 7]. In addition, lymphocytic infil- 
tration of the islets of Langerhans [8] and humoral 
islet-specific antibodies [9, 10] in juvenile-onset insu- 
lin-dependent diabetes of short duration have been 
reported. Evidence suggesting a pathogenetic role of 
viruses in diabetes stems from clinical observations 
showing a close temporal relationship between the 
onset of diabetes in children and preceding infections 
by mumps [11], rubella [12] and coxsackie B-4 vi- 
ruses [13]. Additional experimental data have also 
shown that the M variant of encephalomyocarditis 
virus destroys pancreatic beta cells in selected mouse 
strains resulting in insulin-dependent diabetes [14]. 

Earlier reports from this laboratory [15, 16, 17] 
described a model of experimentally induced dia- 
betes which was produced by the administration of 
multiple subdiabetogenic doses of streptozotocin to 
Charles River Laboratory mice. Diabetes was 
characterised by delayed, progressive hypergly- 
caemia, severe pancreatic insulitis and the induction 
of endogenous type C viruses within pancreatic beta 
cells. Conclusive viral indentification, however, was 
made difficult by the absence of viral budding from 
external plasma membranes of virus producing beta 
cells. Furthermore, the virus induction and the com- 
position and delayed arrival of the inflammatory 
infiltrate suggested that the type C virus may have 
played a causal role in the insulitis by the initiation of 
a cell-mediated immune response. 

This report describes experiments designed to 
identify the observed viruses by immunohistochemi- 
cal techniques and to describe more comprehensively 
the ultrastructural events associated with virus induc- 
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Fig. 1. Plasma glucose and immunoreactive insulin in CD-1 mice 
following five IP injections of streptozotocin (40 mg/kg/day • 5 
days). Each data point represents the mean _+_ SEM for groups of 
mice sacrificed on the indicated day 

t ion.  I n  a d d i t i o n ,  s tud i e s  a r e  d e s c r i b e d  w h i c h  e s t a b -  

l ish t h e  t e m p o r a l  r e l a t i o n s h i p  b e t w e e n  t h e  o n s e t  o f  

v i rus  i n d u c t i o n  a n d  t h e  a r r iva l  o f  t h e  i n f l a m m a t o r y  

cells.  

Materials  and M e t h o d s  

Male 30--40 g outbred Charles River Laboratory (CD-1) mice 
were given five daily intraperitoneal injections of streptozotocin 
(40 mg/kg), dissolved in 0.1 mol/i citrate buffer (pH 4.2) immedi- 
ately before injection. Animals of the same weight and sex receiv- 
ing an equal volume of citrate buffer served as controls. All ani- 
mals were provided with Old Guilford mouse chow (96W) and 
water ad libitum. Blood samples were collected between 
10 : 00-12 : 00 AM from the orbital venous sinus and aliquots of 
plasma were analysed for glucose [18] and immunoreactive insulin 
[19]. Animals were sacrificed by exsanguination on the fifth 
through tenth days following the initial streptozotocin injection 
and the pancreata were excised and prepared for cryotomy or light 
microscopy. 

Immunohistochemistry Procedures 

Identification of murine leukaemia viruses was accomplished using 
a direct immune fluorescence technique. Acetone fixed cryostat 
(8~t) sections of pancreas were incubated with a solution (1 : 60) of 
goat anti-Moloney leukaemia virus antibody conjugated with 
fluorescein isothiocyanate (G-AMLV-FITC) and rhodamine 
counterstain (1:5) diluted in phosphate buffered saline (PBS). 
Pancreatic sections were allowed to incubate for 1 h at 37 ~ C. The 
tissues were then rinsed in PBS, mounted using glycerol: PBS 

(9 : 1) and examined with a Zeiss fluorescence microscope equip- 
ped for epi-illumination. 

Electron Microscopy 

Buffer injected control mice (n = 4) and mice treated with strep- 
tozotocin on the fifth (n = 4) and eleventh (n = 6) days following 
the initial streptozotocin injection were selected for electron mi- 
croscopic studies. Animals were anaesthetised with Nembutal | 
sodium solution and perfused via cardiac canulae with Ringer's 
lactate solution containing 1 U/ml each of heparin and procaine. 
Tissues were subsequently fixed by perfusion with a solution of 
phosphate buffered paraformaldehyde (0.1 g/l) and glutaral- 
dehyde (0.125g/1) containing CaCle (0.555g/1), trinitrocresol 
(0.2g/l) and (0.2g/l) polyvinylpyrolidone (pH7.4). Islets of 
Langerhans were isolated from the exocrine pancreas by free-hand 
microdissection and were postfixed with (0.133 g/l) phosphate 
buffered osmium tetroxide. Tissues were then "stained" en-bloc 
with uranyl acetate (0.15 g/l) in 0.05 mol/1 sodium maleate buffer 
(pH 5.2) and embedded in a mixture of epon-araldite. Sections 
were stained sequentially with aqueous uranyl acetate and lead 
citrate [20] and were examined with either a Philips 301 or a 
JEM 100S electron microscope. 

Miscellaneous 

Stretozotocin was generously supplied by Dr. William E. Dulin 
(Upjohn Company, Kalamazoo, Michigan). The lot numbers and 
anomeric composition of streptozotocin were as follows: #10517 
= ct - 50%, [3 - 50%; #10518 = c~ - 90%, 13 - 10%; #60140 
= c( 88%. 15 - 12%; #118 F-1 = a - 25%, 15 - 75%. Guinea pig 
anti-insulin serum used in the insulin radioimmunoassay was 
obtained from Dr. Peter Wright (Department of Pharmacology, 
Indiana University, Indianapolis, Indiana). G-AMLV-FITC was 
kindly supplied by Dr. Roger Wilsnak (Huntington Research 
Center, Bethesda, Maryland). This antiserum was prepared 
against Tween-ether disrupted Moloney leukaemia virus and cross 
reacts with all known strains of murine leukaemia virus [21]. 

Resul t s  

Plasma Glucose and IRI 

T h e  p l a s m a  g l u c o s e  a n d  i m m u n o r e a c t i v e  insu l in  
( I R I )  l eve l s  in C D - 1  m i c e  a f t e r  f ive  i n t r a p e r i t o n e a l  

i n j e c t i o n s  of  s t r e t o z o t o c i n  a r e  s h o w n  in F i g u r e  1. 

N o r m a l  p l a s m a  g l u c o s e  l eve l s  w e r e  f o u n d  d u r i n g  t h e  

f irs t  f o u r  days  o f  s t r e p t o z o t o c i n  i n j e c t i o n s  bu t  p r o -  
g re s s ive  h y p e r g l y c a e m i a  was  f o u n d  t h e r e a f t e r .  B y  t h e  

t e n t h  d a y  a f t e r  t h e  o n s e t  of  s t r e p t o z o t o c i n  t r e a t m e n t ,  
t h e  m e a n  p l a s m a  g l u c o s e  c o n c e n t r a t i o n  was  445  m g /  

1 0 0 m l  a n d  r e m a i n e d  a b o v e  this  l eve l  t h e r e a f t e r .  

C o n v e r s e l y ,  m e a n  p l a s m a  I R I  w a s  s ign i f i can t ly  
r e d u c e d  f r o m  t h e  p r e - i n j e c t i o n  l eve l s  b y  t h e  e igh t  d a y  

a n d  was  d e t e c t a b l e  o n l y  in t r a c e  c o n c e n t r a t i o n s  a f t e r  
t h e  f irs t  m o n t h .  S p o n t a n e o u s  r e c o v e r y  f r o m  hy-  

p e r g l y c a e m i a  a n d  h y p o i n s u l i n a e m i a  was  n o t  o b -  
s e rved .  
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Fig. 2. a Islets from buffer injected CD-1 mouse show- 
ing normal morphology. Haematoxylin and eosin. 212 
• magnification, b Islets from CD-1 mouse sacrificed 
six days after completion of five streptozotocin injec- 
tions demonstrating severe insulitis. Inflammatory cells 
surround and permeate the islet parenchyma. Cytoar- 
chitecture of component islet cells is disorganised. 
Haematoxylin and eosin. 212 • magnification 

Light Microscopy 

The islets from control CD-1 mice (n = 10) were nor- 
mal morphologically (Fig. 2 A) and showed no evi- 
dence of virus specific fluorescence after incubation 
with G-AMLV-FITC (Fig. 3 A). Foci of fluorescence 
were intermittently observed in pancreatic acinar 
cells from control animals. Weak fluorescence was 
occasionally observed in islet cells from control ani- 
mals displaying concomitant pancreatic acinar cell 
fluorescence, but was never comparable to the inten- 
sity observed in streptozotocin treated animals. 

At eleven days after the first of five injections 
with streptozotocin, islets of Langerhans exhibited 
pronounced disorganisation of the component islet 
cells with severe insulitis (Fig. 2B).  Interstitial 
aedema and necrotic cell debris were observed and 
an extensive round cell infiltrate composed predo- 
minantly of lymphocytes and macrophages sur- 
rounded and permeated the islets. The appearance of 
type C virus antigens within the islet cells as observed 
by fluorescence microscopy is illustrated in 

Figure 3 B. Type C virus specific fluorescence was 
granular, of variable intensity and randomly distri- 
buted throughout the cytoplasm of the islet cells. 
Although virus specific fluorescence was consistently 
observed in all islets with insulitis, the number of 
fluorescent positive cells within each islet was vari- 
able. 

To determine the tissue distribution of murine 
leukaemia virus in animals with islet cell flourescence 
after streptozotocin treatment, various extrapan- 
creatic tissues were examined for type C virus anti- 
gens (Table 1). Murine leukaemia virus-specific fluo- 
rescence was present in bronchial glandular 
epithelium, renal glomerular basement membranes, 
spleen and mesenteric lymph nodes. Splenic and 
mesenteric lymph nodes from control mice also 
demonstrated weakly positive virus-specific fluores- 
cence; however, all other tissues from control ani- 
mals were negative. Murine leukaemia virus antigens 
in lymphoid tissues of normal mice have been 
reported by other investigators [22, 23]. 

The temporal relationship between the induction 
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Fig. 3. a Islet from buffer injected CD-I 
mouse showing no fluorescence after incu- 
bation with G-AMLV-FITC. 525 • mag- 
nification, b Islet from streptozotocin 
treated mouse demonstrating virus specific 
fluorescence after incubation with 
G-AMLV-FITC. Fluorescence is granular 
and is randomly distributed throughout the 
cytoplasm in islet ceUs. 525 • magnification 

of islet type C viruses and the arrival of inflammatory 
cells, following streptozotocin treatment,  is illus- 
trated in Table 2. Virus-specific antigens were first 
observed in islets of CD-1 mice on the sixth day fol- 
lowing the initial streptozotocin injection and were 
detected with increasing frequency thereafter. 
Insulitis was observed on the eighth day and was 
always associated with virus-specific fluorescence in 
the pancreatic islets. All animals demonstrated both 
type C virus and insulitis by the tenth day. 

Several lots of streptozotocin having different 
alpha-to-beta anomer ratios were tested in CD-1 
mice to determine whether these preparations had 
preferential effects on enhancing viral replication. 
Variations in the anomeric composition of strep- 

tozotocin did not appear to produce any consistent 
effect upon type C virus induction., 

Electron Microscopy 

The component  cells from islets of Langerhans of 
buffer injected control animals exhibited normal 
ultrastructure (Fig. 4 a). Type C virus particles were 
occasionally seen within normal beta cells. The mor- 
phology and intracellular location of these particles 
were similar in beta cells from both control and 
stretozotocin treated mice. 

Type C viruses were rarely encountered in islets 
from mice sacrificed on the fifth day of streptozotocin 
injections. However,  beta cells from these islets 
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revealed subtle cytoarchitectural abnormalities. 
Increased interstitial space was observed between 
component islet cells, suggesting oedema, and the 
outer surfaces of the beta cells were frequently irreg- 
ular, forming villus-like projections from membrane 
surfaces (Fig. 4b).  Morphological abnormalitities 
were not observed among alpha, delta and pancreatic 
polypeptide cells after treatment with streptozotocin. 

Both spherical and cylindrical type C virus forms 
were observed in beta cells from islets of mice sa- 
crificed on the eleventh day after initiation of strep- 
tozotocin injections (Figs. 5 a, 5 b). These particles 
consisted of a spherical core of compact nucleoid 
having an electron-lucent core centre with a sur- 
rounding viral envelope. They were observed bud- 
ding from the inner surfaces of the rough endoplas- 
mic reticulum cisternae, golgi related vesicles and 
smooth surfaced cisternae. Budding virus profiles 
were not observed at the plasma membranes or 
within interstitial spaces. Virus particles were 
observed only within islet beta cells and were most 
commonly seen in those beta cells showing active 
hormone biosynthesis and secretion - ie: degranula- 
tion with increased rough endoplasmic reticulum, 
enlarged golgi structures and numerous transitional 
elements. In addition to type C viruses, intracisternal 
type A particles were occasionally observed within 
pancreatic beta cells (Figs. 5 a, 5 c). The intracister- 
nal A particles could be differentiated from type C 
particles by the absence of a viral envelope and the 
presence of "knob-like" surface projections extend- 
ing from the outer nucleoid shell. Both intracister- 
nal A and type C virus particles were occasionally 
observed within the same beta cell. 

Wide variation existed in the ultrastructural 
appearance of beta cells of streptozotocin treated 
mice sacrificed on the eleventh day. Intact beta cells 
were observed frequently showing degranulation and 
enhanced insulin biosynthetic activity as well as ne- 
crotic cells in variable degrees of degeneration. Beta 
cells contained nuclei with irregular contours, 
increased numbers of lysosomes and frequently con- 
tained large numbers of pale secretory granules. 
Numerous islet associated interstitial and peripheral 
"activated" lymphocytes were observed as well as 
macrophages containing beta cell debris (Fig. 6). 

Discussion 

The ultrastructural and immunohistochemical studies 
described above confirm the classification of the virus 
particles as type C proposed earlier [15]. The signifi- 
cance of the atypical cylindrical forms, however, 
remains uncertain. Similar filamentous or cylindrical 

Table 1. Tissue distribution of murine leukaemia virus antigens in 
CD-1 mice sacrificed on the eleventh day after receiving the first 
of five injections of streptozotocin 

Virus positive tissues a 

Pancreas 
Spleen 
Mesenteric lymph nodes 
Lung (bronchial glandular epithelium) 
Kidney (glomerular basement membrane) 

Virus negative tissues 

Neural tissues Salivary gland 
Liver Adenohypophysis 
Heart Adrenal cortex 
Stomach Adrenal medulla 
Small intestine Thyroid 
Large intestine Testis 

a Observations are based on tissues obtained from a minimum of 
four mice which demonstrated positive islet virus specific fluores- 
cence 

Table 2. Temporal relationship between the presence of islet 
type C viruses and insulitis following streptozotocin treatment 

Days Post-Injection 5 6 7 8 9 10 

% Islet Type-CVirus a 0% 33% 17% 75% 75% 100% 
% Insulitis 0% 0% 0% 42% 75% 100% 
(n) (6) (6) (6) (12) (12) (6) 

a Observations were made at daily intervals after completion of 
five injections of streptozotocin 

type C virus particles have been described in intact 
cells of mice with virus-induced leukaemia [24, 25], 
and in various cell lines infected with leukaemia virus 
[26, 27]. Treatment of cultured hepatoma cells with 
the mutagenic agents 5-bromo-deoxyuridine and 
dimethyl sulphoxide has also resulted in a marked 
increase of cylindrical type C virus forms [28]. 
Because of the morphological characteristics and 
infrequent appearance of these virus forms, it has 
been suggested that cylindrical type C particles result 
from abnormalities in virus assembly in which elon- 
gation is associated with a failure to complete the 
budding process. Since streptozotocin has been 
demonstrated to have both oncogenic [29] and 
mutagenic [30] capabilities, it is possible that strep- 
tozotocin may interfere with the biochemical events 
associated with virus assembly and maturation. The 
absence of budding from beta cell plasma membranes 
and the limited tissue distribution of the type C vi- 
ruses may indicate that the cylindrical particles repre- 
sent immature non-infective forms. 

The significance of intracisternal type C particles 
observed within the islet beta cells also remains enig- 
matic. Intracisternal type A particles have been 
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Fig. 4. a Electron micrograph from 
buffer injected CD-1 mouse. Beta 
cells are fully granulated. Minimal 
interstitial space (*) separates 
opposing beta cells and an adjacent 
capillary (CAP). 4,100 x magnifica- 
tion. b Islet from CD- I mouse sac- 
rificed after completion of five stren- 
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Fig. 5. a Beta cell from CD-1 mouse sacrificed on the eleventh day after receiving the first of five streptozotocin injections. Increased 
quantities of rough endoplasmic reticulum and beta degranulation are prominent. Clusters of type C (C) and intracisternal type A (A) 
particles are present. Arrows indicate sites of virus budding from cisternae of rough endoplasmic reticulum. 23,000 × magnification. 
b High magnification electron micrograph illustrating substructure of cylindrical and spherical type C viruses. 65,000 magnification, e High 
magnification electron micrograph illustrating intracisternal type A virus particles. Surface projections ("spikes") extending from the 
nucleoid core are prominent. 70,000 × magnification 
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Fig. 6. Macrophage (MAC) containing phagocytised beta cell debris. B = beta cell. 6,000 × magnification 

occuring in CD-1 mice receiving multiple sub- 
diabetogenic doses of streptozotocin contrasted 
sharply with the conventional events observed after a 
single large dose is used. When streptozotocin is 
administered as a single large dose, beta cells 
undergo necrosis within a twenty-four hour period 
and islets do not develop an inflammatory reaction. 
Due to the immediate toxic effect of streptozotocin 
upon the beta cells, islets rapidly become depleted of 
beta cells and a sustained hyperglycaemia is manifest 
within forty-eight hours after the injection [34]. Beta 
cells from CD-1 mice showed minimal ultrastructural 
abnormalities upon completion of five sub- 
diabetogenic streptozotocin injections and developed 
necrosis only during the period of insulitis. Similarly, 
hyperglycaemia and hypoinsulinaemia were delayed 
and progressive. The above observations suggest that 
streptozotocin produces two distinct forms of dia- 
betes in CD-1 mice when different dose schedules 
are used. Following a single large injection, diabetes 
results from the rapid irreversible beta cytotoxic 
effect of streptozotocin. After multiple small injec- 
tions of streptozotocin, diabetes appears to result 
from a delayed cell-mediated immune attack directed 
against islet beta cells. Whether this delayed effect is 
due to structural alterations of beta cells, type C virus 
induction, direct immune system interaction, or a 
combination of these three effects, remains to be 
determined. 

Numerous reports have indicated that the type C 

virus envelope protein, gp 70, and the precursor 
polyprotein of the viral core structural proteins, are 
constituents of leukaemia cell membranes and are 
capable of serving as target hosts for an immune 
response [35, 36]. Therefore, it is tempting to pos- 
tulate that streptozotocin enhanced type C virus 
induction results in structural changes of beta cell 
membranes which initiate a cell-mediated immune 
response. Using the methods described, the data sug- 
gest that viral induction preceded the arrival of the 
inflammatory cells by two days. If CD-1 mice are 
naturally immune to endogenous type C viral anti- 
gens, then the timing of these events is consistent 
with the possibility that virus related alterations of 
beta cells elicited a delayed hypersensitivity reaction 
within the islets. It is also conceivable that viral pro- 
teins are synthesised and localised as surface antigens 
on beta cell membranes days before viral assembly is 
completed. Additional studies utilising immunoelec- 
tron microscopy might help to establish the precise 
period of viral protein synthesis. 

The mechanism by which streptozotocin 
enhances type C virus induction and produces 
insulitis remains unclear. Murine leukaemia viruses 
have also been experimentally induced by X-irradia- 
tion [23] and numerous chemical agents including 
halogenated pyrimidines, steroids and nitrosoamines 
[21, 37, 38]. Presumably the sequence of events 
involves derepression of viral genetic information 
incorporated into the host genome (by mutation) or 



M. C. Appel et al.: Viral Studies in Streptozotocin-Induced Insulitis 335 

involves more subtle mechanisms of reversible alter- 
ation of regulator genes or gene products. However, 
both the capacity of the animal to express type C 
virus and the sensitivity of the host animal to viral 
antigens appear to be regulated by complex genetic 
factors [21, 39]. Evidence of an inherited susceptibil- 
ity to streptozotocin-induced insulitis was supported 
by other studies in which eight strains of mice were 
given multiple streptozotocin injections and 
examined for the presence of insulitis [40]. Of the 
eight strains investigated only C57B1/KsJ mice 
demonstrated an insulitis-diabetes syndrome com- 
parable with CD-1 mice. Insulitis from these inbred 
C57B1/KsJ mice was also accompanied by increased 
replication of intracisternal A but not C type virus 
particles (unpublished data). Further studies are 
necessary with each of these animal models to clarify 
the roles of streptozotocin and the viruses in the 
pathogenesis of pancreatic insulitis and to determine 
the predisposing hereditary factors. 
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