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Summary. Adult male mice infected with the M variant of  en- 
cephalomyocarditis virus develop hyperglycaemia acutely as 
a consequence of  B cell injury. The severity of  the metabolic 
disease is variable and many animals become normogtycae- 
mic during convalescence. The islets of  Langerhans of  these 
mice exhibit minor structural changes, but there are no signifi- 
cant abnormalities of insulin and glucagon secretion. In con- 
trast, animals with persistent hyperglycaemia exhibit striking 

morphological alterations in the islets. The A cell mass is 
prominent, whereas B cells are reduced in number and exhibit 
striking cytological features. These changes are associated 
with both hypoinsulinaemia and hyperglucagonaemia. 
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The  d iabe togenic  M var iant  o f  encepha lomyoca rd i t i s  
( E M C )  virus at tacks pancrea t ic  B cells o f  some  but  no t  
all strains o f  mice [1-3]. M o r p h o l o g i c a l  and  b iochemi-  
cal studies have fai led to demons t ra t e  in jury to A cells 
dur ing  or  immedia te ly  after the acute  stages o f  infect ion 
[4-6]. The  func t ion  o f  these cells, however ,  appears  to 
be al tered w h e n  isolated islets and  m o n o l a y e r  cultures 
o f  islet tissue are exposed  to the virus in vitro [7, 8]. 
Us ing  immunoh i s tochemis t ry ,  Stefan et al. [9] no ted  a 
r educ t ion  in the n u m b e r  o f  B cells dur ing  the acute  in- 
fec t ion and  invas ion o f  the islets by  non-B,  g lucagon-  
con ta in ing  cells f r o m  the pe r iphery  o f  the islets in early 
convalescence .  

Changes  in the cell popu la t ions  o f  the islets in mice  
deve lop ing  chronic  diabetes after E M C  virus infect ion 
have no t  been  investigated. In  the studies repor ted  here, 
we  d o c u m e n t  al terat ions in A and  B cell func t ion  dur-  
ing late conva lescence  a nd  record  morpho log i ca l  obser-  
va t ions  on  the cellular compos i t i on  o f  the islets. 

Materials and Methods 

Animals 

Male 12-week-old CD-t mice (Charles River Breeding Laboratories, 
Wilmington, Massachusetts, USA) were maintained on a 12-h light/ 
dark cycle with food and water ad libitum as described previously [1]. 
Metabolic cages were used to collect urine and to determine food and 
water consumption. Animal weights were determined at weekly inter- 

vals. Mice were administered phosphate-buffered saline (0.5 ml) by 
gastric tube on occasion when evidence of severe dehydration oc- 
curred after a series of bleedings. As control animals, 25 sex and age- 
matched normal mice from the same origin were kept and observed 
under similar conditions, but without virus inoculation. 

Virus 

The origin of the M variant of EMC virus and its preparation have 
been described previously [10]. Mice were infected by the intraperito- 
neal route with approximately 100 plaque-forming units in 0.2 ml of 
0.85% (0.15mmol/l) Hanks' balanced salt solution buffered with 
0.06 tool/1 phosphate. 

Glucose Tolerance Tests 

Methoxyflurane-anaesthetized animals were inoculated by the intra- 
peritoneal route with 2 mg/g body weight of glucose of buffered 
0.85% NaC1 (0.5 ml). Blood was obtained from the femoral vein be- 
fore and at intervals after the administration of glucose, using an in- 
dwelling Teflon catheter (external diameter=l ram, Top Venula 
catheter, Top Corporation, Tokyo, Japan; Fig. t). The blood was col- 
lected in heparinized microhaematocrit tubes and the glucose concen- 
tration determined by the glucose oxidase method using a Yellow 
Springs Instrument Model 23A analyzer (Yellow Springs Instru- 
ments, Yellow Springs, Ohio, USA). 

Blood was obtained for insulin and glucagon determinations from 
the catheter, and after immediate addition of aprotinin (500 KIU/ml, 
Trasyrol, Bayer, Leverkusen, FRG) the plasma was separated in the 
cold and stored deep frozen. Plasma insulin and glucagon concentra- 
tions were determined by radioimmunoassay. In the radioimmunoas- 
say, the within assay coefficient of variation was 7% for 2.0 mU/1 of 
insulin (in terms of rat insulin standard). Anti-glucagon antiserum: 
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30 K (Unger) worked at a within assay coefficient of variation < 11% 
for 30 pmol/1. 

Urinary glucose was assayed using Tes-Tape (Eli Lilly, Indian- 
apolis, Indiana, USA). 

Morphological Studies 

Pancreatic tissue was fixed in Bouin's solution for approximately 6 h 
and transferred to buffered formalin for storage. After routine prepa- 
ration, histological sections were stained with haematoxylin and eosin 
or by the immunoperoxidase technique. Rabbit anti-insulin and anti- 
glucagon (30 K) serum were used in conjunction with peroxidase-con- 
jugated anti-rabbit immunoglobulin raised in goats (Cappel Labora- 
tory, Cochranville, Pennsylvania, USA). Ultrastructual studies were 
carried out on glutaraldehyde-fixed tissue using standard techniques. 

Statistical Analysis 

Student's t-test was used tO examine differences b e t w e e n  the  mean 
values�9 A method after Cochran-Cox was used to ascertain signifi- 
cantly different fluctuations of insulin or glucagon concentrations be-  

t w e e n  the animal groups during glucose tolerance tests. 

Results 

The virological and metabolic features of the acute in- 
fectious process in EMC infected mice and the subse- 
quent occurrence of metabolic abnormalities have been 
recorded in detail elsewhere [1, 5, 11]. Studies of  infect- 
ed animals in the present series of  experiments yielded 
similar results. As noted previously, mortality and the 
occurrence of  glycosuria were variable in animals of  a 
similar age and size. Although factors which might ac- 
count for differences in the severity of  diabetes were not 
identified, previous work strongly suggests that meta- 
bolic host influences are important [12]. 

For the purposes of  this report, infected animals 
were assigned to three groups based on either the pres- 
ence or absence of glycosuria and its persistence during 
convalescence (Table 1). 

A small number of randomly selected members of 
the three groups were studied 3 months after infection 
to characterize the metabolic disease (Table 2). Animals 
in groups 1 and 2 did not differ significantly from con- 
trols, although the mice in both groups tended to eat 
more and gain less weight than age-matched controls. 
On the other hand, the weight of mice with persistent 
glycosuria (group 3) was reduced significantly and these 
animals manifested marked polyuria and polyphagia. 

The results of studies of islet cell function in these 
same animals 5 months after virus inoculation are sum- 
marized in Figure 1. As might be expected, glucose in- 
tolerance was evident in animals of groups 2 and 3. 
These alterations in metabolic function were associated 
with a substantial decrease in insulin release in response 
to a glucose challenge. The glucagon concentrations in 
the blood of controls and members of  group i tended to 
decrease after the administration of  carbohydrate. In 
contrast, the blood glucagon concentration of the fast- 

Table 1. Mortality of EMC virus infected animals by category of dis- 
ease severity 3 months after virus inoculation 

Number Number Surviving animals at Uninfect- 
infected dead 3 months ed 

controls 
G r o u p l  Group2 Group3 

80 32 (40%) 14 (29%) a 11 (25%) ~ 23 (46%) a 25 b 

Group 1: no glycosuria; group 2: transient glycosuria (ie, glycosuria 
for < 3 months after inoculation of virus); group 3 : persistent glycos- 
uria for ~ 3 months; '~percentage of the 48 mice surviving at 3 months 
in parentheses; bwithout 'diabetic' death 

Table 2. Physiological features of infected and non-infected mice after 
3 months 

Urine Urine Body Food 
glucose volume weight intake 
(mg/day) (ml/day) (g) (g/day) 

Uninfected Negative 0.95 + 0A 5 48.6 + 4.0 3.48 + 1.4 
controls 
(n=25)  
Group 1 Negative 0.99 + 0.20 44.5 +_ 5.7 3.77 + 1.7 
(n=5) 
Group 2 Negative 1.04 + 0.22 43.4 _+ 5.9 4.76 + 1.9 
(n=5) 
Group3 540+110 32.7 +6.1 34.2_+3.6 8.0 +0.37 
(n=6)  

Results expressed as mean + SD 
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Fig. 1. Pancreatic islet cell function in uninfected control mice and the  
three  infected study groups 5 months after infection with EMC virus. 
Control (no glycosuria, n =  5); group 1 (no glycosuria, n=7) ;  group 2 
(transient glycosuria, n=4) ;  group3 (persistent glycosuria, n=5).  
Upper panel: Blood glucose concentrations at 1 and 2 h after intraperi- 

toneal administration of 2 mg/g of glucose, o . . . . .  o = pre-infec- 
tion; 0- - - -0  = post-infection. *Values significantly higher than con- 
trois at corresponding time (p < 0.05). Lower panel: Plasma immuno- 
reactive insulin and glucagon before and 30 min after administration 
of 2 mg/g  of glucose. [ ]  IRI; [~  - IRG. * Values significantly differ- 
ent from basal concentrations (p<0.05). **s suppression signifi- 
cantly less than in the other groups (p < 0.05 by t-test after Cochran- 
Cox's simulation method) 
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Fig. 2 a-h. Immunoperoxidase staining of histological sections for immunoreactive insulin (a-d) and immunoreactive glucagon (e-h) from con- 
trol mice and the three study groups 5 months after infection with EMC virus. Controls: a, e; group 1: b, f; group 2: e, g; group 3: d, h 
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consistent with the usual distribution of A cells. There 
was a tendency for these cells to be scattered within the 
substance of the islets in mice convalescing from infec- 
tion. Glucagon-staining cells predominated in the islets 
of mice with persistent glycosuria (group 3). 

Light and electron micrographic evaluation of the 
pancreatic islets of chronically diabetic mice revealed a 
complex picture which defies exacting interpretation 
(Figures 3-7). Within the islets, the cells varied in size 
and configuration. Many were poorly granulated and 
exhibited an abundant but loosely arranged endoplas- 
mic reticulum. We believe some of these cells represent- 
ed residual, degranulated B cells. Other cellular ele- 
ments contained numerous dark staining granules; the 
fine structural morphology and distribution was con- 
sistent with A cells. 

At the periphery of the islets, the acinar and endo- 
crine cells of the pancreas were intermingled and occa- 
sional cells contained both zymogen and endocrine 
granules. Many of the acinar cells had an irregular con- 
figuration and exhibited an abundant endoplasmic reti- 
culum; some extended into the substance of the con- 
tracted islets. The pattern suggested that acinar cells 
proliferate at the islet margin and undergo metaplasia 
to form endocrine elements. 

Fig. 3a-c. Selected islets of Langerhans from a mouse 8 months after 
infection with EMC virus. The blood glucose concentrations were >/ 
16.5 m mol/1 at the time of sacrifice. Note the distorted organization 
of the insular elements and the presence of altered acinar cells within 
and at the periphery of the islets. The prominent basophilic material 
represents hyperplastic endoplasmic reticulum (Fig. 6). 
Arrows denote large cells with pale staining cytoplasm that are scat- 
tered in the islets. These are believed to be the cells illustrated in Fig- 
ures 4 and 5 that have a loosely-structured cytosol and a sparse endo- 
plasmic reticulum (haematoxylin and eosin stained, x 75). d Aldehyde 
fuchsin stained islets demonstrating the near-absence of cells contain- 
ing insulin granules ( x 75) 

ing members of group 3 was increased before and 
30 min after initiation of the test. 

Figure 2 illustrates the results of immunohistochem- 
ical studies to identify insulin and glucagon containing 
cells in the islets of control mice and members of the 
study groups at 5 months. The photomicrographs were 
prepared from the pancreases of animals used in the 
studies shown in Figure 1; the islets illustrated are be- 
lieved to be representative of the changes observed. As 
seen in Figure 2, the islets of the persistently glycosuric 
animals were distorted in configuration and depleted of 
insulin. The distribution of glucagon-containing cells at 
the periphery of the islets in the control animals was 

Discussion 

Infection of male mice of the CD-1 strain with the M 
variant of EMC virus results in a marked reduction in 
the B cell mass of the pancreatic islets. Individual A 
cells show few, if any, morphological changes and there 
is currently no evidence to indicate these cells are infect- 
ed. Thus, during convalescence A cells are prominent in 
the pancreatic islets, a pattern which is observed also in 
streptozotocin-treated animals [13, 14] and patients with 
insulin-dependent diabetes [15, 16]. 

The studies reported here document the metabolic 
changes that occur in mice with varying degrees of insu- 
lar injury as a consequence of EMC virus infection. Pre- 
vious work has shown that the severity of the metabolic 
disease in these animals is variable and our results con- 
firm this claim [1, 3, 5]. In the present investigation, we 
divided convalescent mice into three groups to charac- 
terize alterations in glucose tolerance and endocrine 
function. Members of the first group failed to exhibit 
glycosuria during convalescence and histological 
changes in the islets were subtle. Although the results of  
glucose tolerance tests on members of this group as a 
whole did not differ significantly from controls, a few 
individual mice evidenced diabetic curves and attenuat- 
ed glucose stimulated insulin release. The animals that 
exhibited either transient or persistent glycosuria during 
convalescence from infection (groups 2 and 3) clearly 
were abnormal. Particularly noteworthy were the results 
of assays for plasma insulin and glucagon during the 
glucose tolerance test. The concentrations of these two 
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Fig.4, Area of a mouse islet 8 months after infection with EMC virus. The blood glucose concentration was /> 16.5 retool/1. Note the distorted 
endocrine cells and their intimate association with the acinar cells. Strands of collagen are interspersed in the tissue and surround many capil- 
laries (C). Large sparsely granulated cells similar to those in the light photomicrographs of Figure 3 are denoted by arrows ( x 2230) 

Fig.5. Area of a mouse islet after infection with EMC virus. The blood concentration was >/16.5 mmol/1. Note the intimate association of the 
acinar and endocrine elements and the distorted arrangement of the latter cells. A distinct plasma membrane delineating the two cell types is not 
defined consistently (arivw), suggesting a transition from one cell type to the other ( x 4010) 

Fig. 6. Acinar cells (A) with hyperplastic endoplas- 
mic reticulum interdigitate with unidentified, dis- 
torted endocrine elements. Note the paucity of zy- 
mogen granules and the indistinct plasma mem- 
brane surrounding the endocrine component. 
These features suggest that the latter elements 
evolve from proliferating acinar cells ( x 3580). This 
tissue is from a mouse with a blood glucose concen- 
tration of t> 16.5 mmol/1, sacrified 8 months after 
infection 
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Fig.7. A capillary (c) in an islet of a mouse killed 9 months after infec- 
tion. The blood glucose concentration was >~ 16.5 mmol/1. Dense col- 
lagen (col) accumulations encompass the capillaries in this tissue. 
Note the periocyte (p) and the unidentified endocrine cells. The phys- 
iological importance of this lesion is not known ( x 11,000) 

hormones were related inversely and the amounts of 
glucagon in the plasma were increased dramatically in 
animals with persistent hyperglycaemia and glycosuria. 

The results of  our morphological studies are consis- 
tent with these metabolic changes. Although quantita- 
tive evaluations were not carried out, the presence of 
glucagon containing cells in the diseased islets is appar- 
ent. Indeed, these cells seemed to predominate in the is- 
lets of mice with chronic hyperglycaemia. The picture 
which evolves indicates that a functional population of 
A cells persists in animals recovering from infection. 
The associated hyperglucagonaemia would appear to 
play a role in maintaining the elevated blood glucose 
concentrations in these animals. 

The fine structural features of the insular cells of 
chronically diabetic animals are complex and the iden- 
tity and functional capacity of these cells is uncertain. 
Detailed studies of the islets of several animals provide 
evidence suggestive of endocrine regeneration emanat- 
ing from acinar cells at the periphery of the islets. Al- 
though mitoses were observed occasionally in the islets, 
the most striking changes were found in the exocrine 
elements. A similar phenomenon has been observed in 
a number of animal species under a variety of experi- 
mental situations [17]. Our studies failed to determine 
whether functional endocrine tissue develops as a result 
of these metaplastic changes. Furthermore, it is not 
known if the product is an endocrine cell having the ca- 
pacity to fabricate either insulin or glucagon (or both). 
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