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Summary. Diabetes was induced in 20--30~o of adult 
CD1 mice 15--20 days after infection by a tissue culture 
propagated strain of Coxsackie 134 virus. Serum insulin 
and insulin release from isolated islets indicated a relative 
insulin deficiency in diabetic animals. In some animals 
diabetes appeared to be permanent whilst in many it was 
of a temporary nature, tIistology showed only slight 
damage in both islet and acinar tissue. Infection with 

pancreas and heart adapted strains of Coxsackie B3 virus 
failed to produce diabetes in mice and, in contrast to the 
effects of Coxsackie ]34, severe aeinar cell damage was 
s e e n .  
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There have been several reports of a seasonal pat- 
tern associated with the onset of acute juvenile dia- 
betes [1--3]. In  these surveys an increased incidence 
of diabetes occurred during the autumn and winter 
mouths and among the possible explanations for these 
findings is an association between the onset of diabetes 
and virus infections at these times of year. CrMghead 
and McLane [4] reported the first experimental evi- 
dence for virus induced diabetes when they demon- 
strated that  a heart adapted strain ('M' strain) of 
EMC virus could produce locMised islet cell damage 
and acute diabetes in certain strains of mouse. Struc- 
tural damage to the islets of Langerhans in mice as a 
result of Coxsaekie B1, B3 and B4 virus infection has 
also been recorded [5, 6, 7, 8]. 

We have previously reported random blood sugar 
changes in CD1 mice following Coxsackie B4 virus in- 
fection [7] and we now report additional data on 
changes in weight, glucose tolerance, serum insulin 
concentration, and insulin release from isolated islet 
preparations, in mice infected with Coxsaekie B vi- 
ruses. 

Materials and Methods 

Viruses 
Prototype Coxsackie B virus strains were used 

either as unmodified virus propagated in tissue culture, 
or after adaptation by passage through heart (M 
strain) or pancreas (P strain) in young mice. Virus 
suspensions were ti trated in suckling mice and an intra- 
peritoneal dose of 100 LD 50 was used for inoculation 
of adult mice. Control animals received sterile tissue 
culture fluid only. Suffixes P8 and P14 refer to the 
number of pancreatic passages and M12 indicates 12 
passages through heart tissue in mice. 

Mice 
8--10 week old male mice were used throughout the 

investigation. Porton mice were obtained from stock 
bred at the University of Sussex, England, whilst 
random bred CD1 and DBA animals were obtained 
from Charles River Mouse Farms. Mice had free access 
to food (Oxoid Diet 41B) and water except for the 12 h 
prior to glucose tolerance testing when food was with- 
held. 

Preparation of Isolated Islets of Langerhans 

Islets were prepared by collagenase digestion of 
pancreases [9]. After isolation the islets were pre-in- 
cubated at 37~ for 30 min in a bicarbonate buffered 
medium [10] previously gassed with a mixture of 95% 
oxygen and 5% carbon dioxide and containing 2 mM 
glucose. After washing in fresh buffer two islets were 
incubated for 30 rain at 37 ~ C in l ml of the bicarbonate 
buffer containing glucose at a concentration of either 
2 m ~  (low glucose) or 20 mM (high glucose). 

Following incubation the medium was sampled and 
its insulin content assayed by radioimmunoassay [11]. 
t~esults are expressed as ~U insulin released/islet/30- 
rain incubation. 

Blood Sugar and Serum Insulin Estimations 

Blood sugar levels were estimated using the GOD- 
Perid method (Boehringer Mannheim GmbH), ab- 
sorption being measured at 420 m~z using a Gilford 
300-N automatic speetrophotometer. Prior to glucose 
tolerance testing each mouse was fasted for 12 ]h and a 
blood sample taken from the tail vein before adminis- 
tration of the glucose. Mice were weighed and inoculat- 
ed intraperitoneMly with 1 mg of glucose per g body 
weight as a 10% solution prepared in isotonic sMine. 

Blood for serum insulin estimations was obtMned 
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f rom the  b raeh ia l  vessels and  insul in  levels were meas-  
u red  b y  a r a d i o i m m u n o a s s a y  procedure  [11] using 
h u m a n  insul in  s t andards .  Over t he  range  of insul in  
measurement s  recorded  in  th is  pape r  the  d i sp lacement  
curves for mouse and  h u m a n  insul ins  in the  radio-  
i m m u n o a s s a y  were super imposable .  

clear  cell in f i l t ra t ion  wi th in  and  sur rounding  the  af- 
fec ted  is le ts  (Fig. 2). These changes were found  in 
those  infec ted  mice wi th  a d imin ished  glucose to le rance  
b u t  no t  in  cont ro l  mice. Severe ac inar  cell damage  was 
seen in  mice infec ted  wi th  Coxsackie B3 v i rus  b u t  no 
hype rg lycaemia  ensued. 
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Fig. 1. Average weight changes in 8--10 weeks old CD1 
mice after inoculation with an unadapted  pro to type  strain 
of Coxsackie B4: virus, pancreas and heart  adapted  strains 
of Coxsaekie B3 virus, and an unmodified s train of E.M.C. 
virus. Each point  represents the mean weight change of 

a t  least 6 animals 

R e s u l t s  

Mice inocu la ted  wi th  u n a d a p t e d  Coxsackie B4 v i rus  
showed on ly  a s l ight  r educ t ion  in weight  ga in  com- 
p a r e d  wi th  cont ro l  an imals  whi ls t  an imals  receiving 
Coxsackie v i rus  133 P14 showed m a r k e d  weight  loss 
and  fai led to  regain  the i r  p re - inocu la t ed  weight  wi th in  
15 days  of infec t ion  (Fig. 1). The  change in weight  
seemed to  para l le l  the  degree of ae inar  cell damage  
seen his to logical ly .  

Those an imals  dy ing  af te r  infec t ion  genera l ly  d id  
so wi th in  seven days  of inocu la t ion  (Table 1). 

Mice in fec ted  wi th  u n a d a p t e d  Coxsaekie B4 v i rus  
showed on ly  s l ight  ac inar  cell changes b u t  there  was 
some B cell degenera t ion  accompan ied  b y  a mononu-  

Fig. 2. Section of pancreas from a CD1 mouse infected 
with an unadapted  Coxsackie B4 virus. The acinar cells 
appear  normal bu t  there is loss of architecture within the 
islet and mononuclear cells cart be seen around and 
penetra t ing the islet tissue. (a) Section × 200, (b) Section 

× 500 

Table 1. Percentage mortality in mice following inoculation 
with an unadapted prototype strain of Coxaekie B4 virus, 
pancreas and heart adapted strains of Coxsae~ie B3 virus, 

and an unmodified strain of E.M.C. virus 

Mouse Cox Cox Cox Cox B4 E.M.C. 
s train B3P8 B3P14 B3M12 proto type  

Porton 10-- 15 . . . .  
D B A  15--25 --  5--10 --  90--100 
CD1 5--10 15--20 0- -5  0 - -5  90--100 
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Blood Sugar Changes 
Fig. 3 shows the random blood sugar levels in CD1 

mice after inoculation with unadapted  Coxsaekie B4 
virus. The mean random blood sugar level in 98 control 
mice was 103 rag/100 ml and mice with blood sugar 
levels more than  3 s tandard  deviations above this mean 
were considered diabetic;  using this criterion none of 
the controls was found to be diabetic. A small fall in 
the mean random blood sugar 5 days after inoculation 
was found, the control value being 105 ~ 6.8 rag/100 ml 
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Fig. 3. Random blood sugar measurements (mg/100 ml) 
in CD1 mice infected with unadapted Coxsaekie 134 virus. 
The normal mean random blood sugar 4-3 SD is shown 

by the horizontal lines 

when some mice showed diabetic responses. The glu- 
cose tolerance of four of these diabetic mice was 
monitored 30 days after infection, glucose intolerance 
persisted although some recovery was apparent .  How- 
ever, by  10 weeks after inoculation only one of the four 
animals remained frankly diabetic. 
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Fig. 4. Results of intraperitoneal glucose tolerance tests 
on CD1 mice infected by unadapted Coxsackie B4 virus 7, 
12 and 30 days after inoculation (meau• The 
control glucose tolerance for 10 week old male CD1 mice 
is shown as the shaded area representing the normal mean 
• 12 mice were tested at 7 days, 6 at 12 days, and 
4 at 30 days. Control values were based on 78 mice at 0 
rain, 79 at 30 rain, 42 at 60 rain, 31 at 90 rain, and 28 at 

120 rain 

compared with 93 • 3.5 rag/100 ml in infected mice. 
The maximum incidence of diabetes occurred between 
15 and 20 days after inoculation, and affected between 
20 and 30% of the infected animals. In  mice infected 
with Coxsackie B3 1)8 virus, blood sugar levels were 
consistently lower than  in controls, except for one 
mouse which had a random blood sugar level of 195 rag/ 
100 ml 20 days after infection. 

Fig. 4 shows the results of in t raper i toneal  glucose 
tolerance tests  on CD1 mice after unadapted  Coxsackie 
B4 virus infection. Glucose tolerance in infected mice 
remained normal unt i l  about  12 days after inoculation 

In  other experiments in which different strains of 
mouse and virus were studied blood sugar levels were 
often depressed 5 days after infection but  subsequently 
returned to normal [7]. 

Serum Insulin Changes 

Random serum insulin levels in CD1 mice after 
unadapted  Coxsaekie B4 virus infection are sho~n in 
Table 2. Whi ls t  the insulin concentrations in infected 
animals were higher than those in control mice, levels 
in mice with random blood sugars exceeding 160 rag/ 
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100 ml were inappropriately low, denoting an impaired 
response of the B cell to a rising blood sugar. 

Secretion of Insul in  f rom Isolated Islets of Langerhans 

Secretion of insulin was studied in islets of Langer- 
hans isolated from CD1 mice 17 days after inoculation 
with Coxsackie B4 virus (Table 3). Islets from dia- 
betic animals had normal basal rates of insulin release 
but  undersecreted in response to high glucose stimula- 
tion. In  earlier experiments with pancreas slices ob. 
rained from animals infected with pancreas adapted 

Table 2. Random serum insulin levels (#U/ml) in CDI 
mice following infection by unadapted Coxsackie B4 virus. 
t~esults are expressed as 2VIean • SEM.  Number of observa- 

tions in parentheses 

Days Control Infected Mice Infected Mice 
after in- Mice with blood sugar with blood sugar 
oculation less than greater than 

160 mg/100 ml 160 rag/100 ml 
o 1 5 •  - - 

( 9 )  
5 16• 28• - -  

( n 0 )  
10 13~=1.8 18=2.4 -- 

(6) (6) 
12 16~=2.7 26~_4.0 -- 

(10) (6) 
17 17=L1.6 20~2.5 37~4.8 

(9) (8) (6) 
25 17~2.1 23~: 2.8 43 

(5) (S) (1) 
30 20~2.3 17:J:2.1 -- 

(8) (s) 

Table 3. Insulin secretion (#U/islet/30 rain) from islets of 
Langerhans isolated from diabetic mice 17 days following 
infection with unadapted Coxsackie B4 virus. Results are 
expressed as 3/iean:J=SEM. Number of observations in 

parentheses 

Insulin secretion flU/islet/30 rain 
Glucose Controls Cox. B4 
concentration 

2 mM 54~4.6 (23) 46=t=5.0 (29) 
20 mM 189=~9.8 (23) 99=L8.1 (21) 

strains of Coxsaekie B3 virus, the insulin response to 
high glucose stimulation was also less than  tha t  in 
controls. On the other hand the basal release rate was 
higher than  in controls due perhaps to B cell damage 
by  enzymes leaking from damaged aeinar tissue during 
incubation. 

Glucosuria, Ketonuria and Albuminur ia  

The urine of both control and infected animals was 
routinely tested for glucose, ketones and albumin using 
,Labstix '  (Ames Co., Stoke Poges, England). Slight 
Mbuminuria was present in all mice tested but  it was 
often heavy in mice infected with the pancreas adapted 
strains of Coxsackie B3 virus. The normal renal thresh- 
old for CD1 mice probably exceeds 200 mg/100 ml 
and glueosuria was not consistently found even in mice 

with diabetes, but  in some mice infected with Cox- 
sackie B3 strains, haematuria and glycosuria were pre- 
sent even though blood sugar values were as low as 
25 mg/100 ml. Ketonuria  was not detected in anymouse. 

D i s c u s s i o n  

These experiments show tha t  diabetes may  follow 
the inoculation of susceptible mice with Coxsackie Br 
virus, a common human pathogen, which seems to 
directly affect the function of islet cells. Craighead [4] 
described in similar condition in mice infected with 
ElVIC virus but  this virus only rarely infects man. ttow- 
ever, after infection of mice with pleurodynia virus 
(P.L.5), l~obertson [12] found tha t  although acinar 
cell changes were most  marked, the islets seemed 
eventually to be strangled by  fibrous tissue and tha t  
considerable elevation of blood sugar levels was oc- 
easionally seen. 

t~andom blood sugar levels of mice showed a 
biphasic response after infection. Init ially there is a 
lowering of the blood glucose 3--5  days after infection 
followed either by  a return to normal level or by  hyper- 
glyeaemia in 20--30% of animals. The maximum in- 
cidence of hyperglyeaemia was seen 15--20 days after 
infection. A biphasic response has also been noted in 
the blood sugars of mice infected with the heart  adapted 
strain of E.M.C. virus [13--14]. The pat tern  of response 
in such mice, however, varied from our own in tha t  a 
rise in random blood sugar was seen 2 days after in- 
oculation followed by  a return to near control levels 
and a further increase in blood glucose occurred 1--2 
weeks later. 

The hyperglycaemia and impMred glucose tolerance 
reported in this s tudy appears to be due to a defect in 
the secretory capacity of islets, which cannot respond 
to glucose appropriately (Tables 2 and 3). The nature 
of this impaired responsiveness to islets is at present 
uncertain, although the change appears to be par t ly  
reversible over a period of time, leading to an improve- 
ment  in glucose tolerance after 30 days (Fig. 4). I t  is 
not known whether changes induced by  the virus are 
seen only in the secretory mechanism, or perhaps 
involve insulin synthesis as well. 

The mechanisms by  which further degeneration of 
islets might continue are unclear, but  involvement of 
an immunologicM process or the activation of a latent 
viral act ivi ty are possible explanations. Cases of ju- 
venile type diabetes frequently require quite smM1 
amounts of insulin ini t ia l ly  after the acute effects of 
severe hyperglyeaemia and ketosis have been corrected, 
but  over a period of a few months after diagnosis their 
insulin requirement graduMly increases, reaching 
levels consistent with a to ta l  lack of endogenous insu- 
lin production. If  human diabetes had a viral aetiology 
such cases would be compatible with continuing islet 
cell damage after the initial acute precipitating in- 
cident. 
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The is le ts  f rom hype rg lycaemic  mice inocu la t ed  
2 - - 3  weeks p rev ious ly  of ten a p p e a r e d  smal ler  t h a n  
normal .  I n  a few an imals  k i l led  3 - - 4  mon ths  a f te r  in- 
fec t ion a mixed  p ic tu re  was seen. The  pancreases  of 
some an imals  a p p e a r e d  to  have  recovered  comple te ly ,  
b u t  in o thers  the  t o t a l  B cell mass  was loca ted  wi th in  
a few v e r y  large is lets  which m a y  ind ica te  a reac t ive  
hype rp l a s i a  s imi lar  to  t h a t  descr ibed  in p a r t i a l l y  pan-  
e rea tec tomised  ra t s  [15]. 

The expe r imen t s  d e m o n s t r a t e  the  cr i t ica l  na tu r e  of 
b o t h  hos t  and  env i ronmen ta l  factors .  I n  the  ease of 
mice in fec ted  wi th  the  P8 s t r a in  of Coxsaekie B3 vi rus  
the  ae inar  cell damage  was severe in 8 - - 1 0  weeks old  
D B A  mice, b u t  r e l a t i ve ly  mi ld  in CD1 mice of a s imi lar  
age. t~urther  a d a p t a t i o n  of the  panc rea t i c  s t r a in  of 
Coxsackie B3 vi rus  on ly  seemed to increase  i t s  t r o p i s m  
towards  the  ac ina r  cells in CD1 mice whi l s t  leaving  the  
is lets  in tac t .  Also a d a p t a t i o n  of Coxsaekie B3 vi rus  to  
h e a r t  muscle  reduced  i ts  a b i l i t y  to  p roduce  panerea t i -  
tis. Sex differences in su scep t ib i l i t y  to  EMC vi rus  have  
also been n o t e d  [16]; whe the r  these  differences ind ica te  
a genet ic  componen t  loca ted  on the  Y chromosome 
Mlowing a p red i spos i t ion  to  d iabe togen ie  influences, or 
whe the r  t he  ho rmona l  env i ronmen t  is t he  cr i t ica l  
fac tor  in  p e r m i t t i n g  the  deve lopmen t  of d iabe tes  in  
these  animals ,  r emains  uncer ta in .  

I t  is of i n t e re s t  t h a t  the  observa t ions  of t he  in- 
cidence of d iabe tes  in mice a f te r  EMC virus  infec t ion  
is s imi lar  to  the  incidence af te r  Coxsaekie ]34 vi rus  in- 
fect ion.  I n  b o t h  models  some hype rg lyeaemic  mice 
show an  i m p r o v e m e n t  in glucose to le rance  whi ls t  o thers  
appea r  to  r ema in  d iabe t i c  for m a n y  mon ths  and  i t  is 
t e m p t i n g  to  propose  t h a t  the  pa thogenes i s  of d iabe tes  
due to  b o t h  these  viruses  m a y  involve  s imi la r  mecha-  
nisms.  

Diabe tes  in m a n  appea r s  to  resu l t  f rom a complex  
i n t e r p l a y  be tween  genet ic  and  env i ronmen ta l  fac tors  
[17], and  c lea r ly  v i ruses  m a y  be imp l i ca t ed  in  i ts  
ae t io logy.  A t  p resen t  the re  is some evidence based  on 
epidemiologiea l  and  a n t i b o d y  s tudies  t h a t  Coxsaekie 
]34 vi rus  infec t ion  m a y  be assoc ia ted  wi th  the  onse t  of 
some cases of juven i le  d iabe tes  [18]. I t  is i m p o r t a n t  
therefore  to  define t he  precise na tu r e  of the  damage  to  
is lets  of Langerhans  b y  coxsackie  virus  in an imals  since 
these  changes could closely s imula te  changes seen in 
the  ea r ly  s tages  of d iabe tes  in man.  Coxsackie v i rus  
induced  d iabe tes  in  mice m a y  serve as an  a p p r o p r i a t e  
model  for such s tudies .  
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