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Summary. Prophylactic insulin administration is known to 
prevent hyperglycaemia in diabetes prone BB rats and non- 
obese diabetic mice. This study investigated the effect of in- 
sulin treatment on the development of overt diabetes, clini- 
cally inapparent anti-islet autoreactivity, and thyroiditis in 
RT6-depleted diabetes resistant BB rats. Fewer than 1% of 
these animals develop spontaneous diabetes, but if depleted 
of RT6 + T cells > 50% become hyperglycaemic. We treated 
30-day-old diabetes resistant rats with anti-RT6.1 monoclo- 
nal antibody, exogenous insulin, or both. Up to 60 days of 
age, 16 of 20 rats given antibody alone became diabetic, com- 
pared with i of 20 also treated with antibody plus insulin. Up 
to 110 days of age, only i of 10 rats treated with both insulin 
and antibody between 30 and 60 days became diabetic. His- 
tologic study of non-diabetic insulin plus anti-RT6 antibody 

treated rats revealed insulitis in 3 of 9 at 60 days old, and in- 
sulitis in 3 of 8 and thyroiditis in 6 of 7 at 110 days of age. Non- 
diabetic animals were also found to harbour autoreactive 
spleen cells that adoptively transferred diabetes. Splenocytes 
from 60 or 110-day-old non-diabetic donors that had been 
treated with insulin and antil~ody between 30 and 60 days of 
age induced diabetes in 7 of 13 and 6 of 8 adoptive recipients 
respectively. We conclude that insulin treatment prevents 
clinical diabetes in the RT6-depleted diabetes resistant BB 
rat, but this treatment does not prevent the development of 
autoreactive cell populations that cause thyroiditis and adop- 
tively transfer diabetes. 
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Injections of insulin prevent autoimmune diabetes melli- 
tus in the diabetes prone (DP) BB rat [1-3] and the non- 
obese diabetic (NOD) mouse [4]. In humans, intensive 
insulin therapy of Type 1 (insulin-dependent) diabetic 
children helps preserve residual Beta-cell function [5], 
and clinical trials of low-dose insulin prophylaxis of pre- 
diabetic subjects have been announced [6]. The present 
study investigated the effects of insulin treatment on the 
development of clinical diabetes, clinically inapparent 
autoreactivity, and thyroiditis in a third animal model of 
Type 1 diabetes, the RT6-depleted diabetes resistant 
(DR) BB rat. 

D R  BB rats were derived by selective breeding from 
DP forebears [7]. Spontaneous diabetes and thyroiditis 
occur in < 1% of DR rats, compared with > 50% of DP 
rats. Unlike the DR the D R  are not lymphopoenic and cir- 
culate normal numbers of T cells of the RT6.1 phenotype 
[8]. RT6 is a maturational T-cell alloantigen expressed on 
N60% o f T  cells in the rat [9]. It exists in two allelic forms, 
vis RT6.1 and RT6.2. In vivo depletion of RT6.1 § T cells 
by administration of a cytotoxic monoclonal antibody 
(mAb) to 30-day-old DR BB/Wor rats induces diabetes 

[8] and thyroiditis [10] in > 50% of treated animals by 
60 days of age. Mitogen-activated spleen cells from both 
diabetic and non-diabetic RT6-depleted D R  rats adop- 
tively transfer the disease [8]. 

In the present study, we used these animal resources to 
pose three questions. Can exogenous insulin treatment 
prevent diabetes in RT6-depleted DR rats? Can exoge- 
nous insulin treatment prevent thyroiditis in these rats? 
Are spleen cells of non-diabetic RT6-depleted DR  rats 
still capable of adoptively transferring diabetes after pro- 
phylactic insulin injections? 

Materials and methods  

Animals 

DP and DR BB/Wor rats were obtained from the specific pathogen 
free colony maintained at the University of Massachusetts, Worces- 
ter under the auspices of the National Institutes of Health [7, 11, 12]. 
At the time of these experiments, the cumulative incidence of DP 
diabetes averaged -60% in both sexes. Most cases (> 85%) oc- 
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curred between 60 and 120 days of age; < 0.5% occurred before 
60 days of age. The DR BB/Wor rats used in these studies were from 
the "WA" subline and were at least the 30th generation of inbreed- 
ing [7 t. 

It is now known that exposure to environmental pathogens af- 
fects the incidence of spontaneous diabetes in DP BB/Wor rats [11] 
and both spontaneous and RT6-depletion diabetes in the DR 
BB/Wor rat [12]. In the present study animals obtained from the spe- 
cific pathogen free facility were subsequently housed in conven- 
tional quarters that maintain a high standard of cleanliness but do 
not provide sterilized food, water, or bedding. At the time these ex- 
periments were performed, commercial serological study of sentinel 
rats (Charles River Laboratories, Wilmington, Mass., USA) housed 
together with our experimental animals indicated the presence of 
sendal virus, Kilham's rat virus (KRV), Toolan's H-1 virus (H-l), and 
sialodacryoadenitis virus (SDA), but absence of Mycoplasma pul- 
monis, pneumonia virus of mice (PMV), lymphocytic choriomenin- 
gitis virus (LCMV), mouse adenovirus (MAD), Theiler's murine 
encephalomyelitis virus (GD-VII), and reovirus type 3 (REO3). 

All BB rats express the RT1 u MHC haplotype; DR rat T cells ex- 
press the RT6.1 antigen; DP rats have few, if any, RT6 + lymphocytes 
[13]. Animals were housed under standard laboratory conditions 
and maintained in accordance with National Institutes of Health rec- 
ommendations [14]. Plasma glucose was measured with a Beckman 
II glucose analyser (Beckman, Fullerton, Calif., USA). Animals 
were weighed and urine tested for glucose (Test-Tape, Eli Lilly, In- 
dianapolis, Ind., USA) three times per week. Two successive daily 
plasma glucose determinations _> 11.1 retool/1 defined diabetes in 
glycosuric animals. 
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cells, and injected into 30-day-old DP recipients. These animals were 
tested for diabetes up to 60 days of age. Since the frequency of 
diabetes among DP rats before 30 days of age is < 0.5%, the appear- 
ance of hyperglycaemia in these animals is interpreted as evidence of 
the adoptive transfer of the disease [17]. 

Experimental design 

Littermate 30-day-old DR rats were randomized into three treat- 
ment groups that were injected with anti-RT6.1 antibody, insulin, or 
both until the onset of diabetes or up to 60 days of age. At 60 days of 
age some of the non-diabetic animals in each group were killed one 
day after their last treatment for histological study and to obtain 
spleen cells for adoptive transfer. A group of five separate untreated 
DR rats were used to provide histologic controls. All treatment of 
the remaining non-diabetic animals in each group was stopped at 
60 days of age, and the rats were monitored for diabetes until 
110 days of age to determine if insulin prophylaxis had delayed 
rather than prevented diabetes. At 110 days, all non-diabetic ani- 
mals were killed to obtain histologic specimens and spleen cells for 
adoptive transfer. 

Pancreas and thyroid samples for histology were fixed in Bouin's 
solution and prepared for routine haematoxylin and eosin light 
microscopy. Insulitis and thyroiditis were recorded as present or ab- 
sent, without regard to the severity of the lesions. Pancreatic insulin 
and glucagon reserves were studied using immunoperoxidase histo- 
chemistry as previously described [18]. 

Reagents and injection protocols 

DS4.23 anti-RT6.1 monoclonal antibody was prepared using rat- 
mouse hybridomas grown for 72 h in serum-free RPMI-1640 (Gibco, 
Grand Island, NY, USA) containing 1% Nutridoma-SP (Boehringer 
Mannheim Biochemicals, Indianapolis, Ind., USA). To deplete DR 
rats of RT6 + T cells, unconcentrated hybridoma supernatant was in- 
jected intraperitoneally at a dose of 2 ml/rat into 30-day-old DR rats 
five times per week up to 60 days of age. Previous studies have do- 
cumented that this procedure results predominantly in cettular 
elimination and does not modulate the RT6 protein [15]. 

Insulin-treated rats received daily subcutaneous injections of 
U-40 PZI pork insulin (Eli Lilly) at a dose of 1.5-2.0 U/100 g body 
weight. Plasma glucose concentrations were measured 16-20 h after 
insulin administration to assess the degree of hypoglyc~emia. 

Imrnunophenotypic analyses 

Cervical lymph nodes resected under Metofane anaesthesia (Pit- 
man-Moore, Washington Crossing, NJ, USA) were used to quantify 
the depletion of RT6.1 § T cells during antibody treatment and to do- 
cument their reappearance after injections were discontinued. 
Lymph node ceils were prepared as previously described and stained 
with either DS4.23 anti-RT6.1 mAb [8] or 6A5 anti-RT6.2 mAb [16] 
followed by goat anti-mouse IgG. The number of RT6.1 § cells was 
determined by subtracting the number of cells staining positively for 
RT6.2 from the number staining for RT6.1. 

Adoptive transfer of mitogen-activated spleen cells 

Spleens were removed aseptically and extruded through a cell sieve. 
Splenocytes were cultured for 72h in RPMI-1640, containing 
5 gg/ml concanavalin A (Miles-Yeda, Rehovot, Israel), 10% heat in- 
activated fetal bovine serum, 5 mmol/1L-glutamine, 5 x 10- 5 mol/12- 
mercaptoethanol, and penicillin (400 IU/ml). Cells were then 
washed, suspended in RPMI, adjusted to a concentration of 40 x 106 

Statistical analysis 

Parametric data are presented as means _+ SEM and were compared 
by analysis of variance with the least significant difference procedure 
for a posteriori contrast [19]. Non-parametric data were analysed by 
using chi 2 and Fisher exact statistics [20]. 

Results 

The  f r equency  of  d iabe tes  and  insulit is  a m o n g  D R  rats  
t r e a t e d  with  insulin, an t i -RT6 m o n o c l o n a l  ant ibody,  or  
both ,  b e t w e e n  30 and 60 days  of  age is shown in Tab le  1. 
D e p l e t i o n  of  RT6 + T cells i nduc e d  d i abe t e s  in mos t  D R  
rats.  C o - a d m i n i s t r a t i o n  of  insulin p r e v e n t e d  nea r ly  all 
cases of  d iabe tes ,  bu t  d id  no t  p r e v e n t  insulitis. Ra t s  given 
insulin a lone  d e v e l o p e d  ne i the r  d iabe tes  nor  insulitis. 
B o d y  weight  gain  d id  no t  differ  a m o n g  the  th ree  t rea t -  
men t  g roups  (da ta  not  shown).  T h e  ave rage  p l a s m a  glu- 
cose concen t ra t ions  were  5 .2+  0.6 mmol/1 (n = 17 sam- 
ples)  in rats  t r e a t e d  with insulin a lone,  4.7 + 0.4 mmol/1 
(n = 22 samples )  in ra ts  given bo th  insulin and an t i -RT6 
ant ibody,  and  7.5 + 0.2 mmol/1 in rats  t r e a t e d  with anti-  
b o d y  a lone  (n = 17 samples ,  F2,51 = 10.52, p < 0.001). Im-  
m u n o h i s t o c h e m i s t r y  r evea l ed  r e d u c e d  Beta-ce l l  g ranu-  
lar i ty  in four  of  the  six p a n c r e a t a  tha t  were  f ree  of  insulit is 
in the  a n t i b o d y  plus  insul in g roup  and in ten p a n c r e a t a  
f rom rats  t r e a t e d  with insulin a lone.  

In  110-day-old  rats ,  the  pe r c e n t a ge  of  RT6 + lymph  
node  cells, which had  been  r e d u c e d  dur ing  the course  of  
an t i -RT6 t r e a t m e n t  to 1% (n = 2) was f o u n d  to have  re-  
t u rned  to h igher  levels (40 + 1%,  n = 4). U p  to 110 days  of  
age only one  o f t e n  rats  that  had  r ece ived  insulin plus  anti-  
RT6.1 a n t i b o d y  b e t w e e n  30 and 60 days  of  age  b e c a m e  
diabet ic ,  but  thyro id i t i s  and  insulit is were  bo th  o b s e r v e d  
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Table L Frequency of diabetes and insulitis in diabetes resistant (DR) rats treated with insulin, anti-RT6 monoclonal antibody, or both 

Experimental treatments and duration Outcome at 60 days of age Outcome at 110 days of age 

Anti-RT6 Insulin Diabetic rats/total Insulitis Diabetic rats/total Insulitis Thyroiditis 

30-60 days None 16/20 (80%)" - 1/4 (25%)c 3/3 (100%)d 2/3 (67%)* 
30-60 days 30-60 days 1/20 (5%) 3/9 (33%) b 1/10 (10%) 3/8 (38%) 6/7 (86%) 
None 30-60 days 0/17 (0%) 0/10 (0%) 0/7 (0%) 0/7 (0%) 0/7 (0%) 

All rats were injected and tested for diabetes up to 60 days of age. At  60 days of age a random sample of non-diabetic rats in the two groups that 
had received insulin was selected, killed, and studied histologically for the presence of insulitis. Because the number of rats in the antibody- 
alone group that had remained diabetic was small, it was elected not to kill them. All remaining non-diabetic rats were given no further injec- 
tions and allowed to survive until diabetes onset or until 110 days of age at which time all survivors were killed and studied for the presence of 
insulitis and thyroiditis. Plasma glucose concentration data for the three groups of treated rats during the period of injection are presented in 
the Results. Three animals in the insulin-alone group died during the first week of treatment and are excluded from the analysis. Statistical 
analyses were performed on each column in the table, a Overall chi 2 = 37.17, df = 2, p < 0.001. b Fisher exact statistic = 0.09. ~ p = NS d Overall 
chi 2 = 9.56, df = 2,p < 0.01. ~ Overall chi 2 = 10.88, df = 2,p < 0.005 

Table 2. Frequency of diabetes in adoptive 
recipients of mitogen-activated spleen cells 
from non-diabetic diabetes resistant (DR) 
BB rats treated with insulin, anti-RT6 mono 
clonal antibody, or both 

Treatment group Age at spleen cell harvest Diabetic rats/total 
(days) (%) 

Anti-RT6 alone 60 _a 
Insulin alone 60 0/8 (0%) 
Anti-RT6 and insulin 60 7/13 (54%) 

Anti-RT6 alone 110 5/5 (100%)b 
Insulin alone 110 0/6 (0%) 
Anti-RT6 and insulin 110 6/8 (67%) 

Spleen cell donors were from among the non-diabetic rats described in Table 1. Adoptive re- 
cipients were 30-day-old diabetes prone (DP) BB rats. Adoptive transfer in these animals was 
defined as the occurrence of diabetes before 60 days of age. The frequency of spontaneous 
diabetes among DP BB/Wor rats before 60 days of age was < 0.5% when these experiments 
were performed. DR donors were treated between 30 and 60 days of age only. 
a All but four rats treated with anti-RT6 alone became diabetic; it was elected to allow all four 
to survive up to 110 days of age and their spleen cells were not tested until that time. Spleno- 
cytes from diabetic 60-day-old RT6-depleted rats transferred diabetes to eight of eight DP re- 
cipients. 
b Overall chi 2 = 12.85, df = 2,p < 0.002 

f requen t ly  (Table  1). One  ra t  t r e a t ed  with an t i -RT6 anti-  
b o d y  a lone  b e c a m e  d iabe t ic  a t  63 days  of  age,  and  of  the  
th ree  tha t  r e m a i n e d  non-d iabe t i c  up to 110 days  of  age,  all 
had  insulitis,  thyroidi t i s ,  or  both .  No  d iabe tes ,  insulit is  or  
thyroidi t i s  occu r red  in rats  t r e a t ed  with insulin a lone,  and  
no res idua l  dec rease  in Be ta -ce l l  g ranula r i ty  was found  in 
the i r  p a n c r e a t a  at  110 days  of age. 

Sp leen  cells f rom bo th  60- and 110-day-old  non-  
d iabe t ic  D R  rats  t r e a t e d  with an t ibody  and insulin adop-  
t ively t r ans fe r red  d iabe tes  to nafve rec ip ients  (Table  2). 
The  same was t rue  of sp leen  cells f rom 110-day-old  D R  
rats t r e a t ed  with an t ibody  a lone,  but  no D P  rec ip ients  of  
sp leen  cells f rom rats  t r ea t ed  with  insulin a lone  b e c a m e  
diabet ic .  

Discussion 

The  da t a  p rov ide  answers  to the  th ree  ques t ions  or iginal ly  
p roposed .  Insul in  p rophy lax i s  resul t ing  in chronic  hypo-  
g lycaemia  does  p reven t  d i abe te s  in R T 6 - d e p l e t e d  D R  
B B / W o r  rats,  bu t  it does  not  p r even t  lymphocy t i c  thy-  
roidi t is  or  the  d e v e l o p m e n t  of  sp leen  cell popu la t ions  with 
the  capab i l i ty  of  adop t ive ly  t ransfer r ing  d iabetes .  

T h e  p r e v e n t i o n  by  insulin of  a u t o i m m u n e  d i abe te s  in 
RT6-dep l e t ed  D R  BB rats  is cons is ten t  wi th  prev ious  ob-  
se rva t ions  m a d e  in the  D P  BB rat  [1-3] and  in the N O D  
mouse  [4]. This  p ro tec t ive  effect  was a p p a r e n t  not  only  

dur ing  the  p e r i o d  of  RT6* T cell  dep l e t i on  (up to 60 days  
of  age),  bu t  also for  many  weeks  af ter  d i scon t inua t ion  of  
the  insulin (up to  110 days  of  age).  T h e s e  obse rva t ions  
suggest  tha t  insulin t r e a t m e n t  did  no t  s imply  de lay  the  
onse t  of d isease  in R T 6 - d e p l e t e d  D R  rats,  bu t  r a the r  tha t  
it i n t e r f e red  with  an essent ia l  e l e me n t  of the  d i abe togen ic  
process  at  an ear ly  stage. This "cri t ical  t ime pe r i od"  in ter -  
p r e t a t i on  is cons is ten t  wi th  the  p rev ious  obse rva t ion  tha t  
dep l e t i on  of  RT6 + T cells does  not  induce  d iabe tes  in D R  
rats if t r e a t m e n t  is b e g u n  at 60 days  of  age [8]. 

The  da ta  e x p a n d  on prev ious  repor t s  by  prov id ing  evi- 
dence  of  cl inically i n a p p a r e n t  panc rea t i c  and thy ro id  
au to reac t iv i ty  in insu l in -p ro tec ted  non -d i abe t i c  animals .  
We no te  first tha t  insulit is  and  thyroid i t i s  were  p resen t  in 
many  non-d iabe t i c  rats. Secondly,  insulin t r e a t m e n t  of  
R T 6 - d e p l e t e d  D R  rats d id  no t  p r e ve n t  the  adop t ive  t rans-  
fer of  d i abe te s  by  the i r  m i toge n -a c t i va t e d  sp leen  cells, 
suggest ing the  p re sence  of  au to reac t ive  sp leen  cell popu-  
la t ions  in the  absence  of cl inical  d iabetes .  We in t e rp re t  
these  obse rva t ions  to m e a n  tha t  insulin p rophylax i s  does  
not  p reven t  the  in i t ia t ion  of  the  a u t o i m m u n e  process  in 
the  R T 6 - t r e a t e d  D R  rat.  Rather ,  it in te r fe res  with some  
la te r  s tage of  Beta-ce l l  killing. This  hypo thes i s  is consis-  
tent  with the  obse rva t ion  of  W o d a  and o thers  in our  labor-  
a to ry  that  dep l e t i on  of  CD8 § cells p reven t s  d iabe tes  but  
not  insulit is in R T 6 - d e p l e t e d  D R  rats  [21]. T h o s e  da t a  sug- 
gest  tha t  the  CD4 + T cell  subse t  m a y  induce  insulit is but ,  
in the  absence  of CDS* cells, it  is no t  Beta-ce l l  cytotoxic.  
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That the differential effects of insulin we have observed 
on clinical vs subclinical islet autoimmunity could be 
mediated by differential effects on T cell subsets is an in- 
triguing possibility deserving of further study. 

The observation that spontaneous diabetes does not 
occur in insulin-treated RT6-depleted D R  rats that none- 
theless harbour spleen cells capable of the adoptive trans- 
fer of diabetes is an intriguing paradox. There are at least 
two ways to explain these findings. First, it could be that 
during the course of insulin treatment, populations of 
potentially autoreactive cells are regulated by an idiotype- 
antiidiotype mechanism. Upon in vitro stimulation with 
the mitogen concanavalin A, however, the effector cell 
population may escape idiotypic regulation. An alterna- 
tive explanation is stoichiometric. Autoreactive cells in 
the insulin-treated animals may be present but too few in 
number to lead to the expression of spontaneous disease 
in the insulin-treated host. This interpretation is sup- 
ported by the fact that insulitis is present in many of the 
non-diabetic insulin-treated animals. Successful adoptive 
transfer of diabetes using spleen cells from these animals 
may simply reflect mitogen-induced expansion of their 
numbers. This possibility is consistent with the observa- 
tion that it is necessary to stimulate spleen cells with mi- 
togen in order to achieve the adoptive transfer of both DP 
BB rat diabetes [10] and other autoimmune disorders 
such as experimental allergic encephalomyelitis [22]. 

The protective effect of insulin could be explained in 
many ways. Insulin-induced hypoglycaemia is known to 
reduce the stimulatory and trophic effects of glucose on 
Beta cells. Prolonged insulin-induced hypoglycaemia re- 
duces Beta-cell mitotic activity and suppresses endoge- 
nous insulin production, secretion, and stores [23]. Such 
depression of B eta-cell metabolic activity with insulin ren- 
ders them resistant to streptozotocin and alloxan [24, 25]. 
The protective effect of insulin in Type 1 diabetes could be 
due to an analogous form of resistance to the Beta-cell cy- 
totoxic effects of cytokines such as interleukin-1 released 
in the course of autoimmune processes [26]. 

Alteration of antigens that are targets of the autoim- 
mune process could also occur in response to exogenous 
insulin. Beta-cell antigen expression is reportedly modi- 
fied by manipulation of the glucose concentration in vitro 
[27, 28] and by the growth of insulin secreting tumours in 
vivo [29, 30]. T cell clones reactive against a membrane 
component of the insulin secretory granule have been de- 
scribed [31], and reduction of insulin secretory activity 
could pari passu also reduce this form of Beta-cell antige- 
nicity. Consistent with this hypothesis is the preliminary 
observation that diazoxide, an inhibitor of insulin secre- 
tion, also prevents diabetes in DP BB rats [32]. Decreased 
expression of islet cell antigens by insulin treatment may, 
in essence, conceal Beta cells from autoimmune-mediated 
destruction. 

Alternatively, insulin treatment could affect the im- 
mune system directly. Immunization of young DP BB rats 
with insulin reportedly delays, but does not prevent  
diabetes [33]. Insulin is also an important regulator of 
growth and development and its receptors are found on 
most if not all macrophages, T cells, and B cells [34]. A 
general inhibitory effect of insulin on the process that 
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leads to autoimmunity is possible, but is not consistent 
with our observation that insulin treatment does not affect 
the incidence of thyroiditis. 

This last result parallels observations that have been 
made on the effects of thyroxine [35] and methimazole 
[36] on thyroiditis in BB rats. Both of these agents reduce 
the incidence of thyroiditis without affecting the fre- 
quency of diabetes. Taken together, the parallel but non- 
overlapping suppressive effects of insulin and thyroxine, 
and diazoxide and methimazole, all suggest that these 
agents provide target-specific protection. 

In summary, our observations suggest that insulin 
treatment prevents the development of diabetes by an ef- 
fect exerted at the level of the Beta-cell target, but a direct 
effect of insulin on the immune system cannot be ex- 
cluded. Further studies to define the mechanism of action 
of insulin treatment are important if we are to understand 
the appropriate role of exogenous insulin in the prophy- 
laxis of human Type i diabetes. 
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