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Summary. A series of bone marrow irradiation chimeras were 
constructed in an attempt to determine the site of the de- 
fect(s) leading to diabetes and/or lymphopoenia in the BB 
rat. In BB rats that were lethally irradiated and reconstituted 
with T-cell-depleted Wistar-Furth (WF) rat bone marrow, the 
incidence of diabetes was reduced, and in animals treated 
with WF bone marrow at < 44 days of age, the disease was 
completely prevented. Such animals demonstrated normal 
lymphocyte counts in peripheral blood, and normal lympho- 
cyte function (as indicated by mixed lymphocyte response), 
but retained an abnormal T-cell subset distribution only par- 
tially improved above that of diabetes-prone BB rats. The in- 
cidence of diabetes in these irradiated chimeras was signifi- 
cantly reduced compared to the indicence in BB rats 

irradiated at the same age but reconstituted with bone mar- 
row from BB rats. In WF rats that were lethally irradiated 
and reconstituted with T-cell-depleted bone marrow from 
overtly diabetic BB rats, no diabetes was induced. Such ani- 
mals demonstrated normal lymphocyte counts in peripheral 
blood, normal lymphocyte function, and normal T-cell sub- 
set distributions. Overall, these results suggest two defects 
leading to diabetes and/or lymphopoenia in the BB rat. One 
of these occurs at the level of the bone marrow stem cell 
while the other resides in the T-cell differentiative environ- 
ment. 

Key words: Insulin-dependent diabetes, BB rat, immunology, 
chimeras, bone marrow, lymphopoenia. 

The spontaneously diabetic BB rat is currently the 
best-studied animal model of Type 1 (insulin-depen- 
dent) diabetes mellitus. The salient features of the dis- 
ease in BB rats include an abrupt onset of severe hy- 
perglycaemia, insulinopoenia, glycosuria, and acute 
ketoacidosis [1]. Histologic study of acutely diabetic 
animals reveals an intense mononuclear infiltration of  
the pancreatic islets (insulitis) [2, 3], involving mostly 
activated lymphocytes and macrophages [4]. Obesity is 
absent, and both sexes are affected equally. The syn- 
drome develops in approximately 70 percent of diabe- 
tes-prone rats between 60 and 120 days of age [1, 5, 6]. 

There is considerable evidence that diabetes in BB 
rats, like human Type 1 diabetes, has an autoimmune 
aetiology. The BB rat is characterised by multiple ab- 
normalities of humoral and cell-mediated immunity. 
The insulitis is accompanied by rapid, selective de- 
struction of  virtually all pancreatic B cells [2, 3]. Non- 
species-specific but organ-specific antibodies directed 
against surface determinants of rat islet cells have been 
detected in the serum of BB rats [7, 8]. In addition, ap- 
proximately 50% of these rats develop antibodies to 
gastric parietal cells and smooth muscle, with concom- 

itant lymphocytic gastritis [9]. Diabetes-prone BB rats 
are profoundly T-lymphocytopoenic with reductions 
of both T-helper/inducer (Th/Ti) and T-cytotoxic/sup- 
pressor (To/Ts) cell populations [10-12]. As is typical of 
autoimmunity in other animals, the BB rat shows de- 
pressed responsiveness to concanavalin A (ConA) and 
to allogeneic stimulator ceils in mixed lymphocyte 
reactions (MLRs) [13, 14]. 

Evidence that the diabetes in BB rats is T-cell-me- 
diated stems from a number of observations, such as 
prevention of the disease by neonatal thymectomy [15] 
or by transfusions of peripheral T-lymphocytes from 
a diabetes-resistant line of  BB rats [16]. Injection of 
ConA-activated splenic lymphocytes has been shown 
to adoptively transfer insulitis and diabetes in young 
diabetes-prone BB rats [17], or in lines of diabetes-re- 
sistant BB rats and Wistar-Furth (WF) rats that have 
been pretreated with cyclophosphamide [18]. Neonatal 
inoculation of diabetes-prone BB rats with bone mar- 
row cells from a normal strain of  rat (creating chime- 
ras) prevents diabetes [6, 12, 19-21]. In our study [6], 
mixed lymphocyte cultures and ConA stimulation as- 
says performed with lymphocytes from the recipient 
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BB rats demonstrated that they had been immunologi- 
cally reconstituted. Diabetes in the BB rat can be pre- 
vented or reversed by various immunosuppressive 
procedures, such as administration of antilymphocyte 
globulin [22], glucocorticoids [23], or cyclosporin 
[23-251. 

A series of bone marrow irradiation chimeras were 
constructed [26, 27], using various combinations of 
normal or BB rat recipients and bone marrow donors, 
in an attempt to determine the site of the defect(s) 
leading to diabetes and/or  T-cell lymphopoenia in the 
BB rat. If the defect(s) in BB rats leading to diabetes 
and/or  T-cell lymphopoenia resides in the lymphoid 
stem cells, then transplanting these stem cells from dia- 
betes-prone animals into irradiated diabetes-resistant 
(normal) animals should induce diabetes and/or  lym- 
phopoenia. As a corollary, if such defect(s) reside in 
the lymphoid stem cells, transplanting these stem cells 
from normal rats into irradiated diabetes-prone ani- 
mals should prevent the onset of diabetes and/or  cor- 
rect the T-cell abnormalities. Conversely, if the de- 
fect(s) resides in the differentiative environment of the 
T-cell, then transplanting the lymphoid stem cells from 
diabetes-prone animals into irradiated normal animals 
would not induce diabetes nor lymphopoenia, and 
transplanting the stem cells from normal animals into 
irradiated diabetes-prone animals would not prevent 
the onset of diabetes nor correct the T-cell abnormali- 
ties. The experiments described in this paper were car- 
ried out to test these possibilities. 
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Preparation and injection of donor bone marrow cells 

T-cell-depleted bone marrow was prepared as previously described 
[6]. Marrow from several rats was pooled for inoculation of several 
recipients. Each recipient was given 800 rads whole-body irradiation 
from a Theratron-80 6~ source (Atomic Energy of Canada, Ont, 
Canada). Irradiated rats each received an intracardiac (i. c.) injection 
of 5 x 107 viable bone marrow cells (excluding erythrocytes) in a vol- 
ume of 0.5 ml of Hanks' Balanced Salt Solution (HBSS) without se- 
rum, within 6 h after irradiation. The animals survived the irradia- 
tion and bone marrow injection procedures well and returned to 
normal weight within a few weeks after treatment. All experimental 
animals were observed for at least 140 days post-inoculation, or until 
onset of diabetes. 

Table 1 lists the bone marrow donors and recipients. A total of 30 
adolescent WF rats were chosen for irradiation. Of these, 23 were in- 
oculated with BB bone marrow derived from overtly diabetic do- 
nors; these recipients were designated BB-,WF chimeras. The other 
7 WF rats were inoculated with WF bone marrow, as irradiation 
controls, and were designated WF-~WF "chimeras". In Experi- 
ment I, 39 adolescent diabetes-prone BB rats from 6 litters, ranging 
in age from 40-109 days, were chosen for irradiation and inoculation 
with WF bone marrow, and were designated WF-~BB chimeras. In 
Experiment II, an additional 13 WF-~BB chimeras were created, 
with recipients from 5litters, ranging in age from 37-40days; 
21 BB-~BB animals were created, with recipients from 7 litters, rang- 
ing in age from 38--41 days. As in the BB~WF chimeras, the BB~BB 
animals received bone marrow from overtly diabetic donors. 

Assessment of lymphopoenia 

Samples of peripheral blood for differentials and leucocyte counts 
were collected in EDTA by i.c. puncture of rats mildly anaesthetised 
with Metofane (Pitman-Moore, Washington Crossing, NJ, USA). 
The absolute number of leucocytes per litre of blood was determined 
using a haemocytometer. The number of lymphocytes was calculated 
from this leucocyte count using data obtained by differential counts 
on Wright-stained blood cells. 

Materials and methods 

Animals 

The Charlottesville BB rat colony was begun in 1982 with breeding 
pairs from a subline of BB rats with a high incidence of diabetes, 
generously donated by Dr. Arthur Like (University of Massachu- 
setts) from the parent colony at Worcester, Mass, USA. The original 
breeding pairs were obtained in their 13th-14th generation of bro- 
ther-sister inbreeding; the Charlottesville colony has been main- 
tained by random breeding. To preserve genetic homogeneity with 
the parent colony, additional breeders have occasionally been ob- 
tained from the inbred colony at Worcester. The animals for this 
study were maintained as previously described [6]. 

Female Wistar-Furth (WF) rats were obtained at 4-5 weeks of 
age from Harlan Sprague Dawley (Indianapolis, Ind, USA), and 
maintained in a separate room with food and water ad libitum until 
used as bone marrow, spleen, or lymph node donors, or as bone 
marrow recipients. BB rats are derived from a Wistar line and there- 
fore have the same major histocompatibility complex (MHC) haplo- 
type (RTI ~) as WF rats [12, 28]. 

Female Fisher rats (Charles River Lakeview, Boston, Mass, USA) 
were selected as a source of allogeneic (RT1 ~) stimulator spleen cells. 
These rats were housed under conditions similar to the WF rats. 

All irradiated animals were kept for at least 2 months in a Porta- 
Room dual-flow cleanroom furnished with HEPA filters (Lab-Prod- 
ucts, Maywood, NJ, USA). At time of killing, serum samples were 
collected and stored frozen for later evaluation of nonfasting serum 
glucose values by the glucose oxidase method using a Beckman Glu- 
cose I autoanalyzer (Beckman Instruments, Fullerton, Calif, USA). 

T-cell subset analyses 

Cytofluorographic analyses of spleen cells incubated with the mu- 
fine-derived monoclonal antibodies W3/13, W3/25, OX 8, or OX 19, 
and a fluorescein isothiocyanate-conjugated anti-murine IgG second 

Table 1. Experimental and control rats 

Donor Recipient Designation Number 
in study 

Experiment I: 
WF WF WF~WF 7 
BB WF BB~WF 23 
WF BB WF~BB 39 
Untreated BB rats in total colony BB 111 

Experiment II: 
WF BB WF~BB 13 
BB BB BB-~BB 21 
Untreated BB littermates of the BB 21 
irradiation chimeras 
Untreated BB rats in total colony BB 46 

After completion of Experiment I, new breeders were acquired for 
our BB rat colony. BB~WF irradiation chimeras were WF rats le- 
thally irradiated and injected with T-cell-depleted bone marrow 
from overtly diabetic BB rats; WF~BB irradiation chimeras were 
diabetes-prone BB rats irradiated and injected with T-cell-depleted 
bone marrow from normal WF rats; BB~BB and WF~WF irradia- 
tion controls were irradiated and injected with syngeneic T-cell-de- 
pleted bone marrow 
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antibody, were performed on a fluorescence-activated cell sorter 
(FACS). These methods have been previously described [6]. The spe- 
cificities of the monoclonal antibodies were as follows [29-32]: 
W3/13 - all T-lymphocytes and thymocytes ("pan T"); OX19 - an 
alternative pan T marker; W3/25 - helper T-cells (Th), inducer 
T-cells (Ti), and some macrophages; OX8 - cytotoxic T-cells (To), 
suppressor T-cells (Ts), and natural killer cells (NK). In most labo- 
ratories, the use of OXI9 has largely superceded that of W3/13, 
since OX19 has been found to label no cells other than thymocytes 
and peripheral T-cells [33]. The results are expressed as the percent 
of the total number of cells counted that were positive. 

A monoclonal antibody to the RT-7.2 T-cell differentiation allo- 
antigen [34] was used to document the persistence of donor-origin 
lymphoid cells in the WF-~BB chimeras. The RT-7.2 antigen is ex- 
pressed on WF T-cells, B-lymphocytes, and thymocytes, but is totally 
missing in BB rat lymphoid cells. Briefly, at the time of killing, 
spleen cells were removed, washed, and incubated in HBSS supple- 
mented with 1% bovine serum albumin (BSA) and 0.1% sodium 
azide; this incubation medium was designated HBA. The cells were 
incubated in HBA for 30 rain at room temperature, in the presence 
of biotinylated anti-RT-7.2, and then washed several times and incu- 
bated for 15 min at room temperature in HBA containing fluores- 
cein-streptavidin (Amersham Corporation, Arlington Heights, Ill, 
USA). Cells were analysed on the FACS as described for the other 
monocional antibodies. 

Assessment of lymphocyte function 

MLRs were performed with lymph node cells and spleen cells from 
control diabetic BB rats, control WF rats, and irradiation chimeras 
(WF-+BB, BB~WF, and BB~BB). The methods used were described 
previously [6]. 

Statistical analysis 
All parametric data are presented as mean+standard error of the 
mean (SEM). Probability values (p) for differences in incidence of 
diabetes between experimental groups were calculated using the 
Fisher's Exact test (two-tailed). Only those animals surviving either 
to the age of 140 days or to the onset of diabetes were included. The 
parameters of leucocytes/~l, lymphocytes/lxl, segmented cells/lxl, 
the percentages of the various cell types measured by FACS analysis, 
and the incorporation of 3H-thymidine in MLRs were compared 
among the groups by analysis of variance (nsing a general linear 
model) accompanied by Duncan's multiple range test (alpha set at 
0.05). 

Results 

Incidence of diabetes 

Experiment I: The incidence of overt diabetes in con- 
trol BB rats in the Charlottesville colony by 180 days 
of  age was found to be 68% (76/111), with a mean age 
of onset of 90+3  days (range 51-135) (Table 2). The 
overall incidence of diabetes in irradiated BB rats that 
had received T-cell-depleted WF bone marrow 
(WF-~BB chimeras) was significantly reduced (18% or 
7/39 animals, p < 0.001 compared to untreated control 
BB rats). When the data were more closely examined, 
it was seen that there was zero incidence (0/19 ani- 
mals) of diabetes in animals that were less than 44 days 
of age (40-43 days) at the time of  bone marrow trans- 
fer. In the 7 WF-*BB rats that did develop diabetes, 4 

were around 98 days of age at time of  WF bone mar- 
row transfer and developed diabetes at 123 _+ 6 days of 
age (range 112-140), while 3 were around 51 days of  
age at time of transfer and developed diabetes at 75_+ 
3 days of age (range 71-82). Thus, in these 7 prediabet- 
ic rats, irradiated and reconstituted at different ages ,  
the disease occurred within 22-23 days following 
transfer of WF bone marrow. 

New breeders were obtained prior to Experi- 
ment II (Table 2) and a somewhat reduced incidence 
of  diabetes (53% or 29/52 rats) was observed in the 
colony, with a mean age of onset of disease of 98 + 
4 days of  age (range 60-141). Of the 21 irradiated BB 
recipients of bone marrow from overtly diabetic BB 
rats (BB-~BB; Table 2), 5 animals, or 24%, became dia- 
betic, an incidence not significantly different (p < 0.50) 
than the incidence (8/21, or 38%) in their untreated BB 
littermates. As in Experiment I, there was zero inci- 
dence of diabetes (0/13) in BB recipients of T-cell-de- 
pleted WF bone marrow (WF-~BB), all of which were 
irradiated and treated between 37 to 41 days of age 
(Table 2). When the WF-~BB chimeras treated at < 
44 days of  age in Experiment I were combined with 
the WF-+BB chimeras from Experiment II (n ~ 32), the 
reduction in incidence of diabetes compared with the 
BB-~BB irradiation controls was significant at the level 
of  p < 0.007. Thus, BB rats lethally irradiated and re- 
constituted with normal bone marrow clearly develop- 
ed diabetes less frequently than BB rats lethally irradi- 
ated and reconstituted with BB bone marrow. 

Although the incidence of diabetes in BB-~BB chi- 
meras was not significantly different than in their litter- 

Table 2. Incidence of diabetes in control and experimental BB rats 

BB rats Incidence of Age at onset 
diabetes ~ (days) 

Experiment I: 
Total colony (untreated) 76/111 =68% 90_+ 3 
WF-+BB irradiation chimeras 7/39 = 18% b 

treated at >46 days of age 7/20 =35% c 103_+10 
treated at <44 days of age 0/19 = 0 •  b ' h  

Experiment II: 
Total colony (untreated) 29/52 = 53% 98_+ 4 
Litter-matched controls 8/21 =38% d 94_+ 4 
BB+BB irradiation controls 

(All treated at <42 days of 5/21 =24% e 
age) 
WF-~BB irradiation chimeras 

(All treated at <42 days of 0/13 = 0%~h 
age) 

122+ 2 f 

Rats are as described in Table 1. a number of diabetic/total number 
of rats; b p < 0.001 compared with untreated controls; c p < 0.006 
compared with untreated controls; d NS (p > 0.4) compared with to- 
tal colony; e NS (p > 0.5, p > 0.06) compared with litter-matched con- 
trols and with total colony, respectively; ep <0.001 compared with 
age of onset in untreated littermates; gp < 0.01, p <0.001, compared 
with litter-matched controls and with total colony, respectively; 
h p < 0.007 for WF--,BB chimeras treated at < 44 days of age (n = 32, 
pooled from Expts. I and II) compared with BB+BB irradiation con- 
trols 
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Fig.l.  Total leucocyte counts and differential cell counts were per- 
formed on peripheral blood from normal WF rats (A), WF rats le- 
thally irradiated and injected with T-cell-depleted WF bone marrow 
(B), control BB rats (C), WF rats irradiated and injected with T-cell- 
depleted MHC-compatible BB bone marrow (D), BB rats irradiated 
and injected with T-cell-depleted WF bone marrow (E), and BB rats 
irradiated and injected with T-cell-depleted BB bone marrow (F). 
Results are expressed as means +__ SEM. No differences from normal 
were seen in other cell types, e.g. segmented cells, eosinophils. Anal- 
yses were conducted at time of killing, 140-180 clays of age for 
nondiabetic rats or within 20 days after appearance of glycosuria in 
diabetic rats. *NS (p_>0.44) compared with WF controls. **p< 
0.0001 compared with WF controls; NS (p >_ 0.61) compared with 
BB-~BB controls. + NS (p > 0.63) compared with WF and WF-~WF 
controls; p<0.01  compared with BB and BB-~BB controls, ~ NS 
(p >__ 0.25 compared with WF and WF-+WF controls; p _< 0.0001 com- 
pared with BB and BB-~BB controls. r p <0.0001 compared with 
WF controls; NS (p > 0.44) compared with BB controls. [ ]  WF Con- 
trois n = 18; [ ]  WF-~WF Chimeras n = 5; ~ ]  BB Controls n = 20; [ ]  
BB-~WF Chimeras n = 5; [ ]  WF-~BB Chimeras n = 18; [ ]  BB-~BB 
Chimeras n =18 

matched controls, the mean age of onset of the diabe- 
tes in the BB~BB chimeras was 122_ 2 days of age 
(range 115-129), a noticeable delay (p <0.001 by two- 
tailed t-test). This delayed onset was not seen, however, 
in irradiated BB rats given WF bone marrow (Experi- 
ment I, animals treated at > 46 days of age), in which 
diabetes occurred as early as at 71 days of age. It 
should be noted that the recipients were irradiated in 
identical manner in both experiments. 

At no time did irradiated WF recipients of BB 
(BB~WF) or WF (WF-+WF chimeras) bone marrow 
develop disease (data not shown). 

At time of killing, the mean nonfasting serum glu- 
cose value for insulin-treated diabetic BB rats (experi- 
mental and control) was 31+1  mmol/ l  (n=17) ;  no 
significant differences were observed between experi- 
mental groups, nor between experimental and control 
groups. The mean nonfasting serum glucose value for 
WF rats was 8+0.4  mmol/1 (n =18);  that for nondia- 
betic experimental BB rats was 8 + 0.3 mmol/1 (n = 33). 
No significant differences were observed between ex- 
perimental groups, nor between experimental and con- 
trol groups. 

Lymphopoenia 

Normal WF rats had a mean leucocyte count of 
10.2x 109/1, 85% of which were lymphocytes (Fig.l). 
Control BB rats with recent-onset diabetes were mark- 
edly leucopoenic and lymphopoenic, with a mean of 
only 5.5 • leucocytes/1 (55% of normal) and a 
mean of only 3.6 x 109 lymphocytes/1 (42% of normal). 
Both leucocyte and lymphocyte counts were signifi- 
cantly lower than those for WF rats (p < 0.001 for both 
parameters by analysis of variance). Values essentially 
identical to those in WF rats were seen not only in 
WF-+WF irradiation controls, but also, interestingly, in 
BB~WF irradiation chimeras. 

BB rats that had been lethally irradiated and given 
T-cell-depleted WF bone marrow (WF-~BB) did not 
demonstrate leucopoenia or lymphopoenia, as mea- 
sured by leucocyte counts or lymphocyte counts (106% 
of normal) in peripheral blood. This indicates that the 
transfer of T-cell-depleted bone marrow cells into 
these animals after irradiation completely corrected 
their lymphopoenia as well as prevented the onset of 
overt diabetes. 

In contrast to the BB-+WF and WF-,BB chimeras, 
leucocyte and lymphocyte counts in the BB-~BB rats 
were depressed and similar to those of the untreated 
BB control rats. 

In all WF-~BB chimeras tested, spleen cells were 
positive for the RT-7.2 differentiation alloantigen, veri- 
fying the persistence of donor-origin lymphoid cells. In 
our hands, the percentage of spleen cells positive for 
RT-7.2 alloantigen was 32+2% in WF rats (n=6) ,  
3+__1% in BB control rats (n=5) ,  3 + 1 %  in BB-+BB 
chimeras (n =2), and 28+2% in WF-~BB chimeras 
(n = 8). The difference in percent positive cells between 
WF rats and WF-~BB chimeras was not significant 
(p =0.20). 

The percentage of  segmented cells varied among 
the groups; however, the differences in absolute num- 
bers of segmented cells were not statistically significant 
(p>0.60, data not shown). No differences between 
control WF, control BB, and any of the experimental 
groups were found in the percentages of monocytes, 
basophils, or eosinophils. 

Subset analyses of spleen cells 

Table 3 shows the results of lymphocyte subset analy- 
ses on spleen cells from control and experimental ani- 
mals. In normal WF rats (Column A), the fraction of 
the total spleen cells that were of the W3/25 + and 
OX8 + subsets were approximately equal" 25.1% and 
22.5%, respectively. The sum of these two subsets 
(47.6%) was essentially equal to that seen with a 1:1 
mixture of  the W3/25 and OX8 antibodies (46.2%) 
and with each of the W3/13 (45.9%) and OX19 
(38.7%) antibodies, suggesting that the W3/25 + and 
OX8 + subsets do not overlap appreciably and ade- 
quately account for all T-cells in the normal WF rat. 
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Table 3. Lymphocyte subset analyses of spleen cells from control WF and BB rats and from irradiation chimeras 

Cell Type A B C D E F 

WF WF~WF Recent-onset BB-+WF WF-~BB BB-~BB 
diabetic BB 

n = 1 9  n = 6  n = 1 8  n = 8  n=13  n=15  

B-lymphocytes (Ig +) 44.9 ___ 0.9 41.4 + 0.6 50.3 + 2.1 41.0 _+ 0.8 41.9 _+ 2.2 57.4 + 2.6 
W3/13 + (T-cells) 45.9+1.3 44.4-+1.7 27.9+1.4 ~'b 41.2--- 1.3 c'd'e 31.8+1.5 ~f 25.5-+2.2 
W3/25 + (Th/Ti) 25.1 ___ 0.5 28.1 _+ 0.3 10.2 + 0.7 ~, e 27.2 _+ 0.8 r e, g 16.l + 0.9 ~, a, ~ 12.8 -+ 0.9 
OX8 + (To/Ts/NK) 22.5___0.8 20.3-+0.5 6.5-+0.7 ~d'e 20.3+0.7 d ' ~ ' h  11.7+0.9 ~ 9.2-+0.8 
W3/25+ + OX-8 +j 46.2_+1.0 52.0+1.5 16.2--+1.1 ~b 50.2• ~ 24.2+2.8 ~-d ' e  16.0+1.2 
OX 19 + (T-cells) 38.7 • 1.4 43.1 + 0.5 6.0 + 0.6 ~, b 42.8 -+ 2.3 r ~' k 17.5 -+ 2.2 ~ ~ e 5.9 _+ 0.6 

Rats were as described in Tables t and 2. Spleen cells were analysed on a fluorescence-activated cell sorter as described in the text. Results are 
expressed as the means + SEM of the percent of total viable leucocytes with the indicated phenotype, a p < 0.000l compared with WF or 
WF-~WF controls; b NS (p > 0.29) compared with BB-~BB controls. ~ NS (p > 0.08, p > 0.36) compared with WF and WF~WF controls respec- 
tively; a p < 0.007 compared with BB controls; e p < 0.003 compared with BB~BB controls; f p < 0.01 compared with BB-*BB controls; NS 
(p > 0.09) compared with BB controls; g NS (p > 0.08, p > 0.52) compared with WF and WF~WF controls respectively; h NS (p > 0.10, p = 1.0) 
compared with WF and WF-~WF controls respectively; i NS (p > 0.04) compared with BB-~BB controls; J Incubation :mixture contained equal 
proportions of W3/25 and OX 8 monoclonal antibodies, diluted such that the final antibody concentration equalled the concentration of each 
individual monoclonal assayed separately; ~ NS (p > 0.05, p > 0.48) compared with WF and WF-+WF controls respectively 

Table 4. Lymphocyte function in control WF and BB rats and irradiation chimeras 

Rat group Responder cell type, experiment I Responder cell type, experiment II 

Splenic Lymph node Splenic Lymph node 
(cpm x 10 -3) (cpm x 10 -3) (cpm x 10 -3) (cpm x 10 -3) 

WF 

BB-~WF 

control BB 

WF-+BB 

BB-*BB 

50.8 + 4.3 (6) 74.2 _+ 2.7 (4) 
(5.6_+2.0) (3.4_+0.8) 

53.5 _+ 1.8 (6)" b 78.1 _+ 3.0 (3) ~ b 
(11.4 _+ 2.4) (3.3 + 0.4) 

4.0_+0.6 (6) ~ 15.4_+3.1 (3) c 
(2.6 + 0.2) (3.5 + 1.4) 

25.9 + 3.7 (7) 32.8 _+ 3.0 (3) 
(3.8 _+ 0.8) (1.4 _+ 0.1) 

1.2 + 0.2 (7) ~ 7.0_+ 1.8 (3) ~ 
(0.7+0.1) (1.5_+0.5) 

24.7_+4.2 (10) ~d 36.7+3.0 (4) ~-d 
(4.1 _+ 1.0) (6.0 _+ 0.8) 

1.0_+0.1 (16) c,e 8.5_+1.8 (5) c,e 
(6.0 + 0.8) (3.2 _+ 1.2) 

Rats were as described in Table 1. Spleen cells or lymph node cells were plated at 1 • t0 s cells/well in the presence of 1 • 105 irradiated alloge- 
neic (Fisher) spleen cells. Responsiveness was assessed, as described in the text, by the subsequent incorporation of 3H-thymidine. Results are 
expressed as means _+ SEM of total (uncorrected) cpm x 10-33H_thymidine" Cpm x 10 -3 observed in unstimulated responder cells (plated with 
medium alone) appear in parentheses under the total cpm. Statistical analyses were performed on corrected values, after subtraction of the cpm 
observed in unstimulated ceils. The number of animals studied in each experimental group appears in parentheses to the fight of the uncorrect- 
ed values, a NS (t7 > 0.59) compared with WF controls; b p < 0.0001 compared with BB controls; ~ < 0.0001 compared with WF controls; 
d p < 0.000t compared with BB and BB-+BB controls; e NS (p > 0.94) compared with BB controls 

I n  r e c e n t - o n s e t  d i a b e t i c  ( co n t ro l )  BB rats ,  a s igni f i -  
c a n t  d e c r e a s e  i n  W 3 / 1 3  + T-ce l l  f r e q u e n c y  was  s e e n  
(27.9%, o r  61% o f  n o r m a l ,  p < 0 . 0 0 0 a )  ( C o l u m n  C).  
Th i s  d e c r e a s e  was  r e f l ec t ed  i n  b o t h  T-ce l l  subse t s ,  al-  
t h o u g h  t he r e  was  a n  a p p a r e n t  p r e f e r e n t i a l  d e p r e s s i o n  
i n  t he  O X  8 + subse t .  A n  e v e n  m o r e  s t r i k ing  d e c r e a s e  
w as  s e e n  i n  the  O X 1 9  + subse t .  

I r r a d i a t e d  W F  ra ts  t h a t  r e c e i v e d  T - c e l l - d e p l e t e d  
b o n e  m a r r o w  f r o m  d i a b e t i c  BB rats  ( C o l u m n  D )  
s h o w e d  v i r t u a l l y  c o m p l e t e  n o r m a l i s a t i o n  o f  t h e i r  T-ce l l  
s u b s e t  d i s t r i b u t i o n s ,  as d i d  t h e  i r r a d i a t e d  W F  ra ts  t h a t  
r e c e i v e d  T - c e l l - d e p l e t e d  W F  b o n e  m a r r o w  (C o l -  
u m n  B). 

S u rp r i s i ng ly ,  i r r a d i a t e d  BB rats  t h a t  r e c e i v e d  T-ce l l -  
d e p l e t e d  W F  b o n e  m a r r o w  ( C o l u m n  E)  d i d  n o t  s h o w  

c o m p l e t e  n o r m a l i s a t i o n  o f  t he i r  T-ce l l  s u b s e t  d i s t r i b u -  
t i ons ,  d e s p i t e  t he  o b s e r v a t i o n  t h a t  t hese  a n i m a l s  h a d  
n o  d i abe t e s ,  ye t  h a d  n o r m a l  l e u c o c y t e  a n d  l y m p h o c y t e  

c o u n t s  i n  p e r i p h e r a l  b l o o d .  T h e  f r a c t i o n s  o f  cells  i n  t he  
W 3 / 2 5  + a n d  O X 8  + subse t s  w e r e  s i g n i f i c a n t l y  in -  
c r e a s e d  c o m p a r e d  to c o n t r o l  BB rats  (p < 0.0001).  
H o w e v e r ,  b o t h  subse t s  we re  still  s i g n i f i c a n t l y  de -  
c r e a s e d  c o m p a r e d  to  W F  a n d  W F - ~ W F  c o n t r o l  an i -  
m a l s  (p  < 0.0001). T h e  p r o p o r t i o n  o f  W 3 / 1 3  + cells  was  
o n l y  s l igh t ly  g rea t e r  (p  < 0.09) t h a n  t h a t  o f  c o n t r o l  d ia -  
be t i c  BB ra ts  ( C o l u m n  C).  T h e  p a r t i a l  r e s t o r a t i o n  o f  
t he  W 3 / 2 5  + a n d  O X 8  + subse t s  is i n  c o n t r a s t  to  t he  
l a c k  o f  r e s t o r a t i o n  s e e n  w h e n  n o n i r r a d i a t e d  n e o n a t a l  
BB rats  w e r e  i n j e c t e d  w i t h  T - c e l l - d e p l e t e d  W F  b o n e  
m a r r o w  [6]. 
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Lymphocyte function 

The results of lymphocyte functional analyses are giv- 
en in Table 4. The table lists total (uncorrected) cpm of 
3H-thymidine incorporation in 5-day MLR assays. Sta- 
tistical analyses were performed on corrected values, 
obtained by subtraction of the cpm observed in unsti- 
mulated cells plated in medium alone. (In Table 4, the 
cpm observed in unstimulated cells appear in paren- 
theses below the uncorrected values.) Lymph node 
cells and spleen cells from WF rats irradiated and giv- 
en BB bone marrow demonstrated normal responsive- 
ness compared with lymphocytes from control WF rats 
(p >0.59). More importantly, the lymphocytes of irra- 
diated BB rats that received WF bone marrow, in 
which no diabetes occurred, also showed complete res- 
toration of responsiveness (p >0.60 compared with 
WF control rats). 

Discussion 

The results presented here are somewhat paradoxical. 
When normal WF rats were irradiated and injected 
with lymphoid stem cells from overtly diabetic BB rats 
(BB-~WF chimeras), these animals showed no diabetes, 
normal leucocyte counts and differentials in the pe- 
ripheral blood, normal T-cell subset distributions in 
the spleen, and normal lymphocyte function as as- 
sessed by responses to allogeneic splenocytes. Togeth- 
er, these results suggest that BB rat lymphoid stem cells 
differentiated in an apparently normal fashion in the 
WF host. Since the BB-*WF and the BB-~BB chimeras 
differ only in the differentiative environment (i. e. the 
stem cells are the same, both BB), it appears that BB 
stem cells do not express a dominant defect that leads 
to lymphopoenia and diabetes, and suggests there is a 
defect in the differentiative environment. On the other 
hand, diabetes-prone BB rats that were irradiated and 
injected with lymphoid stem cells from normal WF 
rats (WF-~BB chimeras) showed a marked decrease in 
incidence of diabetes (with zero incidence in animals 
treated at less than 44 days of age). They also demon- 
strated normal leucocyte counts and differentials in pe- 
ripheral blood, and normal lymphocyte function as as- 
sessed by response to allogeneic splenocytes. Since the 
WF-~BB and BB~BB chimeras differ only in their stem 
cells (i. e. the differentiative environment is the same) 
and since these findings show that there is a difference 
in the way BB and WF stem cells differentiate in the 
BB rat, there must be a defect in the BB rat stem cell 
population. The partial restoration of lymphocyte sub- 
sets in WF-~BB rats supports defects at the level of 
both the stem cell and the differentiative environment. 

Note that diabetes occurred in the BB~BB chime- 
ras in this study. The incidence of diabetes in the these 
chimeras was not significantly reduced compared with 
the incidence in their untreated BB littermates. The 

BB~BB chimeras developed diabetes with a delayed 
age of onset, but the animals were followed for a suffi- 
cient period of time (until 180 days of age) to ensure 
ascertainment of diabetes in all of the animals of this 
cohort (no animals developed diabetes after 129 days 
of age). In contrast to the BB~BB chimeras, the 
WF-~BB chimeras did not have a delayed onset of the 
disease. Indeed, the group irradiated and reconstituted 
at around 50 days of age actually developed diabetes 
at an earlier than expected age. The kinetics of diabe- 
tes onset in irradiation chimeras may be a consequence 
of the period of time required for the bone marrow in- 
oculum to immunologically reconstitute the host. The 
delayed onset of diabetes in the BB-~BB chimeras, not 
seen in WF-,BB chimeras, might be explained by a 
longer time requirement for T-cell-depleted BB bone 
marrow cells to reconstitute a host compared with 
T-cell-depleted WF bone marrow cells. 

We cannot rule out the possibility that irradiation 
in the present study may have had a partial suppressive 
effect on diabetes incidence, not seen in this small 
study but perhaps observable in a larger study. In ear- 
lier studies, whole-body irradiation of BB rats was re- 
ported to cause decreased incidence of diabetes [22]; 
however, irradiation was not followed in that study by 
immunologic reconstitution, and the high morbidity 
and mortality observed in the animals make interpreta- 
tion of the results difficult. In contrast, Rossini, et al. 
[35] found that total lymphoid irradiation of BB rats at 
a dose of 1600 rads did not decrease frequency of dia- 
betes. 

The results of the present study are in part consis- 
tent with, and in part in contrast to, a study by Franc- 
fort, et al. [36]. In their study, irradiated diabetes-prone 
BB rats were injected with T-cell-depleted bone mar- 
row from non-diabetes-prone BB rats. These chimeras 
showed a T-cell subset distribution equivalent to the 
non-diabetes-prone BB control rats. In contrast, our 
analogous WF-~BB rats, although showing normal leu- 
cocyte and lymphocyte counts, had T-cell subset levels 
intermediate between those of the WF and BB control 
rats. It should be noted that lymphocyte subset distri- 
butions were assessed in different tissues in the two 
studies. More interesting, however, is the possibility 
that the non-diabetes-prone line used by Francfort, et 
al. [361 has a normal stem cell population but a defec- 
tive T-cell differentiative environment (rendering them 
comparable to our WF-,BB chimeras) leading to a low 
but significant incidence of diabetes. The number of 
rats used in their studies was insufficient to measure 
incidence of disease and the number used in our 
studies was insufficient to detect a very low incidence 
(1 to 5%) of diabetes. 

Bone marrow chimeras are routinely constructed in 
adult rats by lethal irradiation and repopulation with 
bone marrow cells from another strain. In the present 
study, FACS analyses demonstrated the presence of 
donor-derived WF (RT7.2 +) lymphocytes surviving at 
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least 120 days (until time of killing) in the spleens of 
BB recipients of WF bone marrow stem cells. By treat- 
ing the bone marrow of the donor with anti-T-cell an- 
tiserum plus complement before repopulating the 
recipient, one can prevent the potential for graft-ver- 
sus-host (GVH) reaction and induce stable chimerism 
in fully allogeneic irradiation chimeras [37, 38]. We 
cannot rule out the possibility of a subclinical or delay- 
ed GVH reaction in our chimeras; however, our 
WF~BB and BB-~WF chimeras showed no clinical 
signs (ruffled fur, hunched back, diarrhea, etc.) of 
GVH reaction and continued to gain weight after the 
cell infusion. 

The lymphocyte-responsiveness of WF~BB chime- 
ras, as assessed by MLR, was restored to the level seen 
in WF lymphocytes, despite the observation that the 
splenic T-cell subsets in WF-~BB chimeras were only 
partially restored. We have also observed normalisa- 
tion of lymphocyte responsiveness in the presence of 
only partial improvement in T-cell subsets in BB rats 
given WF bone marrow as neonates [6], as well as in 
neonatally-thymectomised BB rats given neonatal WF 
thymus transplants [manuscript under editorial review]. 
It is known that not all T-cells respond to allogeneic or 
mitogenic stimulation. Therefore, normalisation of 
function is not necessarily directly correlated with nor- 
malisation of T-cell subset numbers as measured by 
surface markers. 

In an earlier study [6], we reported that injection of 
bone marrow from normal rats into neonatal diabetes- 
prone BB rats resulted in a decreased incidence of dia- 
betes and restoration of lymphocyte responsiveness, 
whereas injection of T-cell-depleted bone marrow had 
no effect on function or disease. These results suggest- 
ed that mature T-cells in the bone marrow inoculum 
were responsible for the prevention of diabetes in our 
studies [6] and in those of others [12, 19, 20]. This is in 
contrast to the observation in the present study that 
normal bone marrow depleted of mature T-cells can at 
least partially reconstitute an irradiated adolescent BB 
rat. In the neonatal study, the effect of  the neonatal BB 
differentiative environment on the phenotype (i. e. inci- 
dence of diabetes and lack of restoration of T-cell sub- 
sets) of the experimental animals reconstituted with 
normal bone marrow is consistent with a major contri- 
bution from BB bone marrow-derived elements. 

In summary, T-cell-depleted bone marrow from 
overtly diabetic BB rats differentiated in an apparently 
normal fashion in irradiated normal recipients, but T- 
cell-depleted bone marrow from normal rats only par- 
tially restored the immunocompetence of diabetes- 
prone BB rats. These studies, and those of others, 
suggest that there are two defects in the BB rat leading 
to diabetes and/or  lymphopoenia. One of these occurs 
at the level of the bone marrow lymphoid stem cell 
while the other resides in the T-cell differentiative envi- 
ronment. Studies are currently underway to investigate 

the thymic and post-thymic compartments of T-cell 
differentiation to localise the site of the latter defect. 
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