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Summary. Pancreatic islets isolated from non-obese diabetic 
(NOD) mice, all of which have insulitis, exhibit an impaired 
glucose metabolism. In order to investigate the role of infil- 
trating lymphocytes for this altered metabolism, we injected 
12- to 13-week-old female NOD mice with monoclonal anti- 
bodies directed against either the ~fl-T cell receptor, CD4 + 
or CD8 § T cells. Control NOD mice were injected with nor- 
mal rat IgG or with the vehicle (phosphate buffered saline) 
alone. Injection of the three different monoclonal anti- 
bodies markedly reduced the mononuclear cell infiltration. 
An intravenous glucose tolerance test showed no differen- 
ces between the groups. Islet insulin release in response to 
glucose was similar in all groups. In contrast, islets isolated 
from the control NOD mice with insulitis showed a high 
basal (1.7 mmol/1 glucose) glucose oxidation rate and a 
small increase in the glucose oxidation rate in response to a 
high glucose concentration (16.7mmol/1 glucose). The 
monoclonal antibodies counteracted the elevated basal glu- 
cose oxidation rate of the islets. Parallel studies of stimu- 
lated mononuclear cells suggested that the contribution of 

glucose oxidized by islet-infiltrating lymphocytes could only 
partially explain the observed alterations in NOD mouse 
islet metabolism. Culture of islets obtained from NOD mice 
in the presence of the cytokine interleukin-1/3 induced a 
similar pattern of glucose metabolism as seen earlier in IgG 
or phosphate-buffered saline treated control NOD mice. In 
conclusion, alterations in the glucose oxidation rates seem 
to be an early sign of disturbance in islets isolated from 
NOD mice. These early alterations in glucose metabolism 
can be reversed in vivo by monoclonal antibodies directed 
against effector lymphocytes. This suggests that the infiltrat- 
ing mononuclear cells can induce reversible alterations in 
pancreatic Beta-cell function which may precede impaired 
insulin secretion, Beta-cell destruction and overt diabetes 
mellitus. 

Key words: Non-obese diabetic mice, diabetes mellitus, in- 
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The non-obese diabetic (NOD) mouse spontaneously 
develops Type 1 (insulin-dependent) diabetes mellitus 
which strongly resembles the human disease [1, 2]. The 
clinical disease is usually observed after 10 weeks of age, 
predominantly in females. The selective destruction of in- 
sulin-secreting Bet a cells is preceded by an earlyinfiltration 
of the islets of Langerhans by mononuclear  cells, mainly 
T cells. Macrophages have been characterized in the early 
stages of insulitis [3, 4]. CD4 + T cells are initially predomi- 
nant amongtheT cells [5, 6] while CD8 § T cells are second- 
arily recruited [7, 8]. Several reports suggest that CD4 § 
T cells are central to the autoimmune activation process in 
the NOD mouse model. Cytotoxic CD8 ~ T cells have been 
defined as possibly mediating B eta-cell destruction both in 
vitro [9, 10] and in vivo [11-13]. However, other data based 
on studies both in the NOD mouse [14] and in man [15] sug- 
gest that CD4 + T cells may also act as effector cells. 

Islets isolated from female 12- to 13-week-old NOD 
mice have previously been shown to exhibit an impaired 
glucose metabolism [16]. Since these islets all have in- 
sulitis, infiltrating mononuclear cells could be responsible. 
Indeed, after culture of such islets the mononuclear cell 
infiltrate disappears and the islets show a restored glucose 
metabolism [16]. In order to further investigate the role of 
T lymphocytes in the mechanisms behind the islet-im- 
paired metabolism, we treated female NOD mice with dif- 
ferent monoclonal antibodies (MoAbs), i.e. MoAbs di- 
rected against the /3-chain on the t~fl-T cell receptor 
(afl-TcR), which is used by a majority of peripheral 
T cells, or MoAb against CD4 and CD8 proteins, which 
are used by distinct T-cell subsets in the periphery. NOD 
mice injected with normal rat IgG or phosphate-buffered 
saline (PBS) served as controls, i.e. they represented the 
diabetes-prone, untreated female NOD mouse. Ten days 
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Table 1. Intravenous glucose tolerance test in female NOD mice 
treated with different monoclonal antibodies 

Group Time (rain) 

0 15 60 120 

Glucose (mmol/1) 

~z-cq3TcR 2.89 + 0.16 23.4 + 1,23 4.99 + 0.85 3.60 • 0.41 
~z-CD4 3.31+0,29 22.5• 4.36+0.41 4.11• 
c~-CD8 3.73 • 1,06 22.1_+1.18 5.41 _+0.49 5.30• 
IgG 3.14 +_ 0,26 22.3 +_ 1.48 5.65 +_ 0.67 3.69 • 0.39 
PBS 3.95• 23.0• 4.08• 5.58• 

Female 12- to 13-week-old NOD mice were given glucose 2.5 g/kg 
body weight of a 30% glucose solution. Blood samples were ob- 
tained from the tail tip and measured using a blood glucose pen at 
time points 0, 15, 60 and 120 rain. Values are given as means • SEM 
of 8 to 10 animals. TcR, T-cell receptor; PBS, phosphate-buffered 
saline 

Table 2. Pancreatic islet morphology in female NOD mice treated 
with different monoclonal antibodies 

Group Islet morphology rank (% of animals) 

n A B C D 

anti-cq3TcR 9 78 22 0 0 
anti-CD4 9 11 89 0 0 
anti-CD8 7 14 57 29 0 
IgG 8 0 12.5 75 12.5 
PBS 11 9 18 73 0 

The islet morphology of each animal was ranked according to four 
arbitrary classes: A, normal islet structure; B, mononuclear cell infil- 
tration in the per• area; C, mononuclear cell infiltration in a 
majority of islets, i. e. insulitis; D, only a few residual islets exhibiting 
an altered islet architecture with cells often containing pyknotic nu- 
clei or showing other signs of degeneration. TcR, T-cell receptor; 
PBS, phosphate-buffered saline, n, denotes number of animals 

after the init ial  M o A b  injections,  islets were isolated and 
the Beta-cel l  func t ion  evaluated.  
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and injected i.p. 9 and 5 days prior to killing. The amount of protein 
administered was 400-500 gg in 0.1 ml PBS per injection. 

Intravenous glucose tolerance test and pancreas collection 

Two days before the mice were killed a glucose tolerance test was 
performed. The mice were injected in the tail vein with 2.5 g/kg body 
weight glucose in a 30% (weight/volume, w/v) solution. Blood sam- 
ples were obtained from the tail tip at 0, 15, 60 and 120 rain and ana- 
lysed using a blood glucose pen (ExacTech; Baxter Travenol Labor- 
atories, Deerfield, Ill., USA). Tile mice were killed by cervical 
dislocation and the pancreata dissected out. A small piece of the pan- 
creas was cut and quickly frozen for morphological studies of cryo- 
state sections. The remaining pancreatic tissue (= 80%) was used 
for islet isolation. 

Islet insulin release, insulin and DNA content 

The pancreas was treated with collagenase (Boehringer Mannheim, 
Mannheim, FRG) and islets were isolated and hand-picked using a 
braking pipette [20]. The islets were immediately used for various 
experiments, except for the islets exposed to interleukin-] ,/3. For es- 
timation of the insulin release capacity after glucose stimulation, is- 
lets were incubated in groups of 10 each in triplicate and placed in 
sealed glass vials containing 0.25 ml of Krebs Ringer bicarbonate 
buffer [21] supplemented with 10 mmol/1 Hepes and 2 mg/ml bovine 
serum albumin (BSA; Miles, Slough, UK), hereafter referred to as 
KRBH. During the first hour of incubation at 37 ~ (O2:CO2; 95:5) 
the KRBH medium contained 1.7 mmol/1 glucose. The medium was 
then gently removed and replaced by 0.25 ml of KRBH sup- 
plemented with 16.7 mmol/l glucose and the incubation continued 
for a second hour. The insulin concentration of the medium was 
determined by RIA [22]. The inter-assay variation of the RIA was 
7% and the intra-assay variation was 4%. In each experimental 
group the insulin secretion was calculated as the mean of the three 
incubation vials, After the insulin release experiments the islets were 
recovered and pooled in groups of 30 and disrupted by son• in 
0.2 ml red• water. An aliqout of the homogenate was mixed 
with acid ethanol and the insulin extracted overnight at 4 ~ DNA 
was measured fluorophotometrically in another fraction of the 
water homogenate [23, 24]. 

Materials and methods 

Animals 

Female NOD mice, aged 12- to 13-weeks, from a inbred local colony 
established in Uppsala in 1988, were used. Originally, three breeding 
pairs of inbred NOD mice were obtained from the Clea Company 
(Aobadi, Japan). The current cumulative diabetes incidence in the 
females is 35 % at 28 weeks and 42 % at 32 weeks. The mice in the 
study were randomized and litter-matched, i. e. one mouse from each 
litter received one of the five different treatments described below. 
Five to six animals were kept to each cage with free access to tap 
water and pelleted food (Type R3; Ewos SOdert/~lje, Sweden). In 
some control experiments non-diabetes prone male NMRI mice 
(ALAB, Sotlentuna, Sweden) were used. 

MoAbs and treatment protocol 

Three different antibodies were used: a hamster IgG MoAb directed 
against a monomorphic region of the/~chain of the T-cell receptor 
(hybridoma line H57-597) [17], a rat IgG anti-CD4 (GK 1.5) MoAb 
[18] and a rat lgG anti-CD8 (H35-17.2) MoAb [19]. Mice injected 
with normal rat IgG (Sigma Chemical Co., St. Louis, Mo., USA) and 
mice injected with phosphate-buffered saline (PBS) served as con- 
trol groups, The MoAbs and normal rat IgG were dissolved in PBS 

Glucose oxidation rates 

Three groups of 10 islets each were incubated in glass vials contain- 
ing KRBH without BSA, but supplemented with D-[U-14C]glucose 
(Amersham International, Amersham, UK) and non-radioactive 
glucose to a final concentration of either 1.7 or 16.7 retool/1 glucose. 
The vials were inserted into glass scintillation flasks, gassed (O2:CO2; 
95:5) and sealed tightly. The flasks were incubated for 90 rain at 37 ~ 
until the oxidation was stopped by injection of 100 gl of 0.05 mmol/l 
antimycin A (Sigma) into the glass vials. ~4CO2 formed by the islet 
metabolism was released from the incubation medium by injection 
of 100 gl of 0.4 mol/1 Na2HPO4 (pH 6.0) and trapped in 250 gl 
Hyamine 10-X (Packard Instruments, Downers Grove, Ill., USA) 
during a further 120-min incubation. Ten millilitres of Econofluor 
(New England Nuclear, Boston, Mass., USA) was added and the 
radioactivity measured by liquid scintillation counting. 

For measurements of splenocyte glucose oxidation, splenocytes 
were washed out from the spleen through repeated flushing of me- 
dium RPMI 1640 (Flow Laboratories, Irvine, UK) with a syringe. 
Erythrocytes were lyzed by treating the cell suspension with am- 
monium chloride (0.19 mol/1) for 10 min at 4~ The remaining cells 
were washed with RPMI 1640 and resuspended in the same medium 
plus 10% (v/v) fetal calf serum (Flow). The cells were kept for 
60 rain at 37 ~ in hum• air in an atmosphere of 5 % CO2 in cell 
culture dishes that allow cell attachment (Nunc, Roskilde, Den- 
mark). The cells were subsequently divided into two groups and the 
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Fig. 1 A-E.  Light micrographs of pancreatic islets from female 
NOD mice treated with either anti-~flT-cell receptor antibody 
(TcR MoAb) which shows essentially normal islet morphology 
(A), or anti-CD4 monoclonal antibody (B) and anti-CD8 mono- 
clonal antibody (C) both showing periinsular infiltration, or nor- 
mal rat IgG-treated mice (D) and phosphate-buffered saline 
(PBS) treated mice (E) with heavy insulitis. The sections are 
stained with haematoxylin and eosin. Magnification x 310 

mitogen concanavalin A (5 gg/ml; Pharmacia Fine Chemicals, 
Uppsala, Sweden) was added to one group. The cells were then kept 
in culture tubes (Nunc) containing RPMI 1640 plus 10 % fetal calf 
serum for 24 h at 37 ~ in atmosphere of 5 % CO2 in humidified air. 
Ceil viability was subsequently assessed by trypan blue exclusion 
and the cell number was counted in a Barker chamber. Cells in 
groups of 2-5 x 106 were placed in each glass vial and the glucose ox- 
idation rate was assessed as described above. 

ly distinguished from the endocaine cells. In a separate series of ex- 
periments, islets were isolated from 13- to 18-week-old female NOD 
mice and infiltrating mononuclear cells composing this "capsule" 
were microdissected free from the remaining part of the islet. Ap- 
proximately one-half of this material was used to measure glucose 
oxidation rates, and the other half was used for D N A  and insulin 
content determinations in cellular homogenates. 

Glucose oxidation rates in islet infiltrating cells 

In islets with a heavy insulitis, the infiltrating mononuclear cells form 
a translucent capsule around the endocrine component of the islets. 
When viewed under a stereomicroscope, this "capsule" can be clear- 

Interleukin-1 fl exposure 

In these experiments pancreatic islets were isolated from untreated 
13-week-old female NOD mice and male NMRI mice. The islets 
were kept free floating in culture medium RPMI 1640 containing 
10% (v/v) fetal calf serum and antibiotics [25]. The culture medium 
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Table 3. DNA and insulin contents and glucose-stimulated insulin release of pancreatic islets isolated from female NOD mice treated with dif- 
ferent monoelonal antibodies 

Group DNA content Insulin content Insulin release Ratio 

1.7 retool/1 glucose 16.7 mmol/l glucose 16.7/1.7 mmol/1 glucose 

(ng insulin. 10 islets- 1.60 min- l) (ng DNA/10 islets) (ng insulin/10 islets) 

anti- c~flTcR 400 • 40.0 c 918 +_ 122 3.7 _+ 0.8 20.3 _+ 5.7 5.4 • 1.1 
anti-CD4 510 +_ 30.0 b 1107 • 185 4.9 • 0.2 15.6 • 3.7 3.3 • 0.9 
anti-CD8 570 _+ 70.04 1155 _+ 197 5.5 • 1.9 20.7 • 5.1 6.0 • 2.1 
IgG 700 • 70.0 989 _+ 217 3.7 +_ 0.7 16.8 • 2.4 5.2 • 0.7 
PBS 850 • 90.0 1164 • 241 5.2 • 1.1 17.3 • 2.6 4.1 • 0.8 

The islets were isolated from female 13- to 14-week-old NOD mice 
treated in vivo with different monoclonal antibodies. Islet DNA con- 
tent was measured fluorophotometrically in water homogenates of 
the islets and the insulin content was determined by RIA in acid 
ethanol extracts of the homogen~ed islets. The islet insulin release 
was measured by incubating islets in groups of 10 in medium contain- 

ing 1.7 mmol/1 glucose, after 60 min the medium was removed and 
the islets were incubated for another 60 min in medium containing 
16.7 mmol/1. The insulin concentration was determined by RIA. 
Values are given as means •  for 8-10 animals. "p < 0.05, 
b p < 0.01, c p < 0.001 vs the phosphate-buffered saline (PBS) group, 
using Student's unpaired t-test. TcR, T-cell receptor 

was changed every second day and after 7 days in culture, islets in 
groups of 80-120 were subsequently transferred to new culture 
dishes and maintained for a 48-h experimental period. Islets allo- 
cated to the experimental group were cultured as described above, 
but with the addition of 10 ng/ml human recombinant interleukin-1/3 
(IL-1 ]3) to the medium. IL-1 ]3was kindly provided by Dr. K. Bendt- 
zen (Laboratory of Medical Immunology, Copenhagen, Denmark). 
After 48 h, rates of islet glucose oxidation were measured. A biologi- 
cal assay [26] showed that 1 ng/ml of the cytokine had an activity of 
approximately 50 U/ml as compared with an interim international 
standard IL-iflpreparation (NIBSC, London, UK). 

Pancreatic Met nzorphology 

At least 25 sections, 7 gm thick, of the cryofixed pancreas were cut 
and stained with haematoxylin and eosin. The pancreatic morpho- 
logy was examined and ranked in accordance with a classification 
previously described in detail [27, 28], with the examiner unaware of 
the origin of the pancreatic sections. Class A denotes a normal islet 
morphology; class B denotes a mononuclear cell infiltration in the 
per• area; class C denotes a heavy mononuclear cell infiltra- 
tion into a majority of the islets i. e. insulitis, and class D denotes only 
a few residual islets remaining, often displaying an altered islet archi- 
tecture and containing pyknotic nuclei or showing other signs of cell 
degeneration. 

Statistical analysis 

Data are presented as means _+ SEM and groups of data were com- 
pared using Student's unpaired t-test. When incubations were per- 
formed in duplicate or triplicate, a mean was calculated and con- 
sidered as one separate observation. 

Results 

Intravenous glucose tolerance test 

B l o o d  glucose  concen t r a t i ons  were  no t  d i f ferent  a m o n g  
the groups  be fo re  g lucose  in jec t ion  (Table  1). A l l  groups  
of  mice  showed  s imilar ly  e l eva t ed  b l o o d  glucose concen-  
t ra t ions  15 rain af te r  the  g lucose  load  and  af ter  60 and 
120 min  the g lucose  levels  had  r e t u r n e d  to the i r  ini t ial  
levels. 

Pancreatic islet morphology 

The  pa nc re a t i c  is let  m o r p h o l o g y  of mice  t r e a t e d  with  
e i the r  n o r m a l  ra t  I g G  or  PBS showed  a heavy  inf i l t ra t ion  
of  m o n o n u c l e a r  cells, e .g.  insuli t is  in mos t  an imals  
(Table  2; Fig. 1). T r e a t m e n t  wi th  the  M o A b s  m a r k e d l y  re-  
duced  the  deg ree  of  inf i l t ra t ing cells. The  anti-c~fl TcR  
M o A b  t r e a t m e n t  led  to a c o m p l e t e  no rma l i za t i on  of  the  
islet m o r p h o l o g y  in a ma jo r i ty  of  the  mice (Table  2; Fig. 1), 
whilst  80-90 % of  the  mice t r e a t e d  with  an t i -CD4 and  
an t i -CD8 M o A b s  exh ib i t ed  some  degree  of  m o n o n u c l e a r  
cell  inf i l t ra te  espec ia l ly  in the  per• a r ea  (Table  2; 
Fig. 1). 

islet insulin and DNA content and islet insulin release 

Al l  th ree  M o A b s  m a r k e d l y  r e d u c e d  the  D N A  con ten t  of 
the  i so la ted  islets (Table  3). Since the re  was no pa ra l l e l  re-  
duc t ion  in is let  insulin con ten t  (Table  3), this dec rease  in 
islet  D N A  p r o b a b l y  co r r e sponds  to  a dep l e t i on  of  infil- 
t ra t ing  m o n o n u c l e a r  cells, as p rev ious ly  sugges ted  for cul- 
tu red  N O D  islets [16, 29]. F o r  the  anti-c~fl TcR M o A b  
t r ea t ed  mice the  r educ t ion  was a r o u n d  400 ng D N A / 1 0  is- 
lets. A s s u m i n g  a D N A  con ten t  of 6 pg p e r  cell [30], 400 ng 
of  D N A  w o u l d  c o r r e s p o n d  to a p p r o x i m a t e l y  60,000 infil- 
t ra t ing  m o n o n u c l e a r  cells p e r  10 islets. 

T h e r e  was no  signif icant  d i f fe rence  in the  insulin re-  
lease in vi t ro  b e t w e e n  the var ious  groups  (Table  3). Thus,  
the  basa l  insulin secre t ion  at  1.7 mmol/1 glucose was simi-  
lar  and  all  g roups  of  islets r e s p o n d e d  with a four-  to five- 
fold e l eva t ed  insul in re lease  fol lowing s t imula t ion  wi th  
16.7 mmol/1 glucose.  In  o r d e r  to  eva lua te  insulin re lease  
capac i ty  in mice  o lde r  than  14 weeks ,  a s epa ra t e  ser ies  of 
e x p e r i m e n t s  with n o n - t r e a t e d  16-week-o ld  f ema le  N O D  
mice was p e r f o r m e d .  T h e  insulin re lease  at  1.7 mmol/1 and  
16.7 mmol/1 glucose were  4 . 9 + 0 . 8  and 11.4+_0.8 ng in- 
sul in.  10 islets -1 .60  min-~ (n = 8) respect ively,  cor re-  
spond ing  to a two-fo ld  inc rease  in insulin response .  T h e  
insulin con ten t  was 899 _+ 143 ng insulin/10 islets and  the  
D N A  con ten t  was 837 + 157 ng D N A / 1 0  islets. 
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Table 4. Rates of glucose oxidation in pancreatic islets isolated from 
female 13- to 14-week-old NOD mice treated with different mono- 
clonal antibodies 

Group 1.7 mmol/1 16.7 mmol/1 Ratio 
glucose glucose (16.7/1.7 mmol/1 

(pmol glucose. 10 islets- *. 90 min- z) glucose) 

anti-~zflTcR 41 +_ 5.0 b 367 +_ 54 9.4 _+ 0.9 b 
anti-CD4 52 -+ 8.0 b 335 + 60 7.8 -+ 1.8 b 

anti-CD8 72 _+ 21 b 335 _+ 52 7.0 _+ 2.1 a 
IgG 180 _+ 33 283 -+ 39 2.2 _+ 0.5 
PBS 195_+12 322-+38 1.7-+0.2 

The islets were incubated in KRBH at either 1.7 or 16.7 mmol/1 glu- 
cose in the presence of D-[U54C]glucose for 90rain at 37~ 
(O2/CO2; 95:5). Values are means-+SEM for 7 to 9 animals. 
"p < 0.01 and b p < 0.001, vs the phosphate-buffered saline (PBS) 
group using Student's unpaired t-test. TcR, T-cell receptor 

Table 5. Rates of glucose oxidation in splenocytes isolated from un- 
treated female NOD mice 

Con A 1.7 mmol/glucose 16.7 mmol/1 glucose Ratio 
(pmol glucose.60,000 cells <. 90 min 1) (16.7/1.7 mmol/l 

glucose) 

- 8.8_+1.0 17.8_+1.8 1.87_+0.14 
+ 54 _+ 8.0" 108 _+ 8.6 a 2.14 _+ 0.18 

The splenocytes were isolated from 12- to 13-week-old female NOD 
mice. The cells were kept in culture for 24 h with or without concana- 
valin A (Con A; 2.5 gg/ml) present, before the glucose oxidation 
rate was determined. 2-5• 106 splenocytes were incubated in 
KRBH at either 1.7 or 16.7 mmol/1 glucose in the presence of D- [U q4 
C]glucose for 90 min at 37~ (O2:CO~; 95:5). Values are means _+ 
SEM for eight experiments. "p <0.001 vs non-Con A treated 
splenocytes using Student's unpaired t-test 

Islet glucose oxidation rate 
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nevertheless unaffected by the presence or absence of 
concanavalin A. 

Glucose oxidation rates in islet infiltrating cells 

Since the islet infiltrating mononuctear  cells may be dif- 
ferent f rom the mononuclear  cells present in the spleen, it 
is unclear whether  the splenocyte glucose oxidation rates 
described above correspond to the actual glucose oxida- 
tion rates of the N O D  islet mononuclear  cells. In order to 
address this issue, areas of infiltrating mononuclear  cells 
were microdissected from heavily infiltrated pancreatic is- 
lets. This material  was obtained both from 13-week-old 
and 18-week-old female N O D  mice (a total of four experi- 
ments were performed;  each experiment  comprised islet 
infiltrates pooled f rom pancreatic glands of two to four 
N O D  mice). Since the results obtained were similar, irre- 
spective of the age of the animals, the data are pooled. 
Beta cells were also present in the microdissected materi- 
al, as assessed by the ratio between insulin and D N A  con- 
tents. Thus, the insulin per  D N A  content (ng/ng) of the in- 
filtrates was around 8 % of the values observed in whole 
pancreatic islets isolated in parallel f rom the same animals 
(data not shown). The glucose oxidation rates of the islet 
infiltrates was 47 + 21 pmol  glucose, gg D N A - 1 . 9 0  rain-  
at 1.7 mmolYl glucose and 68 _+ 13 pmol  glucose-Bg 
D N A  -1. 90 min -1 at 16.7 mmol/1 glucose. Based on these 
data, and assuming that islets isolated from control N O D  
mice contain approximately 60,000 mononuclear  cells per 
t0 islets, it can be est imated that the infiltrating cells might 
oxidize about 20 pmol glucose.90 rain -1 at 1.7 mmol/1 
glucose, and about 30 pmol  glucose- 90 rain-1 at 
16.7 mmol/1 glucose. 

The basal glucose oxidation rates at 1.7 mmol/1 glucose in 
the groups of mice treated with MoAbs  was reduced by 
approximately 65-75% compared  to the PBS-treated 
mice (Table 4). However,  at 16.7 mmol/1 glucose the glu- 
cose oxidation rates were similar in all groups. When a 
ratio between high and low glucose oxidation rates was 
calculated, the groups treated with MoAbs  showed sig- 
nificantly higher values than the control groups. 

Sptenocyte glucose oxidation rate 

In order to assess the possible contribution of glucose ox- 
idized by infiltrating mononuclear  cells to the total islet 
glucose oxidation observed in the control infiltrated islets 
(Table 4), the glucose oxidation rates of splenocytes from 
12- to 13-week-old non-treated mice were also examined. 
The values are expressed to correspond to the estimated 
difference in cell content (60,000 cells/10 islets) between 
the PBS and anti- c~13TcR M o A b  treated mice. The glucose 
oxidation rates in non-activated splenocytes was low both 
at 1.7 and 16.7 mmol/1 glucose (Table 5). In splenocytes 
stimulated with concanavalin A the glucose oxidation 
rates were elevated approximately six times at both glu- 
cose concentrations. The ratio high/low glucose was 

Islet glucose oxidation rate after exposure to IL-1 13 

Islets isolated from non-treated N O D  mice were pre-cul- 
tured for 6 days in order to deplete the mononuclear  cell 
infiltrate [16]. This culture period induced a clear reduc- 
tion in the basal glucose oxidation rate as compared with 
the PBS and IgG group in Table 4. Islets exposed to IL-113 
for 48 h had a glucose oxidation rate at 1.7 mmol/1 glucose 
three times higher that seen in non-treated islets, whereas 
at high glucose there was no difference in the oxidative 
rates (Table 6). As a consequence the high/low glucose 
ratio was decreased after cytokine exposure. Glucose oxi- 
dation experiments per formed in parallel with islets from 
non-diabetes prone N M R I  mice, used as an external con- 
trol, showed a similar response to IL-113 as that obtained 
with the N O D  mouse islets. 

Discuss ion  

The aim of this study was to investigate the role of infil- 
trating T cells in impaired Beta-cell function in islets iso- 
lated f rom N O D  mice. We chose to study the action of 
three different MoAbs  directed against T-cell populations 
in this context. The ~fl-T cell M o A b  has been shown to 
abolish insulitis and prevent  diabetes in N O D  mice [31]. 
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Table 6. Rates of glucose oxidation in pancreatic islets isolated from female NOD or male NMRI mice cultured with or without l0 ng/ml in- 
terleukin-1 ]3 (IL-lfl) 

Strain IL-1 fl 

1.7 mmol/t glucose 16.7 retool/1 glucose 

(pmol glucose-10 islets 1 90 min ~) 

Ratio 
(16.7/1.7 mmol/1 glucose) 

NOD - 55 _+ 7.0 413 • 30 10.1 +_ 1.7 
+ 153 + 25" 496 + 35 4.2 • 0.3" 

NMRI - 36 + 7.0 448 • 37 14.3 • 3.1 
+ 110 + 14 b 537 _+ 58 5.2 _+ 0.8 b 

The islets were isolated from female 13- to 14-week-old NOD and 
12-week-old male NMI~:I mice. The islet glucose oxidation was 
determined in cultured control islets and in islets cultured for 48 h in 
the presence of 10 ng/ml IL-113. The islets were incubated in KRBH 

at either 1.7 or 16.7 mmol/1 glucose in the presence of D-[U-~4C]glu - 
cose for 90 rain at 37 ~ (O2:CO2; 95:5). Values are means • SEM for 
five animals, a p < 0.05, b p < 0.001 VS non-cytokine treated control 
islets using Student's unpaired t-test 

The anti-CD4 MoAb depletes circulating CD4 § T cells by 
90 % and prevents diabetes in NOD mice [32]. The anti- 
CD8 MoAb has previously been shown to prevent the in- 
duction of diabetes by cyclophosphamide [33] or the 
transfer of diabetes by spleen cells from diabetic animals 
in NOD mice [34]. NOD mice injected with rat IgG or PBS 
served as controls in order to follow the natural history of 
diabetes-prone female NOD mice. 

The present data show that there were no differences in 
the glucose-stimulated insulin release among the ex- 
perimental and control groups. It is noteworthy that the is- 
lets isolated from control NOD mice had a higher insulin 
release than previously observed in female NOD mice of 
the same age [16]. This discordance may be explained by 
the delayed onset of clinical diabetes in our present col- 
ony. The altered insulin release from 16-week-old female 
NOD mouse islets actually indicates a later deterioration 
in insulin secretion. An early islet dysfunction in the form 
of disturbed glucose oxidation rate was nevertheless ob- 
served in 13- to 14-week-old NOD mice along with in- 
sulitis. Islets isolated from control NOD mice presented 
an abnormally high basal glucose oxidation rate when 
compared to all three MoAb-treated groups. As a conse- 
quence a low ratio between high and low glucose oxida- 
tion rates was observed in the control groups. Treatment 
with all three anti-T cell MoAbs reduced the islet mono- 
nuclear cell infiltrate and restored the islet glucose meta- 
bolism. The reduction in islet cell infiltration was probably 
due to a depletion of pre-existing mononuclear cells, since 
all untreated 12- to 13-week-old NOD mice displayed 
periinsular infiltration or insulitis. It is a reasonable as- 
sumption that infiltrating lymphocytes are thus respon- 
sible for the observed effects in the glucose oxidation 
rates. Interestingly, the anti-~/3TcR MoAb, which recog- 
nizes the target T-cell population in the periphery, showed 
the greatest effect on both insulitis and the islet glucose 
oxidation rates. However  both anti-CD8 and anti-CD4 
MoAbs also showed significant effects. This may indicate 
that both T-cell subsets participate in the functional ef- 
fects reported above. This action of T cells could be due 
either to a direct contribution to the total islet oxidation, 
or to a mononuclear  cell-induced alteration in Beta-cell 
function. In order to test the first possibility, we initially 
studied the glucose metabolism in concanavalin A stimu- 
lated splenocytes. Despite the fact that the mitogen 
caused an increased glucose oxidation rate in these cells, a 

calculated lymphocyte contribution only partly explained 
the increased basal islet glucose oxidation rate. Similar re- 
sults were obtained with mononuclear  cells microdis- 
sected from heavily infiltrated islets. Thus, a calculated 
contribution by these cells to the total islet glucose oxida- 
tion rate accounts for only about 10 % of the values ob- 
served in whole islets isolated from 12- to 13-week-old 
female NOD mice. Finally, it cannot be excluded that a 
small amount of leaking insulin stimulates glucose uptake 
and basal oxidation rates in islet infiltrating cells. Indeed 
there are reports of activated lymphocytes presenting in- 
sulin receptors [35]. However, the present findings of simi- 
lar insulin contents and basal insulin release rates of islets 
isolated from the different experimental groups, argues 
against an extensive leakage of insulin. 

Both a direct cell-to-cell interaction and an indirect in- 
teraction by, for instance, secreted cytokines may mediate 
the islet functional defect observed in NOD infiltrated is- 
lets. Cytokines are expected to be present in the vicinity of 
B eta cells during the insulitis process and are likely to medi- 
ate CD4 + T-cell related effects. Indeed, recent data suggest 
that there is increased transcription of m RN A  for tumour 
necrosis factor-a and IL-1 in islets of pre-diabetic BB rats 
and N O D  mice [36, 37]; (Sandler S, Bendtzen K, Fors- 
beck E, Mares J, Strandell E, Welsh N, Welsh M, unpub- 
lished observation). A previous report  showed that in vitro 
exposure of NOD islets to 50 or 100 U/ml of IL-lfl ,  de- 
creased insulin release by 40 %, compared to a non-treated 
control group [38]. Based on these results and other reports 
on the effects of IL-1 on Beta  cells [39, 40], we tested the in 
vitro effect of IL-1 fl on N O D  mouse islet oxidation. Cul- 
tured islets exposed to IL-1/3showed an altered glucose ox- 
idation rate which was comparable to that seen in islets 
isolated from NOD mice treated with rat IgG or PBS, i. e. 
a high basal glucose oxidation and a failure to further in- 
crease the glucose metabolism in response to high glucose. 
These findings suggest that exposure of non-infiltrated is- 
lets to one of the potential immune mediators of islet in- 
flammation in early Type 1 diabetes, caninduce a pattern of 
altered glucose metabolism similar to that observe d in islets 
isolated from NOD mice during the "pre-diabetic" period. 
IL-1/3is mainly secreted by macrophages and it is believed 
that activated T cells produce cytokines that stimulate 
monocytes and m acrophages to make IL- 1 and TNF [41]. 

Altogether, these and the finding of low glucose meta- 
bolism observed in mononuclear cells, suggest that the in- 
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crease in basal glucose oxidat ion in the N O D  mouse  oc- 
curs primarily at the islet endocr ine  cell level. Thus,  alter- 
ations in the islet glucose oxidat ion rate m a y  be an early 
sign in N O D  mouse  islets, eventually preceding the dete- 
r iorat ion of  insulin secretion and cell death.  These  early 
alterations in glucose metabol ism can be reversed in vivo 
by M o A b s  directed against effector  lymphocytes .  This 
suggests that  reversible changes in pancreat ic  Beta-cell  
funct ion induced by infiltrating mononuc lea r  cells m a y  
precede  the induct ion of  bo th  glucose intolerance and 
Beta-cell  destruct ion in N O D  mice. The  cellular events 
underlying the observed  increase in basal glucose me tabo-  
lism remain  unclear. In  the case of  pancreat ic  islets ex- 
posed in vitro to rIL-1/3, it has been  shown that  the cyto- 
kine increases islet gene expression and prote in  synthesis 
for heat -shock proteins (38, 40, 42, 43), the c-fos p ro toon-  
cogene  [44], superoxide dismutase [45] and reg prote in  
[4@ Perhaps  all these energy  requiring events are accom- 
panied by an enhanced  glucose metabolism. Extrapolat -  
ing these findings to Beta  cells exposed in vivo to an auto-  
immune  assault, it can be envisaged that  the observed 
increase in basal glucose oxidat ion in N O D  mouse  islets 
may be due to an increased demand  on substrate me tabo-  
lism, for  synthesis of  different defense proteins  required 
by the Be ta  cells during this period,  which eventual ly 
precedes overt  diabetes. 

The  present  data  should also be considered in relation 
to recent  a t tempts  to block the anti-islet au to immune  re- 
action in Type i diabetic patients [47]. The  induct ion of  re- 
mission of  the insul in-dependent  state has been  inter- 
preted as reflecting either improvemen t  of  peripheral  
insulin resistance or  an islet Beta-cell  regenera t ion  for 
which there  is too  little, if any, direct evidence. Our  s tudy 
in the N O D  mouse  shows that  par t  of  the metabol ic  conse- 
quences  of  the anti-islet Beta-cell  au to immune  react ion 
reflect functional  defects of  Beta  cells not  yet  des t royed by 
the process of  insulitis. These  functional  defects can be 
reversed by eliminating infiltrating lymphocytes  and may  
contr ibute  to the metabol ic  remission repor ted  in patients 
with early Type 1 diabetes. 
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