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Summary. Rat islet cell tumours induced by injection of strep- 
tozotocin and nicotinamide have been studied in vivo and aft- 
er the establishment of monolayer cultures of turnout cells. 
During an intravenous glucose tolerance test, tumour-bearing 
rats had increased release of immunoreactive insulin, with a 
high proportion of proinsulin, as well as accelerated glucose 
disposal relative to control rats. The tumours were rich in im- 
munoreactive insulin and somatostatin, poor in glucagon. 
Non-tumour pancreatic tissue or isolated islets contained 10% 
or less of the corresponding normal amounts of insulin where- 
as the islet content of somatostatin was unchanged and that of 
glucagon increased. This is best interpreted as a selective sup- 
pression of non-tumour B cells, further supported by the ob- 
servation that the initially reduced insulin release and content 

of non-tumour islets were partially restored after 2 days in tis- 
sue culture. In monolayer culture, tumour cells maintained in- 
sulin production and acute responsiveness to glucose for pro- 
longed periods. There was no sign of cell proliferation. It is 
concluded that primary, chemically-induced insulin-produc- 
ing pancreatic islet cell tumours retain several features charac- 
teristic of normal B cells and continue to influence glucose 
homeostasis in vivo. 

Key words: Islet cell tumour, intravenous glucose tolerance, 
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Pancreatic islet cell tumours  containing large amounts  
of  immunoreact ive  insulin ( IRI)  can be induced in the 
rat by  combined  administrat ion of  streptozotocin and  
nicot inamide [1-3]. Previous studies in vivo, which test- 
ed glucose tolerance and  insulin response of  tumour-  
bearing rats, did not  give consistent results [2, 4, 5]. 
More  recently, some reports have dealt  with insulin re- 
lease f rom these chemical ly- induced tumours  in vitro 
either in a perifusion system [6] or in the isolated per- 
fused tumour-bear ing  pancreas  [7]. Because of  the po- 
tential usefulness of  these tumours  either for biochemi-  
cal investigations or as a model  of  chronic hyperinsulin- 
ism in vivo, a more  detailed study of  such tumours  and  
the adaptive changes of  the non- tumour  endocrine pan-  
creas appeared  warranted.  One of  the aims of  the pres- 
ent s tudy was to examine further glucose-st imulated in- 
sulin release and the propor t ion  o f  released proinsulin 
in vivo. The feasibility o f  growing t um our  cells in mono-  
layer cultures was also investigated, as well as the effect 
of  glucose on insulin release f rom cultured cells. Since 
signs of  suppression of  the B cells in the non- tumour  
pancreat ic  tissue have been repor ted [8, 9], the changes 
o f  insulin content and  release of  islets isolated f rom the 
hypoglycaemic  hyper insul inaemic tumour-bear ing  rats, 

have been evaluated. Finally, the reversibility of  the 
changes in islet function was tested in tissue culture. 

Materials and Methods 

Induction of Tumours 

Approximately t00 Wistar rats of 160 g body weight received nicotin- 
amide (500 mg/kg) IP, followed after 15 rain by an IV injection of 
streptozotocin (60mg/kg), freshly dissolved in citrate buffer 
(10 retool/l, pH 4.5). Control rats were injected with the same dose of 
nicotinamide followed by citrate buffer alone. Some of the treated rats 
died for unknown reasons during the first 2 months following the in- 
jection, whereas others were sacrificed at different intervals. After 
16-18 months, the 32surviving streptozotocin-injected animals and 
five control rats injected with nicotinamide alone were used for the 
present study. 

Intravenous Glucose Tolerance Test 

Fifteen hours after food withdrawal, 17treated rats weighing 
450-600 g and four control rats weighing 470-640 g, were anaesthe- 
tized with sodium pentobarbital (50mg/kg, IP) and given 1,5 g/kg 
glucose (40% solution) via a jugular venous catheter. Blood samples 
were collected in heparinized tubes at 0, 5, 10, 20, 30, 45, 60, 75 and 
90 rain after the glucose injection. Plasma was stored at -20 ~ until 
assayed. 
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Column Chromatography of Insulin and Proinsulin 

Plasma samples or aliquots of turnout extracts were applied to a col- 
umn (0.8 x 70 cm) of Sephadex G-50 (Pharmacia, Zurich, Switzer- 
land) and eluted with glycine buffer (0.2 tool/l) containing 0.25% bo- 
vine serum albumin (BSA), pH 8.8, collecting I ml fractions. The col- 
umn was calibrated using Dextran blue, [~zsI]-pork insulin and unla- 
belled beef proinsulin as markers. 

Isolation of Tumour Cells 

The intrapancreatic tumour nodules were removed under aseptic con- 
ditions, cut into small pieces as free as possible from capsular tissue 
and washed in phosphate buffered saline solution. Tumour cells were 
isolated by a modification of the method used by Meda et al. for adult 
pancreatic islets [10]. The finely cut tumour pieces were incubated for 
20rain at 37~ in a Ca++-free Krebs-Ringer bicarbonate (KRB) 
buffer containing glucose (16.7mmol/1), 0.5% BSA and EDTA 
(3 mmol/1). At the end of this preliminary incubation, the tumour 
pieces were collected after centrifugation and resuspended for repeat- 
ed incubation for 5-10 min at 37 ~ in Ca + + free-KRB buffer, with- 
out EDTA, but with glucose (16.7 mmol/1), 0.1% BSA and 0.1% tryp- 
sin (Difco, Detroit, USA, I : 250), until only fibrous tissue remained. 
The single cells or cell clumps obtained by this procedure were 
washed several times with freshculture medium, counted and plated 
in plastic Petri dishes, 3.5 cm in diameter (Falcon Plastics, Oxnard, 
CA, USA). The medium was Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal calf serum, penicillin (400 IU/ml), 
streptomycin (200 ag/ml) and glucose (8.3 mmol/1). Plating density 
was 3-5 x 105cells per dish (2ml medium). 

Maintenance and Incubation of Cultures of Tumour Cells 

Unless otherwise stated, the culture medium was not changed during 
the first week of culture in order to facilitate the attachment of the en- 
docrine cells. Thereafter, cultures were maintained for weeks or 
months with medium changes every 3-4 days. Release of IRI, gluca- 
gon (IRG) and somatostatin was measured throughout, whereas 
short-term incubation experiments were performed on cultures plated 
1-4 weeks previously. In the latter instance, Petri dishes containing 
clusters of tumour cells, were washed and then incubated for 1 h in 
DMEM (2 ml) with 10% fetal calf serum and glucose (2.8 mmol/l). At 
the end of the incubation, 1 ml of the medium was withdrawn from 
each dish for IRI measurements and another ml of medium contain- 
ing glucose to yield a final concentration of 16.7 retool/1 was added. 
After a further hour of incubation at the higher glucose concentration, 
IRI was again measured in the medium. 

Isolation, Incubation and Culture of Non-turnout Islets 

Islets were isolated from the pancreas after removal of all visible tu- 
mour nodules, using a modification of the collagenase technique of 
Lacy and Kostianovsky [11[. The hormone content of these islets (see 
below) was determined before and after 2 days of culture in DMEM 
containing glucose (8.3 mmol/1). In three separate experiments, isolat- 
ed islets from turnout-bearing rats were incubated in the presence of 
different concentrations of glucose both before and after culture, us- 
ing sterile conditions and plastic multi-well plates with 1.7 x 1.6 cm 
wells (Linbro, Irvine, Scotland, UK). In particular, three to four islets 
per well were incubated for 30 rain in modified KRB buffer (0.5 ml) 
containing NaHCO3 (5 mmol/1), 0.5% dialyzed BSA, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulphonic acid (Hepes) (10mmol/1, pH 
7.4) and glucose (2.8 mmol/1). At the end of the incubation, 0.25 ml 
buffer was withdrawn under microscopic control for insulin measure- 
ment and another 0.25 ml buffer, made up to yield a final glucose con- 
centration of 16.7 mmol/l, was added to each well for a second 30 rain 
incubation period. Thereafter, the buffer was removed and I ml of 
DMEM with glucose (8.3 mmol/1) was added and the islets main- 
tained in culture for 2 days. At this time culture medium was collect- 

ed, the cultured islets washed twice and again incubated twice for 
30 rain in KRB-Hepes buffer with glucose (2.8 and 16.7 mmol/l) se- 
quentially, repeating the protocol followed before culture. At the end 
of the second 30 min incubation period, the islets were washed and 
extracted for determination of insulin content. All the buffer changes 
were carried 9ut under a dissecting microscope, to avoid loss of islets. 

Hormone Extraction of Tumour, Pancreas and Islets 

Pancreatic hormones were extracted from tumour fragments 
(1-2 mg), pieces of non-turnout pancreatic tissue and isolated islets by 
a modification of the Kenny technique [12], using ice-cold acidified 
ethanol (0.7 tool/1 HC1/ethanol, 1 : 3 v/v). In some cases tumour frag- 
ments were extracted by sonication in glycine buffer (0.2 mo|/ l)  with 
0.25% BSA (pH 8.8). Both methods yielded similar results. Pieces of 
the whole pancreas were sonicated twice on two consecutive days in 
the acid-ethanol mixture, the resulting supernatants were pooled and 
used for the insulin determinations. 

Assays 

Plasma glucose was assayed with glucose-oxidase [13]. Insulin, glu- 
cagon and somatostatin were measured by radioimmunoassay ac- 
cording to Herbert et al. [14], using rat insulin, pork glucagon and cy- 
clic somatostatin as standards [15]. 

The sensitivity and the variations of the radioimmunoassays were 
as follows: for insulin, detection limit 60 pg/ml, intra-assay variation 
2.4%, inter-assay variation 7.0%; for glucagon, detection limit 38 pg/  
ml, intra-assay variation 1.8%, inter-assay variation 8.9%; for somato- 
statin, detection limit 9.2 pg/ml, intra-assay variation 2.0%, inter-assay 
10.7%. 

Insulin Biosynthesis 

Turnout pieces (1-2 mg) were incubated in 0.5 ml Eagle's minimal es- 
sential medium without leucine, containing glucose (4-5 mmol/I), 
0.5% BSA and 80 gCi [4,5-3H] leucine (specific activity 55 Ci/mmol). 
After 3 h of incubation at 37 ~ the tumour pieces were washed three 
times in KRB-Hepes buffer and then sonicated in I ml glycine buffer 
(0.2 mmol/1), with 0.25% BSA (pH 8.8). The sonicates were centri- 
fuged at 30,000 x g for 30 rain in a Beckman high speed centrifuge 
(Model L5-65), and supematants were used for analysis. The specif- 
ically immunoprecipitable radioactivity, as well as the total trichloro- 
acetic acid-precipitable radioactivity, were measured as described by 
Halban et al. [16]. 

Statistical Analysis 

Statistical analysis was performed using Student's t-test for unpaired 
or paired data where appropriate. 

Results 

Thirty-two animals were alive 16-18 months after com- 
bined administration of nicotinamide and streptozotoc- 
in. Twenty-six of them (81%) exhibited at least one nod- 
ule in the pancreas, while six had no visible tumour. The 
majority of the 26 tumour-bearing animals harboured 
more than one pancreatic nodule, two nodules being 
found in 11 and three to five nodules in six rats. The in- 
trapancreatic tumour nodules were round, encapsulat- 
ed and well vascularized, averaging some 0.5 cm in di- 
ameter and demonstrating occasional haemorrhagic 
spots. The distribution of the nodules within the pan- 
creas was random. 



32 P. Masiello et al.: Insulin Release f rom Rat lnsu l inoma 

Table 1. Fasting plasma glucose and  insulin concentrat ions of  control  
and  s t reptozotocin/nicot inamide- t reated rats either with or without  
visible intrapancreat ic  tumours  

Plasma glucose Plasma immuno-  
(mmol/1) reactive 

insulin 
(ng/ml)  

Control  rats 6.5 _+ 1.6 (4) 
Tumour-bear ing  rats 2.5 _+ 0.2 (22) a 
Treated rats without  visible 3.7 +_ 0.6 (4) c 
tumour  

0.66 • 0.13 (4) 
"1.33 ___ 0.14 (19) b 
0.55 • 0.20 (4) c 

Results are expressed as mean  + SEM. The n u m b e r  of rats is indicat- 
ed in parentheses,  ap < 0.001, bp < 0.05, Cnot significant versus con- 
trol rats. 1 ng of  rat insulin corresponds to 24 lzU 
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Fig. 1. Plasma glucose and  immunoreact ive  insulin concentrat ions in 
response to IV glucose injection (1.5 g /kg  body  weight) in control 
O -  O (n = 4), and  tumour-bear ing rats �9 . . . . .  �9 (n = 17). Re- 
sults are given as mean  + SEM 

Experiments in Vivo 

Fasting plasma glucose levels were markedly lower in 
tumour-bearing rats than in controls (Table1). The 
corresponding plasma IRI concentrations were twice 
those of control rats. Whether the observation that treat- 
ed rats without visible tumour had intermediate gly- 
caemia and normal insulinaemia (Table 1), is real and 
reproducible remains to be seen. When glucose 
(1.5 g/kg body weight) was administered IV to turnout- 
bearing animals, its disappearance rate was clearly ac- 
celerated relative to that of controls (Fig. 1). Plasma IRI 

rose markedly after glucose injection in tumour-bearing 
animals, reaching a peak at 10 rain and declining there- 
after. Plasma insulin increment varied considerably 
from one animal to the next, although plasma glucose 
varied much less. In looking for possible reasons for 
such a discrepancy, the contribution of biologically less 
active proinsulin was also estimated in plasma samples 
containing high levels of IRI after glucose injection. 
With column chromatography, the percentage of insu- 
lin immunoreactivity found in the proinsulin region of 
the eluates varied widely (between 13 and 71%, mean _+ 
SEM 42 + 8%, n = 8). In half of these eluates, the 
proinsulin area was larger than that of insulin and, in 
two instances, the proinsulin/insulin ratio, when fol- 
lowed sequentially, remained unchanged between 5 
and 30min. In contrast to tumour-bearing rats, no 
proinsulin peak appeared in the eluates of plasma sam- 
ples from control rats after IV glucose. 

Studies of Tumour Tissue in Vitro 

The tumours contained large amounts of IRI (mean + 
SEM 9.71 + 1.09 ~tg/mg wet weight, n = 23), consider- 
able amounts of somatostatin (54.6 _+ 14.7 ng/mg, n = 
16), but little or no measurable IRG (0.81 + 0.37 ng/  
rag, n = 22). Indeed, 13 of these 22tumours had IRG 
levels below the limit of detection in acid-ethanol ex- 
tracts (approximately 200 pg/mg tissue). There was no 
apparent correlation between the concentrations of the 
various hormones in the individual tumours. The per- 
centage of proinsulin in the tumour extracts submitted 
to column chromatography was 6.2 + 1.3% of the total 
insulin immunoreactivity (n = 6). 

Insulin was synthesized by tumour fragments incu- 
bated in vitro. Thus, during a 3-h incubation of such 
fragments in the presence of [4,5JH] leucine and glu- 
cose (4.5 retool/l), the specifically immunoprecipitable 
radioactivity was 8.7 _+ 1.3% of the total radioactivity 
precipitable with trichloroacetic acid (n = 8). When the 
effects of glucose (16.7 retool/l) on insulin biosynthesis 
and release were tested under these conditions, no con- 
sistent stimulation was observed. Because of the incon- 
sistent results obtained with tumour pieces, it was con- 
sidered important to find a more favourable system for 
the study of insulin secretion in vitro. To this end, pri- 
mary monolayer cultures of tumour cells were estab- 
lished. These cultures had been maintained for weeks, 
sometimes months, with tumour cells usually attaching 
slowly after plating and forming clusters, but showing 
no evidence of replication. The expected concomitant 
growth of fibroblasts rarely overgrew the epithelioid 
cell clusters before 2 months. Electron microscopy of 
cells harvested 60 days after plating showed well-pre- 
served fine structures with many typical B granules. D 
cells were also present, identified by the morphology of 
their granules. Release of IRI, IRG and somatostatin as 
a function of culture time is shown for such a primary 
culture in Figure 2. Here, as in a number of other exper- 



P. Masiello et al.: Insulin Release from Rat Insulinoma 

0.8 

" ~  O.E 
r 

t-- 
. m  

0.4 
U~ 
o 

E 
o 

0.2 

5 . 4 -  

4.8- 

18 ~] 

o ~ 1.2- 

0.6- 

0 O- 

I 

Culture time (weeks) 

-3000 

-2700 

- 2z, O0 

;- 800 

- 600 5 "  

5 
~oo 5" 

2OO 

0 
15 

Fig.2. Release of  immunoreactive insulin O O,  glucagon 
�9 �9 and somatostatin �9 . . . . .  �9 from monolayer  cultures of  tu- 
mour  cells as a function of  culture time. Isolated cells were plated at a 
concentration of  5 x 10 s cells per  dish. The hormone  measurements 
were carried out over a 24-h period after the addit ion of  2 ml of  fresh 
culture medium containing glucose (8.3 mmol/1). Results are given as 
mean + SEM of  three to four observations. In one Petri dish insulin 
release was followed up to 6 months.  At this time 7.8 ng of  insulin was 
still released over 24 h 
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Fig.& Effect o f  glucose on immunoreactive insulin release during 
short-term incubations of  monolayer  cultures of  tumour  cells. Two 
consecutive incubations of  I h each were carried out in Dulbecco's  
modified Eagle's medium containing glucose at either 2.8 mmol / l  ( [] ) 
or 16.7 mmol/1 (N).  Experiments were performed 8-29 days after 
plating. Results are given as mean + SEM of  11 observations. The 
difference in insulin release was highly significant (p < 0.001) 
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iments, IRI and somatostatin release were reasonably 
maintained for some 9-12 weeks. The culture shown in 
Figure2, however, was unusual in also maintaining 
significant IRG release for at least 6 weeks, reflecting 
perhaps the relatively high IRG content of the tumour 
(2.53 ng/mg) from which this culture was derived. 

The results of short-term incubations (hours) per- 
formed on 11 separate cultures established from four 
different tumours plated between 8 and 29 days before 
the experiments, are shown in Figure 3. IRI release was 
more than doubled by raising the glucose concentra- 
tions from 2.8 mmol/1 during the first hour of incuba- 
tion to 16.7 mmol/1 during the following hour. Two of 
these cultures (22 and 29 days after plating) were iden- 
tically challenged again with glucose 2 weeks later. In 
both instances, however, they now failed to augment the 
rate of insulin release, when the glucose concentration 
was increased. 

Studies on Isolated Non-tumour Islets from the Pancreas 
of Tumour-Bearing Rats 

It can be calculated that the average tumour nodule 
(weight approximately 40 mg) contained about 400 p~g 
IRI, i.e. more than the content of the entire pancreas of 
age-matched controls; the latter averaged an insulin 
concentration of 277 _+ 43 ng/mg (n = 5) or approxi- 
mately 300 ~tg per pancreas (1 g). Therefore, the IRI 
content of the non-tumour endocrine pancreas was 
measured and the responses of non-tumour islets of tu- 
mour-bearing animals were analyzed. The non-tumour 
pancreas contained 29.1 _+ 6.9 ng IRI /mg (n = 16), i. e. 
about 10% of the concentration in control animals. 

When islets could be isolated from non-tumour pan- 
creas of tumour-bearing rats, they were reduced in num- 
ber, of comparable size, but often more translucent than 
control islets. The non-tumour islets were studied either 
immediately after isolation or after an intervening 2-day 
maintenance in tissue culture at glucose (8.3 mmol/1) 
and their hormone contents are shown in Table 2. IRI 
content of the freshly isolated islets from non-tumour 
pancreas of tumour-bearing animals was reduced to 
about 7% of that of control islets, but approximately tri- 
pled after 2 days of culture. By contrast, the islets isolat- 
ed from rats treated with streptozotocin and nicotin- 
amide but without visible pancreatic nodules, when 
freshly isolated, had 44% of the insulin content of islets 
from control rats. The IRI content of these islets exhib- 
ited a modest decrease (approximately 35%) after cul- 
ture, a decrease which corresponds to the usual re- 
sponse of islets from normal rats under the same culture 
conditions [17, 18]. IRG and somatostatin contents of is- 
lets isolated from tumour-bearing pancreas were also 
measured before and after culture (Table 2). A signifi- 
cant IRG increase was observed in non-tumour islets 
isolated from tumour-bearing rats, when compared 
with freshly isolated islets of controls; IRG content, 
however, decreased after 2 days of culture in these islets 
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Table 2. Hormone contents of islets isolated from pancreas of control rats, from non-tumour pancreas of tumour-bearing rats and from pancreas 
of rats without visible tumours. The two latter groups of islets, isolated from animals treated with streptozotocin and nicotinamide, were studied 
either freshly after isolation, or after a period of 2 days in tissue culture at glucose (8.3 mmol/1) 

Islet donor rats Immunoreactive insulin Immunoreactive glucagon Immunoreactive somatostatin 
(ng/islet) (ng/islet) (ng/islet) 

Controls 
Before culture 74.7 + 3.4 (44) 2.85 + 0.20 (43) 

Tumour-bearing rats 
Before culture 4.9 _+ 1.0 a (24) 4.31 + 0.72 a (14) 
After culture (2 days) 13.6 4- 1.8 b (41) 2.29 _ 0.27 b (35) 

Treated rats without visible tumour 
Before culture 34.6 + 3.5 a (23) 2.71 + 0.44 (15) 
After culture (2 days) 21.9 + 1.9 c (12) 1.40 _+ 0.28 c (11) 

0.36 + 0.04 (46) 

0.32 _+ 0.06 (19) 
0.37 _+ 0.04 (32) 

Results are expressed as mean _+ SEM. The number of determinations is indicated in parentheses. 
ap < 0.01 versus islets of control rats; bp < 0.01 versus islets before culture; Cp < 0.05 versus islets before culture 

Table 3. Insulin content and production of non-tumour islets isolated from tumour-bearing rats before and during a period of 2 days in tissue cul- 
ture at glucose (8.3 mmol/1) 

Immunoreactive insulin (ng/islet) 

Content before culture Content after culture Release during culture Net increase in the 
culture system 

Experiment I 0.7 + 0.1 (4) 6.6 + 1.0 (5) 5.7 + 2.3 (6) 12.3 _+ 2.6 (5) 
Experiment 2 0.9 + 0.3 (5) 4.3 + 1.0 (7) 1.7 + 0.3 (10) 5.2 _+ 1.3 (7) 
Experiment 3 12.3 + 2.0 (5) 24.7 _+ 3.3 (10) 17.0 +_ 2.2 (11) 28.3 _+ 3.1 (10) 

Results are.expressed as mean + SEM. The number of determinations is indicated in parentheses 
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Fig.4. Glucose-stimulated insulin release from non-tumour pancre- 
atic islets before and after 2 days of culture. Islets were isolated from 
the pancreas of tumour-bearing rats and incubated under sterile con- 
ditions for two consecutive 30 rain periods in a modified Krebs-Ring- 
er-bicarbonate buffer containing glucose at either 2.8 mmol/l ( n )  or 
16.7 mmol/1 ([]). After 2 days of maintenance in culture medium at 
glucose (8.3 mmol/1), the same islets were again incubated as before. 
Results are given as mean _+ SEM of 11 observations. The effect of 
glucose (16.7 mmol/1) was highly significant both before and after 
culture (p < 0.005) 

as well as in the islets isolated from treated rats without 
a visible tumour. The islets of  tumour-bearing rats con- 
tained the same levels of  somatostatin as control islets; 
somatostatin remained unaltered after culture. 

IRI secretion and its regulation by glucose was also 
investigated in islets isolated from tumour-bearing rats, 
during incubation in KRB-Hepes buffer, both before 
and after 2 days in tissue culture. The incubation of 
freshly isolated islets was carried out under sterile con- 
ditions, so that it was possible to culture them for 2 days 
and then to incubate the same islets again. Three such 
experiments were performed with islets taken from 
three separate turnout-bearing animals. While the abso- 
lute values of IRI release varied because of  differences 
in the initial islet insulin content (Table 3),. there was 
considerable similarity between all three experiments. 
An addition to experiment 3 of Table 3 is shown in Fig- 
ure 4, in which the freshly isolated islets were exposed 
to glucose (16.7 mmol/1) for 30 min immediately after 
an initial 30 rain incubation at glucose (2.8 mmol/1). IR! 
release was increased approximately twofold both in 
absolute terms (Fig. 4) and when expressed as percent- 
age of  the content measured in separate islets of the 
same batch. After 2 days of  culture, the IRI content 
doubled (Table 3, experiment 3) and basal IRI release 
during the 30min incubation was increased by 50%. 
Glucose (16.7 mmol/1) now caused a threefold stimula- 
tion of  IRI release relative to glucose (2.8 mmol/1). The 
same threefold stimulation results from expressing the 
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IRI release as percentage of IRI content after the 2-day 
culture. For comparison, the IRI release of freshly iso- 
lated islets of control rats over a 30 rain period was 1.05 
_+ 0.15 ng/islet in the presence of glucose (2.8 mmol/1), 
increasing to 5.56 + 0.65 ng/islet in the presence of glu- 
cose (16.7 mmol/1). 

Finally, the net IRI production (stored and released) 
during the 2-day culture period was estimated. The 
three experiments shown in Table 3 clearly demonstrate 
that the net production of IRI was 18, 6 and 2.5 times 
the initial islet IRI content. The latter value, which re- 
fers to islets with a relatively high initial IRI, is quite 
similar to that observed when normal islets are main- 
tained in tissue culture [18, 19]. It thus becomes appar- 
ent that the non-tumour islets taken from tumour-bear- 
ing pancreas retain in part the ability to release insulin 
in response to glucose in vitro, despite their low insulin 
content. Such islets improve their functional capacity 
after 2 days of culture in the presence of physiological 
concentrations of glucose. 

Discussion 

The high yield of rat islet cell tumours obtained in this 
study after the combined administration of streptozo- 
tocin and nicotinamide confirms the reliability of this 
means for the induction of an otherwise very uncom- 
mon tumour [201. 

Despite the high IRI content of the tumours, the rats 
exhibited only a moderate hyperinsulinaemia and hy- 
poglycaemia in the fasted state. However, taking into 
account the reduction in the IRI content of non-tumour 
endocrine pancreatic tissue, the total insulin stored in 
tumour and pancreas was only augmented by 40-50% 
compared with normal animals. Furthermore, insulin 
secretion remains fairly well controlled since these tu- 
rnouts are not fatal, in contrast with another, more rap- 
idly growing, rat insulinoma [21, 22]. 

The studies performed so far on the capability of 
rats with streptozotocin and nicotinamide-induced islet 
cell tumours to release IRI in response to glucose, have 
yielded variable results. Thus, in one study, an oral glu- 
cose load caused improved glucose tolerance with in- 
creased plasma insulin [4], while no change was found 
following IV glucose in another report [5]. Other au- 
thors, who measured blood glucose concentrations only 
during IV glucose tolerance tests, observed increased 
glucose disappearance in one sub-group and decreased 
disappearance in another sub-group of tumour-bearing 
rats [2]. 

The results of the IV glucose tolerance test reported 
here included determinations at early time points and 
established that tumour-bearing animals have accelerat- 
ed glucose clearance rates compared with controls. No 
tumour-bearing animal provided evidence for de- 
creased glucose disappearance rate. IRI release in re- 

sponse to glucose was markedly enhanced, albeit with a 
large scatter. In some animals, discrepancy between the 
conspicuous IRI release and only a moderately altered 
glucose clearance, suggested either the presence of inac- 
tive insulin-like molecules or the development of insu- 
lin resistance. The analysis of the molecular species of 
insulin immunoreactivity in plasma of eight tumour- 
bearing rats after glucose administration established 
that proinsulin was always present, in contrast to con- 
trol rats. Nevertheless, the correction of IRI levels for 
proinsulin, still did not afford correlation with glucose 
clearance rates, suggesting that insulin resistance may 
be involved. 

The tumours contained large amounts of IRI and 
somatostatin, yet only small amounts of IRG. When 
comparing hormone contents in tumours and in normal 
rat islets, both expressed per mg wet weight, the tumour 
tissue contained 65% IRI, 55% somatostatin and 0.06% 
IRG, relative to normal islet tissue [23]. Therefore, in 
these tumours the normal relative proportions of IRI 
and somatostatin are maintained, while that of IRG is 
dramatically decreased. Similar to human insulinomas 
[24], the streptozotocin and nicotinamide-induced tu- 
mours have a proportionally larger secretion of proin- 
sulin in plasma than would be expected from the tu- 
mour content. 

Tumour cells were maintained in monolayer cul- 
tures for prolonged periods of time but failed to prolif- 
erate to any significant extent. Thus, as in vivo, these 
cells have limited growth potential and in culture be- 
have more like normal B cells than transformed B cells 
[25, 26]. The cultured tumour cells retained for about 
one month the capacity to increase insulin release when 
challenged with glucose. At later times, while insulin se- 
cretion into the culture medium continued, the sensitivi- 
ty to glucose was lost. Recently, glucose-stimulated in- 
sulin release from tumour tissue in vitro has been shown 
for perifused tumour fragments [6], and for perfusion of 
tumour-containing pancreas [7]. 

Presence of this chemically-induced islet cell tu- 
mour has been reported to cause 'suppression' of the 
normal endocrine pancreas [8, 9]. In line with these re- 
ports, a striking reduction of insulin content was ob- 
served in non-tumour pancreatic tissue and isolated is- 
lets. This reduction appears to be a selective phenome- 
non, since islet somatostatin content did not change and 
IRG content even increased. The change in islet IRG 
may be the result of hypoglycaemia-induced counter- 
regulation. Despite the markedly reduced IRI content, 
freshly isolated islets from tumour-bearing rats retained 
responsiveness of IRI release to glucose, although di- 
minished when compared to islets from control rats. 
This is in agreement with previous studies performed in 
Syrian hamsters bearing a transplantable insulinoma 
[27, 28]. In a recent report concerning streptozotocin-in- 
duced insulinomas, the insulin secretion in response to 
glucose from freshly isolated islets was usually, but not 
always, found to be normal [6]. 
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Both chronic hypoglycaemia and/or  hyperinsulin- 
aemia may be involved in the reduction of pancreatic 
insulin, but the main cause remains unclear. Whatever 
the reduction is due to, it is reversible, since the insulin 
content of isolated islets from tumour-bearing rats in- 
creased almost threefold after 2 days of culture in the 
presence of physiological concentrations of glucose. 
This increase did not occur in islets isolated from treat- 
ed animals without visible tumours, which served as 
controls, since they had been subjected to the same in- 
itial treatment. Furthermore, the islets isolated from tu- 
rnout-bearing rats increased not only net insulin pro- 
duction (Table 3), but also glucose-stimulated insulin 
release (Fig. 4), after tissue culture. The reversibility du- 
ring culture of the islet changes and the fact that there is 
a clear indication of B cell suppression in rats bearing 
streptozotocin-induced transplanted insulinomas [8], 
rule out the possibility that the observed changes in islet 
function could be the result of  the primary insult caused 
to B cells by streptozotocin. 

Since the islets of tumour-bearing rats are able to re- 
lease insulin in response to glucose in vitro, the question 
arises whether the in vivo glucose-stimulated insulin re- 
lease originates from the islets rather than from the tu- 
mours. This appears unlikely, as a reduction of the pan- 
creatic insulin content similar to that observed in this 
study, should result in decreased glucose tolerance and 
insulin release [29]. Another indication of the secretory 
activity of the tumour is the high concentration of plas- 
ma proinsulin. 

It is concluded that streptozotocin and nicotin- 
amide-induced islet cell tumours synthesize, store and 
release insulin both in vivo and in vitro during pro- 
longed cell culture. Therefore, these tumours may pro- 
vide a relatively convenient source of B cells with suffi- 
ciently differentiated function for biochemical studies 
of the control mechanisms concerned. In addition, 
these tumour-bearing rats represent a model of  slow- 
developing, long-lasting and moderate hyperinsulinism 
of pancreatic origin. 
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