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Summary. Pancreatic insulin content and insulin 
secretion from the pancreas of obese mice fed ad lib 
(ob/ob), obese mice maintained on a restricted diet (ob/ob 
RD) and lean mice has been studied using incubated 
pieces of pancreas iu vitro and in a perifusion system. 
The ob/ob mice pancreas contained approximately twice 
as much insulin as the lean mice pancreas, whereas the 
ob/ob RD mice had a normal insulin content. Increasing 
the glucose concentration had a marked and prolonged 
stimulating effect on insulin secretion in the pancreas of 
the ob/ob and ob/ob RD mouse, but not in the lean 
mouse. Leucine stimulated insulin secretion in all three 
groups of animals both in the absence and presence of 
glucose in a biphasic manner; in the presence of glucose 

the insulin secreted from the pancreas of the ob/ob and 
ob/ob RD mice was abnormally high. Arginine stimulated 
insulin secretion from the lean mouse pancreas in the 
absence of glucose, whereas in the obese mouse pancreas 
stimulation was observed only in the presence of glucose, 
and the effect increased with increasing glucose concen- 
tration. The large amounts of insulin which can be secre- 
ted by the pancreas of the ob/ob and ob/ob RD mice 
under stimulation suggest that an abnormal response 
of the pancreas to biological stimuli of insulin secretion 
could be a primary defect in these animals. 

Key words: Insulin, obese mice, pancreas, glucose, 
amino acids. 

The recessively inherited obese hyperglyeaemie 
syndrome in mice, which was first described by Ingalls, 
Diekie and Snell (1950) [16], has been very widely 
investigated, but the primary defect in these animals 
has not been established. I t  has been suggested by 
some investigators [12] that  the hyperinsulinaemia 
caused by an abnormal secretion of insulin from the 
fl cells [22] could be a primary defect leading subse. 
quently to the other characteristics of the syndrome 
e.g. hyperphagia, obesity, insulin resistance etc. Ex- 
cessive insulin secretion could be either due to the 
greater sensitivity of the fl cells in the obese mice to 
normal biological stimulation or to excessive stimula- 
tion by some unknown factor or a combination of these 
two. 

In  order to t ry  to gain further insight into this 
problem it was decided to carry out an investigation 
on factors influencing insll]in secretion in the obese 
mice and their lean littermates. To separate the effects 
of hyperphagi~ and concomitant hyperglyeaemia on 
insulin secretion from primary differences in the re- 
sponse of the pancreas of obese mice, obese mice fed 
ad libitum have been compared with those maintained 
on a restricted diet as described by Abraham and 
Beloff-Chain (1971) [1]. In  the present communication 
the total content of insulin in the pancreas of the obese 
mice fed ad lib and those kept on a restricted diet is 
compared with the total insulin content in the pancreas 
of the lean lit~ermates. The effects on insulin secretion 
in vitro of glucose, amino acids and of theophyhine 
have also been studied in these three groups of animals. 

The investigation was carried out using in vitro 
incubated pieces of pancreas [7] or using a perifusion 
technique [5] in which a continuous flow of medium is 

passed over small pieces of pancreas and collected for 
insulin assay at set time intervals, the stimulant being 
added to the perifusion fluid after a suitable time 
period. 

No attempt has been made in the present study to 
quantify the absolute differences in insulin secretion 
from pancreases of different groups of animals. This 
cannot be done by expressing the results as per weight 
of pancreas, as the number and size of the fl cells 
present is unknown; however the technique used is 
adequate to study the effects of various stimuli on 
insulin secretion, as each piece of pancreas acts as its 
own control. 

Methods 

Mice 
The origin of the obese mouse colony bred in this 

Department and the feeding of these animals has been 
previously described [1]. 3- -4  months old female mice 
were used. The obese mice fed ad libitum arc referred 
to as ob/ob and those maintained on a restricted diet 
as ob/ob RD. 

Determination of Total Insulin in the Pancreas 
Total pancreatic insulin was determined by a modi- 

fication of the method of Kenny (1955) [17], as de- 
scribed by Findlay, Rookledge, BelofLChain and Lever 
(1973) [11]. 

Preparation of Pancreas Pieces 
Mice were killed by cervical dislocation, their pan- 

creas removed and washed in Krebs Ringer bicarbonate 
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buffered medium pH 7.4, then blotted and weighed. 
Each pancreas was cut up into pieces weighing 5--10 
mg. 

Incubation of Pancreas Pieces 
Four pancreas pieces were placed in vessels which 

were a modification of those described by Coore and 
Randle (1964) [7], consisting of perspex rings, 1 em in 
diameter, and 0.6 cm in length, closed at one end with 
a circle of nylon gauze. The vessels were immersed in 
5 ml of Krebs Ringer bicarbonate buffer at pH 7.4 
gassed with 95% 03/5% CO 2 containing 2 mg/ml 
albumin in scintillation vials and shaken in a metabolic 
incubator at 37 ~ Each incubation period was 20 min, 
after which the vessels containing the pancreas pieces 
were transferred to another vial containing freshly 
gassed medium. 

Results and Discussion 

Where statistical analyses have been applied the 
student's 't '  test was used. 

a) Pancreatic Insulin Content 

The results given in Table 1 show the insuhn 
content of the pancreas of the ob/ob, the ob/ob RD and 
the lean mice. There were 6 mice in each group and 
two to four analyses were carried out in each assay. 
The results show that  the total weight of the pancreas 
did not differ significantly in these groups of animals. 
The obese mice fed ad tibitum contained more than 
twice as much insulin as the lean mice, but  the obese 
mice which had been maintained on a restricted diet 
did not have a significantly higher insulin content than 
that  observed in the lean mice. Similar differences in 

Table 1. Insulin content of pancreases from ob/ob, ob/ob RD and lean mice, Results 
are the. mean of six animals in each group, • SEM.  Difference between obese and 

lean m~ce significant when p ~ 0.05 

Wt of pancreas mU insulin mU insulin per mg 
Animal rng per pancreas p wet wt. pancreas p 

Lean 298:~ 18 982q- 161 3.49• 0.27 
ob/ob 282i23 2249q-316 0.01 8.46• 0.05 
0b/ob RD 2 7 2 i  17 1213~=254 I~S 4:35~0.63 lqS 

The transfer of the pancreas into fresh medium at 
twenty minute intervals appears to overcome the 
problem of the breakdown of insulin by proteolytic 
enzymes (some preliminary experiments carried out 
with' the proteolytic enzyme inhibitor trasylol gave  
similar results) and also prevents the inhibition of 
insulin secretion by an accumulation of insulin in the 
medium. 

Perifusion of Pancreas Pieces 
The technique used was a modification of that  de- 

scribed by Burr et al. (1969) [5]. Ten pieces of pancreas 
weighing approximately 5--10 mg each were placed on 
Mill:pore filters which were inserted into water tight 
holders connected to a resevoir of medium by rubher- 
tubing. The medium was sucked through the filters by 
a peristaltic pump and collected in test tubes. The rate 
of flow was as indicated in the legends to the figures. 
The insulin secreted at 5 rain intervals was determined. 

Insulin Assay 

50 ~1 samples were assayed for insulin and each 
analysis was carried out in triplicate. The immune- 
assay technique used was similar to that  described by  
Heding (1971) [13] for glucagon assay. Assay samples 
were incubated overnight at 4~ with equal volumes 
of 1~5I labelled insulin and anti-insulin serum at appro- 
priate dilutions. The insulin ant ibody complex was 
precipitated with absolute ethanol and counted in a 
Tracerlab gamma counter. 

the insulin content of the pancreas from ob/ob mice fed 
ad lib:turn in this age group have been reported previ- 
ously [11, 12, 25]. All these investigators confirmed the 
high pancreatic immunoreactive insulin content in 
genetically obese mice which was first reported by 
Wrenshall, Andrews and Mayer (1955), using a bioassay 
for insulin. The very marked hyperinsulinaemia in the 
ob/ob animals, as has been pointed out previously [12], 
is disproportionate to the two to four fold increase in 
pancreatic insulin and cannot be explained by hyper- 
glyeaemia; :which is an extremely variable factor in the 
obese mouse. The present experiments show that  re- 
stricting the diet of the oh/oh mice reduced the insulin 
level of the pancreas to values not significantly higher 
than those observed in lean animals. I t  has already 
been shown that  obese mice on a restricted diet have 
elevated serum insulin levels, although not as high as 
in the ob/ob mouse fed ad lib:turn [2] . . . . .  

b) Response of the Pancreas 
There is considerable histological evidence in the 

literature that  there are abnormalities of the obese 
mouse pancreas which indicate endocrine hyperactivity 
[11]. The histological changes in the pancreas asso- 
ciated with obesity and evidence for the increased 
synthesis and secretion of insulin in obese mice have 
been discussed [4, 14]. Furthermore, it has been re- 
ported [24] that  the effect of restricted caloric intake 
in the ob/ob mice restores the appearance of the pan- 
creas to a more normal cellular composition. I t  was 
therefore of interest to see whether the response of the 
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pancreas to glucose stimulus and to other known 
stimuli would be the same in the ob/ob RD mice as in 
the ob/ob mice, or whether the pancreas would respond 
similarly to the lean mouse pancreas. 

(i) Influence of glucose concentration. Fig. 1 shows 
the results of experiments in which pieces of pancreas 
were incubated in different concentrations of glucose; 
the amount  of insulin secreted in three twenty minute 
periods and in some experiments for a further th i r ty  
minute period was measured by  transferring the pieces 
to fresh medium at  the end of these periods and assay- 
ing the insulin secreted in each of the incubation vessels. 
The results show tha t  in all cases the maximum rate of 
insulin secretion was obtained in the first 20 min, as 
previously reported [9], and in most  experiments the 
rate of insulin secreted in the second and third twenty  
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F ig .  i .  Rate of insulin secretion from pieces of pancreas 
of ob/ob, ob/ob RD and lean mice in the presence of 
varying ghmose concentrations. Experimental conditions 
given in the text. iViain numbers refer to glucose concen- 
trations. Each point refers to mean of the number of 

experiments given in parenthesis 

minute periods of incubation was fairly constant. This 
could be explained by  a non specific leakage of insulin 
[15] or by  a labile compar tment  of insulin from which 
secretion is rapidly stimulated on exposure to glucose 
[8]. The second explanation is more probable in view 
of the fact tha t  a glucose st imulatory effect was 
apparent  in the first twenty  minute period. Due to the 
high biological variation i n  the amount  of insulin 
secreted by  the pancreas of different animals the 
statistical evaluation of the data is unreliable, and only 
mean values are presented in Fig. 1. However the 
results indicate tha t  the rate of insulin release in lean 
mice when the glucose concentration was raised from 
60 to 150 nag %, was increased, but  in the presence of 
300 mg % glucose the rate of insulin release was equiv- 
alent to tha t  at  60 mg %. With the obese mouse pan- 
creas increasing the glucose concentration from 60 to 
150 mg %, and from 150 to 300 mg % caused a signifi- 
cant increase in the rate of insulin secretion. The pan- 

creas from obese mice on a restricted diet showed no 
glucose effect on insulin secretion on increasing the con- 
centration from 60 mg % to 150 mg %, but  an increase 
in the presence of 300 mg %. 

(ii) Influence of glucose, theophylline, leucine and 
arginine. In  another series of experiments the effects 
of glucose, theophylline, leueine and arginine were 
studied and the results are given in Table 2. In  these 
experiments the insulin secreted in three twenty minute 
periods was assayed as described above. The st imulant  
tested was added in the third twenty minute period of 
incubation and the "effect rat io" was calculated from 
the amount  of insulin secreted in this period divided 
by  the amount  of insulin secreted in the preceding 
period, i.e. before addition of the st imulant [26]. This 
ratio was compared to the "control ra t io"  calculated 
from the corresponding values obtained in these incu- 
bation periods without addition of any stimulant. 
These experiments therefore give data in which the 
same pieces of pancreas are incubated with and without 
stimulant and therefore the problem of the biological 
variation be%veen different pancreases is obviated. 

The results obtained with theophylline are of inter- 
est in two respects. Firstly, the stimulation observed 
with theophylline in the lean mouse pancreas in the 
presence of 300 mg % glucose was taken as an indica- 
t ion of the validity of the technique and secondly, the 
oh/oh mouse pancreas showed stimulation of insulin 
with theophylline both  in the absence and presence of 
glucose. Thus the very high rate of insulin secretion 
already observed in the presence of 300 mg % glucose 
was further increased b y  a cyclic AMP phosphodiester- 
ase inhibitor. 

These results confirm the previous finding tha t  
increasing the glucose concentration does not maintain 
a high rate of insulin secretion in the pancreas of the 
lean mice but  does in the ob/ob and the ob/ob R D  mice. 

An in vitro effect of amino acids on insulin secretion 
has been observed before [10]. In  the present work the 
influence of the two amino acids leueine and arginine 
on insulin secretion from ob/ob, ob/ob RD and lean 
mice has been compared in the absence of glucose using 
the effect ratio criterion as described above, and the 
results are included in Table 2. I t  is of interest t h a t  
under these conditions leucine stimulated insulin secre- 
tion from the pancreas of all three groups of mice 
studied, whereas arginine stimulated insulin secretion 
in the absence of glucose from the lean mouse pancreas 
but  not from the ob/ob mouse pancreas. 

(iii) Perifusion studies. The las t  series of experi- 
ments were carried out using the perifusion technique 
and typical results are shown in Figs. 2, 3 and 4. In  the 
experiments shown in Fig. 2, perifusion commenced 
with 150 mg % glucose in the perifusion fluid and in 
each case there Was a rapid initial output  of insulin 
which returned to a low level at  49 min. The glucose 
concentration was then increased to 300 mg % and the 
results show tha t  in both  the ob/ob mouse pancreas 
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and in the pancreas of the  ob/ob RD there was a second 
rapid insulin output lasting for 20 to 30 min. In the lean 
mice the initial insulin output  was rapidly falling after 
perifusing with 150 mg % of glucose for 40 min. but  
when the glucose concentration was increased to 300 
mg % it was maintained for a further twenty minute 
period. 

Fig. 3 shows the results of adding leucine after 40 
min to the pcrifusion system in the presence of 150 mg 

% glucose. Although the amount of insulin secreted 
under the stimulus of amino acids was much greater 
from the pancreases of the ob/ob and ob/ob RD mice 
than from the lean mice the qualitative biphasic 
response which has been reported by other investi- 
gators [5, 20] was observed in all three groups. 

Fig. 4 shows the increased stimulating effect of 
arginine on insulin release from the pancreas of the 
ob/ob mouse as the glucose concentration is increased. 
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Fig. 2. Influence of increasing glucose concentration on 
the secretion of insulin in perJfused pieces of pancreas 
from ob/ob, ob/ob RD and lean mice. Perifusion fluid 
contained 150 rag% glucose at the start of the experiment, 
and this was increased to 300 rag% after 40 rain. The 
rate of flow was 0.2 ml/min; results expressed as FIT 
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Fig. 3. Influence of leucine on the secretion of insulin 
in perifused pieces of pancreas from ob/ob, ob/ob RD 
and lean mice. Perifusion fluid contained 150 rag% 
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Fig. 4. Influence of arginine on the secretion of insulin 
in perifused pieces of pancreas from ob/ob mice, at varying 
glucose concentrations. 10 mM arginine added after 

40 rain. Glucose concentrations mg % as given in key 

In the absence of glucose there was no stimulatory 
effect of arginine, confirming the findings reported in 
Table 2. 

The mechanism of the influence of amino acids on 
insulin secretion has not been clarified and %he depen. 
dence on glucose for this effect has given conflicting data 
which could be explained by  differences in the species 
under investigation, the relative concentration of 
amino acids and glucose studied or %he technique 
used to measure insulin secretion. Thus for example it 
has been reported [23] tha t  in pieces of rabbit pancreas, 
leucine but  not arginine stimulates insulin release in 
the absence of glucose; it was further reported [10] that  
the stimulation of insulin secretion by arginine in pieces 
of rabbit pancreas depends on the presence of glucose, 
although an effect of arginine on insulin secretion in the 
absence of glucose has been obtained in the perfused 
rat  pancreas [20]. 
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e) General Conclusions 
In  conclusion it would appear that  there are marked 

quantitative differences in the response of the pancreas 
of the obese mouse and the lean mouse, in that  the 
former show a very large and sustained increase in 
insulin secretion in the presence of high glucose con- 
centrations which is not observed in the pancreas of the 
lean mice. 

The lack of a significant glucose effect on insuhn 

glucose concentrations and to an increased insulin 
content of the pancreas) as the pancreas of the obese 
mice maintained on a restricted diet, which have nor- 
mal blood glucose levels and a normal pancreatic insulin 
content, respond similarly to the obese mice fed ad 
libitum. This supports the view that  an abnormal 
response of the pancreas, which manifests itself by  an 
increased glucose dependence, is a primary defect in 
the ob/ob syndrome. 

Table 2. Influence of some stimulants of insulin secretion on the pancreas of'ob/ob, ob/ob 
-RD and lean mice. "Control _Ratio" and "Effect Ratio" explained in text and p values 

are for significant differences between those ratios p ~ 0.05 

Glucose 
cone. Insulin secretion 

Animals initially Stimulant added No. of "Control Effect Signifi- 
mg % in Period 3 expts. Ratio" Ratio" canoe 

Lean 150 300 mg ~ 9 0.73 0.87 NS 
ob/ob 150 7 0.62 1.03 p < 0.05 
ob/ob l%D 150 " 9 0.83 1.62 p < 0.05 

Lean 300 10 mM the,ophylline 3 0.65 1.11 p <0.02 
ob/ob 0 5 0.57 1.15 p <0.05 
ob/ob 150 " 6 0.62 1.92 p < 0.05 
ob/ob 300 " 5 0.79 1.51 p < 0.02 

Lean 0 1O mlVi Leucine 3 0.70 1.50 p < 0.01 
ob/ob 0 " 6 0.57 0.98 p < 0.05 
ob/ob RD 0 " 3 0.58 2.13 p < 0.001 

Lean 0 10 miVl Arg, inine 5 0.70 2.09 p < 0.01 
ob/ob 0 6 0.57 0.77 NS 

secretion in incubated pieces of mouse pancreas does 
not conform with some findings of other investigators 
using isolated mouse islets [3, 6]. Lernmark, Hellman 
and Coore (1969) [19] used whole pancreas of 18 h 
starved lean mice (of the Bar Harbor strain) and 
reported an approximately four fold increase in insulin 
secretion on increasing the glucose concentration of the 
medium in a 30 rain incubation period; the authors 
however state that  experiments in which no glucose 
stimulation was observed were discarded. Malaisse and 
Malaisse-Lagae (1968) [21] have reported wide varia- 
tions in the response to glucose of insulin secretion 
from pieces of pancreas of different animal species, and 
the effect on the mouse pancreas was in fact very small. 
These authors comment on the fact that  the basal 
insulin secretion from mouse pancreas, in the absence 
of glucose, is high compared to the rat  and Chinese 
Hamster. 

I t  is of interest in this connection that, using the 
perfused pancreas of the lean and ob/ob mice, it was 
shown [18] that  increasing the glucose concentration 
from 2.75 mM to 11 mM has only a small effect on 
insulin output in the lean mouse, whereas there is a 
much more marked and sustained effect in the ob/ob 
mouse pancreas. From the present results it would 
appear that  the difference in the response of the pan- 
creas of the ob/ob and lean mice is not dependent on 
the hyperphagia in the former (leading to high blood 
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