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Abstract 

1) The secretion of insulin and glucagon from the pancreases of 

genetically obese mice and their lean litter-mates has been studied 

by in vitro techniques. 

2) Using incubation of pancreas pieces or a perifusion system, increasing 

the glucose concentration was found to have a marked and prolonged 

stimulating effect on insulin secretion in obese mice'and in obese 

mice on restricted diet, but not in lean mice. 

3) The total insulin content of the obese mouse pancreas was approximately 

twice that of the lean mouse pancreas, while that of obese mice on 

restricted diet was normal. 

if) Leucine stimulated insulin secretion in all animals both in the presence 

and absence of glucose in a biphasic manner. 

5) Arginine stimulated insulin secretion from the lean mouse pancreas 

in the absence of glucose, while in the obese mouse stimulation was 

only observed in the presence of glucose, and the effect increased 

with increasing glucose concentration. 

6) The pancreatic islet content of cyclic AEP was found to increase when 

islets were incubated with leucine, glucagon or phosphodiesterase 

inhibitors, but not when incubated with a high concentration of 

glucose or with arginine. There was no difference in basal cyclic 

AMP concentrations between islets of lean and obese mice. 

7) The activities of the enzymes glycogen phosphorylase and synthetase 

were measured in isolated islets and found to be elevated in islets 

from obese mice. 

8) There was no significant difference between plasma glucagon lzvels 

in obese and lean mice and in the amounts of glucagon secreted in 
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incubations of isolatedislets. Glucagon secretion from islets of 

all animals was depressed by increasing the glucose concentration 

but increased by amino acids. 

9) Administration of anti-insulin serum in vivo to obese mice resulted 

in increased plasma glucagon levels and abolished the inhibitory 

effect of high glucose concentrations on glucagon secretion in vitro. 

There was no effect on lean mice. 

10)Adrenaline had no effect on glucagon secretion in lean mice but 

caused a large increase in secretion from obese mice. 
insulin 

11)It was concluded that the increased sensitivi4y of the obese mouse 

pancreas to glucose, shorn also with isolated islets, could explain 

many of the abnormalities seen in the syndrome. 



Animals  

The colony of obese mice and their lean litter-mates used in 

this study originated at Aston University, Birmingham, and consisted 

of non-inbred stocks into which the Bar Harbor obese gene had been 

introduced. The conditions under which the colony was kept and the 

breeding system used aredescribed by Eastcott (1972). The mice were 

originally fed Thompson's Mouse Research Diet, supplied by Pilsbury 

Ltd., Edgbaston, and on this the obese animals ate approximately 

7 to 9 grams a day, reaching a weight of about 60 gm. at three months 

of age, while the lean mice with a food consumption of 5 to 6 grams a 

day reached a weight of about 28 gm. at the same age. The diet was 

changed during the course of the work to Oxoid Breeding Diet, and on 

this all animals put on more weight, the obese mice reaching a weight 

of 70 to 80 grams at three months. 

Obese mice to be put on restricted diet were separated from 

their litter mates as soon as obesity could be detected, approximtely 

at 21 days of age, and placed on a food ration of 5 grams a day when 

their weights had reached 35 to 40 grams. This occurred at 8 weeks 

when the mice were fed Thompson's Research Diet and at 5 weeks when 

on Oxoid Breeding Diet. These mice maintained the same weight until 

used for experiments at the age of 3 to 4. months, when they were killed 

while in the post-absorptive state. The obese animals are referred to 

as ob/ob and those on restricted diet as obAb-RD. The lean mice used 

were either homozygous or heterozygous. 



Materials  

Standard laboratory chemicals were obtained from Hopkin and 

Williams, Ltd., Chadwell Heath, Essex, or British Drug Houses, Poole, 

Dorset. Biochemicals for use in assays of cyclic AMP and glycogen 

synthetase and phosphorylase were obtained from C.F.Boehringer Corp. 

Ltd., London, W.5! Bovine serum albumin (Fraction V "Pentex") was 

obtained from Miles Laboratories Inc., Kankakee. Materials used for 

the immunoassay of glucagon included Norit GSX charcoal, obtained 

from Norit-Clydesdale Co. Ltd., Glasgow, dextran, obtained from 

Sigma Chemical Co., Kingston-on-Thames, and horse serum (No.5, 

inactivated), obtained from Wellcome Research Laboratories, Beckenham. 

Trasylol was obtained from Bayer Pharmaceuticals Ltd., Haywards Heath, 

avertin for animal anaesthesia from Winthrop Laboratories, Surbiton, 

and heparin ("Fularin") as an anti-coagulatory agent from Evans 

Medical Ltd., Speke, Liverpool. All radiochemicals were obtained 

from the Radiochemical Centre, Amersham. 

All incubations were carried out in a water-bath supplied 

by Grant Ltd., Cambridge, and for perifusion experiments a peristaltic 

pump supplied by Watson-Marlow Ltd., Falmouth, Cornwall, was also 

used. Filters for perifusion and also for use in the assays of glycogen 

synthetase and phosphorylase were obtained from Millipore (U.K.) Ltd., 

Park Royal, London, N.W.10. 

8 



CHAPTER 1 

THE EFFECT OF GLUCOSE ON INSULIN SECRETION FROM THE PANCREAS 

OF LEAN AND OBESE MICE. 



a) Introduction  

During the years following the initial description of the obese 

hyperglycaemic syndrome in mice by Ingalls, Dickie and Snell (1950), 

much effort was directed towards elucidation of the primary causes 

of the abnormalities shown in this syndrome. The enlargement of the 

islets of Langerhans in the pancreas of these mice was noted at an 

early stage (Bleisch, Mayer and Dickie, 1952), but an increase in 

extractable insulin, together with hyperplasia and degranulation of 

the B cells was only observed by Wrenshall, Andrus and Mayer in 1955. 

An increase in circulating insulin-like activity, as measured by 

bioassay, was reiorted by Christophe, Dagenais and Mayer in 1959, and 

more recent work has confirmed that hyperinsulinaemia occurring during 

at least some stage of the lifespan is characteristic of all rodents 

developing syndromes associated with obesity and inappropriate 

hyperglycaemia (see review by Bray and York 1971). 

Two major theories have been advanced to account for the paradoxical 

co-existence of high levels of blood glucose and insulin in these 

animals, based largely on evidence from measurement of the relevant 

parameters at various stages in the growth of the mice and development 

of the syndrome. Stauffacher, Lambert, Vecchio and Ronold (1967) 

found that the pancreatic content of immunoreactive insulin (IRI) in 

obese mice was much greater than that of their lean siblings at five 

months of age but was smaller at five weeks, while serum IRI and 

insulin-like activity (ILA) was greater in the obese than in the lean 

at all ages, and concluded that the increased peripheral demand for 
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insulin preceded the increased synthesis and storage of the hormone. 

They considered that this demand was possibly generated by a tissue—

bound muscular resistance to insulin action, a feature which has been 

studied by many investigators and found present in both in vivo and 

in vitro systems, and also in adipose tissue (Stauffacher, Crofford, 

Jeanrenaud and Ronald 1965). Genuth (1969) extended their observations 

to a wider range of ages, and showed that there is less pancreatic 

insulin in obese animals of six weeks of age, identical levels at 

seven weeks, and thereafter an increase to eleven times the normal 

levels at 44 weeks. The hyperinsulinaemia was found to develop before 

there was noticeable islet hyperplasia, at an age when pancreatic IRI 

content was reduced or normal, and was out of all proportion to the 
since 

degree of hyperglycaemia,Athe plasma insulin levels in adult mice 

'were ,  extraordinarily high even when the glucose levels were normal)  

and therefore not a consequence of tissue insulin resistance alone. 

He thus suggested that the primary abnormality in obese mice may be 

pancreatic in origin and manifested by hypersocretion of insulin, 

leading to a low pancreatic insulin content in young mice and an 

adaptation of insulin synthesis with increasing age so that large 

amounts of insulin were stored. As a result of this insulin resistance 

could develop to protect the animal from hypoglycaemia, and obesity 

could then be the result of a less restrained action of insulin on 

adipose tissue. An important piece of evidence in favour of this 

hypothesis was first obtained by Batt and Mialhe (1966), who found 

that restoring obese mice to normal weight by restricting their diet 

resulted in the restoration of insulin sensitivity, and this finding 



has been confirmed in this laboratory for isolated adipocytes and 

diaphragm muscle of obese mice by Abraham and Beloff-Chain (1971). 

In view of this theory it is perhaps surprising that very little 

work has been done on direct comparison of the patterns of insulin 

secretion found in obese mice and their lean litter-mates, either 

in vivo or in vitro. Malaisse, Malaisse-Lagae and Coleman (1968) 

measured both insulin stores and the secretory capacity of older 

obese mice and found these to be three and six times respectively 

the amounts found in lean mice when related to body weight, whereas 

in the experimental obesity produced by gold thioglucose (GTG), 

elevations in both these parameters.were directly proportional to 

body weight, and clearly an adaptive response. No significant 

differences in the actual dynamics of the insulin response were 

reported until the work of Larkins and Martin (1972), who used the 

New Zealand obese mouse and compared it to the C57 Black strain as 

control. The NZO strain has been shown by Sneyd (1964.) to be similar 

to the Bar Harbor strain in showing insulin resistance and islet 

hypertrophy, but these mice are fertile and have less pronounced 

hyperglycaemia and glycosuria, despite an increased pancreatic insulin 

content. Herberg, Major, Hennigs,Granelke, Freytag and Gries (1970) 

have also shown marked differences in the development of the obese 

hyperglycaemic syndrome in NZO and ob/ob mice, and so it is difficult 

to extrapolate from the work of Larkins and Martin to the Bar Harbor 

strain. They however found that whereas an intraperitoneal dose of 

2 mg/gm body weight glucose produced an immediate and significant 

increase in insulin in fasted C57 black mice, NZO mice did not respond 
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at all, while the same dose of arginine produced a tenfold rise in 

the obese strain compared to a fourfold increase in the control. 

Hellman has used the islets of obese hyperglycaemic mice 

extensively for studies on general islet metabolism (for review see 

Hellman 1970), but has only once directly compared their secretion 

with that of islets from control mice (Lernmark and Hellman 1969), 

He confirmed, using islets separated by the microdissection technique, 

that the previously observed 8 to 10-fold increase in the islet volume 

of obese mice (Hellman, Brolin, Hellerstrom and Heilman, 1961) compared 

to their lean litter-mates, and increased nuclear and nucleolar size 

(Hellman and Petersson 1960) indeed reflected an increase in insulin 

secretory capacity at high glucose levels, although there was no 

significant difference in their overall pattern of response to 

variations in glucose concentration. 

Any further clues as to the importance and indeed nature of the 

hyperinsulinemia found in these mice must be derived from comparison 

with other animal syndromes and also the human conditions of obesity 

and diabetes, Cameron, Stauffacher, Amherdt, Orci and Remold (1972) 

have studied the kinetics of insulin release in vivo in a variety of 

rodents, including the ob/ob mouse, and conclude that despite the 

presence of hyperglycaemia, this syndrome has more in common with 

human obesity, in which the insulin secretory response of the pancreas 

is normal but excessive, than diabetes in which the initial phase of 

insulin secretion is often impaired. Karam, Grodzky and Forsham (1968), 

reviewing the importance of insulin secretion in human obesity, conclude 

that the exaggerated serum insulin response to a variety of stimulants 
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seen in obese subjects is duo to increased insulin secretion, although 

significant antagonism to the action of insulin, probably at the 

tissue level, is also present. They find a good correlation between 

increased secretion and islet hyperplasia, and suggest that this may 

be related to the insulin-stimulatory effect of an unknown 'gut factor', 

an idea also put forward by Genuth to account for the dfsappearance 

of insulin resistance in diet-restricted obese mice. Workers with both 

mice and human obese subjects have reached similar conclusions about 

several other aspects of the syndromes, it now being universally agreed 

for example that the insulin resistance shown in both syndromes is not 

due either to biological inactivity of the insulin molecule secreted 

or to it being very rapidly degraded in vivo. Wastman (1968) found the 

diaappearance rate of labelled insulin per unit time to be much higher 

in isolated tissues from obese mice than in tissues from their lean 

litter-mates, but Coore and Westman (1970) concluded that although the 

increased turnover rate agreed with the morphological evidence for an 

increased rate of insulin secretion. it alone was not sufficient to 

account for the insulin resistance. Reduction to ideal weight in the 

human syndrome was, as in the case of the obese mouse, found to restore 

sensitivity of the fat tissue to insulin, and in addition normalised 

the insulin response to glucose. 

A very similar animal syndrome is provided by the 'fatty' rat, first 

described by Zucker and Zucker (1961). York, Steinke and Bray (1972) 

observed both increased serum IRI and islet hyperplasia in these 

animals, as well as in rats made obese by lesions of the ventromedial 

hypothalamus, and concluded that the obesity is necessarily accompanied 
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by increased insulin synthesis together with a slight resistance to 

endogenous insulin. The induced obesity in the lesioned rats 

appeared dependent on the prevailing hyperglycaemia, and was therefore 

secondary to increased insulin synthesis. 

In view of these findings the present study was undertaken to 

investigate the in vitro insulin secretory responses of the obese 

mouse pancreas, and an important part of the work consisted of the 

experiments on obese mice placed on restricted diet so that their 

body weights were reduced to approximately those of the lean mice. 

It was felt that any difference in the pattern of secretion still 

shown by these mice would. be &significant piece of evidence for 

the primary nature of hyperinsulinism in the obese hypergl/caemic 

syndrome. 
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b) Experimental  

The methods used for in vitro studies on insulin secretioh 

range from perfusion of the isolated pancreas, which was first 

introduced for the rat by Anderson and Long (1947), and in which 

perhaps the closest approximation possible to the physiological 

state is achieved, to simple incubations of the type first developed 

by Coore and Randle (1964.) in their now classical studies on insulin 

release from the rabbit pancreas. The pancreas pieces used by Coore 

and Randle have the advantage that their preparation is extremely 

simple and requires a minimum of manipulation of the tissue, but a 

major drawback is that the exocrine tissue present contains and 

releases proteolytic and other enzymes which destroy secreted insulin. 

The effects of these lytic substances have been counteracted in 

several ways, including the use of short incubation periods and/or 

addition of an inhibitor of proteolysis, most commonly the naturally 

occurring kallikrein inactivator trasylol, and development of an 

alternative assay for insulin in which antiserum is added to the 

incubation medium to protect the secreted hormone (Malaisso, Malaisse-

Lagae and Wright 1967). 

A major advance in in vitro methodology was the publication by 

Lacy and Konstianovsky (1967) of a method for rapid isolation of the 

intact islets of Langerhans from mammalian pancreas, using digestion 

by the enzyme collagenase. Since the isolated islet technique not only 

enables precautions against insulin destruction by substances released 

from acinar tissue to be discarded, but also allows measurement of 

enzymatic and metabolic changes directly relevant to insulin secretion, 

work using this system has flourished in recent years. However, 
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measurements made with isolated islets are naturally more diffi6ult to 

relate to insulin secretion in vivo, since the islets are completely 

separated from their normal physiological environment, and a very 

recent paper (Kohnert, Hahn, Make, Schmidt and Fiedler 1974.) 

has indeed shown that even islets have an insulin-degrading capacity. 

It was therefore decided to initiate the present work using incubation 

of pancreas pieces, and to continue with isolated islets once the 

characteristics of the system had been established. 

Of the two techniques now widely used for isolating intact 

pancreatic islets, the first to be introduced was microdissection, 

used by Hellerstom (1964) working with obese hyperglycaemic mice. 

It was subsequently noticed by Moskalewski (1965) that intact islets 

could more easily be dissected from guinea pig pancreas after incubation 

with collagenase, and the later work of Lacy and Konstianovsky was 

directed towards improving the enzymic digestion so that dissection 

of the individual islets became unnecessary. Their procedure basically 

consisted of distending the pancreas in situ by injection of "puffer 

into the pancreatic duct, followed by vigorous shaking of small 

pancreatic pieces with collagenase at 37°C in order to achieve complete 

disruption of the exocrine tissue. This incubation must be rigorously 

comtrolled in order to avoid the extremes of either under-digestion, 

so that the islets are not fully separated from the surrounding tissue, 

and over-digestion in which they themselves disintegrate.Many 

modifications of the method have been suggested whereby the exact time 

at which the islets have become separated and the collagenase 

incubation should be discontinued can be pinpointed, including clamping 
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of the portal vein and common bile duct to cause blood to colour the 

islets red (Aleyassine and Gardner 1972). These techniques are however 

more 
considerably difficult to carry out in the mouse, and in the present 

work wherever difficulty was experienced in obtaining sufficient 

quantities of islets by collagenase digestion alone, resort was had 

to the microdissection technique to separate islets remaining attached 

to exocrine tissue. It was found impractical to use microdissection 

on the intact pancreas because of the extremely long time which would 

be necessary to dissect enough islets to use in simultaneous incubations 

at different glucose concentrations. The characteristics of islets 

obtained by both the collagenase and microdissection methods have been 

widely documented, for example for collagenase-separated rat islets 

by Lacy, Young and Fink (1967) and for microdissectod obese mouse 

islets by Lernmark and Hellman (1969), but only Atkins and Natty (1970) 

have directly compared the two methods. They found both 02  consumption 

and insulin response to increased glucose concentration to be higher 

in microdissected islets from the obese mouse than in collagenase-

separated islets, but since the microdissection procedure is so slow 

and tedious it was felt that the best possible compromise would be 

achieved by using it in conjunction with the collagenase technique 

when necessary. 

A convenient procedure first developed by Burr, Stauffacher, 

Balant, Renold and Grodsky (1969) is the perifusion technique, which 

can be adapted for use with either pieces or islets, and in which the 

tissue is subjected to a continuous flow of medium, which can be 

collected and assayed for insulin. This method has the advantage of 
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allowing the effects of several substances on insulin secretion to 

be tested sequentially on the same tissue, as in perfusion, and also 

if pieces are used it overcomes the problem of digestion of insulin 

since the perifusion medium into which insulin is secreted is never 

in contact with the tissue for very long. In this work the perifusion 

technique was used to confirm results obtained by incubation of 

pancreas pieces. 
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i 	t1L1c1L...ir on of Results 

Isolation of pancreas  

Mice were killed by cervical dislocation, their pancreas 

removed and washed in Krebs Ringer bicarbonate buffered medium, pH 

7.4 then blotted and weighed. Each pancreas was cut up into pieces 

weighing 5 to 10 mg. each, which in some experiments were pre-

incubated together for 30 minutes before beginning the experiment. 

Incubation  

For incubation, four pancreas pieces were placed in vessels 

modified from the design of Coore and Randle (1960, consisting of 

perspex rings 1 cm. 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%, 02  

520 CO2  containing 2 mg/ml. albumin in scintillation vials and 

shaken in a metabolic incubator at 37°C.  Each incubation period was 

for 20 minutes, after which the vessels containing the pancreas 

pieces were transferred to another vial containing freshly gassed 

medium. The effect of the release during the incubations of the 

proteolytic enzymes with'insulinase' activity was noted by comparing 

the cumulative amounts of insulin secreted by the pieces in experiments 

following this procedure, results for which are gived in Table I, with 

the amounts secreted in single incubations sampled for insulin assay 

at 15 minute intervals, results for which are presented in Table II. 

The effect of adding trasylol to the pieces whose insulin secretion 

- 
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was measured by the 'sampling' technique was also investigated in 

order to determine whether the discrepancy in insulin secreted between 

the two incubation methods was due to breakdown of insulin alone, or 

whether feedback inhibition of its own secretion by insulin also played 

a part. 

Perifusion  

For perifusion, ten pieces of pancreas weighing approximately 

5 to 10 mg. each were placed on Millipore filters which were inserted 

into water-tight holders connected to a reservoir of medium by rubber 

tubing. The medium vas sucked through the filters by a peristaltio 

pump and collected in test-tubes. The rate of flow was as indicated 

in the legends to the figures, and the insulin secreted at 5 minute 

intervals was determined. 

Extraction of total pancreatic insulin 

Total pancreatic insulin was determined by a modification of 

the method of Kenny (1955), as described by Findlay, Rookledge, 

Beloff-Chain and Lever (1973). Table III gives results obtained by 

homogenising the entire pancreas of each animal studied in 2 ml. 

acid-ethanol (absolute alcohol : water : cone. HC1, 150:50:3 by 

volume) and storing overnight at 4°C. The precipitates obtained 

after centrifugation were twice re-extracted with acid-ethanol, 

and the pooled supernatants neutralised to pH 7.5 with concentrated 

ammonia and centrifuged again to produce the final insulin- 

containing supernatants. 1 ml. aliquots of these were pipetted 

into polyethylene tubes, and 4.5 ml. of a mixture of ethanol and 

ether (17 : 8 by volume) added to each, before overnight storage 
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at 4°C. The dried precipitates obtained from centrifugation of these 

tubes were dissolved in 0.6% phenol in 0.03 M HC1 and diluted with 

radioimmunoassay buffer to concentrations suitable for assay. 

Table IV gives the results of experiments in which the amounts 

of insulin secreted by pieces of obese mouse pancreas are related 

to the total contents of insulin in the same pieces as determined 

by acid-ethanol extraction. in these experiments 50 Fl. aliquots of 

the initial supernatants obtained by homogenising the pieces in 2 

acid ethanol were diluted in 5 ml. of radioimmunoassay btffer and then 

assayed. 

Insulin assay  

50 yl. samples were assayed for insulin and each analysis was 

carried out in triplicate. The immunoassay technique was similar to 

that desciibed by Heding (1971) for glucagon assay. A mouse insulin 

standard supplied by Novo Research Institute at a concentration of 

22.4 U/mg. was used. This was diluted with a 'radioimmunoassay buffer* 

consisting of 0.04 M veronal acetate, 0.04 M NaC1, 0.025% thiomersylate 

and 0.01% bovine serum albumin in experiments in which insulin content 

of total pancreas or of pancreas pieces was determined, and with Krebs 

Ringer bicarbonate solution containing 0.2% albumin in experiments in 

which insulin release from in vitro incubations or perifusions of 

pancreas pieces was determined, and the standard curves obtained were 

found to be super-imposable. 

The assay samples webs incubated overnight at 4°C with equal 

volumes of I
125

-labelled insulin, prepared by the method of Hunter and 

Greenwood (1962), and used at a working dilution of 1 ng/ml., and anti- 
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insulin serum at a dilution which gave 50%  binding of added counts 

in the absence of unlabelled insulin, usually 1 in 50,000. The 

insulin-antibody complex was then precipit4ed with 0.65 ml, cold 

absolute ethanol and separated by centrifuging the assay tubes at 

6000g for 30 minutes and draining off the supernatant. The precipitates 

were counted for 5 minutes on the Tracerlab and Wallac automatic 

gamma counters available in the Department. Results were expressed 

as Sample  counts -- Non-specific binding , 

Zero counts -- Non-specific binding  

where zero counts indicate counts bound in the absence of unlabelled 

insulin, and non-specific binding indicates counts bound in the 

absence of unlabelled insulin and of antibody. These values gave a 

sigmoid curve when plotted against the logarithm of the concentration 

of unlabelled insulin, as shown in Figure 1, and experimental values 

were read off the straight portion of the standard curve. 

;iodination of insulin  

1
125

-labelled insulin was prepared using 1 mCi of 1125 in 

neutralised NaOH supplied by the Radiochemical Centre, Amersham. 

Standard ox insulin (Burroughs Wellcome & Co. Ltd, Dartford) was 

weighed out in order to give a solution of concentration equal to 

the total iodine ( one iodine atom per molecule insulin). These 

substances, each in 10 pl. quantities, were mixed with 10 p1. of 

0.25 M sodium phosphate buffer pH 7.4 and 20 pl. of a 3.5 mg/ml. 

solution of chloramine T in phosphate buffer and allowed to react 

for 10 seconds, after which the reaction was stopped by addition of 

100 ri, of a 2.4 mg/M1. solution of sodium metabisuiphite in phosphate 
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Figure 1. Stand4rd ourvc for radioimmunoassaY of insulin. 

Values on the ordinate represent percentages of total counts 
bound, as explained in the text. 
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buffer. The contents of the reaction vial were then transferred to 

a 20 ml. column of g-25 fine Sephadex, pre-equilibrated with 0.1 M 

veronal acetate pH 8.6 containing 10 albumin. 1 ml. fractions were 

eluted from the column and the active material diluted with radio-

immunoassay buffer and stored at 4.00. In a typical iodination about 

606 of the total counts were incorporated into insulin and the specific 

activity obtained was about 130 liCi/pg. 

Histology of pancreas pieces  

To investigate whether the islets remained intact after perifusion 

or became visibly damaged, pancreas pieces were fixed in neutral 

buffered formalin (10 formalin, 	tap water containing 4 gm/litre 

acid sodium phosphate monohydrate and 6.5 gm/litre anhydrous 

disodium phosphate), using about 20 times their own volume of 

fixative for each group of pieces. After dehydration and sectionIng 

the pieces were stained with haematoxylin and eosin, and representative 

areas of the obese. mouse .,a pancreas, from pieces fixed both :- 

immediately and after perifusion, are shown in .the illustrations 

overleaf. Both large and small islets of Langerhans, in close proximity 

to blood_vessels, are apparent in each case, and there is. no evidence 

of cellular degeneration or necrosis as a result of the experimental_ 

procedure. prbeedure in the sections taken after perifusipm. 

Statistics 

In experiments to determine total pancreatic insulin content 

and in all subsequent experiments, values for lean, Ob/ob and ob/ob-RD 

mice were compared by the Student's t test, and p values are given. 
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Sections of obese mouse pancreas pieces, fixed before (above) 

and after (below) perifusion, showing in each case large and 

ameall islets of Langerhans in close relationship to blood vessels, 

26 
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ii) Results 

The results shown in Table I indicate that in all oases the 

maximum rate of insulin secretion was obtained in the first 20 

• minute incubation period, even after a 30 minute pre-incubation 

where all the pancreas pieces obtained from one mouse had been 

grouped together. In the subsequent incubation periods the amounts 

of insulin secreted appeared to level off, so that a linear secretion 

rate over the period 20 minutes to 60 minutes was obtained. This 

is shown in Figure 2, where the total amounts of insulin secreted 

by the pieces used t6 provide the data of Table I are plotted 

against time, the duration of incubation being extended in some 

cases to 90 minutes. 

The results shown in Table II, representing experiments in 

which the incubation media were sampled for insulin at various times 

without the pancreas pieces being transferred or fresh media being 

added, however show no increase in insulin secreted after longer 

incubation periods compared to shorter ones, and in some cases, 

notably when the pieces were incubated in low glucose, a decrease 

was observed. Addition of trasylol to the incubation medium in 

these experiments did result in increased amounts of insulin being 

secreted with time, but the absolute amounts were lower than those 

obtained in the absence of trasylol. 

The glucose dependence of insulin secretion appeared similar 

whether the 'transfer' or 'sampling' technique was used. The figures 

in Table I show that there was a significant glucose stimulation of 
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insulin release in lean mice when the concentration was raised from 

60 mg.% to 150 mg.%, but in the presence of 300 mg.% the rate of 

release was equivalent to that at 60 mg.%, whereas with the obese 

mouse pancreas increasing the glucose concentration from 60 mg.% to 

150 mg.% and from 150 mg.%to 300 mg.% caused a significant increase 

in insulin secretion at each time period of incubation. The pancreas 

from obese mice on a restricted diet showed no glucose effect on 

increasing the concentration from 60 mg.% to 150 mg.%, but an increase 

in the presence of 300 mg.% The figures in Table II similarly show 

stimulation in all mice when the glucose concentration was raised 

from 60 mg.% to 150 mg.%, but while a further increase to 300 mg.% 

produced no further effect in the obese mouse, in the lean a decrease 

was actually observed. 

In the experiment illustrated in Figure 3, 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 40 minutes. The glucose concentration was then 

increased to 300 mg.% and the results show that in both the ob/ob 

mouse pancreas and in the pancreas of the ob/ob-RD mouse there was 

a second rapid insulin output lasting for 20 to 30 minutes, whereas 

there was no effect on the pancreas of the lean mouse, and again some 

evidence of a possible tailing-off of secretion. 
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TABLE I 

The influence of glucose concentrations on insulin secretion from pieces of pancreas of the 

ob/ola, ob/ob-RD and lean mouse,  incubated for varying time periods. 

Results expressed as mean values * S.E.Ii., number of experiments in parenthesis. 

IINIMALS GLUCOSE CONC. 
IN INCUBATION 

INSULIN SECRETION (p/M1.) 
Time period (minutes) Total in 60 min. 

MEDIUM mg.% 0-20 2Q-40 40-60 

Lean 60 386 + 163 241 + 21 258 + 77 886 + 179 (5)  

150 732 + 253 311 + 87 296 + 89 1374. + 405 (6)  

tv 300 357 + 91 286 + 86- 189 4- 75 833 + 231 () 

ob/ob 60 1366 + 317 413 + 146 262 + 89 2042 + 5L9 (3) 

150 1783 + 174 948 + 127 560 + 66 3291 + 144 (3) 

300 2282 + 329 1253+ 281 1183 + 234 4718 + 662 (6) 

ob/ob-RD 60 818 + 162 613 + 124 571 + 119 2006 + 369 (6) 

150 823 + 252 530 + 137 471 + 95 17?0 + 424 (8)  

300 1153 + 426 1096 + 479 893 + 283 3144 + 1115 (9)  



TABLE II 

The influence of glucose concentration on insulin secretion from pieces of pancreas  

of the ob/ob and lean mouse, incybated for 60 minutes and sampled for assay aj 15  

minute intervals. 

Results expressed as mean values + SEM, number of experiments given in parenthes1s. 

ANIMALS GLUCOSE 
CONCENTRATION 

mg./ 

INSULIN SECRETED 10/Mg. tissue 

15 min. 	303min-:.1. 	45 min.' 	601 min. 

Lean 

Obese 

	

60 	63 + 18 	72 + 26 	59 + 18 	56 + 17 (3) .... 

	

150 	188 + 45 	209 + 14.5 	196 + 32 	198 + 36 	(3) 

	

300 	124 + 38 	135 + 38 	132 ± 32 	124 + 32 (3) 

	

60 	151 + 10 	155 + 24 	139 + 29 	153 + 31 (5) 

	

150 	276 + 18 	280 + 19 	291 + 23 	261 + 21 (3) 

	

300 	226 + 23 	265 + 28 	262 + 17 	264 + 24 (6) 

	

300 	113 + 31 	125 + 23 	139 + 27 	181 + 34 (3) 

The figures in the last row represent incubations carried out in the presence of 

100 U/ml. trAsyla per vessel. 



300(6) 

.150 (3) 
3009) •60(3) 

60 (6) 
•150(8) 

/ / 	 150(10) 
/ / 

/ 	.•••■ 

20 	 40 	 60 
TIME (minutes) 

300 (10) 
60 (9) 

80 

obese fed 

D, 	obese diet restricted 

A-lean 

Figure 2.  Rate of insulin secretion from pieces of pancreas of ob/ob, ob/ob-RD and lean 

mice in the presence of varying glucose concentrations. Main numbers refer to 
glucose mg.%, number of experiments given in parenthOgias 
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3. Figure 

10 20 30 40 50 60 70 
TIME (minutes) 

• - obese fed 

obese diet restricted 
A 	lean 

Influence of increasing glucose concentration on the secretion of insulin i 
perifused pieces of pancreas from ob/ob, ob/ob-RD and lean mice. Perifusion flui: 
contained-150 mr.% glucose at tl7e start of the experiment, and this was increase,  
to 300 mg.% after 40 minutes. The rate of flow was 0.2 ml/min; results expresser 
as pU insulin secreted in 5 minutes. 



_The results given in Table III show the insulin content of the 

pancreas of the 010)b, obAb-RD and lean mice. There were six mice 

in each group and two to four analyses, at different dilutions, were 

carried out in each assay. The total weight of the pancreas did not 

differ significantly in these groups of animals, but the obese mice 

fed ad. lib. contained twice as much insulin as the lean mice, while 

the pancreatic content of the ob/ob-RD was equivalent to that of the 

lean. 

It should be noted that whereas in Table II the amounts of 

insulin secreted are related to the (wet) weights of tissue incubated, 

the results in Table I are quoted merely as insulin secreted per unit 

incubation volume. The most suitable basis to which amounts of insulin 

secreted can be related is the total insulin content of each group of 

pancreas pieces incubated, as determined by acid-ethanol extraction, 

and some results obtained for obese mouse pancreas at two glucose 

concentrations and measured after two different incubation times by 

this method are given in Table IV. They show a clear effect of 

increasing both the glucose concentration and the time of incubation 

on the relative amount of insulin secreted from the pancreas, and the 

figures can be compared to that quoted by Malaisse and Malaise-Lagae 

(1968), who with rat pancreas and 200 mg.% glucose, obtained a 

secretion rate of 29 	insulin per hour per mU total insulin.. The 

extraction method is however very tedious to perform on all 

individual sets of pancreas pieces used for incubation experiments, 

and no further data was collected in this way. Very rough values can 

however be calculated by dividing the mean amounts of insulin secreted 
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by the three types of mouse, as taken from Table I, by the mean 

pancreatic insulin contents given in Table III, assuming an average 

weight of 30 mg. for the pancreas pieces used in any one incubation 

vessel. The figures for insulin secreted at a glucose concentration 

of 300 mg.% over a 14.0 minute incubation period give the following 

approximate values when related to the estimated insulin contents 

of the pieces : 

for lean mouse pancreas, 23 pU per 40 minutes per mU total insulin 

for obese mouse pancreas, 61-0. ppm. 40 minutes per mU total insulin 

for ob/ob-RD mouse pancreas, 76 pU per 40 minutes per mU total insulin. 

The rate of insulin secretion by pancreas pieces from obese mice 

placed on a restricted diet is thus equivalent to that by pancreas 

pieces from obese mice fed ad lib., despite the much reduced 

pancreatic insulin content in these mice. 
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TABLE III 

The insulin content of pancreases from objobs  ob/ob-RD and lean mice. 

Results are the mean of six animals in each groups  + 	p values given 

for differences from lean mouse values. 

ANIMAL 	WT. OF PANCREAS mU INSULIN ip 	mU INSULIN PER mg. 
mg. 	PER PANCREAS 	WET WT. PANCREAS 

Lean 	298 + 18 
	

982 + 161 	3.49 + 0.27 

ob/ob 	282 + 23 
	

220 + 316 0.01 	8.46+ 2.04. 	0.05 

ob/ob-RD 	272 + 17 
	

1213 + 254 N.S. 4.35 + 0.63 
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TABL2  

The influence of glucose concentration on insulin secretion from pieces of 

obese mouse pancreas in relation to the total pancreatic insulin content. 

Number of experiments in parenthesis. 

GLUCO= 
C0NCTRATIO1 

mg.; 
INCUW,T7D 
minutes 

1N'ULIN zircizErm 
ru per mU insulin 

extracted 

60 15 .  5.01 4,  2.41 (3) 

60 30 9.71 + 2.56 (3) 

300 15 26.60 + 9.57 (3) 

300 30 44.75 + 4.89 (3) 
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ii  Discussion 

The levels of insulin secreted at all glucose concentrations 

during the first 20 minute incubation period as shown in Table I, 

when corrected for the incubation volume of 5 ml. and approximate 

weight of pancreas pieces of 30 mg., agree very well with the values 

for corresponding glucose concentrations shown in Table II, for both 

lean and obese mice. The fact that an increase in insulin secreted 

with time could only be obtained when the medium used:for incubation 

was changed, as in Ilble I, indicates clearly that accumulation of 

the proteolytic enzymes released by the pancreas pieces into the 

medium has the effect of destroying released insulin. Addition of 

trasylol to the incubation, as shown by the last line of figures in 

Table II, prevented this destruction but resulted in lower absolute 

values for the amounts of insulin secreted. This could partly be 

explained by some of the insulin release observed being due to non-

specific leakage from the cut surfaces of the pancreas pieces, which 

is largely prevented by the anti-lytic action of trasylol. The samo 

phellonenon could also account in part for the higher rate of secretion 

observed in the first incubation period when the 'transfer' technique 

was used , since this would then correspond to a pre-incubation 

period which according to Coore and Randle (1964) allows the fading 

of possible insulin release in response to the terminal hyperglycaemia 

of Uie animal. Howell and Taylor (1967) found that experiments in which 

ma:ornalian pancreas slices were incubated in vitro always involved the 

release of small quantities of insulin into the incubation medium, 
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whether or not glucose was present. This type of release was unaltered 

in the presence of DNP or puromycin or under anoxia, and was considered 

to represent release of insulin as an artefact due to enzymic breakdown 

of tissue or to arise from tissue damage due to handling. In view 

of the fact that a glucose stimulatory effect was apparent in these 

experiments, however, even during the first 20 minutes of incubation, 

this cannot provide a complete explanation, and a more probable one 

is that suggested by Curry, Bennett and Grodsky (1968), that there 

exists in the pancreas a labile compartment of insulin from which 

secretion is rapidly stimulated on exposure to glucose. This would 

also account for the biphasic responses to glucose seen in perifusion 

both on initial exposure of the pancreas pieces from all mice to 

150 mg.% glucose, and, in the case of the obiob,and obbb-RD mice, 

also on increasing the concentration to 300 mg.%. The rapid decline 

of the peak responses observed would then be due to exhaustion of 

this labile compartment, while the second peak or plateau observed 

in some cases corresponded to release from another more stable 

compartment of insulin. 

The results given in Table I are not related to pancreas weight 

because the correlation described by Malaisse, Malaisse-Lagae and 

Wright (1967) between insulin secreted and weight of rat pancreas 

tissue incubated could not be repeated in the present work 2 a result 

which was hardly surprising when it is remembered that the islets of 

Langerhans comprise only about 2;0 of the weight of the pancreas in mice, 

and ore very unevenly distributed. This heterogenous nature of the 

incubated tissue accounts for the wide variations in insulin secretion 
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rates notedin individual vessels under the same conditions of incubation, 

and hence for the large standard errors of the mean values given in 

Table I. A similar effect was noted by Junod, Letarte, Lanbert and 

Stauffacher (1969) in their perifusion system. They found insulin 

release to vary greatly, over the range 2 to 20 }1U per minute, between 

pieces of pancreas from the same animal, even when of equal weight, 

and attributed this to differences in the initial insulin content of 

different parts of the pancreas. 

An inhibitory effect of exogenous insulin on insulin secretion 

by isolated pancreatic islets was found by Sodoyez, Sodoyez-Goffaux 

and Foa (1969), and also by Ziegler, Hahn and Klett (1971), who were 

also able to demonstrate a stimulatory effect of insulin antibody. 

Several authors have concluded that there may be a similar controlling 

effect of endogenous insulin, and hence 'autoregulation' of the rate 

of insulin secretion. In a recent study Loreti, Dunbar, Chen and Foa 

(1974) found that islets from both obese and lean mice secreted more 

insulin in a perifusion system than on incubation, and also that added 

rat insulin almost completely inhibited secretion, the concentration 

of exogenous insulin required being higher in obese mice and increasing 

with the age of the animals. In the present work no direct experiments 

on the effect of added insulin were performed, but comparison of the 

data given in the last line of Table II, where insulin destruction 

was prevented by the addition of trasylol, with the comparable data 

of Table I shows that there was a decline in insulin secretion by 

obese mouse pancreas pieces, even at high glucose concentration, when 

the insulin was allowed to accumulate in the incubation medium. The 
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values for total insulin secreted when the medium was changed at 20 

minute intervals were 380 + 55 jiU/mg. at 20 minutes, 589 + 88 pU/mg. 

at 40 minutes and 786 + 110 pU/mg. at 60 minutes, (derived from Table 

1 by addition of figures for each time period and correction for 

incubation volume and approximate weight of pancreas pieces), more 

than three times the amounts secreted when the incubation medium 

was not changed. The present results therefore, in addition to 

demonstrating the differing effects of glucose on insulin secretion 

from lean and obese mouse pancreas pieces, which are discussed at the 

end of this chapter, also provide evidence for both the release of 

insulin-degrading enzymes by the exocrine pancreas and the inhibitory 

effect of insulin on its own secretion. 
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220eriments on isolated islets 

i) Methods and Presentation of Results  

Preparation of islets 

Two or three mice were usually killed for one preparation. Each 

excised pancreas, after careful blotting and removal of adherent fat, 

was placed in a petri dish and distended by injection of Krebs Ringer 

bicarbonate solution, in order to facilitate chopping into small pieces 

with scissors. The fragments were collected in a 50 ml. beaker and then 

transferred with about 5 ml. of fresh medium into a 25 ml. conical flask, 

containing 2 mg. collagenase (Worthington or Boehringer) per pancreas 

used. It was found necessary to vary the amount of collagenase used 

within strict limits as the activity appeared to increase with age, and 

to control the incubation volume accordingly since in a more concentrated 

collagenase solution the pancreas pieces coalesced into a jelly after 

digestion. The flask was sealed with a rubber bung and shaken in a 

water-bath at 37°C at the fastest speed possiblei 120 strokes per minute 

on a Grant metabolic incubator) for about 15 minutes, after which the 

tissue appeared as a relatively clear "soup" with a few remaining 

segments. The collagenase was removed by adding excess medium, centrifuging 

the digest for 1 minute on a bench centrifuge at full speed and pouring 

off the supernatant. The tissue was then diluted with more medium and 

aliquots examined in a petri dish on a black background with a 

dissecting microscope ( eyepiece magnification x10). Each batch e2 digested 

tissue examined was dispersed in a largo volume of Krebs Ringer bicarbonate 

to allow easier identification of the islets. 

, 	41 



Islets were separated either by suction with a 5 or 10 pl. 

microcap pipette in a holder or, where they remained attached to 

exocrine tissue, by microdissection using very fine forceps and a 

mounted needle as a knife. Microdissection was chiefly necessary with 

the obese mouse pancreas, where the larger and more fragile islets 

tended to disintegrate under conditions optimum for collagenase 

digestion in the lean mouse, but some lean mouse islets were also 

separated in this way for comparison. The average time taken for 

separation of sufficient islets for incubation and determination of 

insulin release was l5 minutes after completion of the collagenase 

digestion. 

Incubation of islets  

For experiments on insulin release, 5 islets were incubated in 

scintillation vials containing 2 ml. of freshly gassed Krebs Ringer 

bicarbonate with 2 mg/ml. albumin and glucose at appropriate 

concentrations. Results are expressed as FU of insulin secreted per 

islet in a 30 minute incubation period. 
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ii) Results and Discussion  

Table V shows the amounts of insulin secreted by groups of 

isolated islets in response to different concentrations of glucose. The 

data for obese mouse islets has been divided into two groups, corresponding 

to the findings of Lernmark and Hellman (1969) who, working with 

microdissected islets, observed that the obese islet population fell 

into two groups, 'small' islets with a mean dry weight about 1 pg., 

and the larger more fragile islets with a mean dry weight of 10 pg. 

They found that the larger islets secreted less insulin on a dry weight 

basis, a phenomenon possibly due to damage during isolation, lack of 

oxygen or partial inhibition of insulin release by the gastrin-secreting 

A
l 

cells found to be located mainly in the large islets. On a per 

islet basis, however, the small islets secreted 12 ng. insulin, 

approximately :300 pU, in 30 minutes at a glucose concentration of 

3Q0 mg4, , and the large islets 60 ng., approximately 1500 pU, values 

of the same order of magnitude as observed in these studies. For lean 

mice, the results in the literature refer mainly to work with younger 

mice. Cooper, Ashcroft and Randle (1973), using 3-4 week old white 

mice, obtained 15 ng. insulin released from 10 islets in a two hour 

incubation period, corresponding to a secretion rate of 0.31 Wislet/ 

minute, and Coll-Garcia and Gill (1969), with eight week old mice, give 

a mean value of 90 pg. or 2.25 pU/islet/minute. Both these secretion 

rates, obtained in the presence of 60 mg.,O glucose, are considerably 

lowur than that of 6 11U/islet/minute observed in the present work. 

The pattern of response to glucose shown by these islets 

agrees very well with the data on pancreas pieces. The lean mouse islets 
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secreted significantly more insulin at 150 mg.;) glucose than at 

60 mg.;;;, but at 300 mg.,,; the amount secreted was no more than basal. 

The islets from ob/ob-RD mice secreted similar amounts to those from 

lean mice at this low concentration of 60 mg.cp, but progressively 

more at 150 mg40 and at 300 mg.), the pattern also shown by both 

groups of islets from ob/ob mice fed ad. lib. Most other workers using 

mouse islets have restricted themselves to two glucose concentrations, 

usually 60 mg.;,; and 300 	Comparison of the amounts of insulin 

secreted at the two levels gives a wide range of variation, Coll-Garcia 

and Gill obtaining a ratio of 3 : 10 and Cooper, Ashcroft and Randle 

a ratio of 1 : 6. Lernmark and Hellman obtained onlj a 160% elevation 

for lean mouse islets on raising the glucose concentration, compared to 

180% for obese mouse islets, a phenomenon again possibly explained by 

the high basal insulin release in both loan and obese variants of this 

strain of mice. 
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TABLE V 

The influence of glucose concentration on insulin seoretion from isolated  

islets from lean, ob/ob and ob/ob -RD mice.  

Results expressed as rU insulin secreted per islet per 30 minutes, number 

of experiments given in parenthesis. 

ANInivs GLUCOSE CONCENTRATION mg. ;1, 

60 150 300 

Lean 174 + 16 (11) 309 + 32 (20) 179 + 25 (7) 

ob/ob-RD 180 + 17 (3) 353 + 55 (8) 578 • 121 (8) 

ob/ob 445 + 84. (6) 532 + 37 (20) 584 + 71 (6) 

ob/ob 
(large islets) 

822 + 173 (4) 1132 + 57 (4) 1879+ 472 (4) 
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e) Conclusions  

The effect of glucose on insulin secretion from obese and lean 

mice was studied using incubation of pancreas pieces, perifusion of 

pancreas pieces and incubation oft isolated islets, and in all cases 

the same rather surprising pattern of results emerged.'Thile the obese 

mouse pancreas responded to increases in glucose concentration by 

increased insulin secretion, the pancreas of the lean mouse responded 

only to an increase from 60 mg.,,i; glucose to 150 mg.;; glucose, and no 

further increase in insulin output could be elicited by a further 

rise in glucose concentration. This lack of an extended glucose effect 

does not conform with some findings of other investigatots. Lernmark, 

Hellman and Coore (1969) used whole pancreas of 18-hour 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 minute incubation period; the authors however 

state that experiments in which no glucose stimulation was observed 

were discarded. Malaisse and Malaisse-Lagae (1968) have reported wide 

variations 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. It is 

also of interest in this connection that, using the perfused pancreas 

of the lean and ob/ob mouse, Laube, Vissganger and. Pfeiffer (1972) 

showed that increasing the glucose concentration from 2.75 mM (49.5 mg.%) 

to 11 mM (198 mg.cM has only a small effect on insulin output in the 
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lean mouse, whereas there is a much more marked and sustained effect 

in the ob/ob mouse pancreas. Mile the exact mechanism of the insulin 

response to glucose in these mice has yet jo be determined, the present 

results provide strong evidence that this mechanism is fundamentally 

different in obese mice, whether fed ad lib. or diet-restricted, and 

lean mice, and the difference is reflected in the 'cut-off pthint. at 

which increased insulin output in response to increased glucose 

concentration ceases in in vitro experiments. 

The second major conclusioh to be derived from these experiments 

concerns the relationship between insulin secreted and total pancreatic 

insulin. Abraham, Dade, Elliott and Hems (1971) have already shown 

that the serum insulin level of obese mice is greatly elevated over 

that in lean mice, while that in obese mice on restricted diet is 

only slightly higher and the present results show that a similar 

situation obtains with respect to pancreatic insulin content. Similar 

differences between the insulin contents of pancreases from obese 

and lean mice in the same age group have been peported by Genuth (1969), 

Stauffacher, Lambert, Vecchio and Renold (1967), Findlay, Reokledge, 

Beloff-Chain and Lever (1973) snd Barling (1972), but no previous 

results for ob/ob-RD mice have appeared. 

The data of Figure 2 shows that at low concentrations of 

glucose both the ob/ob and ob/ob-RD mouse pancreases secreted about 

twice as much insulin as the mean mouse pancreas in a 60 minute 

incubation, whereas at 300 mg40 glucose the ob/ob mouse pancreas 

secreted about five to six times as much and the ob/ob-RD mouse 

pancreas about four times as much. The secretion rate obtained from 

isolated 6slets of ob/ob-RD mice was also equivalent to that of the 
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ob/ob mice fed ad lib., and it was clear that this could not in any 

way be accounted for by increased storage of insulin. Nhile hyper-

secretion may be associated either with B cell degranulation, which 

was one of the first characteristic features to be reported in the 

obese mluse pancreas (Wrenshall, Andrus and Mayer 1955) but which 

otherwise leads to a decreased insulin content, or with B cell hyper-

plasia, tending to increase the insulin content, the results of Petersson 

and Hellman (1962), who attempted to correlate histological changes 

in the pancreatic islet tissue with the food consumption of the mice, 

indicate that the appearance of the islets of obese mice on restricted 

diet is almost normal, and the increased insulin output is therefore 

not a consequence of either of these extremes. They found that the 

pancreatic islet volume of ob/ob mice was 8 to 10 times that of lean 

litter mates of the same age, but the ratio decreased to 1.5 when 

ob/ob mice were given only sufficient food for maintaining a normal 

body weight, and that the restiicted food intake also resulted in a 

more normal cellular composition of the islets and absence of the 

characteristic islet degranulation and hyperaemia. This provides strong 

evidence that the increased secretion from the pancreas of ob/ob-RD 

mice seen in these experiments is not merely a result of pancreatic 

changes in response to the treatment of the animals, but reflects a 

basic difference in the insulin release controlling system which is 

f7enetical3,,  determined. 
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CHAPTER 2 

THE RELATIONSHIPS OF ALIINO ACIDS; HORMONES AND CYCLIC ALT 

TO INSULIN SECRETION IN LEAN AND OBESE MICE. 
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trodEcti 

An in vitro effect of amino acids on insulin secretion from 

incubated pieces of rat pancreas was observed by Malaisso and Malaisse- 

lagae (1968), both in the absence of glucose and at low glucose 

concentrations, but not at high glucose concentrations unless an 

inhibitor of glucose metabolism such as mannoheptulose was also 

present, indicating that amino acids may at on the B cell via the 

same mechanism as glucose itself. Edgar, Rabinowitz and Merimee (1969), 

working with pieces of rabbit pancreas, found a downward drift in 

the amounts of insulin secreted in successive 20 minute incubation 

periods in the presence of glucose alone, as reported in the previous 

chapter, and interpreted any rise in insulin output in the second or 

third period when an amino acid was added as definitely indicating 

a stimulatoty effect of the amino acid. They obtained stimulation 

with arginine, lysine, leucine and histidine in the presence of 150 

mg.% glucose or 125 pg/ini. tolbutamide, but no effect in the absence 

of glucose or at a concentration of 50 mg.% 

The conflicting data on the glucose dependence of the amino acid 

effect could be explained by differences in the species under investigation, 

the relative concentrations of glucose and amino acids used, or the 

technique used to measure insulin secretion. Milner (1969) reported 

that in pieces of rabbit pancreas, lcucino but not arginino stimulated 

release of insulin in the absence of glucose, and Edgar, Rabinowitz, 

Merimee and Almogela (1969) further found that the stimulation by 

arginine in pieces of rabbit pancreas depended on the presence of 
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glucose, although an effector arginine on insulin secretion in the 

absence of glucose has been obtained in •the perfused rat pancreas 

by Levin, Grodsky, Hagua, Smith and Forsham (1972). The present work 

was initiated because although there has been no direct comparison of 

the effects of different amino acids on insulin secretion from lean 

and obese mice, evidence from clinical studies on obesity indicates 

that amino acids may well play a part in producing the characteristic 

hyperinsulinism. 

A very interesting early observation was that of Merimee, 

Burgess and Rabinowitz (1966), who found that the insulin secretory 

response of the female to arginine was significantly greater than 

that of the male, suggesting that obesity may be more frequent in 

females because of their ability to generate higher insulin levels. 

Obese males would then have increased insulin secretion in response 

to arginine, thus resembling the female secretory patterm. Fella, 

Marliss and Cahill (1969) measured plasma amino acid levels in obese 

subjects and found that valine, leucine, icoleueine, tyrosine and 

phenylalanine were all elevated when compared with ago- and sox-

matched controls, and the concentration of each of these in particular 

subjects correlated with their serum insulin. These amino acids were 

also the most sensitive to the action of insulin in lowering plasma 

amino acid levels, providing strthng evidence that the hyperamino-

acidemia may supply the feedback signal through which the aw;mmted 

secretory response of the pancreas is mediated. More recently, 

Johnson, Karam, Levin, Grodsky and Forsham (1973) have found oral 



doses of leucine to stimulate insulin release in obese and acromegalic 

patients but to be ineffective in normal subjects, supporting the 

hypothesis that hyperaminoacidism in obesity may well be the stimulus 

producing the basal hyperinsulinism. Briol, Gylfe, Hellman and 

Neuhoff (1972) have measured the concentrations of free amino acids 

in pancreatic islets of obese hyperglycaemic mice by labelling with 

14C- dansyl chloride and separation with two-dimensional thin layer 

chromatthgraphy. They found that most amino acids were present in 

much greater amounts than in exocrine pancreatic tissue, with aspartic 

acid, valine and leucine 10 times more concentrated, but report no 

comparative data for obese and lean mice. A comparative study was 

undertaken by Elliott (1973), who measured the blood concentrations 

of amino acids using completely automated ion exchange column analysis 

and found them to be the same or slightly lower in ob/ob compared to 

lean animals, but these results do not exclude a greater sensitivity 

of the B cells to amino acrid stimulation in obese miee,and the 

experiments in the present work were designed to indicate any differences 

in either overall insulin response or glucose dependence of the amino 

acid effects in these mice. 

Interest in the role of cyclic AMP in the control of insulin 

secretion from the pancreas was first sparked off by the finding of 

Turtle, Lyttleton and Kipnis (1967) that injection of theophylline, 

an inhibitor of the phosphodiesterase enzyme which breaks down cyclic 

AMP in tissues, into fasted adrenalectomized rats produced a prompt 

rise in plasma IRI, which could be shown not to be a consequence of 

the associated slight rise in blood sugar. The initial work on the 
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involvement of cyclic AMP was concerned with its possible mediation 

of the effects of B adrenergic stimulants on the pancreas, which were 

found to promote insulin secretion, unlike the inhibitory effects 

of substances acting on the 04 adrenergic receptors, but more recently 

cyclic AMP has been suggested to be a mediator of the effects of 

many physiologically active insulin secretagogues, notably glucagon 

and other hormones. 

An insulinogenic effect of glucagon was first demonstrated 

in vivo by Samols, Murri and Marks (1965), and in vitro by Turner 

and McIntyre (1966), although Coore and Randle (1963) failed to observe 

stimulation using the same preparation of rabbit pancreas pieces. 

Turtle and Kip.nis (1967) found that incubation of rat islets with 

glucagon at a concentration of 1 pg/ml. resulted in a massive increase 

in the islets content of cyclic AMP, while adrenaline at 10 pg/M1. 

was effective in reducing both the high rate of insulin secretion 

and the increase in cyclic AMP due to a theophylline stimulus. An 

inhibitory effect of adrenaline on insulin secretion was demonstrated 

in the rabbit pancreas by Coore and Randle (1963) and in vivo in man 

by Porte, Graber, ICuxuya and Williams (1966). The action of vasopressin 

has recently been found to resemble that of glucagon in the control 

of carbohydrate metabolism in the perfused rat liver (Heinz and Whitton 

1973), and in view of these findings it was considered of interest 

to determine whether the effects of those substances on insulin 

secretion were at all different in lean and obese mice, and to what 

extent their actions were mediated by changes in islet cyclic APP. 

A possible indication that cyclic AMP may contribute to the 
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changes observed in the obese syndrome comes from the work of Voyles, 

Gutman,;elawry, Fink, Penhos, and Recant (1973), who found that 

agents producing a rise in cyclic AMP concentration restored the 

response of pancreas pieces from starved rats to glucose to the 

levels found in fed pancreas, and concluded that an intracellular 

lack of cyclic AMP mast be responsible for the inhibition during 

starvation. Howell, Green and Montague (1973) have recently shown 

adenyl cyclase activities in islets from starved rats to be lower 

than in those from fed rats, and correlate this with the increased 

glucose threshold for insulin secretion observed in these islets. 

Very strong evidence is also provided by the work of Capito and 

Hedeskov(1974), who found no difference in the concentration of cyclie 

AMP in non-incubated islets from fed and starved mice, but obtained 

a 3O rise in the cyclic AMP concentration when islets from fed mice 

were incubated for 5 to 30 minutes with 16.7 mM glucose, although 

this had no effect on the islets from starved mice. They conclude 

that glucose regulation of the cyclic AMP concentration in 

pancreatic islets is a long-term effect occurring only in the fed 

state, and abolished during starvation when there is decreased 

islet glucose metabolism9  and in view of this it was considered 

possible that the hyperphagia and hyporinsulinaemia of the obese 

mouse, and also the excessive insulin response to glucose demonstriled 

in the previous chapter, could be accompanied by an increased islet 

level of cyclic AMP and even perhaps result from it. 
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b) /,'.e Presentation of Results 

Effect of amino acids on insulin secretion 

The effect of amino acids was studied by a similar experimental 

design to that of Edgar, Rabinowitz and Lerimee (1969), in which 

pancreas pieces were incubated for three sequential 20 minute periods, 

as described for the experiments on the effect of glucose, and the 

amino acid in question was added at an appropriate concentration 

to the medium used for the third incubation period. An 'effect ratio' 

was calculated from the amount of insulin secreted in this period 

divided by the amount secreted in the. preceding period, i.e. before 

addition of the stimulant. This ratio was compared to the 'control 

ratio' calculated from the corresponding values obtained in those 

incubation periods without addition of any stimulant. The first 20 

minute incubation period was not taken into consideration since the 

amount of insulin secreted in this period was generally much greater 

than in either of the subsequent ones, as discussed in Chapter T. 

These experiments therefore give data in which the S0.143 pieces of 

pancreas are incubated with and without amino acid, and the problem 

of biological variation between different pancreases is thereby 

obviated. The results in Tables VI and VIII, which include some 
hormones and 

data"theeffectse
A
phosphocuesterase hich were 

treaS:ed identically to the amino acids, show control and effect 

ratios and p values for differences between these rat i.)3, as 

determined by the Student's t test. 
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As with the effect of glucose, perifusion experiments were carried 

out to confirm the results obtained by incubation. 

Determination of cclic IA,a) 

The concentration of cyclic AMP in pancreatic islets was measured 

using the-bas-;-c method of Brown, Albano, Ekins, Sgherzi and Tampion 

(1971), with a few of the modifications suggested by Cooper, McPherson 

and Schofield (1972). The principle of this assay is competition 

between sample or standard and tritium-labelled cyclic AMP for a 

highly specific binding protein obtained from bovine adrenal glands, 

and by reducing the incubation volume it was found possible to extend 

the sensitivity of the assay to a lower limit of 0.1 p mol. 

50 pl. sample or standard was added to 25 pl. 
3
H-cyclic AMP, 

containing approximately 1 p mol., and 25 p1. binding protein at a 

dilution of 1 in 15. 25 pl. of the incubation mixture was withdrawn 

immediately for determination of total radioactivity, and the remaining 

75 iii. allowed to react for 12 hours at 4°C. At the end of this period 

free and bound cyclic AMP were separated by addition of 75 p1. of a 

suspension of 100 mg/ml. charcoal (Norit GSX) and 20 bovine serum 

albumin, mixing the tubes and centrifuging at 1200g for 15 minutes 

at 4.°C, and a 100 111. portion of the supernatant (bound fraction) was 

talcen for counting. All solutions were made up in buffer containing 

50 mil tris-HC1, 8 mi theophylline and 6 nevi 2-mercaptoethanol at pH 

7.1+. Counting was performed in 1 	methoxyethanol and 10 ml. 

scintilJ.ant (5 gm. butyl PFD per litre toluene), using a Packard Tri-

Garb liouid scintillation counter, and the d.p.m. were computed from 

the c.p.m. by a channels ratio method as described by Baillie (1960). 
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The activity of the cyclic AMP bound to charcoal, when corrected 

for the sample volume and calculated as a percentage of the initial 

added radioactivity, was found to give a linear relationship when 

plotted against the logarithm of the concentration of unlabelled 

cyclic ALA' over the range required, and a typical standard curve 

is shown in Figure 
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Extraction of islets for cyclic AHP determination  

The islet islet samples were originally prepared by trichlor acid aci
k
d 

extraction. Islets immediately after separation or after incubation 

were dropped into metal tubes containing 2 ml. 	TCA at 0°C, and 

the contents sonicated for 30 seconds and then extracted with 10 

volumes of water-saturated ether five times. It was however found 

that this procedure applied to standard amounts of cyclic AMP gave 

widely varying recovery values, the residual TCA tending to produce 

spurious activity especially at low cyclic AMP concentrations, and 

so this method was abandoned in favour of boiling the islets to 

deproteinize them and destroy the phosphodiesterase activity. 

Islets were collected in 100 	of of cyclic AMP assay medium 

in the bottom of small glass homogenizers, fitted with ground glass 

necks to hold stoppers so that they could be homogenized and placed 

in a boiling water bath for 10 minutes without loss due to 

evaporation. Denatured protein was removed by centrifugation for 

5 minutes on a bench centrifuge. The recovery of standard cyclic 

AMP treated by this method was 95 ± 28% (mean ± standard error of 

four separate determinations), while the recovery values for known 

amounts of cyclic AMP added to islets before boiling on two occasions 

were 105% and 109%. Incubation of known amounts of cyclic AMP in 

physiological buffer at 37°C for 30 minutes gave a recovery of 

119 i,12/ (mean + SEM of four determinations),and it was therefore 

not considered necessary to apply any correction factor to values 

in which the effect of a known stimulant or inhibitor of insulin 

secretion on cyclic AMP concentration had been determined. 
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211222121-12. 

The results shown in Table VI illustrate the effectsof the 

amino acids arginine and leucine on insulin secretion from pancreas 

pieces at different glucose concentrations. Also included are some 

data on the effect of transferring the pieces from a low (150 mg,q 

to a high (300 mg.A glucose concentration. These results, in 

which a significant difference between contral ratio and effect 

ratio was obtained for obese mice and obese mice placed on restricted 

diet but not for lean mice, confirm the findings reported in the 

previous chapter that increasing the glucose concentration does 

not maintain a high rate of insulin secretion in the pancreas of 

the lean mouse but does so in ob/ob and ob/ob-RD mice, and 

incidentally validate the 'transfer' technique. 

The effect of leucine on insulin secretion is shown by the 

next block of figures in Table VI and the perifusion results 

illustrated in Figure 5. A disadvantage of the 'transfer' incubation 

method is that only total amounts of insulin secreted during a 20 

minute period are measured, and any fluctuations or peak responses 

are not picked up. This probably accounts for the fact that, in 

the obese and obese diet-testricted mice, no stimulatory effect 

of leucine was recorded by the incubation technique in the presence 

of glucose, while the perifusion results indicate a clear effect 

at 150 mg.% glucose in all three groups. The amount of insulin 

secreted under the leucine stimulus was in fact much greater in 

ob/ob and ob/ob-RD mice than in lean mice, but the qualitative 
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TAD:U VI 

The influence of glucose and amino acids on insulin secretion from the pancreas of 

ob/ob, ob/ob..RD and lean mice. "Control ratio" and "I feat ratio" explained in text. 

A-tIVAL3 INITIAL 
GLUCOSE 
coNC.mg 

STPULANT 
ADDED X 	no. of 
PRIOD 3 	cxpt3. 

17SULLI 27:CRITT0.I 
Control 	::ffect 
Patio 	Ratio 

p valuo for 
difference 

for
t'  y.,,,,, 

Control and Effect 

Lean 

ob/ob 

150 

150 

• 300mg. 	glucose 9 

7 

0.73 

0.62 

0.87 

1.03 

N, S, 

0.05 

Ob/Ob■RD 150 0 9 0.83 1.62 0.05 

Lean 0 10mM Leucine 3 0.70 1.50 0,01 

Lean 150 0 6 0.73 1.36 0.02 

Lean 300 0 6 0.65 1.30 0.01 

ob/ob 0 " 6 0.57 0.98 0,05 

ob/ob 150 0 7 0.62 0,69 3.S. 

ob/ob 300 " 10 0.79 1.07 0.1 

ob/ob-RD 0 0 3 0.58 2.13 0.001 

ob/ob-PD 10 " 4 0.83 0.65 ,i,,, 	0 ,..), 

ob/ob-Id) 300 IT  4 0.59 0.50 1,3, 

Loan 0 10m?J Arginine 5 0.70 2.09 0.01 

Loan 150 8 0.73 1.17 0.05 

Lean 300 " 10 0.65 1.31 0.05 

Ob/ob 0 " 6 0.57 0.77 N.S. 

ob/ob 150 " 6 0.62 1.09 0.3 

0b/01) 300 it 6 0.79 1.13 0.1 

0b/6b-RD 0 ti 3 0.58 1.28 0.2 

ob/ob-PD 150 0 3 0.83 1.05 0.2 

ob/ob-RD 300 0 4 0.59 1.13 0.01 
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Figure g.  Influence of leucine on the secretion of insulin in perifused pieces 

from ob/ob, ob/ob-RD and lean mice. Perifusion fluid contained 150 mg.% 
glucose at the start of the experiment, and 10 mM leucine was added 
after 40 minutes. Conditions and key as in Figure 3. 
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biphasic response which has been reported by other investigators 

(Burr, Stauffacher, Balant, Renold and Grodsky 1969) was observed 

in all cases. 

Table VI shows that whereas argininz was effective in 

stimulating insulin secretion in lean mice at all glucose concentrations 

studied, it was considerably less active in ob/ob and ob/ob-RD mice, 

and an acceptable level o2 significance for the difference between 

control and effect ratios was only achieved with incubations in the 

presence of 300 mg.,4; glucose in the case of ob/ob-RD mice. The effect 

ratios obtained for obese mice, however, show a progressive -increase 

with increasing glucose concentration, and an identical effect is 

shown by the perifusion experiments illustrated in Figure 0. There 

was practically no stimulatory effect of arginine on insulin secretion 

from obese mouse pancreas pieces in the absence of glucose, but both 

at 150 mg.% and at 300 	the biphasic response previously reported 

by Levin, Grodsky, Hagua, Smith and Forsham (1972) for the action of 

arginine on the isolated perfused rat pancreas was apparent. 

These results, in addition to confirming for the mouse the 

differing glucose dependencies of the two amino acids already 

discussed, raise the question of whether there may be a fundamental 

difference between lean and obese mice with respect to the insulin 

response to amino acids, and whether this may be related to the 

cyclic AMP contents of their islets of Langerhans. Table VII shows 

that there was no significant difference between the cyclic AliIP 

contents of isolated islets derived from lean and obese mice, and 

very little difference in the changes in cyclic AMP content in 

t • 
	

63 



10 20 30 40 50 
TIME  (minutes) 

GO 70 80 80 

0 

• 150 

300 

?igure 	. Influence of arinine on the sccration of insulin in perifud 
.pieces of pancreas 2rom ob/ob mice at varying glucose con,:lntrations. 
10 mM arginine added after 40 min. Glucose concentrations 
as given in key. 
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TABLE VII  

The concentrations of  cyclic AMP in isolated islets of lean and obese  

mice and the effect of incubation with various substances 

CYCLIC AMP p.moles/islet 

LEAN 
	OBESE 

Non-incubated islets 	0.056 ± 0.032 (7) 

Incubated islets 	0.039 ± 0.023 (6) 

PERCENTAGES OF NON-INCUBATED VALUES 

Control incubation (100 mg.% glucose) 	92 + 4% (6) 

300 mg.% glucose 	99 + 43% (6) 

0.030.17. 0.012 

97 + 	9%(6) 

84 	2% (3) 

10 mM arginine llk 4. 194 (6) 98 + 4% (6) 

10 mM leucino 286 ± 68% (8)* 294 + 59%  (6)* 

5 ug/ml. glucagon 181 + 59% (3) 363 + 451 (4)*  

10 mM 1.methyl 3. isobutyl xanthine 439 + 74 g4)*  812 61% (4)* 

10 mM imidazole 71 + 17,; (6)* 144 ± 34% (3)  

All substances apart from 300 mg.% glucose were tested in the presence 

of 100 mg.% glucose. 

* indicates significant difference from control (p%E.1:0.05) 

(6) 
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response to incubation of the islets in media containing various 

substances between the two genotypes. The values for islet content 

of cyclic AMP were higher than those found by Cooper, Ashcroft and 

Randle (1973), but of the same order of magnitude as those of Capito 

and Hedeskov (1974), who also obtained a similar percentage increase 

on incubation of the islets with 1. methyl 3. isobutyl xanthine. Both 

these groups used male white mice of approximately three to four weeks 

of age, but the values for obese mice reported by Hellman, Idahl, 

Lernmark and Taljedal (1974), when corrected for islet dry weight, 

give very similar figures, In both obese and lean, the stimulatory 

effect of leucine on insulin secretion appears to correlate with an 

increase in islet cyclic AMP, while that of arginine does not. The 

cyclic AMP content off islets incubated in the presence of glucose 

albne was also not significantly different from that of the control 

incubated islets, and it would thus seem that both glucose and 

arginine, which seems to potentiate the effect of glucose at least 

in the obese mouse, exert their insulin-inducing effectd independently 

of cyclic MP, while leucine acts via a cyclic Ala-dependent mechanism. 

Table VII also shows that 1.methyl 3.isobutyl xanthine, a potent 

inhibitor of cyclic AMP phosphodiesterase, caused a massive increase 

in islet cyclic AMP levels in both lean and obese mice, while Oucge.en 

Calthea a larger increase in obese than in lean mice, and imidazole, 

a stimulator of cyclic AMP phosphodiesterase, reduced islet cyclic 

AMP concentrations in the lean mouse only. 

The effects of these substances, along with those of other 

hormPnes and modulators of islet cyclic IC1 concentration on insulin 

secretion are shown in Table VIII. Thoothylline cmascq a sirnificant 
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increase in insulin secretion at all glucose concentrations 

tested in both lean and obese mice, showing that the effect of 

presenting cyclic ALP breakdown was an increase in insulin released 

regardless of the prevailing glucose concentration and therefore 

possibly independent of the glucose-induced release mechanism, which 

is apparently saturated in the lean mouseat a level of 150 mg41). 

Of the other phosphodiesterase inhibitors tested, theobromine was 

somewhat less active -while 1. methyl 3.isobutyl xanthine as 

extremely active, in keeping with the large increases it produced in 

islet cyclic AMP. It is of interest that there was little difference 

between lean and obese mice in the insulin secretory activity of this 

compound, although it produced a much greater relative increase in 

islet cyclic AMP in obese mice than in lean mice. This suggests once 

more that although cyclic AMP turnover may be greater in islets of 

obese mice, the hypersecretion of insulin in these mice is not 

cyclic-ALT mediated. The effect of glucagon, however, was both 

potentiated by glucose and greater in obese than in lean mice, ill 

agreement with the relative changes in islet cyclic AMP, and it 

may be concluded that obese mouse islets show a greater sensitivity 

to this hormone. Imidazole, which was found by Malaisse, Malaisse-

Lagae and King (1968) to completely abolish the stimulant effect 

of exogenous glucagon on insulin secretion, although it failed to 

modify the effect of glucose alone, had no effect at the 

concentration tested. Two other hormones were investigated, and at 

the doses used vasopressin failed to modify insulin secretion 

significantly, while adrenaline had an inhibitory effect, apparently 

greater in lean than in obese mice. 
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TABLE VIII  

The effects of hormones and modulators of  cyclic AMP concentration on insulin  

secretion  by pancreas pieces from lean and obese mice. 

.ANIMMJS 	SUBSTANCE ADDED 	INSULIN SECRETION 
GLUCOSE CONC. . 1 IN PERIOD 3. 	no.of 	Control 	Effect 	p value for 
mg. (i0 	 expts. 	Ratio 	Ratio 	difference 

between Control 
LEAN 	 and Effect. 

100 10 mM theophylline 	5 0.87 1.88 0.05 

300 10 mM theophylline 	3 0.65 1,11 0.02 

100 10 mM l.methyl.3. 	3 
isobutyl xanthine 

0.87 2.92 0.01 

100 10 mM theobromine 	3 0.87 1.32 0.1 
150 10 mM imidazole 	3 0.87 N.S. 

0 5 pg/mi glucagon 	3 0.70 0.76 N.S. 

loo 5 pg/m1 glucagon 	3 6.87 1.07 0.3 

100 500 FU/M1 vasopressin 	4 0.87 0.72 N.S. 

100 8 ig/m1 adrenaline 	5 0.87 0.54 0.05 

OBESE 

o 10.m 	theophylline 	5 0.57 1.15 0.05 

150 10 mM theophylline 	6 0.62 1.92 0.05 

300 10 mM theophylline 	5 0.79 1.51 0.02 

100 raM 10 	1.methy1.3 	3 
isobutyl xanthine 

0 .74 2.24 0.02 

100 10 mM theobromine 	3 0.74. 1.54. 0.02 

100 10 mM imidazole 	3 0.7 N.S. 

0 5 }g/ml glucagon 	5 0.: 0 1.40 0.1 

150 5 pg/m1 glucagon 	3 0.62 1.45 0.05 

100 500 1.111/M1 vasopressin 	4 0.74. 1.04 0.2 

100 8 1g/m1 adrenaline 	7 0.74 0.64 0.3 
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d) Discussion  

The glucose dependence of stimulation of insulin secretion by 

amino acids in in vitro experiments on mouse pancreas has been found 

to be similar to that shown by the rabbit pancreas, leucine being 

active in the absence of glucose and the effect of arginine increasing 

in proportion to the amount of glucose present. The only deviation from 

this pattern was shown by the lean mouse, in which arginine was effective 

in incubation experiments even without added glucose, and this decreased 

glucose dependence relative to the obese mouse may reflect a similar 

phenomenon to that shown by the difference,in saturation levels of 

glucose required for maximum secretion reported in the previous chapter. 

Apart from this there was no evidence for any increased sensitivity 

of the obese mouse pancreas to amino acid stimulation . There was 

also no difference in cyclic AMP content of pancreatic islets from 

obese and lean mice, and in both cases the cyclic AMP levels were 

unaffected by 30 minute incubation of the islets at a high glucose 

concentration, indicating that the increased response of insulin 

secretion in obese mice to glucose stimulation is not mediated by 

cyclic AP, unlike the situation in rats where the transition from the 

starved eTo the fed state seems to be accompanied by increased islet 

cyclic AP levels and also increased sensitivity to glucose of the 

insulin-secreting niechanism(Howell, Green and Montague 1973). It is 

possible that in th normal fed dtate, in which all animals used for 

this study were kept,islet cyclic AMP concentrations are at their 

maximal level, and the hyperphagia of the obese mouse does not result 
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in any further increase. Since the food intake of obAb mice on 

restricted diet is approximately equal to that of lean mice when 

fully fed, the islet cyclic AMP content of these mice could also 

not be expected to be any lower than that of obese mice fed ad lib., 

and a cyclic Anp dependence of glucose-mediated insulin release 

similar to that found by Capito and Hedeskov (197/1-) in starved mice 

therefore also seems unlikely. 

Amino acid stimulation of insulin secretion, however, does 

appear to be correlated with the cyclic AMP system in mice, and the 

results agree well with those of Sama and Montague (1972) who, using 

guinea-pig islets, obtained inhibition of cyclic AMP phosphodiesterase 

with 5 nM leucine but not with glucode, while 5 mM arginine sightly 

stimulated the activity. It would thus appear that both glucose and 

arginine, which appears to potentiate the effect Of glucose at least 

in the obese mouse, exert their insulinotropic actions independently 

of cyclic AMP, while leucine acts via a cyclic AMP-dependent mechanism. 

The glucose dependende of the amino acid effects on insulin secretion, 

however, is best explained by the alternative theory of Effendic, 

Cerasi and Luft (1972), which suggests that since leucine does not 

require glucose metabolism while arginine appears ineffective without 

glucose, leucine may exert its action by the same mechanism as glucose, 

possibly an action on a specific cell membrane receptor mediated 

through the adenyl cyclase-cyclic AMP system, while arginine acts in 

a different manner and may amplify transmission of the glucose-

induced signal at a locus between the glucose receptor and adenyl 

cyclase. Resolution of the discrepancy between these two theories 

must await further work on the molecular nature of the interaction 

between glucose and its receptor in the B cell. 

• f 
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Most wIrkers have so far failed to find any correlation between 

glucose-stimulated insulin release and islet cyclic AMP content, 

whether using rat isleta and a bioassay involving activation of 

liver phosphorylase for cyclic AL determinations (Montague and 

Cook 1971), or mouse islets and a highly sensitive protein-

binding radioassay (Cooper, Ashcroft and Randle 1973), although 

an effect on perifused rat islets was obtained 14 Charles, Fanska, 

Schmid, Grods1j and Forsham (1973), and more recently by Grill 

and Cerasi (1974). Another possible site of regulation, however, 

is provided by the enzymic apparatus controlling cyclic ALP 

concentration, and although Davis and Lazarus (1972) found no 

effect of any concentration of glucose on the activity of mouse 

islet adenyl ayclase, Atkins and Matty (1971) obtained increases 

in the activities of both this enzyme and phosphodiesterase in 

islets from ohese mice compared to learn. The ratio of the two 

activities was unchanged, so that there was no difference in 

absolute content of cyclic ALP in islets from lean and obese mice, 

but strong evidence of an increase in cyclic AMP turnover in the 

latter. The present results, in which the changes in cyclic AMP 

levels after incubation with both glucagon, which probably acts 

via stimulation of adenyl cyclase, and Lmethyi. 3.isobutyl 

xanthine, a phosphodiesterase inhibitor, were greater in obese than 

in lean mouse islets, provide further evidence for this, and it 

may be in this way that the long-term dietary alterations which 

were found to increase islet cyclic AMP in other systems are 

mediated in obese mice. 
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Of the hormonal effects tested, both the increased glucagon 

stimulation and decreased adrenaline inhibition of insulin secretion 

could be considered as possible mediators of the hyperinsulinaemia 

of the obese mouse. An augmented dnsulin response to glucagon 

was also found in human obese patients by Hazzard, Crockford and 

Williams (1968), in contrast to diabetes where the response was 

diminished, and Oakley, Harrigan, Kissebah, Kissin and Adams (1972) 

found the response in their patients to be directly related to 

the prevaiiing plasma glucose concentration over a wide range, 

suggesting that metabolism of glucose plays an important role in 

the insulin-beleasing action of glucagon.The involvement of 

adrenaline is also an attractive possibility since Yen and Steinmetz 

(1972) found a decreased response to adrenaline and other catechol-

amines in epididymal adipose tissue from genetiCally obese mice 

and showed further that this did not result from the high 

circulating insulin levels. In both cases, however, the differences 

between lean and obese mice were only in the relative magnitudes 

of the responses to the hormones, and no absolute qualitative 

difference was seen. It therefore seems most likely that these 

effects serve only to further augment the inherently greater and 

more sensitive response mechanism of the obese mouse pancreas to 

glucose, and possibly other carbohydrates, which is the main factor 

tending toward hyperinsulinism in these animals. 
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CHAPTER 3 

THE ACTIVITIES OF THE ENZYMES OF GLYCOGEN METABOLISM IN ISOLATED 

ISLETS OF LEAN AND OBESE MICE. 
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a) Introduction 

The search for a single explanation of the action of glucose 

and the other compounds which interact with it, such as the amino 

acids, on insulin secretion, has led to the development of two major 

theories. The first of these is the glucoreceptor theory, which 

postulates that the glucose molecule interacts with a membrahe-bound 

receptor, possibly linked to the adenyl cyclase enzyme, to produce a 

signal leading to insulin release. In view of the wide range of 

metabolites of glucose which have been found to promote secretion, 

however, many workers consider that some metabolism og glucose is 

necessary, and according to this theory the,insulin releasing signal 

is generated intracellularly. The pathway of metabolism could be either 

via glycolysis, in which case the signal would be an increased islet 

content of hexose or triose phosphate (Matschinsky and Ellerman 1968), 

or via the pentose phosphate shunt, which was shown to be active in 

islets by Montague and Taylor (1970). A third possibility which has 

been the subject of far less investigation concerns the role of 

gl7cogen in glucose metabolism in the B cell. This could be particularly 

relevant to the action og glucagon in promoting insulin secretion, 

which was found by Samols, 'arri and Marks (1966) to be greatly increased 

in conditions favouring glycogen deposition, such as feeding and 

hyperglycaemia, and decreased in individuals in which the glycogenolytic 

action of glucagon in liver had been abolished by administration of 

methandienone. They also found that plasma insulin levels fell during 

constant glucagon infusion, suggesting exhaustion of B cell glycogen, 
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and postulated a role for glycogen in the transfer of glucose molecules 

between two intracellular pools of glucose.6.phosphate. This hypothesis 

was tested by Jarrett and Keen (1968), who labelled islets with 14C-

glucose and incubated them with or without glucagon. They found that 

the hormone did not cause a fall in 14002 production, indicating that 

there had been little dilution of the intracellular glucose.6.phodphate 

pool, and also observed that when islet glycogen had been previously 

labelled with radioactive glucose, the radioactivity following chemical 

isolation oP the glycogen was similar whether glucagon was present or 

not. Similar results were obtained by Hellman and Idahl (1969), but 

these authors were the first to actually measure islet glycogen by a 

sensitive fluorimetric method, and determine that it was a normal 

constituent of pancreatic islet cells. They found that islets from 

obese mice contained about three times as much glycogen as islets from 

their lean litter-mates, and thus raised the question of whether, 

irrespective of the action of glucagon, the enhanced response of these 

islets to glucose may be mediated at least in part by an increased 

turnover of glycogeh in the B cells. Strong evidence for this possibility 

comes from the work of Lundquist (1972), who found that the high 

activity of the exoamylolytic enzyae acid amyloglucosidase in isolated 

mouse pancreatic islets was even further increased in islets from obese 

mice, and was reduced to 	of the normal value in islets from alloxan 

diabetic animals. He found that intravenous injection of this enzyme to 

normal or diabetic mice induced a long acting depression of the blood 

glucose level and an elevation of plasma insulin, and concluded that 

the hydrolytic breakdown of B cell glycogen may well be important in 
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the control of insulin secretion. 

The enzymes of glycogen metabolism have been assayed in several 

tissues of obese mice and their lean litter-mates by Das and Hems (1974.), 

who found very few differences in the activities of glycogen synthetase 

but increased levels of glycogen phosphorylase both in liver and heart 

tissue of obese mice. The activities of these enzymes in the pancreatic 

islets of obese mice were measured by Brolin and Berne (1970) and 

found to be very low, although significantly greater than those in 

the exocrine pancreas and thus showing that the islets are enzymatically 

equipped for the formation and degradation of glycogen. No comparative 

values for enzyme activities in lean and obese mouse islets have 

however been reported. 
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IrSethods  

The procedure used for assaying both enzymes followed that of 

Das and Hems (1974). 

Phosphoryylase assn  

Islets were collected in small glass homogenizers containing an appropriate 

volume of an extraction buffer consisting of 35 sei glycerophosphate, 

30 mrg cysteine, 1 mM EDTA and 20 mM NaF at pH 6.1, and kept on ice 

until use. Phosphorylase activity was measured by determining the 

incorporation of radioactive glucose from C- glucose.l.phosphate into 

glycogen at 30°C. The reantion mixture contained 16 mM glucose.l. 

phosphate, 1 mM AMP, 1% glycogen and o.1 ml. of tissue extract, usually 

corresponding to a homogenate from about 10 islets, and initial added 

radioactivity was about 40,000 d.p.m. per assay tube. After 10 minutes 

the reantion was stopped by the addition of 1 ml, of 6% trichloroacetic 

acid containing 1 mg/ml. glycogen and 2 mg/ml. LiBr, and glycogen 

precipitated with 2 voaumes of 95 % ethanol. After being allowed to 

stand overnight, the precipitate was filtered and washed four times 

with 3 ml. of 	ethanol, using a multi-head suction filtration 

arrangement which fitted the sintered-base Millipore filter heads. 

The Millipore glass fibre filter papers onto which the glycogen was 

precipitated were hydrolysed with amylo-1,6-glucosidase in 0.511 acetate 

buffer at pH 5.0 in liquid scintillation vials before addition of 10 ml. 

methoxyethanol and 10 ml. seintillant. Counting was performed as for 

the determination of 3H-labelled cyclic ;VT, and enzyme activity was 

calculated directly from the proportion of counts incorporated. 
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Glycogen synthetase assay  

Islets were collected as for the assay of phosphorylase in an extraction 

buffer containing 50 mil tris-HC1, 50 mM morcaptoethanol, 5 mM EDTA 

and 0.3 glycogen at pH 7.8. The assay mixture comprised o.5 M tris-HC1, 

10 mM UDP-glucose and 	glycogen. Total enzyme activity was measured 

by determining the incorporation of counts from 1 	of 14c- cppL. 

glucose of specific activity 53 pCi/ml, corresponding to about 100,000 

d.p.m., into glycogen by 50 Ia. of tissue extract in the presence 
of 100 pl. of the assay mixture, to which was added 10 mM glucose.6. 

phosphate. The proportion of enzyme activity in the active or glucose-

6-phosphate independent form was measured by assaying in the absence 

of this compound.All incubations were carried out at 30°c and stopped 

by the addition of 1 ml. of 62; trichloroacetic acid containing 1 mg/mi. 

glycogen and 2 mg/mi. LIBr, and glycogen was isolated and counted as 

described for phosphorylaso. 

78 



c) Results 

Figure 7 shows that glycogen synthetase activity measured in a 

homogenate of lean mouse islets in the presence of 10mM glucose.6. 

phosphate was approximately linear with time over a 5 to 15 minute 

period of incubation. Table IX shows the activities of phosphorylase 

and glycogen synthetase measured in homogenates from both lean and 

obese mice islets, calculated from the results of 10 minute incubations. 

All values were corrected for counts incorporated in the absence of 

tissue homogenate, and these 'substrate blanks' were shown in 

separate experiments to give very similar values to the counts 

incorporated in the absence of substrate ('tissue blanks'). Control 

experiments were also performed using liver homogenates from lean 

mice, and the enzyme activities obtained compared with those quoted 

by Das and Hems (1974). Glycogen synthetase activity in these mice, 

aged 3 to 4 months, was 0.55 n.mol/Mg. fresh wt. liver/minute, a 

value exactly midway between those of 0.4.5 n.mol/mg./min. in 2 month 

old mice and ci.64 n.mol/mg./min. in 6 month old mice reported by 

these authors. The phosphorylase activities obtained for liver were 

slightly higher than those of Das and Hems, giving a mean + S.E.M. 

of 23.6 + 0.2 n.mol/mg./min. in 6 determinations as compared to a 

mean of 18.6 n.mol/mg./min. in 6 month old mice. It was however 

concluded that despite the very low values obtained with pancreatic 

islets, the assay methods used were accurate enough to determine 

whether any difference in activity existed between the islets of 

obese and lean mice. The results show that phosphorylase activity 
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was increased in obese mouse islets to approximately double the 

levels found in lean mouse islets, but that the total activities of 

glycogen synthetase were similar in all mice. When activity was 

measured in the absence of glucose.6.phosphate, however, much higher 

levels were found in obese mouse islets, where the enzyme appeared 

to be completely in the glucose.6.phosphate—independent or I form, 

while in lean mouse islets only about 40% of the activity was in 

this form. The activities of both enzymes were of the same order of 

magnitude as those given by Brolin and Berne (19704 for obese mouse 

islets, and a similar ratio of phosphorylase to synthetase activity 

was also obtained. 
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Figure Time course for activity of glycogen synthetase from lean 

mouse islets, assayed in the presence of 10 mM UDPG and 
lOmM glucose.6.phosphate- 
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TABLE IX  

The activities of glycogen synthetase and phosphorylase in isolated  

islets of loan and obese mice. 

Results expressed as p.mol converted per islet per minute, mean 

S.E.M. of number of observations in brackets. 

LI;AU 0E33 

Phosphorylane 34 4. 	9 (4) 73 4. 26 (4) 

Glycogen synthetase (I D) 41 + 10 (11) 38 + 	7 (14) 
'a total activity 

Glycogen synthotase (1) 17 + 	3 (3) 40 ± 9 (7) 
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d) Discussion  

These results confirm the findings of previous investigators that 

pancreatic islets are equipped with the enzymes necessary to synthesize 

and degrade glycogen, and in addition suggest that the islets of 

obese mice may be characterized by en increased turnover of glycogen 

in their cells, reflected by increased activities of these enzymes. 

Elliott, Hems and leloff-Chain (1971) reported an increased bbeakdown 

of liver glycogen in obese mice, and an increased phosphorylase 

activity in this tissue was found by Das and Hems (1974). The present 

results show that a similar situation exists in pancreatic islets, 

although they do not rule out the possibility favoured by Lundquist 

(1972) that glycogen breakdown in the pancreas takes place by a 

hydrolytic pathway. In the case of glycogen synthesis, although 

total activities of the enzyme responsible were the same in lean 

and obese mouse islets, in the obese mouse all the activity appeared 

to be in the physiolagically more effective I form, so that the 

rate of synthesis could well be greater in these mice. This situation 

is in direct contrast to that found in skeletal muscle by Adolfsson, 

Bostrom, Fahlen, Hjalmarson, Johansson and Westnan-Naeser (1974) 

where there was no increase in the percentage of glycogen synthetase 

in the I form in obese mice despite the high circulating levels of 

insulin. Insulin is known to stimulate glycogen synthesis by converaion 

of the less active glucose.6.phosphate-dependent form of the enzyme 

to the more active independent form, but this process in inhibited 

by high glycogen levels, and thu almost complete conversion found 
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in obese mouse islets in theae experiments may simply be a reflection 

of the high local insulin levels and low local glycogen levels in 

the islets. 

J.he investigationsof metabolic pathways in islets of lean and 

obese mice undertaken do not therefore appear to have shoun an 

increase in any one compound or enzyme, which could then be postdated 

to play a crucual role in insulin secretion, but instead a general 

increase in activity, as illustrated by the increased turnovers of 

both glycogen and cyclic A1T apparent in obese mouse islets. While 

these may not be of primary importance in determining the insulin 

hypersecretion of these mice, they may well contribute to the 

overall pattern of metabolism necessary to maintain this hypersecretionp 
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CHAPTER 14. 

THE CONTROL OF G-LUCAGON SECRETION IN LEAN AND OBESE lacE. 
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a) Introduction 

Very little attention has so far been paid to the possible 

importance of glucagon in the obese-hyperglycaemic syndrome. Very 

early work, before the isolation and chemical characterisation of 

the hormone, suggested that there maybe an over-secretion of glucagon 

in obese mice, but this theory was later discredited chiefly on 

account of histological evidence, Mayor, Andrus and Silides (1953) 

found that treatment with diethyldithiocarbamate, an agent reported 

to selectively destroy A cells of islets of Langerhans, eliminated 

for a period of one to two weeks the hyperglycaemia and insulin 

resistance characteristic of the obese animals, and Clarke, Wrenshall 

and Mayer (1956) observed that hyperglycaemia was invariably elicited 

in these animals by growth hormone administration, to which non-obese 

animals were resistant. They suggested that a genetic factor was present 

in the lean mice which 'masked' this apparently glucagon-induced 

hyperglycaemia. Further evidence was drawn from the work of Shull 

and Mayer (1956), who found a three-fold increase in liver glycogen 

turnover per unit weight of liver in obese mice relative to controls, 

and Shull, Ashmore and Mayer (1956)1  who found significantly higher 

liver phosphorylase activity in the obese mice, and attributed this 

to an increase in circulating glucagon. Gepts, Christophe And Mayer 

(1960) however showed a significant reduction in the percentage of 

all A cells in obese mice despite the general hypertrophy of the 

islets both at 4 months and at 6 months of age, when the relative 

frequencies for obese and lean mice respectively were 5;!) and 18,', 

and the theory was made more unlikely by the finding of Hellman (1961) 
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that the relative proportion of argyrophil Al  cell found in thin 

sections of islets was only half as great in obese mice as in their 

lean litter-mates. The site of production of glucagon is now known 

to be the silver-negative A2  cells (Lundquist, Brolin, Unger and 

Eisentraut 1969), while the Al cells secrete a substance inhibitory 

to insulin release, probably gastrin, but Hellman has also shown 

that the frequency of A2  cells in obese mice is approximately 

the same as the frequency found for both A cell types by Gepts et. 

al., and has therefore concluded that there is a very low proportion 

of glucagon secreting cells in the obese mouse pancreas. In view of 

the massive increase in islet cell numbers in the obese syndrome it 

might however appear that this reduced proportion was still enough 

to provide a circulating level of glucagon at least equal to that 

in lean animals, but the observation by Wise, Hendler and Felig (1972), 

that an alanine infusion in human obese subjects results in a smaller 

increase in plasma glucagon than found in non-obese controls, and 

that there was also a failure of the basal glucagon concentration to 

rise after an 81i-hpur fast in these subjects, indicates that this 

may not necessarily be so. 

In the present study the immunoassay techniques recently developed 

for glucagon were used to measure the pancreatic content, plasma 

levels and patterns of secretion in response to glucose and other 

substances in obese and lean mice. The effect ofanti-:insulin serum 

on glucagon secretion was also tested in order to determine whether 

the glucagon levels were at all affected by the differences in insulin 

' levels between the obese mice and their lean litter-mates. 
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The first indications that insulin might be involved in the control 

of the secretion of glucagon came from the work of Unger on diabetic 

patients. Muller, Eisentraut, Unger. and Aguilar-Parada (1970) found 

that while fasting glucagon levels in juvenile or maturity-onset 

diabetics were no different from those in controls, the rise in plasma 

glucagon elicited by an arginine infusicn in both types of diabetics 

was much greater than that found in healthy subjects. Experiments on 

artificially induced insulin deficiency in animals (Muller, Faloona 

and Unger 1971) showed that glucagon levels were raised despite the 

prevailing hyperglycaemia both in dogs made diabetic with alloxan and 

rats given anti-insulin serum. Buchanan and Mawhinney (1973) used 

streptozotocin to render rats diabetic and measured the in vitro 

response of the islets to glucose after three to six weeks. They 

found that glucagon secretion by the islets from the diabetic rats 

was both increased and not susceptible to inhibition by glucose, but 

that addition of 1 mU/M1. insulin to the incubation medium restored 

glucose sensitivity. Glucose has been considered to have an inhibitory 

action on glucagon secretion since the original finding by Unger, 

Eisentraut, McCall and Madison (1962) that induction of either acute 

or chronic hypoglycaemia in dogs resulted in increased plasma glucagon 

levels, but the small effects of a reduction of glucose concentration 

on glucagon secretion in in vitro experiments (:;dwards, Howell and 

Taylor 1970) compared to the large effects produced in vivo by 

administration of insulin (Ohneda, Aguilar-Parada, Unger and Eisentraut 

1969) lend support to the concept that it may be insulin itself 

rather than glucose which is the main control. In view of the high 
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pancreatic and circulating insulin levels in obese mice it was 

considered particularly interesting to measure glucagon levels both 

in plasma and in an in vitro system in these mice and their lean 

litter mates, and to determine whether there were any differences in 

the effects of glucose on glucagon secretion between them. 
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b) Experimental techniaues  

In contrast to the extensive work reported in the literature 

on insulin secretion in vitro, glucagon release has been documented 

in very few cases only. Because of the extensive degradation of 

glucagon by enzymes released from the exocrine pancreas, measurements 

using isolated pancreas pieces or slices would clearly be of no use, 

and it is only since the isolated islet technique has been perfected 

that in vitro measurements have been at all possible. The pioneers in 

this field were Vance, Buchanan, Challoner and Williams (1968), who 

used rat islets and a double antibody method for the assay of glucagon, 

which was also employed by Chesney and Schofield (1969) in their work 

on mouse islets. Edwards, Howell and Taylor (1970) used an ethanol 

precipitation separation method in their assay of glucagon released 

from incubated guinea-pig islets, while more recently Buchanan and 

Mawhinney (1973) have used the charcoal separation method in their 

work with streptozotocin-treated rate. 

The development of an assay for glucagon has also been limited 

by the difficulties encountered by various workers in raising 

antibodies of sufficient specificity and affinity to glucagon, as 

indicated by the work of Berling and Beloff-Chain (1973), who used 

an ;mine acid-glucagon copolymer as antigen. Other methods used have 

included injection of guinea-pigs ar rabbits with glucagon in complete 

Freund's adjuvant, and with glucagon conjugated to polyvinyl 

pyrrolidone, and the effectiveness of these procedurod is shown by 

the highly variable dilutions of antiserum found adequate for use in 

the assay in each case. 
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The prevention of glucagon breakdown must also be considered 

both in plasma samples to be assayed for glucagon and in the assay 

system itself, as well as in the case of in vitro tissue incubations. 

Nirsky, Perisutti and Davis (1959) were the first to report that 

human plasma degrades I131-labelledglucagon, and this finding was 

amply confirmed by the work of Eisentraut, Whissen and Unger (1967), 

who observed a 604 decline in the immunoreactive fraction of glucagon-

I
131 

after incubation with human plasma for four days at 4o  C. They 

suggested that this accounted for the very high plasma glucagon 

values of 1-8 ng/ml reported in humans (Lawrence 1966), since -loss 

of immunoreactivity of glucagon-1131 due to incubation damage would 

result in a reduction of the percentage bound to antibody indistinguishable 

from that due to its displacement by unlabelled glucagon. The damage 

could be completely prevented by addition of trasylol, a naturally 

occurring basic polypeptide of 16 amino acids, acting as a kallikrein 

inactivator in blood, in amounts up to 500 units per assay tube, and 

with this they obtained human plasma glucagon values in the range of 

0.7 ng/ml. The same authors however found that trasylol was not 

roouired when only unlabelled glucagon was present, since there was 

no significant difference in measured glucagon concentration whether 

or not trasylol was added to the tubes in which blood samples for 

assay wc,cs collected, even when the blood was left for two hours 

between collection and storage at -10oC, and therefore concluded that 

endogenous plasma glucagon is not degraded by the proteolytic enzymes 

responsible for tho destruction of glucagon-I131. Hazzard, Crockford, 

Williams, Buchanan, Vance and Chen (1968), who used a double antibody 
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method for the determination of plasma glucagon, similarly found 

that whereas the recovery of added glucagon-I125 added to heparinised 

blood was improved by addition of trasylol, this made very little 

difference to the values obtained for endogenous glucagon concentrations. 

They however found that if the blood was allowed to clot before separating 

the serum, one-third of the glucagon was degraded. In the present 

work experiments were performed in which the effects of addition of 

trasylol and also of freezing the samples on plasma glucagon levels 

were determined, but in all cases a constant amount oft trasylol was 

added to assay tubes and also to media for islet incubations; 
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c) Methods and Presentation of Results  

Glucagon A$IEE 

Because of the difficulties reported in the raising of 

antisera to glucagon and the low titres obtained in the majority of 

cases, it was decided to initiate the present work using specific 

pancreatic glucagon antiserum 30K commercially supplied by Dr.R.H. 

Unger and an assay method involving charcoal separation based on the 

original method of Unger, Eisentraut, McCall, Keller, Lanz and Madison 

(1959), which was recommended for use together with this antiserums 

Glucagon standards wre obtained by dilution of crystalline beef-pork 

glucagon 	Lilly & Co.) in 0.2 M glycine buffer pH 8.8,containing 

0.2% bovine serum albumin, to a concentration of 200 ng/ml. Aliquots 

were frozen at this concentration and diluted when required in 0.2 M 

glycine buffer for experiments in which total islet glucagon or plasma 

glucagon were measured, and in Krebs Ringer bicarbonate solution in 

experiments in which glucagon release from incubated islets was 

determined, following the procedure of Edwards, Howell and Taylor (1970). 

As with the insulin assay, the standard curves obtained with those two 

buffers wore found to be super-imposable. 

125-labelled glucagon was originally prepared by the same technique 

as 125
-labelled insulin but separated from free iodine on a Sephadex 

G-25 column equilibrated with 0.2 M glycine buffer containing 0.5% 

albumin at pH 8.8y Material from the peak fraction was deep frozen 

in 100 pl. aliquots with 500LA. trasylol in order to minimise degradation, 

and diluted when required so that about 40 pg. labelled glucagon was 
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added. to each assay tube. The specific activity of the glucagon 

prepared in this way was about 150 pCi/pg., so that the total added 

radioactivity in each assay tube was 6.2 nCi, giving approximately 

30,000 counts in 5 minutes on the gamma counter used. The immuno-

reactivity of this material was however poor, giving only about 70 

binding to charcoal in the absence of antibody, and in later experiments 

I
125-glucagon kindly supplied by Professor K.D. Buchanan (Department 

of Medicine, Queen's University of Belfast) was used. This had been 

purified on an anion exchange column by the method of Jorgensen and 

Larsen (1972), and gave 94; binding to charcoal in the absence of 

antibody. 

A titre curve using antiserum 30K showed that a final dilution 

of 1 in 4000 was necessary to give about 30%binding of added counts. 

The antiserum was stored in 50 	aliquots of a 1 in 100 dilution in 

0.2 M glycine buffer and the contents of each tube made up to 2 ml, 

with the same buffer when required, so that sufficient antibody was 

present for 40 sample tubes. Each assay tube contained 50 pl. trasylol, 

equivalent to 500 kallikrein inactivator units, 50 pl. standard or 

sample, 50 yl. 
125 

 -glucagon and 50 pl. antibody at 1 in 4000. The 

tubes were mixed and incubated for four days at 4°C, after which 50 pl. 

horse serum (No. 5, inactivated, Wellcome Research Laboratories, 

Beckenham) was added to those tubes which did not contain plasma for 

glucagon assay so as to give a uniform protein concentration in all 

tubes. 50 p'. glycine buffer was added to tubes containing plasma 

samples, followed by a mixture of J charcoal (Norit GSX) and 0.5% 

dextran in the same buffer in all tubes. The tubes were allowed to 
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stand for 15 minutes at 4-°C and then centrifuged for 15 minutes at 

6000g. The supernatants were aspirated by suction into a Pasteur 

pipette and the charcoal pallets containing adsorbed free glucagon 

counted for 5 minutes on a gamma counter. Results were calcualted as 

percentages of the total immunoreactive counts present which wore bound 

to antibody. Since the amount of charcoal added to each assay tube 

after equilibration of hormone and antibody should be sufficient to 

bind the free hormone only, this value is given by the ratio 

NSB - B  , 
NSB 

where NSB = counts bound to charcoal in absence of antibody, i.e. total 

immunoreactive counts. 

B = counts bound to charcoal in presence of antibody and standard 

or sample glucagon. 

This ratio gave a sigmoid curve when plotted against the logarithm of 

amounts of standard unlabelled glucagon present. The function of the 

dextran present was to inhibit binding og the high molecular weight 

molecules such as gamma globulins in the incubation mixture to the 

charcoal (Herbert, Lau, Gottlieb, and Bleicher 1965), but these authors 

also found that if the solutions present in the assay tubes contained 

bovine rather than human serum albumin, the antibody complexes were not 

adequately excluded. In the present assay system this difficulty was 

overcome by the addition of horse serum, which in addition to compensating 

for the possibly non-specific effects of the serum proteins present in 

the plasma samples assayed for glucagon, also had a blocking effect on 

adsorption to the charcoal. 
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Incubation of islets 

For experiments on glucagon release, groups of five islets 

isolated by the collagenase technique combined with microdissection 

where necessary were incubated in scintillation vials containing 3 ml. 

of freshly gassed Krebs Ringer bicarbonate solution with 2 mg/A. 

albumin and glucose at appropriate concentrations , to which 50 pl. 

trasylol was added to prevent glucagon breakdown4  Results are 

expressed as ng. glucagon secreted per five islets in a 30 minute 

incubation period. 

Determination of total thslet luca on 

To extract the total glucagon present, groups of ten islets were 

sonicated in L ml. acid-ethanol for 30 seconds, using a MSE sonicatot 

at position 3. The resultant solution was diluted for assay in 

glycine buffer, each sample being assayed at doubling dilutions 

from 1 in 25 to 1 in 200 and a mean value taken. 

Administration of anti-insulin serum 

Lean mice were anaesthetized by intraperitoneal injection of 

2.5% avertin (Winthrop Laboratories,Surbiton) and then given 0.5 ml. 

of either normal guinea-pig serum or anti-insulin serum, raised in 

the guinea-pig, by tail vein injection. In obese mice it was possible 

to perform the same injection without anaesthesia. All mice were 

killed one hour after injection by cardiac puncture under avertin, 

and their pancreas removed for secretion experiments on the isolated 

islets. Heart blood was taken up in heparininsed syringod and the 

separated plasma used for glucose and glucagon determinations. 
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d) Results 

Table X gives the results of in vitro incubations of islets 

from lean, obese and ob/ob-RD mice in medium containing different 

glucose concentrations. The absolute amounts of glucagon secreted 

in all cases were very similar, but as in the case of insulin secretion 

there appeared to be a marked difference in the nature of the response 

between the ob/ob and ob/ob-RD mice on one hand and their lean litter-

mates on the other. Philo in ob/ob and ob/ob-RD mice glucagon secretion' 

declined with increasing glucose concentration, no overall pattern 

was discernible in the secretion of the lean mice. The smallness of 

the effect of glucose even on the obese mice,suggests that glucose 

alone cannot be the main regulator og glucagon secretion in this species, 

but a difference in pancreatic behaviour is nevertheless apparent. 

Table XI gives the results of experiments in which either 

guinea-pig serum as a control or anti-insulin serum raised in the 

guinea-pig was administered to lean and obese animals one hour 

before removal of the pancreas for in vitro incubation studies on 

the islets. In the lean mice anti-insulin serum appeared to have 

very little effect, and the values obtained for secretion at each 

glucose concentration are very close to those reported for untreated 

animals in Table X, apart from an increase in glucagon secreted in 

the presence of 30 mg.% glucose by islets from anti-insulin serum 

treated mice compared to the controls. The obese mice however show 

an increased glucagon secretion at all glucose concentrations after 

the admilhistration  of  .anti-.insulin serum, and the suppressive effect 

of high glucose appears to have been abolished. 
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TABLE X 

The influence of glucose concentration on glucagon secretion by isolated islets from  

lean, ob/ob and ob/ob-RD mice.  

Results expressed as mean + S.E.M., number of experiments in parenthesis. 

ANIMALS 	 GLUCAGON SECRETION ng./5 islets/30 minutes 

30 60 

Glucose concentration .mg. 

100 	150 300 

Lean 2.87 + 0.80 (8) 1.64 + 0.29 (9) 2.48 + 0.63 (7) 1.35 + 0.24 (9) 3.30 + 0.47 (7) 

ob/ob 3.33 + 0.39 (13) 2.89 + 1.23 (6) 2.17 0.51 (8) 1.18 + 0.25 (10) 1.82 + 0.30 (7) 

ob/ob-RD 2.18 + 0.48 (8) 2.06 + 0.76 (5) 1.60 + 0.28 (9) 1.19 + 0.11 (3) 



TABLE XI  

The influence of glucose concentration on glucagon secretion  by isolated islets from 

lean and obese mice treated by intravenous injection  of normal guinea-pig serum and 

anti-insulin serum. 

Results expressed as mean + S.E.M., number of experiments in parenthesis. 

ANIMALS 	 GLUCAGON SECRETION ng./5 islets/30 minutes 

TREATMENT 

30 60 

Glucose concentration mg.% 

100 	150 300 

CD 
CD 
,4 

Lean 	2.83 + 0.65 (5) 
guinea-pig serum 

1.96 + 0.70 (6) 1.44 + 0.4-1 (14) 1.83 + 0.58 (6) 1.96 + 0.66 (7) 

Lean 	3.73 + 0.82 (7) 
anti-insulih serum 

1.69 + 0.69 (6) 1.83 + 0.69 (9) 1.84 + 0.48 (6) 1.94 + 0.33 (9) 

Obese 	2.33 + 0.75 (3) 
guinea-pig serum 

2.50 + 0.13 (3) 1.90 + 0.59 (6) 0.92 + 0.30 (7) 

Obese 	2.82 + 1.16 (5) 
anti-insulin serum 

3.76 + 1.63 (6) 2.87 + 0.86 (10) 2.86 + 0.93 (6) 



The plasma glucose and glucagon levels in these injected 'Mice, 

together with plasma glucagon levels measured in untreated mice 

and total islet glucagon contents, are given in Table XII. 

There was very little variation in plasma glucagon among the 

untreated or guinea-pig serum injected mice, the levels in untreated 

obese mice being only slightly lower than those in the other groups. 

Anti-insulin serum however had a highly significant effect in 

increasing plasma glucagon in obese mice only, although the increase 

in:blood glucose produced by the injection was no greater than that 

produced in lean mice. This is in agreement with its effect in 

preventing glucose suppression of glucagon release, shown in Table 

XI to take place in obese mice only.The total islet content of 

glucagon was slightly reduced in obese mice, and although this 

effect was not statistically significant it fits in with the 

general pattern shown by the plasma glucose and glucagon levels, 

the hyperglycaemia of the obese mouse resulting in a slight 

reduction of both stored and circulating glucagon, with the latter 

phenomenon demonstrably insulin-dependent. It is also of interest 

that the data of Tables X and XI show that at the higher glucose 

concentrations of 150 mg.% and 300 mg.%, glucagon secretion in 

vitro from islets of obese mice was less than that from islets of 

their lean litter-mates, and it was only at lower glucose concentrations 

that islets from obese mice produced excessive secretion. It therefore 

appears that the net effect of the hyperglycaemia and hyperinsulinaemia 

of the obese mouse is to produce a slight inhibition of glucagon 

secretion when compared to the lean mouse where these constraints 
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TABLE XII  

Plasma glucose and glucagon and total islet glucagon content in 

lean, ob/ob and ob/ob-RD mice, including animals given tail-vein  

injections. 

Results are mean + S.E.M. of number of observations in brackets. 

ANIMALS 	TOTAL ISLET 
TREAUENT 	GLUCAGON 

(ng.) 

PLASMA 
GLUCOSE 
(mg.%) 

PLASMA 
GLUCAGON 
(pg/ml.) 

Lean 	3.40 
(untreated) 

+ 0.36 (6) 336 + 57 (12)  

Lean 
(guinea-pig serum) 

161 + 12 (6) 339 + 91 (10)  

Lean 
(anti-insulin serum) 

ob/ob 	3.05 
(untreated.) 

ob/ob 
(guinea-pig serum) 

ob/ob 
(anti-insulin serum) 

ob/ob -RD 	3.24 
(untreated) 

+ 0.56 

+ 0.30 

(4) 

(3) 

296 

249 

330 

+ 17 

+ 26 

+ 26 

(6)* 

(5)*  

(6)* 

355 

258 

341 

628 

343 

:4- 76 

+ 42 

+ 44 

+90 

+ 25 

(11)  

(9) 

(6) 

(6)** 

(6) 

* indicates significant difference from value for lean guinea-pig 
serum injected animals (940.05) 

** indicates significant difference from valuesfor lean mice and 
untreated or guinea-pig-serum injected obese mice (945,;0.05) 
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are absent. The patternshown by obese mice on restricted diet 

was in general intermediate between those of lean mice and of 

obese mice. 

The data of Tables X and XII also provide a means of 

calculating glucagon turnover. At a glucose concentration of 60 mg.;, 

the lean mouse islets secreted 9.7o of their total glucagon content 

in a 30 minute period, islets from ob/ob mice 15.5% and islets from 

ob/ob—RD mice 12.3%. These figures give good agreement with those of 

Chesney and Schofield (1969), who calculated the glucagon release 

rate from islets of younger lean mice to be 27% per,hour, but are 

far in excess of the comparable figures for insulin release. The 

data of Table IV shows that in a 30 minute period only 0.97% of the 

total insulin present was released by pancreas pieces incubated 

at 60 mg.% glucose, while with the stimulatory concentration of 

300 mg.% the figure had only risen to 4.5. 

The effects of several agents on glucagon secretion from 

islets of lean and obese mice are shown in Table XIII. In the 

presence of 100 mg.% glucose, 1% anti—insulin serum added in 

vitro did increase glucagon secretion in both cases, although the 

effects were not statistically significant, and again the effect 

on islets from obese mice was greater than that on islets from lean 

mice. Of the amino acids tested, only arginine caused significant 

stimulation, while leucine had a much smaller effect. The addition 

of 8 pg/ml. adrenaline caused no change in secretion from lean 

mouse islets but a massive increase in release from obese mouse 

islets to about four times the control levels. 
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TABLE XIII 

The effects of various substances on raucegon secretion in vitro 

by isolated islets from lean and obese mice. 

Results expressed as ng./5 islets/30 minutes, mean S.E.M. of 

number of observations in brackets. 

All incubations carried out in the presence of 100 mg.`); glucose. 

LEAN OBESE 

Control incubation (100 mg4; 

glucose ) 

2.23 + 0.27 (5)  2.23 + 0.48 (5) 

.47 

lib anti-insulin serum 2.90 0.70 (6)  3.65 ± 0.88 (5)  

10 mM arginine 4.73 ± 0.94 (6)* 4.14 ± 0.58 (7)*  

10 mM leucine 4.11 0.92 (6) 3.39 0.65 (6)  

8 pg/ml. adrenaline 2.56 0.74 (5) 10.86 ± 2.06 (4)4' 

indicates significant difference from control (p$;...0.05) 
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e) Discussion 

The effect of glucose on glucagon secretion in vitro has been 

studied in the rat by Vance, Buchanan, Challoner and Williams (1968), 

in the mouse by Chesney and Schofield (1969), and in the guinea-pig 

by Edwards, Howell and Taylor (1970). Although some inhibitory effect 

of increasing glucose concentration was found by all these investigators, 

the magnitude of the effect varied considerably, and indeed Edwards et. 

al. were unable to demonstrate any significant difference between 

glucagon secreted at the extremes of 30 and 300 mg.5 glucose. The 

present results show that this was also the case for the lean mouse, 

while in obese mice, including those on restricted diet, glucose did. 

have a suppressing effect, and the results of the experiments on anti-

insulin serum treated animals showed this to be clearly connected to 

the prevailing insulin concentration. 

A stimulatory effect of arginine on glucagon release was observed 

both by Chesney and Schofield and by Edwards et. al., and in addition 

a biphasic stimulation of glucagon release in response to arginine 

infusion has been found in the perfused rat pancreas by Assan, Soufflet, 

Ballerio, Boillet and Attali (1972). The present results show stimulation 

of glucagon secretion by arginine in both lean and obese mice, but 

leucine did not have any significant effect, in agreement with the 

results of the above workers on isolated islets.These results therefore 

highlight further the differing mechanisms of action of the two amino 

acids on the pancreatic islets. 

An in vitro eftect of adrenaline in enhancing glucagon secretion 

was first observed by Leclerq-M?yer, Briscon and ",'Talals:.e (1971) in rat 
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pancreas pieces, and the simultaneous inhibition of insulin secretion, 

which was proportional to the glucose concentration used, suggested 

that there may be a single mechanism whereby the secretion of the 

pancreatic hormones is regulated by catecholamines. The stimulatory 

effect of adrenaline has now also been demonstrated in vivo in man 

(Gerich, Karam and Forsham'1973), and in vitro in the perfused pancreas 

of the dog(Iversen 1973), and it has been suggested on the basis 

of studies such as those of Luyckx and Lefebvre (1974) on forced 

swim in rats that glucagon is primarily secreted in response to 

conditions of stress or exercise, and that the stimulatory effect 

of hypoglycaemia is mediated via the adrenergic sympathetic 

system. However, both in the present studies and in those of 

Chesney and Schofield (1969), no significant effect of adrenaline 

on glucagon secretion by lean mouse pancreas in vitro could be 

demonstrated, and the fact that a large effect was obtained in 

the obese mouse suggests very strongly that Any effect of adrenaline 

on glucagon secretion is secondary to its effect on insulin. 

Walter, Dudl, Palmer and Ensinck (1974) also showed that administration 

of adrenergic blocking substances did not modify the glucagon 

responses to insulin-induced hypoglycaemia, and concluded that the 

augmented glucagon release observed in man during starvation or 

after hypoglycaemia is not significantly regulated by the adrenergic 

nervous system. 

In addition to the work on diabetic patients and 

streptozotocin-induced diabetes in rats, several workers have 

obtained evidence for an impairment in the control of glucagon 
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secretion in genetically diabetic animals. Laube, Fussganger, Pfeiffer 

and Maier (1973) found no depression in glucagon secretion following 

a high glucose stimulus in the isolated perfused pancreas of diabetic 

mice, although the response to arginine was normal. Frankel, Gerich, 

Hagura, Fanska, Geritsen and Grodsky (1974) found that the pancreas 

of genetically diabetic Chinese hamsters also showed impaired 

suppression of glucagon in response to glucose, resulting in a 

decreased insulin/glucagon molar ratio, and supporting the idea that 

both the otand 	cells of the islets become insensitive to glucose 

in diabetes. The present results indicate clearly that an opposite 

situation exists in the obese mouse, which shows a greater 

susceptibility to the action of glucose in suppressing glucagon 

secretion which is clearly insulin-dependent. The increased response 

to :adrenaline, which simultaneously prevents the release of the 

otherwise enormous amounts of insulin secreted by the obese mouse 

pancreas, provides further evidence for the controlling role of 

insulin in this process. It is net yet completely clear, however)  

whether insulin deficiency is the only factor responsible for the 

hyperglucagonaemia of human diabetics. Unger, 7.,ladison and Muller 

(1972) were unable to demonstrate the restoration of 0(  cell 

responsiveness to hyperglycaemia in diabetic patients even after 

insulin infusions which increased plasma insulin to 1200 pU/m1., 

and recent work by Hahn, Ziegler and Mohr (1974) showed that in 

incubated rat islets inhibition of glucagon secretion was not 

always associated with increased insulin secretion, and concluded 

that provided there is no absolute lack of insulin, glucagon 
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secretion is regulated independently. 

There is as yet no consensus amongst workers on obesity 

in humans as to the effect on plasma glucagon. Paulsen and 

Lawrence (1968), working with children, and Kalkhoff, Natute and 

Gossain (1972) both observed increased glucagon levels in obesity, 

but in addition to thu work of Wise, Hendler and Felig (1972), who 

observed a decreased response to alanine in obese subjects, Schade 

and Eaton (1974) recently found both decreased basal values and 

a smaller response to intravenous arginine in their subjects. The 

only report to date on glucagon secretion in obese mice is that 

of Laube, Fussganger and Pfeiffer (1974), who found higher levels 

using the perfused pancreas, but it is not clear whether the mice 

used were also diabetic, unlike the results on human subjects" 

all of whom were diabetic. The present results would indicate 

that in non-diabetic obese mice there is a small decrease in 

glucagon secretion which is however secondary to the increased 

insulin secretion and readily reversed by reduction of the 

prevailing insulin concentration, and also , to a lesser extent, 

by exposing the islets to a low glucose concentration. Although 

the relative importance of amino :acids, -glucose, hormdnal'grid*s 

nervous intlueneea on'thcontrol.of glucagon secretion in the 

normal state remainsto be elucidated, the present results show 

clearly how in an abnormal situation it is possible for one of 

these influences to assume an over-riding control, and a similar  

situation could well acc&unt for some of the manifestations of 

obesity in man. 
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GENERAL CONCLUSIONS 

The present results indicate clearly that the obese mouse is 

characterized by a pancreatic abnormality manifested in increased 

secretion of insulin, particularly in response to glucose, and that 

this abnormality persists on diet restriction and weight reduction. 

Many of the other differences between lean and obese mice found in 

this work, such as the greater sensitivity og glucagon secretion to 

glucose inhibition and adrenaline stimulation in the obese mouse, 

rar&Probably dependent on this primary hypersecretion of insulin. 

The phenomenon of insulin resistance has not only been found to disappear 

on diet restriction of obese mice (Batt and Lialhe 1966, Chlouverakis 

and White 1969), but "Mahler and Szabo (1971) also found that suppression 

of pancreatic islet hyperplasia by carefullt graded doses of alloxan 

also restored insulin sensitivity, and kl'enuth, Przybylski and 

Rosenberg (1971) conclude that insulin resistance is not likely 

to be the basic genetic abnormality in these mice, and that the 

obesity is initiated by a combination of hyperinsulinaemia and 

hyperphagia, either causally related or both due to the same 

hypothalamic disturbance.Insulin resistance could then develop as a 

consequence of the increased size and lower insulin sensitivity of the 

adipocytes, as:' found by Abraham 1l973), and this would further augment 

the hyperinsulinism, so that the final outcome is a diabetes—like 

condition. 

he increased response to glucose observed in the in vitro 

insulin secretion studies and the increased glucose dependence of 

the insulinogenic effect of arginine suggest that the blood glucose 

levels of the obese mouse may well be important in mediating the 
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abnormality. One possibility is that tht "glucostatu in the ventro- 

medial nucleus of the hypothalamus is set to a higher glucose level 

in those mice. Effective glucose metabolism within this nucleus normally 

elicits a response pattern characterized by decreased food intake and 

reduction of pancreatic islet hyperplasia, and electrolytic lesioning 

or selective accumulation and destruction of it by gold thioglucose 

has been shown to cause hyperphagia, obesity and islet hyperplasia 

in mice by Coleman and Hummel (1970). Frohman, Bernardis, Sellitz.. and 

Burck (1969) obtained the same effects in rats and showed that they 

were all preceded by hyperinsulinaemia, strongly supporting a direct 

role of the hypothalamus in the normal regulation of islet cell function. 

The central role of glucose in promoting islet hyper-responsiveness in 

obesity is shown by the work of Malaisse, Malaisse-Lagae, Lemonnier 

and Mandelbaum (1969), who found no increase in insulin secretion in 

rats rendered obese by a high-fat diet alone,corresponding to that in 

rata fed a high carbohydrate diet, and a similar dependence on diekary 

carbohydrate for the restoration of the insulin response to glucose 

after starvation was noted by Grey, Goldring and Kipnis (1970). 

There has been much speculation as to whether the insulin 

hypersecretion in obese mice may be mediated by another hormonal 

abnormality, possibly itself due to the proposed hypothalamic lesion, 

and Mahler (1974) has recently reviewed the various theories. It has 

been sua;ested that increased levels of either growth hormone or 

corticosteroids could promote islet hypertrophy and hyperplasia 

similar to those seen in obese mice, but recent measurements of crowth hormone 

by Roos, Martin, Westman-Naesor  and Hellerstrom (1974) and corticosteroids 
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by Naoser (1974) indicate that, although slightly elevated levels 

were found in obese mice at certain ages, the differences were 

insufficient to account for any major abnormalities. The present 

results show that both glucagon and adrenaline may be involved in 

mediation of the excess insulin response, but the sizes of these -

effects, tdigether with the fact that glucagon secretion appears 

to be very largely under the control of insulin in the obese mouse, 

argue against this. A further possibility is the existence of an as 

yet unidentified pancreatic hormone which regulates glucose and lipid 

metabolism and deficiency of which results in the obesity of the 

ob/ob mouse. Evidence for this comes from the work of Strautz (1972) 

and Gates, Hunt, Smith and Lazarus (1972), who implanted islets from 

normal mice within Eillipore chambers into obese mice and obtained 

reduction in blood glucose, weight gain, insulin production and 

insulin resistahce. This effect persisted after the insulin secretory 

and synthetic responses of the islets had been destroyed by incubation 

with streptozotocin (Gates, Hunt and Lazarus 1974), showing that it 

was independent of added insulin. 

Of major interest is the relation of the obese syndrome in 

ob/ob mice to obesity in humans. Evidence indicates that the human 

syndrome is also characterized by a hypothalamic abnormality and 

hyperinsulinaemia related to dietary carbohydrate, but Karam, 

Grodsky, Ching, Schmid, Burill and Forsham (1974) consider that the 

exaggerated insulin responses in obese subjects merely reflect the 

increased total amounts of insulin available for release at different 

glucose concentrations, the proportion released being unaltered. 
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Obesity however frequently appears as a fore-runner of adult-type 

diabetes, and it is possible that in such cases a greater sensitivity 

of the B cell to glucose or a genetic abnormality of carbohydrate 

metabolism in the B cell is the initial factor leading ultimately to 

exhaustion of insulin and the diabetic state. Perley and Kipnis (1967) 

have shown that in the obese subjects they studied the insulin response 

to a glucose stimulus was 2 to l times greater than that seen in 

controls for both diabetics and non-diabetics, and carbohydtate 

intake may therefore represent the specific stimulus initially for 

hyperinsulinaemia and ultimately for many of the manifestations of 

obesity seen both in humans and experimental animals. It is to be 

hoped that further work on the mechanisms of secretion of the pancreatic 

hormones in obese mice, and perhaps in particular their neural control, 

will lead to a specific means of controlling obesity and limiting its 

excessively widespread distribution. 
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