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ABSTRACT  

This project extends the work done on the behaviour of an 
insulin secretagogue discovered in this laboratory in perifusates 
(superfusates) of pituitaries taken from genetically obese (ob/ob) 
mice and passed over freehand-microdissected lean mouse pancreatic 
islets. The earlierwork was confirmed using an alternative system, 
perifused pancreatic pieces. 	Lean mouse pancreas was again shown 
to be more sensitive to the secretagogue than ob/ob mouse pancreas 
and less sensitive to glucose. Lean (+/+) mouse pituitaries were 
not stimulatory. 

The effect of fasting the islet- or pituitary-donor animals 
was studied using isolated islets. Fasting increased the 
sensitivity of islets, particularly those from ob/ob mice. This 
was explicable in terms of receptor modulation by effector 
concentration, and implied a high level of circulating secretagogue 	. 
i'n the ob/ob mouse. 	Later experiments confirmed the presence of 
a not necessarily identical secretagogue activity in ob/ob, but not 
+/-r, plasma. 

Fasting decreased the output of secretagogue from the 
pituitaries of ob/ob mice. This was most clearly shown by stimulating 
lean mouse islets with diluted perifusates. Secretagogue production 
could be temporarily elicited from normal lean pituitaries by 
glucose-loading the donor animals, or by the reactive hyperphagia 
following a fast. 	The secretagogue is present in the pituitaries 
of other animal models of obesity, such as goldthioglucose-obese 
mice and those fed diets rich in sucrose or fat. Hence the secretagogue 
may be a normal insulin secretion stimulus produced constitutively in 
obesity. 

Further dilution experiments have shown a gene-dosage effect 
across ob/ob, ob/+, and +/+ mice with respect to secretagogue 
levels in perifusates and plasma. The secretagogue is present 
in pituitaries from ob/ob mice as young as 3 weeks, and islets from 
these animals appear also to hyperrespond to the adult pituitary 
secretagogue. 

As regards the presumed identity of the secretagogue, antisera 
raised against 17-39 ACTH block the activity of the ob/ob secretagogue, 
when in excess. 	It is known from other work that ACTH itself does 
not stimulate insulin release from islets except in very high 
concentrations, and that 17-39 ACTH is stimulatory, while 1-24 ACTH 
is not. 	Therefore the secretagogue may be a C-terminal ACTH 
fragment, such as CLIP (18-39 ACTH). 
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A. Introduction  

(1) Introductory remarks on the Central Control of Food Intake, Obesity and  

Insulin Secretion  

It has long been known that the hypothalamus is concerned with the 

regulation of food intake. Electrical stimulation of,'or lesions in, 

parts of it can cause temporary or permanent hyperphagia and obesity, 

or lasting aphagia. Attempts to explain spontaneous human 

obesity on the basis of hypothalamic lesions have, in the main,,, proved 

unsuccessful (Davidson, Passmore and Brock (1972) p.28). Evidence has 

also accumulated of a hypothalamic control exerted : on insulin release 

from the pancreas. This control mechanism has both neural and humoral :;~ 

components. Further, obesity, clearly a sign of a disordered control 

of food intake, is always associated with abnormalities of insulin 

secretion and action, e.g. hyperinsulinaemia, insulin resistance, and 

maturity-onset diabetes. Obesity can actually be produced by induced 

hyperinsulinaemia, e.g. by deliberate insulin administration, or by 

spontaneous insulinomas, and excess weight as fat can not be gained by 

insulin-deficient animals. These experiments will be discussed in detail 

later. 

Since the hypothalamus is known to control the secretion of many 

pituitary hormones, at least one of which can be shown (at admittedly 

unphysiologically high concentrations) to be insulino tropic in vitro 

(ACTH), and another, deptivation or excess of which strikingly influences 

pancreatic insulin secretion and the response to it by other tissues 

(growth hormone), it seems possible that some of the non-neural) 

hypothalamic control of insulin secretion is mediated by the pituitary. 

In support of this, in several forms of experimentally-induced obesity 

there are clear signs of disordered pituitary function such as increased 

pituitary content of ACTH, hyperadrenocorticism and various signs of 
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disturbed gonadal function (for example genetically obese (ob/ob) mice 

show marked hypogonadism and mice rendered obese by goldthioglucose 

injection :display abnormal vaginal cyclicity). The pituitary appears also 

to be necessary for the development of obesity in ob/ob and goldthio-

glucose-treated mice. There is clearly a connection between the hypo-

thalamo-hypophysial system, insulin secretion, and food intake. 

(2) 	Localisation of Brain Centres Controlling Food Intake  

(i) 	Hypothalamic Lesioning  

In 1939, Hetherington and Ranson demonstrated that bilateral 

electrolytic lesions in the ventromedial hypothalamus (VMH) of the rat 

caused hyperphagia which led to extreme obesity. This was confirmed in 

many subsequent experiments (e.g.Anand,Dua , and Schoenberg (1955); Brobeck 

Tepperman and Long (1943); and Teitelbaum (1961)). These animals were 

extremely hyperactive immediately after the operation, but rapidly 

became quite inactive, so it was at first thought that the obesity was 

entirely due to decreased energy expenditure, or perhaps to some un-

specified metabolic disturbance. Brobeck, Tepperman, and Long (1943), .'. 

after a thorough study of these animals, concluded that the hyperphagia 

was solely responsible for the obesity. Anand, Dua, and Schoenberg 

(1955) concurred, noting that the rats showed an increased -size rather 

than number of meals. Following lesioning, the rats showed an initial 

dynamic phase of weight gain during which they consumed up to three times 

the amount of food eaten by lean controls per day. After a while, food 

intake fell to near-normal levels, and the weight stabilised, or rose 

only very slowly. This was the phase of so-called static obesity. 

Electrolytic destruction of the lateral hypothalamus produces just 

the opposite effect to destruction of the ventromedial region: aphagia 

(and adipsia).; Animals not force-fed will die (Anand and Brobeck (1951), 

Anand, Dua, and Schoenberg (1955)). Aphagia is always accompanied by 
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adipsia (Teitelbaum and Stellar(1954)) after bilateral lesions. The 

effects of these are reviewed by Teitelbaum and Epstein. (1962). 

Recovery of eating behaviour nearly always occurs if the lesioned 

animals are force-fed for a period after the operation. The recovery of 

drinking behaviour is not so certain. Interestingly, recovery of normal 

eating and drinking behaviour appears to 'follow a defined pattern. 

Firstly, only wet, highly palatable, foods are consumed. Then food 

intake and body weight are regulated on wet, palatable foods, while dry 

foods are eaten to a limited extent. Finally, with the disappearance 

of adipsia, survival is possible on dry food and water. 

Electrical Stimulation of the Hypothalamus  

The results of experiments involving electrical stimulation of the 

hypothalamus, while not entirely consistent, seem to be complementary 

to the lesioning experiments as regards eating and drinking behaviour. 

Andersson (1951) showed that, in cats and goats, stimulation of the 

lateral hypothalamus produced, not integrated feeding behaviour, but 

fragmented responses such as licking, chewing, and salivation. Delgado 

and Anand (1953) produced marked and long-lasting food intake increases 

by stimulation of the lateral hypothalamus. Wyrwicka and Dobrzecka 

(1960) showed decreases in eating after ventromedial stimulation. Eating 

typically continued long after the cessation of stimulation. 

Ventromedial stimulation may produce a cessation of eating by 

acting as a strong aversive stimulus. Krasne (1962) showed that 

stimulation of the VMH .',effective in preventing eating acts 

also as a powerful negative reinforcer in producing escape learning. 

Conversely, electrical stimulation of the lateral hypothalamus is of 

itself positively reinforcing in that an animal, e.g. a rat, 	able to 
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eating and self-stimulation cease when the ventromedial satiety centre 

is destroyed (Hoebel and Teitelbaum (1962)). 

Mechanism of the Control of Feeding and its relation to the Pathogenesis  

Reciprocal Control of Food Intake by VMH and VLH 	
of Obesity  

The complementary effects of lesions of the VMH and the ventrolateral 

hypothalamus (VLH) suggest a neat scheme for the hypothalamic control 

of food (and water) intake; the lateral hypothalamus is a feeding 

centre, while__ the ventromedial hypothalamus is a satiety centre. The 

two centres could exert reciprocal control over one another, being 

subject to the external modulation by features of the internal 

environment and by psychological factors. A great deal of evidence 

exists in support of this scheme. 	Epstein (1960) found that injection* 

of hypertonic saline (which presumably stimulates neural tissue) into 

the VMH depressed feeding. Injection of procaine (a local anaesthetic, 

expected to block nerve activity) induced eating in satiated animals. 

Injection of these drugs into the VLH produced the opposite effects - 

saline increased food intake, while procaine decreased it. Grossman 

(1960) reported increases in feeding following adrenergic stimulation 
oG 44.4 Ia,.i-c4re.0 Ile 	5. 	CC.re1;L,sr~ra s'~ i«.....far.~e'es►1 
of the same region produced an increase in drinking. The cholinergic 

and adrenergic stimulants were incorporated into solids in order to 

ensure prolonged local exposure. 

(ii) 	Evidence for this Scheme  

Yaksh and Myers (1972) were able to show the induction of hunger or 

satiety in respectively satiated or hungry monkeys by using chronically 

indwelling cannulae implanted in the brains of these animals to perfuse, 

for example, the VLH of a hungry monkey, and to show that the perfusate 

would produce feeding in a satiated recipient monkey, if perfused 

over its VLH. The donor's dietary status determined the recipient's 

response to the cross-perfusate if these perfusates were transferred 

across homologous regions of the brain. These authors found an eating- 
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inhibitory factor to be produced by the VMH. If the VLH of a hungry 

monkey was perfused, and the perfusate stored while the donor was 

fed, return of the perfusate to its VLH produced further feeding. 

Perfusates from sites at which a reperfusion could cause feeding were 

found to be very rich in noradrenaline. The blockade of food consumption 

produced by VMH perfusates lasted several hours after the perfusion 

was stopped. Myers (1969) in similar experiments, found evidence to 

suggest that the feeding-inhibitory factor from the VMH was cholinergic. 

Electrical stimulation of the VLN in monkeys rasults in the 

appearance of pancreatic, islet-stimulating activity in the jugular vein 

(Hill, Mok, Cadell, Crowne and Martin (1973)). Insulin-induced hyper-

phagia can be blocked by glucose injections into the lateral hypo-

thalamus, despite the presence of peripheral hypoglycaemia (Booth 

(1968)). Glucose, locally injected into the VLSI of rats, depresses 

food intake (Herberg (1960)). Locally injected glucose also directly 

affects the activities of single neurones in the hypothalamic feeding 

centres in a manner predictable from the scheme given above, e.g. in 

that intravenous glucose infusions decrease the firing frequency of 

ventrolateral neurones, while starvation depresses medial activity. 

The activities of medial and lateral neurones are inversely related 

(Anand, Chhina,. Sharma, Dua, and Singh (1964)). Injection of goldthio-

glucose causes hyperphagia and obesity in mice, and is accompanied by 

gold-containing lesions in the ventromedial hypothalamus, the size of 

which directly correlate with the severity of the attendant obesity 

(Deter_and Liebelt) (1964)). 

(iii) 	Alternative Proposals  

Doubts are occasionally expressed about the scheme of hypothalamic 

control of feeding as outlined above. These particularly concern the 

role of the ventromedial hypothalamus. For example, Reynolds (1965) 
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notes that while electrolytic lesions cause hyperphagia, radio-frequency 

lesions do not. Rf lesions of the lateral hypothalamus produce the 

same results (aphagia and adipsia) as electrolytic lesions. Consequently 

Reynolds suggests that there is no ventromedial satiety centre and that 

hyperphagia consequent upon ventromedial lesions is in fact due to 

heightened VLH activity caused by abnormal tissue reactions bordering 

the medial lesions; it is known that electrolytic lesions may be 

accompanied by scar tissue formation and electrode metal ion deposits. 

Hoebel (1965) failed to confirm the inability of Rf VMH lesions to pro- 

duce hyperphagia in rats, however. Both these investigators used large 

numbers of animals in their experiments, and one can only conclude that 

absolutely specific brain lesions are difficult to produce in small 

animals. Ahlskog and Goebel (1973) report that electrolytic or chemical 

destruction of the vertical noradrenergic bundle in rats results in 

hyperphagia and obesity, while damage to adjacent areas is ineffective. 

This bundle lies on the path of nerves from the midbrain to the hypo- 

thalamus, and was chosen in the light of the knowledge that drugs which 

suppress food intake, e.g. amphetamine, usually potentiate adrenergic 

or dopaminergic transmission in the brain. Glick and Stanley (1975) 

report a high correlation, in normal rats of the same age, between 

striatal dopamine/hypothalamic noradrenaline ratio and body weight, 

proposing this ratio as an index of the `set point' for body weight 

regulation. They observe that, while damage to hypothalamic noradren- 

ergic pathways produces obesity, damage to striatal dopaminergic pathways 

gives rise to subnormal weight maintenance. Hypothalamic noradrenaline 

levels are elevated in ob/ob and db/db mice, both of which show obesity 

!(Loi hK,Ottmans, and Margules (1975)). Gold (1973) suggested that damage as- 

cribed to the VMH and causing hyperphagia was in fact due to destruction of the 

ventral noradrenergic bundle, which sends few terminals to the ventromedial 

nucleus, and that he finds obesity only when these lesions overflow the 



1/MH. Stimulation of and damage to the ventral noradrenergic bundle 

are said to produce eating. Directly applied noradrenaline suppresses 

eating at night, but enhances it in the daytime (i.e. it acts contrary 

to the animal's habitual pattern of feeding, as befits an inhibitory 

centre). It may be that improved lesioning or stimulation techniques, giving 

greater specificity, together with work, whenever possible, om larger 

animals will help to resolve these difficulties. However, the evidence 

that there exist, at least within the immediate neighbourhood of the 

lateral hypothalamus, brain centres mediating hunger and satiety appears 

overwhelming. 

(iv) 	Characteristics of Obesity produced by VMH Lesioning  

The first comprehensive study of the characteristics of hypothal-

amically lesioned, obese, rats was that by Brobeck (1964). He concluded 

that fat oxidation was normal, as obese lesioned animals could with-

stand very long fasts. On fasting, the respiratory quotients of obese 

animals and lean controls were equal. If control animals were trained 

to eat as voraciously as the lesioned ones consuming whatever food 

they were given in as short a time as possible, they could be induced 

to gain weight as similar rates. These control animals also showed 

the same high (above unity) respiratory quotients on feeding carbohydrate-

rich diets that were seen in lesioned obese animals, and which were 

interpreted to mean that fat was the preferred :oxidative substrate of 

these animals, and that dietary carbohydrate is preferentially converted . 

to it, rather than being oxidised. In this connection, Frohman, Goldman 

and Bernardis (1972) showed that young rats with hypothalamic obesity 

incorporated much more 14C-labelled glucose into lipid in adipose tissue, 

liver, and muscle than did untreated control animals of the same age. 

Other studies are in agreement with this concept of lipogenesis as 

being the predominant outcome of in vivo glucose utilisation in hypo-

thalamically lesioned, obese, animals (Bray and York (1971)). 
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Inactivity is probably secondary to the obesity; alone inactivity would 

not significantly increase body weight. As the animals gain weight, the 

same level of activity would require increasing energy expenditure to 

sustain it, so activity is reduced. In any case, the total heat prod- 

uction of lesioned animals does increase as they gain weight (Brobeck (1964)). 

Teitelbaum (1961) reviewed evidence showing that lesioned animals 

were more influenced by the palatability of food, and were apparently 

less 'hungry' than are unlesioned control rats. If the caloric density 

of the food is reduced by an inert diluent such as cellulose, normal animals 

rapidly increase their food intake so as to maintain a constant body weight. 

Buthypothalamically hyperphagic rats will actually reduce their intake of 

such an adulterated food. Normal rats will also maintain their weight -

on a diet containing quinine (which has an unpleasantly bitter taste) 

whereas lesioned rats are only prepared to eat very little. Conversely 

lesioned rats will eat much more if their diet is supplemented with 

saccharin, while lean, normal rats continue to maintain their body weight 

on such a diet. It therefore appears that hypothalamically lesioned rats 

have a reduced motivation for food. Miller, Bailey and Stevenson (1950) 

showed that hypothalamically hyperphagic rats will not work as hard as 

normal rats in order to obtain food on various lever pressing schedules. 

Teitelbaum (1957) confirmed this and showed also that'food-deprived 

lesioned rats would not increase their random activity as much as would 

normal, food-deprived animals, so appearing to be less 'hungry' than 

acutely fasted normal rats. However, Hamilton and Brobeck (1964) reported. 

that lesioned monkeys would work harder for food. Teitlebaum (1961) 

suggested, in effect, that lesioning made the hypothalamus less 

sensitive than normal to factors inhibiting food intake, such as basal 

body weight, so that in the lesioned animal feeding continued until a 

much higher basal weight was established, about which relatively normal 

weight regulation occured. 
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(v) 	Nature of the Signals mediatie the Control of food Intake 

It was mentioned earlier in this section that current views on the 

control of food intake picture the hypothalamic feeding and satiety 

centres as mutually antagonistic, acting reciprocally to promote or 

diminish feeding, being subject to modulation by factors in the internal 

environment, and by psychological factors. It would be appropriate 

here to consider what these internal environmental factors might be. 

(a) 	Thermostatic Theory  

In 1948, Brobeck proposed his _so-called 'thermostatic' theory of 

food intake. This was, basically, that animals eat in order to keep 

warm, and reduce their food intake to avoid hyperthermia. It was known 

that food has a thermic effect, sometimes called specific dynamic 

action, which appears very rapidly after the onset of feeding. It was 

also known that brief exposures to high ambient temperatures depress 

food intake, while ; exposure to cold elevates it. However, it is 

perhaps more likely that animals respond to increased ambient temperatures 

by voluntary activity reduction in their efforts to prevent hyperthermia. 

Lipton (1969) showed that rats made obese by various means showed, 

relative to lean animals, increased motivation to escape an imposed 

increase in ambient temperature, and decreased activity, and observed 

that a positive correlation existed between rate of weight gain and core 

temperature after exercise. Obviously, an animal transferred from a 

cold environment to a warm one in which it may be less active now needs 

to consume less food in order to maintain its core temperature. 

If it continued to eat at its former level, it would slowly gain weight. 

The reverse would be true of an animal transferred from a hot environment 

to a cold one. That this weight gain does not normally occur is 

presumably an indication of some long-term control of food intake, 

contingent upon small changes in body weight. The thermostatic theory 

is a theory of short-term control of food intake. Other objections 



to the thermostatic theory are reviewed by Mayer (1953). For example, 

short-term food deprivation increases hunger and core temperature. 

Thyroxin increases food intake and core temperature also, while thyroid-

ectomy or antithyroid agents depress both core temperature and food 

intake. The theory cannot explain the hunger of diabetes, or that 

attendant upon insulin administration. 

(a)(i) 	Connections Between obesity and Temperature Regulation  

Genetically obese (ob/ob) mice, whichrare greatly hyperphagic, 

have a severe thermoregulatory defect in that they cannot withstand 

cold, and rapidly die if placed in a cold environment0(Davis and Mayer 

(1954)). It is tempting to speculate that the thermostatic theory may 

apply here; that thEse mice are eating in a futile attempt to keep warm. 

However, treatment with thyroxine or thyrotropin prolongs the survival 

of ob/ob mice in the cold (Davis and Mayer, (1954), and the core 

temperature is not lowered if these mice are preheated with triiodothy-

ronine (Bray and Ohtake (1976)). Additionally, lean mice made hypothyroid 

with pro,pyTthfouracilcannbt maintain normal body temperature in the cold. 

Hence it may be that this themoregulatory defect is secondary to hypo-

thyroidism. Miller, Grimble and Taylor (1977) find that exposure to 

cold produces a biphasic increase in liver protein turnover in lean 

mice, which is prevented by fasting, from which they conclude that the 

initial, rapid phase is hormonally controlled, given the availability 

of substrate. They further suggest that the reduced protein turnover 

and consequently impaired themoregulation is an additional factor 

contributing to the diminished energy expenditure of ob/ob mice. In 

any case, such drastically impaired thermoregulation is not a. feature 

of any other type of obesity, i-ncluding-that of VMH,lesioning. 

(a) (ii)'' Connections Between Thermoregulation and Food Intake  

It is certainly true that the feeding/satiety centres and the 
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• thermoregulatory centres (at which local heating causes profuse general 

sweating and local cooling produces a marked shivering: Folkow, Strom 

and Uvnas (1949))are close together in the hypothalamus and share a 

similar neurochemistry, being both noradrenergically innervated (Yaksh 

and Myers (1972)); for example, if the anterior hypothalamus of a 

heated monkey is perfused, and the perfusate passed over a normothermic 

recipient monkey's anterior hypothalamus, using push-pull callulae, the 

responses is straight-forward sweating, while, for example, perfusates 

from the lateral hypothalamus of a hungry normothermic donor will 

produce hypothermia when introduced into the anterior hypothalamus of 

a satiated, normothermic recipeint. A generalised derangement of neuro-

transmitter (catecholamine) levels in the hypothalamus, such as may be 

invoked to explain the obesity of the ob/ob mouse (Lorden, Ottmans 

and Margules (1975)) would thus account for both the thermoregulatory 

defect and some of the various endocrine abnormalities present in this 

animal. 

(b) 	Lipostatic Theory  

This was first suggested by Kennedy in 1953. It differs from the 

thermostatic and glucostatic (to be discussed in the next section) theories 

in being concerned with the long-term control of food .intake. It is often 

observed that human beings and other animals can usually go through their 

entire adult life with only minor fluctuations in body weight. Those 

who make this observation often argue that it indicates phenomenally 

accurate control of caloric input, since only a tiny systematic error 

would produce large changes in weight after a long enough time (see for 

example, the discussion in Davidson, Passmore, and Brock (1972) pp 27-28). 

Kennedy observed that there was considerable short-term variation in 

energy output, and in food intake, and proposed a simple, physiologically 
feasible way in which the body could match output with intake: by sensing 

the quantity of depot fat. Somehow, information relating to the quantity 
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of depot fat could be transmitted to the hypothalamus, giving rise to 

an error signal, which would be minimised by increases or decreases in 

food intake as appropriate. Ordinary obesity could be seen as a 'load 

error' borne by an insufficiently sensitive detector mechanism - which 

would also account for the fact that fluctuations in body weight are 

relatively larger in obese than in normal subjects (Crisp and Stonehill 

(1971)). Underweight would be due to a naturally low 'set-point'. 

(b)(i) 	Evidence for the Lipostatic Theory  

The strongest evidence in favour of this theory comes from parabiotic 

studies. Parabiosing an obese (e.g. VMH lesioned) animal with a 

normal lean littermate has no effect on the feeding behaviour of the 

obese partner (Bray and York (1971), Hervey (1969)) but the lean partner 

undereats, as though to compensate for a lipostatic signal to which the 

VMH lesioned animal is grossly insensitive. Hervey (1959) in one such 

study observed that members of a pair of rats did not interfere with one 

another's food intake, and that the efficienty of weight gain (23%) was 

unaffected by parabiosis, and that a parabiosed pair gained weight at 

exactly the same rate as a non-parabiosed pair (one of which was lesioned). 

(b)(ii) 	Sensing the Quantity of Depot Fat  

As to how the quantity of depot fat is sensed , problems arise 

owing to the microcompartmentalised state of body fat in vivo (Hervey 

1969)). A lipid- and plasma-soluble tracer is needed with a high par-

titidn coefficient in favour of fat. The rates of production and 

disposal of this hypothetical tracer must be fixed or known and be in 

equilibrium. Then the plamsm concentration would be inversely 

proportional to the volume_ofthe depot fat stores. Kennedy (1953) 

suggested -glycerol and observed that VMH lesioning does not increase the 

already elevated 	food intake in lactation, a condition, which, like 

obesity, is accompanied by high food intake and increased fat synthesis, 
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i.e. increased glycerol production and utilisation. However, the 

food-intake limiting mechanism need not be the same in these two 

conditions. Hervey (1969) suggests that (particularly adrenal) 

steroids have the solubility properties required of the hypothetical 

tracer. Steroids also have well-established effects on fat, carbo-

hydrate, and protein metabolism, and can influence body weight by 

causing food intake to alter (Hausberger and Ramsay (1959), 

Hollifield and Parson (1959)). 

(c) 	Glucostatic Theory  

This was proposed by Mayer in the early fifties (see for example 

the review by Mayer (1953)). As indicated earlier, this theory cannot 

easily account for the long-term stability of body weight in normal - 

animals, and was developed primarily to explain the relationship between 

meal frequency and blood glucose concentrations. The theory copes 

less well with considerations affecting meal size. 

(c)(i) 	Evidence for the Theory  

Mayer observed that experimentally induced increased and decreases 

of blood sugar levels correlate with small-scale increases and decreases 

of food intake. Mayer suggested that one or more glucoreceptors 

existed centrally and perhaps peripherally. The problem was that the 

effect of, for example, elevated blood glucose levels could not easily 

be studied because, once induced, they tended rapidly to normalise. 

In alloxa'nised hypophysect omised rats (where the effects on carbo-

hydrate metabolism of insulin, adrenal steroids,ACTH, and growth hormone 

do not complicate the picture) blood glucose levels raised by thrice-

daily glucose injections stayed high all day long. Feeding was 

inhibited to such an extent that death from starvation could result 

despite the presence of food in the cage. Blood sugar levels are also 

very high in diabetic hyperphagia - here the high blood sugar levels 
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may not be registered by the glucoreceptor(s) owing to membrane 

impermeability consequent upon the chronic insulin deficiency. This 

line of reasoning suggested that the rate of glucose utilisation by 

central and peripheral tissues, rather than the blood glucose level 

per se, was important in the regulation of food intake. Accordingly, 

arteriovenous glucose concentration differences (Aglucose values) were 

.measured in human subjects between arteriolar (finger) blood and ante-

cubital vein blood. Calorifically adequate diets correlated with in-

creased Aglucose values. These values decreased shortly before meals. 

Low-calorie diets were found to be associated with a rapid'decline-

intcglucose values values after meals. Antecubital Aglucose values 

of about zero were always associated with reported hunger, while A 

glucose values in excess of 15mg° were never associated with hunger. 

Similar findings applied to diabetic states, Cortisone treatement 

increased appetite and food intake, and was associated with a rise 

in blood glucose, but a decline in Aglucose. Adrenaline reduced 

food intake despite a lowering of antecubital or other peripheral A 

glucose values, perhaps because its administration was associated 

with a central (i.e. carotid-jugular)A glucose increase. Insulin 

administration had a two-stage effect: the initial fall of blood 

glucose due to increased peripheral utilization was associated with 

a brief Aglucose increase; followed by a rapid decline of Aglucose 

values as the plasma glucose fell to or below postabsorptive levels. 

This decline of Aglucose was associated with hunger. Glucagon 

administration raises blood glucose levels and Aglucose (Mayer and 

Thomas (1967)) and so suppresses hunger, except in the presence of 

ventromedial hypothalamic lesions (which suggests a possible location 

for the 	3 coveceptor) . 

Furthermore, while the levels of other nutritionally important 

substances in blood may be sensed and contribute towards the resultant 
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ingestive behaviour (substances such as free fatty acids (Hales and 

Kennedy (1964)), a glucostatic food intake control makes particular 

sense, teleologically. Carbohydrate reserves are more completely 

depleted by a brief fast than are reserves of protein or fat. Glucose 

metabolism itself influences fat and protein metabolism (Mayer and 

Thomas(1967)). Glucostatic mechanisms of food intake regulation could 

easily be subject to long-term connection by some form of lipostatic 

signal. 

(c)(ii) Evidence for a Gluco —receptor in the CNS  

The most important postulate of the glucostatic theory, that of 

the existence of one or more glucoreceptors also sensitive to insulin 

in the central nervous system (and perhaps peripherally) has 

received abundant experimental confirmation. Szabo and Szabo (1972) 

found evidence of an insulin-sensitive receptor in the CNS. They used 

four groups of rats: normal, alloxan - or streptozotocin - diabetic, 

chronic growth-hormone treated (i.e. hyperinsulinaemic and insulin-

resistant); and chronic growth-hormone treated, w10,  the hyperinsulin-

anaemia and insulin resistance partially normalised by a small dose 

of alloxan. Insulin was infused into the carotid artery, and simul-

taneously, excess anti-insulin serum was infused into the jugular vein 

to prevent the insulin from reaching the peripheral circulation. 

Shortly after the treatment was begun, hypoglycaemia was produced in 

all groups except for the chronically growth-hormone treated 

animals, including the severely diabetic and growth-hormone-alloxanised 

groups. Hence, only the insulin-resistant group failed to respond. 

On the basis of the quantities of glucose involved, the authors con-

clude that the effect of insulin on the receptor was to diminish or 

abolish, via a central action, hepatic glucose output. In a later-

study (Szabo and Szabo (1975)) these authors find that the centre can 

be inactivated by local narcosis, and that, since 2-deoxyglucose has 
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no effect on it, the centre is not dependent upon glucose utilisation. 

However, other centres must exist that are dependent upon glucose 

utilisation, since Sakata, Hayano and Sl.ovitts (1963) infused 2-

deoxyglucose into the carotid arteries of rabbits and were able to 

produce hyperglycaemia. This was due to adrenal activation, and was 

prevented by adrenalectomy. Other workers have obtained hyperglycaemia 

by the central administration of 2-deoxyglucose (e.g. Frohman, Miller 

and Cocchi (1973), and Miller, Frohman and Cocchi (1973)). Again 

the response is reduced by adrenalectomy. Anand, Chhina, Sharma, Dua 

and Singh (1964) recorded electrical activity from single neurones 

in the surgically exposed lateral and medial hypothalami of anaesth-

etised dogs, and from cats with stereotaxic probes in these areas. 

Starvation reduced the frequency of spikes from the VMH, which was 

reversed on feeding. The frequency of VLH spikes was reduced by 

intravenous glucose injections. This was reversed by intravenous 

insulin injections. The activities of neurones in the medial and lateral 

regions were found to be inversely related, and to correlate with 

Aglucose, and not with plasma glucose. Glucose injections into the 

lateral hypothalamus were found to block insulin-induced hyperphagia, 

despite the concurrent hypoglycaemia (Booth (1968)). Glucose inject-

ions into the lateral ventricles of rats were found to reduce apparent 

hunger (Herberg (1960)). Goldthioglucose, but not other goldthio -

sugars, -produces ventromedial lesions and obesity with hyperphagia 

in mice (Deter and Liebelt (1964)). The toxicity can be enhanced 

by concurrent glucose administration, as can the resultant obesity 

(Soyka (1966)). This suggests that the VMH -glucoreceptor actively 

metabolises glucose, and that this is necessary for the development 

of GTG lesions. In support of this interpretation, GTG has a reduced 

effect on the - presumably malfunctioning - VMH of genetically obese 

(ob/ob) mice, despite their hyperglycaemia, when compared to normal 

animals (Baile, Herrera, and Mayer (1970)). The reduced effect may be 
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due to insulin resistance of the receptor, or to a reduced rate of 

glucose metabolism. In otherwise normal animals, the larger the lesion, 

the more severe the resultant obesity (McBurney, Perry and Liebelt (1963)). 

Finally, Chieri, Farina, 	Halperin and Basabe (1975) and Chieri, Basabe 

and Farina (1976) showed that an infusion of glucose into the carotid 

artery of dogs produced a marked biphasic pattern of insulin release 

from the.pancreas. Infusion of an identical solution into the jugular 

vein provoked a much smaller release of insulin. Saline in the • 

carotid artery was without effect. This is clear evidence for a 

central glUcoreceptor, but how its effects are mediated is a topic 

for a later section. 

(4) 	Influence of the hypothalamus and.the pituitary on insulin secretion • 

(i) 	The Hypothalamus, Insulin Secretion and Obesity  

As has already been established, the hypothalamus contains centres con- 

cerned with the control of food intake. One way in which the hypothalamus 

could therefore influence insulin secretion would be to increase or 

decrease food intake. Obesity, a likely consequence of prolonged 

hyperphagia, is almost invariably accompanied by some degree of 

hyperinsulinaemia (Bray and York, (1971)), no doubt partly due to a 

continuous stimulation of insulin release by absorbed foodstuffs and 

humoral factors from the gut. However, much evidence exists to suggest 

that the hypothalamus, perhaps via a pituitary secretion, exerts a 

rather more immediate control upon pancreatic insulin release than 

just this. In 1964, Hales and Kennedy showed that bilateral VMH des- 

truction led to hyperinsulinaemia. Han, Yu, and Chow (1970) found 

that changes in the morphology of pancreatic islets occurred within a 

few days of bilateral VMH lesioning in rats. The islets became larger 

and more granular than those of share-operated controls. This occurred , 

even after hypophysectomy. All groups of animals were fed equal 

quantities of food by stomach tube. Lesioned rats also developed a higher 



percentage carcass fat content than sham-operated controls. The 

histological changes were consistent with increased rates of insulin 

production, but since the rats were fed by stomach tube, neither the 

calorific content of the diet, nor the manner in which it was 

consumed could constitute intervening variables. York and Bray 

(1972) showed that intact: S cells are needed for the full development 

of hypothalamic obesity. ;nature female rats were bilaterally lesioned 

in the ventromedial hypothalamus and allowed unrestricted access to 

food and water. Their weight gain was unaffected by hypophysectomy 

or adrenalectomy. Streptozotocin-treated, :Lesioned, obese rats lost 

weight until supplemental insulin was given, while food intake and 

body weight of lesioned ratsincreased with increasing doses of 

supplemental insulin. Streptozotocin treatment prior to lesioning 

prevented weight gain. The authors suggest that the failure of other 

workers to find that partial pancreatectomy prevented weight gain 

after lesioning may be due to_hypertrophy of the remaining tissue, 

which readily occurs. Administration of excess insulin over long 

periods is known to cause hyperphagia and obesity (MacKay, Calloway, 

and Barnes (1940), May and Beaton (1968)). Further evidence of a 

connection between the hypothalamus and insulin secretion/obesity is 

provided by experiments in which insulin release could be produced 

by electrical stimulation of the VLH (Steffens, Mogenson, and 

Stevenson (1972)) or inhibited by VMH stimulation (Frohman and 

Bernardis (1971)). Both these groups of workers used rats in.their 

experiments. 

In order to dissociate hyperphagia from the hyperinsulinaemia 

attendant on bilateral VMH lesioning, Martin, Konijnendijk, and 

Bouman (1974) trained rats to consume subnormal quantities of food 

(12g/day) in two lhr -long gorging sessions per day. It is normal for 

lesioned rats given a limited quantity of food to eat it all at 
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once, and it is known that this pattern of feeding can, of itself, 

influence body weight and adiposity (Hollifield and Parson (1962), 

Leveille and Hanson (1965)). Then half of the trained rats were 

lesioned, and the remainder sham-operated. The 'gorging' feeding 

pattern was continued for 48 hours post-operatively. The plasma 

insulin response to intravenous glibenclamide (a sulphonylurea) was 

greater in the lesioned than in the sham-operated, pair-fed control 

animals. The lesioned rats showed also an initial hypoglycaemia, with 

s-cell degranulation and a decreased pancreatic insulin content. 

These signs were all aggravated by ad-lib feeding, which also produced 

a-cell enlargement. Fasting blood glucose was lowered in the 

lesioned animals, and there was histological evidence of islet 

proliferation. Hence, it appears that VMH lesioning per se makes 

islets hyper-responsive to glucose, and possibly to other stimulants 

of insulin release, thus contributing to the hyperinsulinism and 

eventual obesity. Rohner, Dufour, Karakash, Le Marchand, Ruf and 

Jeanrenaud (1977) reported an immediate (within minutes) effect of 

VMH lesions on glucose-induced insulin release in rats. Basal secretion 

was not altered, but there was a marked hyperglycaemic 'rebound'. Very simi- 

lar results were obtained, on a longer time scale, by Hustvedt, LOvO. and 

Reicht (1976) who also took steps to rule out the effect of 

hyperphagia alone. These authors found a feeding-induced hypersecretion 

accompanied by hypoglycaemia. They also reported hypertriglyceridaemia 

relative to controls, even after acute fasting, together with increased 

protein catabolism (which could play a part in the increase of carcass 

fat content occasionally reported to occur in lesioned animals even 

when pair-fed with lean animals, and thus without large overall weight 

gains - in other words, in producingthe inherently greater rates of 

lipogenesis and of efficiency of weight gain in lesioned animals: 

see for example, Han, Yu, and Chow_ (1970) and Frohman,Goldman and 

Bernardis (1972)). 
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The preceding experiments are typical of those concerning the 

effects of ventromedial lesioning on the pancreas and insulin 

secretion. They present a reasonably consistent picture of hypo-

thalamic obesity as being a result of a lesion-induced secretagogue 

hypersensitivity, with the resulting hyperinsulinaemia and hypoglycaemia 

leading respectively to augmented lipogenesis and hyperphagia as a 

result of a low o glucose. 

Neural Effects of the Hypothalamus on insulin Secretion  

The pancreases of all mammals are richly supplied with adrenergic 

and cholinergic nerve endings. Many neurones terminate directly on, 

or very near to, islets (Woods and Porte, (1974)). All the above 

phenomena relating to augmented insulin secretion could be mediated 

by humoral factors from the hypothalamus, or by direct innervation. 

In the latter case this could involve nervous stimulation of islets 

themselves, or neurally-elicited release of insulinotropic hormones, 

e.g. from the gut. Purely psychological factors can, in human beings, 

at least, produce significant stimulation of insulin secretion (Parra€-

Covarruhias, Rivera-Rodriguez, and Almaraz-Ugalde (1971)). 

Obese subjects were, in this study, invited to look at and smell 

an appetising meal, but were not allowed to consume it. Insulin release. 

can also be stimulated by conditioning procedures in animals 

(Woods, Hutton and Makows (1970)). Cholinergic (vagal) stimulation 

increases insulin release, while adrenergic stimulation (often 

mediated by the release of adrenaline from the adrenal medulla) 

suppresses it (Woods and Porte (1974)). For example, the hypergly-

caemia caused in rabbits by a cephalic 2-deoxyglucose infusion is 

prevented by adrenalectomy (Sakato, Hayano and Slovitts (1963)). 

Woods and Porte conclude that, while vagal stimulation can, in 

adrenalectomised animals, produce a large stimulation of insulin 

secretion, section of the vagus leads to relatively few abnormalities. 
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Further, the bulk of the physiologtcOly Z port4nt sympathetic con-

trol of insulin release is mediated via the adrenal medulla, i.e. 

partially humorally, and not by the direct pancreatic nerves. A number 

of investigators find, for example, that the hyperglycaemia produced 

by infusing insulin into the cisternum magnum of various animals is 

prevented by adrenalectomy, but the experiment is not altogether satis-

factory, since leakage of insulin can occur, so negating the effect 

of the adrenalectomy. These experiments are reviewed in Woods and Porte 

(1974). Hommel, Fischer, Retzlaff and Knofler (1972) find that, 

of the two phases of physiological insulin release in response to a 

meal, only the second phase occurs if the mouth is bypassed, while only 

the first phase occurs in sham-feeding the animals (dogs). The authors 

conclude that the first phase is exclusively neurogenic. 	Again here 

there is inadequate separation of purely neural and partially humoral 

(e.g. the effect of neurogenic gut hormone release) stimulation. 

It is probably the case that, physiologically, stimulation of the pancreas 

is largely humoral, produced by glucose, gut hormones, and possibly 

humoral agents from the hypothalamo-hypophysial'{system (see later), 

while inhibition of insulin release is mediated substantially by neuro- 

genic release of adrenaline from the adrenal medulla, and is particularly 

important in basal conditions. Woods and Porte (1974) observe that the 

a adrenergic blocking drug phentolamine increases insulin levels in 

the plasma of many species, and also increases the response to normal 

insulin secretagogues. A contrary view emerges from the work of Inoue, 

Bray and Mullen (.1977), who used sufficient streptozotocin to destroy 

all of the R cells in the pancreases of a group of highly inbred rats, 

and then implanted,in their kidney capsules, pieces of pancreatic 

tissue from 16-17 day old foetuses. After 3 weeks of normoglycaemia, 

the implanted animals were shown to have normal glucose tolerances. 

Then implanted animals and sham-operated controls were subjected to bilateral 

VMH lesioning. The implanted animals ate much less and gained much, less weight 

than did those with normal pancreases. The authors concluded that neural 



influences were of over-riding importance in  producing the abnormalities 

of insulin secretion that are required for the development of obesity 

in VMH-lesioned animals (York and Bray (1972)). However, the implanted 

animals may simply have had insufficient insulin reserve, i.e. could not 

produce enough insulin, to sustain a large increase in weight, although 

they had sufficient capacity to maintain normal blood glucose levels, 

and had a normal glucose tolerance. 

(iii) 	Humoral Factors from the Hypothalamus and Insulin Secretion  

There is ample evidence that humoral agents directly released by the 

hypothalamus can directly influence insulin release. In some cases 

these experiments do not distinguish between hypothalamic and hypophysial 

agents.,Idahl and Martin (1971) were able to elicit stimulation of 

insulin release from microdissected mouse islets with perifused pieces 

of ventrolateral, but not with ventromedial, hypothalamus. :Ether 

anaesthsia in the donor mice abolished the effect, which was not 

affected by feeding or fasting the animals. Hill, Mok, Cadell, Crowne 

and Martin (1973) reported in vivo and in vitro stimulation of 

insulin secretion by perfusates of monkey ventrolateral hypothalamus. 

They also reported islet-stimulating activity in the jugular vein of 

monkeys after electrical stimulation of the VLH. The same group 

(Martin, Mok, Penfold, Howard and Crowne (1973)) used separated 

ventrolateral and ventromedial hypothalami: from rats. Extracts of 

these stimulated release of insulin from incubated collagenase-

extracted rat.: islets only in the case of the VLH. The authors passed 

their active extracts down Sephadex G-100 columns and showed that the 

elution volume of the extracted activity was equal to that of the 

insulin-releasing activity they find in undiluted rat plasma. This 

plasma activity was removed by VLH lesioning of (tube-fed) rats; 

plasma was sampled 48 hr after lesioning. Hill., Mayes, Dibattista, 

Lockhart-Ewart and Martin (1977) found both insulin-stimulating 
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and (in vitro) apparently inhibiting factors in perfusates of monkey 

VLH obtained by push-pull cannulation. These were tested by injection 

into the peripheral circulation of other monkeys, or added to incubation 

media containing collagenase-extracted rat islets. 	Attempts to 

correlate stimulation with feeding and fasting were inconclusive, and 

raising or lowering the glucose concentration in the perfusion buffer 

was ineffective. No in vivo inhibition of insulin release could be 

demonstrated, but the latency of the peak of insulin secretion pro-

duced by injection of the perfusates varied, but was always less than 

30 minutes. Glucagon release was also stimulated in vitro. 

Chieri, Farina, Halperin  and Basabe (1975), as mentioned earlier, 

showed that an intracarotid glucose infusion in dogs led to a 

classic biphasic pattern of insulin release, while infusion into the 

jugular vein produced only a slow rise and fall of insulin levels. 

Vagotomy reduced the effect of the intracarotid infusion and abolished 

that of the intrajugular infusion. Hyper- or iso-tonic saline was 

completely ineffective. Two features of this experiment deserve emphasis; 

that there was no change in the levels of insulin and glucose 

in the peripheral blood during the course of the experiment, and that 

the results strongly suggest a humoral factor mediating at least

part of this insulin-secretory response. This factor could have come 

from the pituitary or from the hypothalamus. 

Lockhart-Ewart, Mok and Martin (1976) tried out a number of purified 

hypothalamo-hypophysial peptides and a crude hypothalamic extract 

on incubate1 rat islets. TRH, LHRH, and substance P had no effect. 

Somatostatin decreased the rate of glucose-stimulated insulin release. 

and also decreased the output of insulin into the portal vein of 

intact rats. The crude extract (which contained nine ninhydrin-positive 

bands on paper electrophoresis at pH 6.5, of which only one was active) 

increased both the rate of glucose-stimulated insulin release in vivo 
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and in vitro. Interestingly, these authors found a larger percentage 

stimulation after long (4 hr) preincubations of their islets, and 

attributed this to collagenase damage of the receptors. Moltz, Dobbs, 

McCann and Fawcett (1977) in a similar study, tested for insulin-

releasing activity media in which various parts of the brain had been 

incubated, or pure neurotensin, substance P, dopamine, or noradrenaline. 

VMH. incubates blocked insulin release from rat islets, and increased 

glucagon release, as did the catecholamines, substance P and neurotensin. 

This factor is unlikely to be somatostatin, which blocks insulin and 

glucagon release. 	The VMH agent was resistant to ferricyanide 

oxidation, from which the authors concluded that it was not a catecholamine. 

Neurotensin and substance P were not detectable in the VMH incubate. 

VLH and cortical incubates were, surprisingly, without effect on 

insulin release. 

(iv) 	Interrelationships of the Hypothalamus and the Pituitary  

The secretion of pituitary hormones is at least partly under hypo- 

_ 	thalamic control. The adenohypophyseal hormones, e.g. TSH and LH, 

are released in response to hypothalamic 'local hormones' or releasing 

factors (Guillemin (1971)). The neurohypophyseal hormones, e.g. 

oxytocin and vasopressin, are synthesised in the supra-optic and 

paraventricular nuclei of the hypothalamus and migrate as granules, 

in association with specific neurophysin carriers, down the nerve fibres, 

accumulating at the nerve endings in the neurohypophysis (White, Handler 

and Smith (1975)). The hypothalamus-can thus mediate the effects of 

higher brain centres on hormone release, e.g. the stress-induced 

secretion of ACTH by the pituitary (Liddle, Island and Meader (1962)) 

as well as obtaining feedback information in the circulating blood 

and adjusting pituitary secretion accordingly, e.g. the inhibitory 

effects of oestrogens on FSH secretion (Savard, Marsh-:,and Rice (1965)). 

The evidence reviewed above seems also to suggest that humoral factors 



from the hypothalamus may in some circumstances be found in appreciable 

quantities in the systemic circulation. However, there are compelling 

reasons for supposing that part of the insulin secretory response to 

a meal or to glucose ingestion, i.e. non-basal insulin secretion, is 

due to the secretion of humoral factors by the pituitary. ACTH, 

albeit at unphysiologically high concentrations, directly stimulates 

insulin release from pancreatic islets (Schatz, Maier, Hinz, Schleyer, 

Nierle and Pfeiffer (1973); Beloff-Chain, Edwardson and Hawthorn (1975)), 

while pituitary levels of ACTH are known to be greatly elevated in obi 

ob mice. (Edwardson and Hough (1975)). Additionally, ACTH-secreting 

tumours can produce obesity (Mayer, Zomzely and Furth (1956)). 

Growth hormone, while without direct effects on the pancreas (Schatz, 

Maier, :,Hinz, Schleyer,Niēr.le and Pfeiffer (1973)) causes insulin 

resistance, hyperinsulinaemia and hyperglycaemia if given chronically 

in high doses (Daūghaday and Kipnis (1966)). Removal of growth 

hormone, e.g. by hypophysectomy, produces a tendency to hyperrespond 
• 

with insulin secretion to small variations in plasma glucose levels 

and a tendency to hypoglycaemia (Randle and Young (1956)). Hypophysectomy 

also reduces insulin biosynthesis in islets and lowers the sensitivity 

of the s cell to glucose when tested in vitro (Schatz, Katsilambros, 

Hinz, Voight, Nierle and Pfeiffer (1973)). Plasma insulin-like activity 

in mammals is reduced by hypophysectomy or hypopituitarism,.and growth 

hormone supplementation in large doses can overcome these effects. 

Peptides extracted from porcine, pituitaries have been shown to stimulate 

insulin secretion by perfused rat pancreas (Fussganger, Schleyer and 

Pfeiffer (1973)). Chieri, Basabe,and Farina (1976) showed that the increase 

of insulin secretion produced by intracarotid infusions of glucose, 

and reported in their 1975 paper, was substantially reduced or abolished 

by hypophysectomy. They term thefactor the existence of which is 

suggested by these experiments, !. insulinotrophine`. The insulin release 
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was not primarily due to systemic hyperglycaemia: infusion through 

the pancreatico-duodenal artery of a glucose solution equal in 

concentration to the highest blood glucose level observed in the 

jugular vein evoked no pancreatic response. Further, infusion 

of jugular plasma from intact dogs receiving cephalic glucose into 

the pancreatico-duodenal artery of recipient dogs rapidly evoked 

a rise of insulin concentration in the pancreatico-duodenal vein. 

Plasma from hypophysectomised or saline-infused dogs was ineffective. 

Cyproheptadine, a potent antiserotonin and antihistamine compound 

known to stimulate appetite in man and rats, perhaps due to a drug-

induced hypoglycaemia (Drash, Elliott, Langs, Lavenstein and Cooke 

(1966)), produces specific localised a cell lesions in rats. 

However, it should be noted that an effect of cyproheptadine on 

fasting blood glucose levels in man-is not always observed (Stiel, 

Liddle: and Lacy (1970)). 	In any case, in rats, where (3 cell 

lesions are found, there is a depletion of secretory granules and exces- 

sive dilatation of the rough endoplasmic reticulum. 	These effects. 

are prevented by hypophysectomy, in rats (Richardson, 1974). These 

histological changes are similar to those in, for example, the TSH-

producing cells of the adenohypophysis following thyroidectomy, 

and are believed in that case to represent chronic overstimulation 

by hypothalamic TRH. The author suggests that cyproheptadine may 

cause overstimulation of pancreatic -s  cells by a pituitary humoral 

factor, or by a hypothalamic factor gaining access to the circulation 

via the pituitary. 	This .'aises the possibility that poorly con- 

trolled or uncontrolled release of an insulin secretagogue from 

the pituitary may play an important part in the pathogenesis of 

some obese states, and may contribute to the vicious circle of 
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hyperphagia and hyperinsulinism characteristic of such states. The 

histological appearance of ob/ob mouse islets, for example, is 

characterised by massive enlargement, proliferation, S cell degranu-

lation; all consistent with excessive stimulation by some unknown 

agent (Bray and Y ork (ī1971)). 

(v) 	Hypophysectomy and Weight Gain  

Hypophysectomy prevents the weight gain of ob/ob mice (Bray and 

York. (1971)), goldthioglucose-obese mice (Redding, Bowers andSchally 

0966)), but not other forms of obesity such as that seen in VMH 

lesioning (Bray and York (1971)). 	This is a little strange in 

View of the fact that GTG produces hypothalamic lesions and thus GIG 

obesity is probably equivalent to hypothalamic obesity (Deter 

and Liebelt (1964), Bray and York (1971)). It is possible (the 

authors do not report having checked this) that the hypophysectomy 

procedure produced hypothalamic damage tending to oppose the effects 

of the GTG administration. The brains of mice are very small, and 

much of the hypothalamic obesity work has been done in rats. No 

doubt, particularly in mice, damage to one part of the brain speci-

fically is extremely difficult to produce. 

5). Non-cephalic plasma Insulin Secretatogues  

It has been established above that blood may occasionally contain 

substances of hypothalamic or pituitary origin capable of stimulating 

insulin secretion, in the presence of at least physiologically basal 

glucose concentrations. Many other substances in blood can produce 

a stimulation of insulin secretion. The most important determinant 

of insulin secretion is undoubtedly the concentration of glucose in 

the blood perfusing the pancreas. McIntyre, Holdsworth and Turner 

(1964, 1965) drew attention to the fact that in man, hyperglycaemia 

produced by oral glucose was a more potent stimulant of insulin 
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release than intrayenously injected glucose. 	Crude extracts of 

intestinal mucosa improve intravenous glucose tolerance (Dupre (1964)). 

Glucagon is a potent stimulus to insulin secretion (Samols., 

Marri and Marks (1965)). Amino acids, particularly o-r inine, also 

stimulate insulin release directly, and again the effects of oral and 

intravenous administration are different (Dupre, Curtis, Waddell and 

Beck C19681). In view of these oral/intravenous differences, it is 

interestiml to note that the gastrointestinal tract is very rich in 

peptides with demonstrable hormonal activity (see Marks and Samols (1970); 

Grossman (1974)). Many of these have been shown to be capable of 

stimulating insulin release directly in vivo and in vitro, although 

it is an open question as to whether they are physiologically important. 

(i) Secretin..  

Secretin., a 27 amino-acid long peptide,promotes secretion of water 

and bicarbonate by the exocrine pancreas (Jorpes and Mutt (1966)). 

It is readily extractable from jejunal. and duodenal mucosa 

(Krawitt, Zimmerman and Clifton (1966))and is secreted in response 

to acidification of these mucosae (Sum and Preshaw`.(1967)). These 

workers showed that intraduodenal glucose does not affect insulin 

secretion. 	Pfeiffer, Telib, Ammon, Melani and Ditschunei-t (1965) 

showed tnat secretin would increase insulin secretion from rabbit 

pancreatic slices. 5 pg/ml was as effective as 200 mg% glucose. 

However, Buchanan, Vance, Morgan and Williams (1968) and Lazarus, 

Shapiro and Volk (1968) failed to confirm this respectively 

with isolated islets and with ;pieces of rabbit pancreas. 	Turner 

(1969) found stimulation of rabbit pancreas pieces by crude, but 

not by pure, secretin;  in the presence of high glucose concentrations. 

In vivo, some workers (e.g. Nelson, Rabinowitz and Merimee (1967), 

Dec,ērt (19681) observe large and significant rises in plasma insulin 



after infusing secretin, including pure secretin, while others do 

not (e.g. Boynes, Jarrett and Keen (1967), Mahler and Weisberg (1968)). 

Duodenal acidification has likewise been reported to increase peri-

pheral insulin levels, using HC1 (Dupre, Curtis, Waddell and Beck (1969)) 

but is usually unsuccessful (Boyns, Jarrett and Keen (1966), Boyns, 

Jarrett and Keen (19.67), Mahler and Weisberg (1968)). 	Using ob/ob 

trod :.+/-1- Bar Harbour mouse islets, isolated by freehand microdissection, 

Best, Atkins and_Matty (1975) find that both pure and crude secretin 

stimulate insulin release from normal and ob/ob mouse islets. 

However, there is clearly conflict in the literature on the effects 

of secretin on insulin secretion. 	Marks and Samols (1970) conclude 

that, in vivo, it probably only augments the insulin secretion re-

sulting from a mixed meal containing fat and protein as, well as 

carbohydrate. 

Glucagon and Enteroglucagon  

Pancreatic glucagon, produced by the a2  cells of the islets, 

stimulates insulin release by intravenous injection. A similar 

hormone is produced -in the stomach and upper intestinal tract of 

most mammalian species (Samols, Main:. and Marks (1965 ), Samols, 

Main, Tyler and Marks (1965 )). The cells producing this 

'enteroglucagon' . 'look like pancreatic a2  cells. 	There are 

two major fractions: one the size of pancreatic glucagon (MW about 

3500), and, the other twice as large, and more abundant (Sasaki, 

Faloona and Unger (1974)). 	This may be a precursor, and is 

about twice as active as pancreatic proglucagon, and is strongly 

glycogenolytic. Crude preparations are insulinogenic and lipolytic. 

There may actually be a whole family of enteroglucagons. There has been 

much confirmation of the in vivo and in vitro insulinogenic 

effects of pancreatic glucagon (Marks and Samols (1970)). Plasma 
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immunoreactiye glucagon leyels rise after glucose loading_even 

In depancreatectomised men and dogs (Buchanan,' Vance, Aoki and 

Williams (19967)). Tt is believed that these and other effects of 

oral glucose on glucagon release are entirely due to the hyper-

glycaemia. 

(iii) Cholecystokinin-Pancreozymin  

'Cholecystokinint and `pancreozymins are now known to represent 

two biological activities of the same molecule, and will be referred 

to as CCK-1Z, This was once thought to be two different compounds 

(:Mutt and Jorpes (1967)). The source and distribution of CCK-PZ 

in the body appears to be identical to that of secretin, but they 

are easily separated, CCK-PZ is a polypeptide containing 33 amino 

acids (Jorpes C196811. Tts release is stimulated by the entry of 

proteins, polypeptides, fats, fatty acids and amino acids into the 

duodenum. It is not affected by pure solutions of simple sugars 

(Sum and Preshaw (1967)). CCK-PZ reliably stimulates insulin se-

cretion in vivo (Marks and Samōls (1970)). Best, Atkins and Matty 

(1975) found that pure and crude CCK-PZ stimulated insulin release 

from ob/ob and +1+ mouse islets, especially the former, but never-

theless the tnrvitro effects of CCK-PZ on insulin release are not 

clear. 	For example, Lazarus, Voyles, Tanese, Derrin and Recant 

(1968) found CCK-PZ ineffective instimulating insulin release from 

rat pancreas pieces. Pfeiffer and Telib (1968) (quoted in 

Marks and Samols (1970)) on the other hand find stimulation of 

insulin release by pancreatic slices in vitro. In vivo, although 

ingestion of proteins and fats increase CCK-PZ release greatly, they 

do not appreciably increase insulin release (Baylis, Greenwood, 

James, Jenkins, Landon, Marks and Samols (1968)). 	CCK-PZ may thus 

simply do no more than accentuate the insulinotropic effect of 

hyperglycaemia, An interesting recent report observes that CCK-PZ 

inhibits food intake in man in high (but physiologically feasible) 
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concentrations, and augments it at low concentrations (Sturdeyant 

and Goetz (19761, Nothing is known about the mechanism of this 

effect. 

(iv) Gastrin  

Gastrin can be extracted from the pyloric mucosae of many animals. 

It consists of two similar peptides (Gastrins 'I and II) (Mutt and 

Jorpes (1967)). It has also been detected in pancreatic tumours, but 

probably does not occur in the pancreas under normal conditions 

(Marks and Samols (1970)). The effect of gastrin on insulin release 

is far from clear, but in physiological doses it seems to have no pro- 

longed and significant effect on insulin secretion in vivo or in vitro, 

although a few claims have been made to the contrary (Marks and 

Samols (1970)). Best, Atkins and Matty (1975) found that pure 

gastrin I and gastrin pentapeptide were without effect on insulin 

release from microdissected ob/ob and normal mouse islets. 

(v) Gastric Inhibitory Polypeptide _(GIP)  

Gastric inhibitory polypeptide (GIP) is released from the duodenum 

or from the proximal small intestine(polak, Bloom, Kūnzino, Brown 

and Pearse (1973)) in response to oral or intraduodenal loads of 

glucose (Cataland, Crockett and Mazzaferri(1974); Brown (1974a); 

Thomas, Shook, D'Orisio, Cataland, Mekhjian, Caldwell.and Mazzaferri 

(1977)), amino acids (Thomas, Mazzaferri,Crockett, Mekhjian, Gruemer, 

and Cataland (1976), and ;.triglycerides (Pederson, Schubert and 

Brown (1975a); Falko, Crockett, Cataland and Mazzafe4 i(1975)). 

It is a polypeptide containing 43 amino acids, and having a molecular 

weight of 4900. It inhibits acid secretion in the stomach that has 

been previously increased by gastrin, histamine, and insulin hypo- 

glycaemia, in which state it also inhibits motor activity of the stomach 

(Pederson and Brown (1972)). If exogenous GIP is administered-in amounts 

sufficient to increase the plasma levels to those seen after the 
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above-mentioned stiiuli', j't markedly accentuates glucose-stimulated 

insulin release (Pederson, Schubert and Brown (19756. Intravenous 

glucose will not elicit GIP release (Cataland, Crockett and Mazzaferri 

(1 974) Lauritsen and Moody (1978)). Plasma GIP rises 2-6 fold 

after oral glucose loading, peaks within 30 min, and the rise is 

sustained for about 2 hr. GIP probably has no effect on insulin 

release in the absence of added glucose, in common with most insulin 

secretagogues. 

(vi) 	Other Insulinogenic Peptides'from the"Gastrointestinal Tract 

Still other peptide factors- exist in';the gastrointestinal tract 

which have putative effects on insulin secretion. 	The intestinal 

insulin-releasing polypeptide (IRP) increases intravenous 

glucose-stimulated insulin release (Creuzfeldt : (1974)). Turner, Etheridge, 

Marks, Brown and Mutt (1974) also find this, and these authors 

discuss the suggestion that IRP, which they did not use in a pure 

form, is identical with GIP. They found no effect on insulin 

release of the vasoactive intestinal polypeptide, VIP, contrary to 

the assertion of Creuzfeldt (1974), or of motilin. 	Motilin is a 

polypeptide of 22 amino acids in length (MW=2700) secreted from 

the duodenum in response to duodenal alkalisation and which increases. 

the motor activity of the stomach body, 	:,(Brown 1974b)). VIP 

is a potent vasodilator and hypotensive agent made by the small 

intestine. It has a positive inotropic effect on heart muscle, 

decreases histamine- and gastrin-stimulated acid and (unlike secretin) 

pepsin release by the stomach. It increases electrolyte and water 

secretion by the pancreas, and augments the response to secretin and 

CCK-PZ, Its,:effects on the endocrine pancreas are, however, more 

debatable. 	It increases secretin secretion in dogs. It is 
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lipolytic and glyco9enolytic, and increases the levels of CAMP 

in liver and fat cell membranes, and in the intestinal mucosa. 

It is inactivated by the liver, and-may in any case be confined . 

entirely to the hepatic portal circulation, in vivo (Said (1974)). 

Tt has been estimated that up to one-half of the insulin produced 

in response to an oral glucose load is due to gastrointestinal 

hormones (Creuzfeldt (1974)). The probable function of the hormones 

of the'enteroinsular axis' is to provide an early warning system 
for increases in blood glucose and amino-acids and to exert a 

'fine tuning' over insulin secretion after food ingestion (Best, 

Atkins and Natty (1975)). Certainly the effect of gastrointestinal 

hormones should be borne in mind when assessing the insulin-

releasing properties of plasma samples from different sources, 

and obtained after different procedures. The hormone most likely to 

be present insufficient quantitites to stimulate insulin release 

in plasma obtained after a mixed meal is GIP. The significance 

of TRP in augmenting the insulin release produced by intravenous 

glucose injection is uncertain. 	The physiological effect of mast 

of these enteroinsular hormones is probably just a potentiation 

of glucose-stimulated insulin release (Crreuzfeldt (1974)), and in con-

sequence their contribution to the insulin releasing activity of 

plasma in fasted states, or indeed to basal insulin secretion in 

vivo, is probably negligible. 	GIP, however, is certainly the 

best candidate yet known for the 'incretin' (Creuzfeldt (1974)) 

responsible for the observations of McIntyre, Holdsworth and Turner 

(1964) regarding the different insulinogenic properties of oral and 

intravenous glucose. 

(vii) Gastrointestinal Tract Hormones and Obesity  

Some evidence exists that abnormalities of gastrointestinal 

tract hormone secretion play a part in obesity. For example, 

Best, Atkins and Matty (1975) find that ob/ob mouse islets are 
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hyperresponsiye to CCK-PZ and secretins  Polak, Pearson, Grimelius 

and Marks (1975) found . 	apud 	cell hyperplasia in all regions 

of the gut of ob/ob Tnice, especially the upper intestine, with a 

subsequent increase in the content of GIP and enteroglucagon. 

There was no abnormality in the number of cells secreting secretin, 

gastrin or VIP, but their distribution along the intestine was 

altered. 	Creuzfeldt, Ebert, Willits,. Frerichs and Brown (1978) 

found increased fasting GIP levels in obese subjects with a patho- 

logical oral glucose tolerance. 	All the obese subjects studied 

hyperresponded to a mixed meal with GIP secretion, particularly 

the glucose-intolerant ones. 	The GIP response to oral glucose 

was altered (:elevated) only in the obese, glucose-intolerant 

subjects. 	Fat was found to be a stronger release of GIP than 

glucose, particularly in the obese subjects. The authors speculate 

that endogenous insulin may, in non-obese subjects, inhibit GIP 

release since, in such subjects, the amount of GIP released by 

fat and glucose given together orally was smaller than that by fat 

alone. 	CCK-PZ, as indicated earlier, suppresses appetite in 

higher doses (Sturdevant and Goetz (1976)). The obese may be 

tnsensitiye to the effects of this simple feedback loop. 

The only organs other than the pituitary, hypothalamus, and gut 

which could produce secretions likely to be found in plasma and 

that affect insulin release are the adrenals. 	Much of the inhibi- 

tory effect of the central nervous system on insulin release is 

mediated by adrenaline.: As mentioned earlier corticosteroids do not 

directly affect insulin release in vitro (Naeser (1974)). 

6) 	Animal Models of Obesity  

(i) 	Introduction  

Obesity can be defined in terms of the proportional contribution 

made by body fat content to total body weight. Weight alone, even if 

related to height [as specified in the Metropolitan Life Insurance 
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Company's fampus 'ideal weight' tables (1959)) is not enough, 

since there can be appreciable variations of lean body-mass in indi-

viduals of a given height and weight, particularly in human beings. 

Such variation is influenced by factors such as age and habitual 

physical activity (Mayer 1953). It is therefore necessary to choose 

a 'cut-off' figure of percentage body weight accounted for by fat 

content above which obesity is said to be present. 	Mayer suggests 

a figure of 30%. Not all the treatments mentioned subsequently 

will reliably produce 'obese' animals that meet this criterion, 

although the percentage body fat content will be significantly 

elevated above that for untreated littermates. 	These animals are 

often not visually distinguishable from lean animals, and so it is 

better to regard them as examples, not of obesity, but of how dietary 

manipulations or various drug treatments can influence body fat 

content and distribution. It will be appreciated from the foregoing 

discussion that simple weight loss induced by a procedure such as 

diet restriction or hypophysectomy need not necessarily result in a 

reduction in the percentage contribution of fat to body weight. 

An increased proportion of body fat content without overall increase 

in weight has been documented several times, for example in rats 

(1_aube, Schatz, Nierle, Fussgangēr and Pfeiffer (1976)), and man 

(alNagdy, Miller, Qureshi and Yudkin (1966)) on high sucrose diets 

or forced feeding. 	A similar finding has been made in the case of 

rodents trained to feed in a few discrete meals per day, as distinct 

from those eating frequent 'snacks`: for any nutritionally adequate 

total caloric intake per day, adiposity, but not necessarily weight, is 

higher in meal-fed animals (Hollifield and Parson (1962);,Leveille and Hanson 

(1965)). 
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(ii) 	'Metabolic' and 'Regulatory' Obesity  

Mayer and Thomas (1967) distinguish between 'metabolic' and 

'regulatory' obesity. They give VMH-lesioned states as an example 

of the latter, and the ob/ob mouse, and ACTH-secreting tumour-grafted 

states as examples of the former. The broad difference between these 

two categories seems to be that in one state, all the metabolic, 

endocrinological, and other effects disappear on the imposition of 

control on the food intake, so this is primarily defective, while in 

the other (metabolic) state, diet restriction, pair feeding with 

normal individuals, etc., do not reverse all the abnormalities. 

Here the primary defect does not reside in the control of food intake. 

The authors, support this argument with references to the ob/ob mouse: 

the females are irreversibly sterile, the sensitive hyperglycaemic 

response to exogenous growth hormone is absent from normal or VMH-

lesioned mice, there is a thermoregulatory defect, the percentage 

body fat content is not normalised by pair feeding with lean 

animals, there is a pronounced caffeine sensitivity (the ob/ob mice 

become very hyperglycaemic upon treatment with this) not present 

in other forms of obesity, and so on. 	The distinction between 

regulatory and metabolic obesity is a..useful one, but needs to be made 

on the basis of extensive knowledge of the particular pathology 

in question. 	For example, the authors are probably correct in 

describing the obese syndrome as ā metabolic obesity, but perhaps 

this should be said of VMH/GTG obesity too. Here there may be 

lesions in brain centres controlling appetite, but there is also, 

even when excessive food intake is prevented, an increase in the 

percentage of body fat deposited (Frohman, Goldman and Bernardis 

(1972)), a hyperresponsiveness of the pancreas to stimulants of 

insulin secretion such as glucose (Hustyedt, LOvd, and Reichl (1976), 

Rohner, Dufour,Karrakash, LeMarchand,' Ruf and Jeanrenaud (1977), 

Martin, Konijnendijk and Bouman.""(1974)) and some evidence of 



endocrine abnormalities such as altered or absent vaginal cyclicity in 

GTG-obese mice (Browning and Kwan (1964)). Since the hypothalamus, 

which is here damaged exerts a control over the secretion of many 

hormones, via the pituitary, all this is not entirely surprising. 

Of course, much more is known about how the primary lesion in VMH-

lesioned animals might exert its effects than about how the lesion 

in ob/ob mice produces the constellation of symptoms typical of the 

syndrome. On the other hand, the increased adiposity that develops 

in animals fed high fat or high sucrose diets can probably be safely 

described as regulatory in origin. 

The ober; ki re_ste(4 c from_ long-term systemic corticosteroid 

administration.,(Hausberger and Ramsay (1959), Hollifield and Parson 

(1959)) is another example of a metabolic obesity. 

(iii) The genetically obese (ob/ob mouse  

This has been extensively discussed by Bray and York (1971) and 

by Herberg and Coleman (1977). The obesity is caused by an autosomal 

recessive gene mutation, first described by Ingalls, Dickie and Snell 

(1950). Heterozygotes are indistinguishable from lean homozygotes, 

which perhaps suggests that the ob/ob mouse lacks some factor present 

in normal animals (which may be only a regulatory gene product) 

and needed for leanness. This obesity is accompanied by various 

endocrine disorders, including a diabetes-like condition with 

hyperglycaemia, glycosurta,hypertrophy and limited hyperplasia of 

the islets of Langerhans, hyperinsulinaemia, and resistance to the 

hypoglycaemic action of large doses of insulin.. There are 

considerable differences between various strains of mice in the expression 

of the ob gene (Coleman and Hummel (1973)). Affected females are 

sterile; males are subfertile. 
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The excess body weight relative to lean littermates is almost 

entirely fat of normal composition. Weights can be reduced to near- 

normal levels simply by dietary restriction. Fat-free body mass, 

blood volume, and total body water, are not increased. Food intake 

is greatly increased, and ob/ob mice prefer high fat diets. Fat 

content increases by hypertrophy and hyperplasia of fat cells, though not 

necessarily both in the same fat depots. Weight gain plateaus 

after about six months of age. 	The fat is infiltrated with greatly 

increased numbers of mast cells, which increase the nitrogen content 

of ob/ob adipose tissue. Ob/ob mice show an increased rate of 

lipogenesis from 14C-acetate in liver and adipose tissue, even 

when fasted, relative to controls. They also have increased rates of 

lipogenesis from other substrates such as glucose, lactate, glycerol, and 

malate. 	This is probably secondary to the hyperinsulinaemia.Metabolism 

of fat is qualitatively normal. ob/ob mouse liver shows an increase 

in the levels of linolei`c (18:1) relative to linolenic (18:2) - 

acids. 	There is increased chain lengthening up to C22 and desaturation 

of palmitate to 16:1. These changes also result in lean animals 

after chronic insulin supplementation. Glycerol cannot be reutilised 

by ob/ob adipose tissue. ob/ob mice are hypertriglyceridaemic 

and have elevated plasma levels of free fatty acids: In vivo fatty 

acid turnover is greatly reduced relative to lean animals. So is 

lipolysis in vitro, provided that adipocyte size and number are taken 

into account. 	There is a lowered response to lipolytic agents, 

but lipolysis in vivo is probably normal in qualitative terms: 

free fatty acid levels respond normally to adrenaline, increase as 

the plasma level: falls on diet restriction or food deprivation 

(similarly to lean mice) and fall after oral glucose loads as in 

lean mice (Abraham and Beloff-Chain (1971)). Levels of lipogenic 

enzymes are raised relative to lean mice. 	However, transplanted 



ob/ob adipose tissue takes on the characteristics of the host 

(Hausberger (1959)) suggesting that there is no basic abnormality 

here. 

ob/ob mice are very inactive, and show impaired thermoregulation 

in a cold environment. This impaired thermoregulation is the earliest 

detectable difference between young lean and obese mice in a litter 

resulting from a mating between heterozygotes (Trayhurn, Thuriby and 

James (1977)) and can be detected at 12 days. The thyroid of these 

animals seems to be normal, except that treatment of ob/ob mice with 

thyroid hormones prolongs their survival in the cold. 

It is not certain whether ob/ob mice have an elevated or a 

decreased basal metabolic rate - conflict exists in the literature - . 

but their total heat production certainly exceeds that of lean 

mice. Expressed per unit of surface area., oxygen consumption may 

be less in obese mice (Bray and York (1971)). Reduced oxygen 

consumption of young ob/ob mite is first detectable at 18 days 

(Kaplan and Leveille (1974)). Interestingly, a t .imodal distribution 

of oxygen consumption in the 2 week old offspring of known 

heterozygotes has been detected: this is a possible gene dosage 

effect (Yen, Lowry and Steinmetz (1968)). Ob/ob mice conserve, 

in the form of body fat, a greater proportion of ingested food than 

do leans. Oxidation of 14C-acetate and 14C-glucose is reduced 

relative to lean mice. 

The hyperinsulinaemia of ob/ob mice is very marked, and the pan-

creatic content of insulin is elevated, with large increases in 

total islet volume. The hyperinsulinaemia ranges from 5 to 20 

times control levels. It is not abolished by a short (e.g. 24 hr) 

fast, but it is by long periods of diet restriction. There is a 

ten-fold increase in total islet volume relative to controls, 

due mainly to islet hypertrophy, itself mainly due to a-cell 
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hyperplasia (Bray and York (1971)). The a cells show intense 

secretory activity and are degranulated with enlarged golgi bodies, 

large mitochondria, and an increased endoplasmic reticulum area. 

Some of these changes are reversed by alloxan and further worsened 

by caffeine. Elevated insulin levels are first detectable at one 

month of age, after the ob/ob mouse becomes visually distinguishable 

from its lean littermates, then stabilise after 4-6 months. Plasma 

insulin levels are very variable in ob/ob mice, but it seems clear 

that increased adiposity can be present even in the absence of 

hyperinsulinaemia: bimodally distributed body fat content has been 

observed in the offspring of known heterozygotes wolf before the 

onset of observable hyperinsulinaemia. 

The ob/ob mouse is resistant to the hypoglycaemic action of 

large doses of insulin, sufficient to kill a normal animal. Adipose 

tissue and diaphragm are insulin-resistant when assessed by 

insulin-stimulated glucose uptake, although basal glucose incor-

poration appears normal. This resistance is corrected by dietary 

restriction. The resistance is accompanied by a decreased binding 

of insulin to receptors on membranes from liver cells (Kahn, 

Neville:  and Roth (1973)), adipocytes (especially if expressed as 

molecules bound per unit area of membrane: Freychet, Lau'dat, Laudat, 

Rosselin, Kahn, Gorden and Roth (1972)), and lymphocytes (Soll, 

Goldfine, Roth, Kahn and Neville (1974)). It could precede, or 

be a result of, the hyperinsulinaemia. It is likely to be the 

latter, since it appears that many hormones exist in an inverse 

concentration relationship with their receptors: increasing or 

lowering the long-term hormone concentration reciprocally lowers 

or increases that of the receptor (Gavin, Roth, Neville, deMeyts and 

Buell (1974), Tata (1975). Since transplanted ob/ob adipose tissue 

takes on the host characteristics, as stated earlier, and since 

diet restriction reverses the insulin resistance (Abraham and 
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Beloff-Chain (1971)), there appears to be no basic receptor defect. 

The activities of key glu coneogenic enzymes such as glucose-

6-phosphatase, and fructose-1:6-diphosphatase are increased in 

ad lib fed ob/ob mice relative to lean controls, despite the hyper-

insulinaemia. So are the activities of glycolytic and lipogenic 

enzymes. Diet restriction can normalise these activities in other 

genetic obesities: they are probably adaptive responses to the obese -

state. 

Hyperplasia of the adrenal cortex has been shown in ob/ob mice, 

with the size of the cortex being closely related to blood glucose 

levels and body weight. Adrenalectomy does not affect weight gain, 

however, although it does lower the blood glucose level. 

All the histological abnormalities shown by the ob/ob mouse 

pancreas are consistent with excessive stimulation by some unknown 

agent (Findlay, Rookledge, BelOff-Chain. and Lever (1973)), but a 

primary pancreatic abnormality is suggested by the atypical response 

to many agents known to affect islet function, such as alloxan 

and caffeine (Bray and York (1971)). Furthermore, implantation of 

lean islets into ob/ob mice appears to reverse the obesity (Strautz 

(1972)) as it does in New Zealand Obese mice (Gates, Hunt, Smith and 

Lazarus (1972); Gates, Hunt and Lazarus (1974)). This may indicate 

that a pancreatic inhibitor of insulin secretion, such as 

somatostatin (Koerker, Ruch, Chideckel, Palmer, Gooder, Ensinck 

and Gale (1974)), which incidentially is abundant in the pancreas 

(_Arimūra, Sato, Dupont, Ni hi and Shally (1975)) , is lacking in 

the ob/ob animal. 	It may also reflect a faulty hypothalamic response 

to a feedback inhibition factor produced by the pancreas in connection 

with insulin release, but not itself insulin. This factor would act 

on the hypothalamo-hypophysial system to suppress its stimulatory effects 

on insulin secretion, after the insulin secretory response to, for 
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example, a mixed meal. A possible candidate for such a feedback 

mediator, released in response to insulin-induced hypoglycaemia, from 

the pancreas, is the pancreatic polypeptide (Adrian, Besterman, Cooke, 

Bloom, Barnes, Russell and Faber (1977)). No experiments have yet 

been done, however, to look for an effect of pancreatic polypeptide on 

the production of insulin-releasing activity by the pituitary, nor is 

tt known whether the polypeptide is absent from, or not released by, 

ob/ob pancreas. 

The phenomena mentioned above, of impaired thermoregulation, 

gonadal function, body weight control, and hypersensitivity of ob/ob 

islets to insulin secretagogues seed to be most consistent 

with a primary defect in the hypothalamo-hypophysial system. 

(iv) Other Genetic Obesities  

These are comprehensively reviewed by Bray and York (1971). Of the 

single gene obesities, all are autosomal, and only the yellow allelic 

series (Ay, Avy, and A1y) in mice show a dominant inheritance. The 

adipose (ad/ad) mouse of Falconer and Isaacson (1959) is now known to be 

allelomorphic with the alleles of the diabetes series, so there are now 

four known diabetes-obesity alleles at this locus (db, db2J, db3J, 

dbad)(Coleman (1978)). The fatty rat (fa/fa) exemplifies another 

spontaneous mutation causing obesity (Zucker and Zucker (1961)). 

Polygenically transmitted obesities include the New Zealand Obese 

(NZO) mouse, which was specially bred for obesity over many generations 

(Bray and York (1971)) and shows a moderate degree of obesity, and the 

Japanese KK mouse, an inbred strain which also becomes moderately 

obese. 

Some hybrid mice become spontaneously obese, such as the CafI F1'and 

the LAF, hybrids. 
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All these genetically obese mice show hyperinsulinaemia and insulin 

resistance (Bray and York (1971)). In their association of these 

symptoms with obesity, they resemble human maturity-onset diabetics 

(Coleman (1978)). 

(v) The Goldthioglucose-obese (GTG-obese) mouse 

Several features of this animal model have been mentioned earlier. 

Lesions develop in the vetromedial hypothalamus shortly after a 

single intraperitoneal goldthioglucose injection. Any deaths occur 

in the first few days after injection; the mortality rate is about 

30%tlBrecher and Waxler (1949)). Gold-containing lesions can also 

be found in other areas of the body, such as the stomach and kidney 

(Deter and Liebelt (1964)). Body weight rises, following the injection, 

and subsequently plateaus (Brecher and Waxler (1949). Basal oxygen 	- 

consumption is higher than for lean controls (Marshall and Mayer 

(1954)). The rate of glucose removal from the gut is elevated above 

that for lean mice, and there is no plateau with increasing glucose 

concentration as there is for the lean animals. Similar findings 

apply to ob/ob, and hypothalamically lesioned mice (Mayer and Yanoui 

(1956)). GTG-obese mice are inactive (Marshall and Mayer (1954)). 

when studied in activity cages, as are VMH lesioned rats (Hetherington 

and Ranson (1942)). Fat cell volume is increased, particularly 

subcutaneously, although intra-abdominal fat cells are larger (as 

they are in lean mice) (Hellman, Taljedal_ and Peterson (1962)). There 

is more extensive mast cell infiltration into the adipose tissue, but 

less than in ob/ob mice (Hellman, Larsson and Westman (1963)). Adipose 

tissue also contains more mononuclear cells and macrophages than controls 

(Hausberger (1966)). There is increased in vitro and in vivo lipogenesis 

from labelled acetate, abolished by caloric restriction (.Christopher 

Jeanrenaud, Mayer and Renold (1961b), Bates, Mayer and Nauss (1955)), 

but rates are much lower than those seen in ob/ob mice. The basal 

metabolism of adipose tissue from lean mice and that of adipose tissue 
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from GTG-obese mice are very similar, and there is nearly normal 

sensitivity to insulin (Christophe, Jeanrenaud, Mayer and Renold (1961a) 

with respect to glucose oxidation and uptake. 	Serum triglycerides 

and free fatty acids are increased (Mayer and Silides,(1958)), but 

cholesterol is not (Zomzely and Mayer (1958)). 

Liver homogenates from GTG-obese mice have elevated levels of glycolytic 

enzymes (Seidman, Horland and Tēebor (1970)), and of the key gluco-

neogenic enzymes glucose-6-phosphatase and fructose-l:6-diphosphatase. 

Hepatic glycogen content is normal (Shull and Mayer (1956)). 

Blood sugar levels are normal in GTG-obese mice (Mayer and Zighera 

(1954)), and hyperinsulinaemia is present, though not nearly to the 

same extent as in ob/ob mice (Stauffacher, Lambert, Vecchio:  and 

Renold (1967)). These authors could only demonstrate an increased 

pancreatic insulin content in GTG-obese mice after 24 hr starvation, 

when peripheral insulin demand was lowered. 	The volume of islet 

tissue is elevated up to two-fold, and is associated with islet hyperplasia 

and hypertrophy. There is no change in the proportions of a and 0 

cells, and all cells remain well-granulated. These two observations 

are in contrast to the situation seen in genetic obesity (Bray and 

York (1971)). Insulin degradation by liver homogenates of GTG-obese 

mice is enhanced (Larsson (1959)). There is very little insulin 

resistance, and exogenous insulin leads to a normal hypoglycaemic 

response (Stauffacher, Lambert, Vecchio and Renold (1967)). Decreasing 

body weight by food restriction normalises the weights of the adrenal 

glands of GTG-obese mice, which normally have somewhat hypertrophic 

cortexes (Marshall, Andrus and Mayer (1957)). Adrenalectomy does not 

prevent weight gain in GTG-obese mice, however (Bray and York (1971)). 

Regular 4-5 day oestrous cycles are either absent or irregular and 

infrequent in GIG-obese mice (Browning and Kwan (1964)), although 

the presence of corpora lutea has been described in the ovaries. Male 

genitalia are not affected by GTG obesity (Lidell and Hellman (1966)). 



Follicular development, ,luteinisation, and luteal activity coincide 

in ovaries transplanted into obese mice, which suggests an uncdntrolled 

release of FSH and LH (Browning and Kwan (1964)). The pituitaries 

of GTG-obese mice are of normal weight and histological appearance 

(Bray and York (1971)). There is one report that hypophysectomy 

prevents weight gain in one strain of GTG-obese mice, if carried out 

before the GTG injection (Redding, Bowers and Schally (1966)). This 

may be a strain idiosyncrasy, however, since hypophysectomy does not 

ameliorate most cases of hypothalamic obesity (Bray and York (1971). 

GTG-obese mice not only have hypothalamic lesions, but behave 

like hypothalamioally; lesioned mice or rats in respect of their response 

to manipulations of their diet: they cannot compensate adequately 

for caloric dilution with cellulose, they eat more of a high-fat 

diet than do controls, preferring it to diets of normal composition, 

and they eat far less if quinine is added to their food (Bray and 

Y ork (1971), Anliker and Mayer ,(1956), Deter and Liebelt (1964)). 

Their reproductive system disturbances are also suggestive of hypo- 

thalamic damage, and the report of abolition of weight gain by 

hypophysectomy prior to GTG treatment further strengthens the im- 

pression that the hypothalamo-hypophysial system is crucially 

involved in the genesis of this type of obesity. 

Systemic injection of bipiperidyl mustard, little used on account 

of its toxicity,will also produce obesity (Rutman, Bloomer and Lewis 

(1966),Rutman, Lewis and Bloomer (1967)), as will neonatal injection 

of monosodium glutamate (Olney (1969))and chronic supplementation with 

adrenal steroids or ACTH (Bray and York (1971)). 

Dietary-induced changes in body fat content  

It may be assumed that only the calorific content of a diet matters 

in relation to its capacity to produce weight gain and increased adiposity, 
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but much evidence exists that this is not so. Hartsock, Hershberger, 

and Nee (1973), for example, in a very thorough study, examined the 

effects of dietary protein content and the ratio of fat to carbohydrate 

calories on energy metabolism and body composition in growing rats. 

They fed isocaloric diets containing 6-70% protein, and ratios of fat 

to carbohydrate (F/CHO) ranging from 0.2 to 1.4. Basal metabolic 

rate varied, being maximal at a dietary composition of 38.5% protein, 

12.9% fat, and 42.0% carbohydrate. Nitrogen excretion was increased 

by extra dietary protein, and decreased by increasing the F/CHO 

ratio. Rate of gain of total carcass nitrogen was maximal at 44% 

protein, and percentage protein critically affected this variable, 

but had little effect on the rate of weight gain. With low-fat 

diets, percentage carcass fat was unaffected by the percentage protein; 

while with high fat diets, increasing the percentage protein decreased 

the percentage carcass fat. On high protein intakes, increased 

dietary fat content enhanced the rate of nitrogen excretion, and on low 

protein intakes it had the opposite effect. These were of course 

growing animals, not fed ad-lib, but ad lib feeding intensifies many 

of the tendencies indicated above, which seem also to apply to grown 

animals. 

(a) High Fat Diets  

For example, feeding a high fat diet to adult rats ad lib increases 

the caloric intake and the body weight. The percentage carcass fat 

also increases (Reed, Yamaguchi, Anderson and Mendel (1930), 

Schemmel, Michelsen and Tolgay (1969)). Water intake declines as 

the percentage of fat in the diet increases, there is increased 

inactivity (probably a defence against hyperthermia induced by exercise 

and accentuated by the increased insulation afforded by the additional 

adiposity) which contributes to an additional caloric conservation, and 

an initial 'spike' of caloric intake on feeding the diet, after which the 

animal rapidly adjusts to the increased caloric density by an =:Inadequate - 
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reduction in the weight of food consumed (Lipton (1969)). This author 

found the obesity of hypothalamic lesioning to be accentuated by a 

high fat diet. 	Similar effects were found using ob/ob mice fed a 

high fat diet (Lemonnier, Winand, Furnelle and Christophe (1971)). 

The plasma insulin concentrations of the lean mice were approximately 

doubled by the high fat diet, while those of the ob/ob mice fell. 

The author used Bar Harbour ob/ob mice and their lean littermates, 

and found that the diet-induced weight gain of the lean animals was 

only modest. Other strains are reported to gain weight more 

dramatically, particularly Swiss mice. Lipogenesis was not found to 

be depressed by the increased dietary fat load in the ob/ob mice. 

These authors observe that, on high fat diets, normal females become 

fatter than males, and that the obesity is,hypertrophic rather than 

hyperplasie (a characteristic of 'regulatory'obesity - Bray and York 

(1971)), and that liver and adipose tissue lipogenesis is decreased 

with consequent declines in levels of adipocyte RNA per unit weight, 

and in levels of NADPH - generating enzymes respectively. A similar 

augmentation of ob/ob weight gain by a high fat diet was found by 

Herberg and Kley (1975), using the C57BL/6J strain. Different strains 

of mice vary appreciably with respect to their rates of weight gain on 

the same high fat diet (Fenton and Carr (1951)). Malaisse, Lemonnier, 

Malaisse-Lagae and Mandelbaum (1969) fed rats two types of diet; a 

12% fat diet was fed for a short period, or a 40% fat diet was fed for 

six months, leading to obesity. 	Controls received a 3-4% fat diet. 

Insulin release from incubated pancreatic pieces was in be th cases 

lower than for the controls, but pancreatic insulin content was found 

to be normal. In the obese rats, adipose tissue and muscle became 

somewhat insulin-resistant, but there was no hyperinsulinism. Not 

all high fat fed rats gained weight, but all showed increased adiposity. 

The insulin sensitivity of adipose tissue was slightly greater than 
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that in muscle (it is greater in muscle for ob/ob mice - Stauffacher, 

Crofford, Jeanrenaud and Renold (1965)). 	The finding of a normal 

plasma insulin concentration is curious in view of the other findings, 

but these authors have reported hyperinsulinaemia in mice fed a high 

fat diet (Lemmonier, Winard, Furnelle and Christophe (1971)). Genuth 

(1976) finds hyperinsulinism in weanling ob/ob mice fed no carbohydrate : 

at all, although this is reduced in relation to the levels in normally 

fed animals. 	Plasma insulin levels are highest in ob/ob and +1+ 

mice on % fat diets. Again weight gain of ob/ob mice is increased by 

the high fat diets. Among lean mice, weight gains and alterations of 

plasma insulin values tend to be difficult to interpret, and small, 

perhaps because the experimental design excludes the feeding of diets 

rich in both carbohydrate and fat. 	it would be true to say that the 

feeding of high fat diets to normal animals (including man - Sims, 

Danforth, Horton, Bray, Glennon and Salans (1973)) does not produce 

large increases in weight, but does increase the percentage contribution 

of adipose tissue to body weight, and is attended by at most a modest 

hyperinsulinaemia, although peripheral insulin resistance would be 

present. The 0, cells present a 'resting' picture, being well granulated 

and having small, dense nuclei (Malaisse, Lemonnier, Malaisse-Lagae 

and Mandelbaum (1969)). The amount of carbohydrate in the diet is 

a very significant determinant of plasma-insulin levels. Grey and Kip nis 

(1971) found that plasma insulin is lower in human volunteers fed a 

high fat diet. Glucose tolerance was also improved: however the 

diets used were sufficiently hypocaloric to cause slight weight loss. 

The volunteers served as their own controls: each was alternated 

between four weeks on a low carbohydrate diet and four weeks on a high 

carbohydrate diet for twelve weeks. 	Chlouverakis,.Dade and Batt 	(1970) 

observed a bimodal distribution of body fat content in the offspring 
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of mice known to be heterozygous for the ob gene, at an age prior to 

the onset of hyperinsulinaemia, and concluded that, here at least, 

hyperinsulinaemia was not a prerequisite for the development of excess 

adiposity. 	Conversely, Inoue, Kampfiel and Bray (1975) observe 

intensification of weight gain in VMH-lesioned rats by a high fat 

diet. The high fat diet also produced a greater maximal rate of insulin 

release from perifused rat islets in vitro, without effect on basal 

levels or on the magnitude of the primary response. Hence the VMH 

lesioned rats on a high fat diet (the fattest group) had elevated rates 

of maximal insulin secretion relative to VMH lesioned rats on a 

low fat diet, which in turn were higher than sham-operated rats on a 

high fat diet. The lowest were the sham-operated rats consuming a normal 

diet. Pair feeding abolished the diet-induced and lesion-induced 

differences in islet response capacity. 	Hence the authors conclude 

that obesity is a more important determinant of insulin secretion than 

dietary composition. 

(vi) 	(b) 	High Sucrose Diets  

The effects on adiposity of a diet are not simply influenced by the 

protein content and fat to carbohydrate ratio; but also by the nature 

of the dietary carbohydrate. Sucrose appears to increase adiposity 

without great overall weight changes if the total caloric content of 

the diet is not in excess of that required for maintenance. 	AlNagdy, 

Miller, Quresbi and Yudkin (1966) found that, if rats were fed on . 

nutritionally adequate diets which contained 70% of their total carbo-

hydrate as either starch or sucrose, the high sucrose diets led to a 

lower growth rate in weanling rats, and a loss of weight in adult 

rats. 	Sucrose-fed rats had low respiratory quotients, consistent 

with substantial fat oxidation. 	The serum cholesterol increased after 

prolonged use of this diet. Liver fat was increased if the diet was 

fed to adult rats, but overall body fat actually fell in this study 

after high sucrose feeding. No change of body weight, but an increased 
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weight of fat deposits, together with hyperinsulinaemia and pancreatic 

hypersensitivity to insulin secretagogues was found in rats fed on 

a high sucrose diet by Laube, Schatz, Nierle, Fussganger and Pfeiffer 

(1976). Cohen and Teilebaum (1964) found that high sucrose diets 

caused impaired glucose tolerance in rats. The time of onset of 

impaired tolerance was decreased by feeding increasing amounts of dietary 

sucrose. However, atypically, they found decreased serum insulin- 

like ,activity, measured by glucose uptake of rat diaphragm, 

suggesting decreased insulin secretion on a high sucrose diet. 

Brook and Noel (1969) found that adult male rats fed sucrose- or fructose- 

rich diets had elevated percentage carcass fat contents relative to 

rats fed diets containing equivalent amounts of `liquid glucose BPC' 

(a partial starch hydrolysate) or glucose, or fed a standard laboratory 

diet (76% carbohydrate calories, 14% casein, and 9% of calories from 

beef suet). These experiments were repeated in baboons, with similar 

results. The 76% carbohydrate calories provided by the diet were re- 

presented in the various groups as liquid glucose, glucose, or fructose. 

All diets were fed isocalorically, with the addition of an ad lib 

fed control group consuming standard laboratory primate chow. 

The controls ate more, and gained more weight, than any other group, 

except for the high sucrose fed group which were consuming 50% fewer 

calories, and despite this had also the highest percentage carcass 

fat content. The authors observe that sucrose is absorbed more 

rapidly than fructose from the rat intestine, and suggest that the 

rate of liver lipogenesis might be raised by an increased rate of 

presentation of fructose, initially as sucrose, by the intestine 

Liver contains an active fructokinase, and the utilisation of substrate 

entering by this source would not be subject to the normal feedback 

control of glycolytic phosphofructokinase activity by the energy state 

of the cell (see Newsholme and Start (1973) pp 250-251). 
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However, it is probably true to say that the reason for the metabolic 

differences following high sucrose and high starch intakes is not 

known. 

(vi) 	(c) Meal Feeding  

The composition and quantity of the diet can affect the degree of 

adiposity but so can the pattern of presentation. Limiting the 

food intake to 1-2 hours a day (meal feeding) greatly enhances the lipo-

genic activity of adipose tissue in rats (Hollifield and Parson (1962), 

Stevenson, Feleki, Szlavko and Beaton (1964), Leveille and Hanson 

(1965)). So does refeeding after a previous fast (_Allman, Hubbard 

and Gibson (1965), Leveille (1966)., Jansen, Zanetti and Hutchinson 

(1966). This increased lipogenesis is associated with increased adi-

posity (Van Puttenl, Van s.ekkum, and Querido (1955), Cohn, Joseph 

and Shrago (1957), Kekwick and Pawan (1966)). Meal eating and fasting 

followed by refeeding may also promote adipocyte hyperplasia at least 

in rat adipose tissue (Braun, Kazdova, Fabry, Lojda and Hromadkova (1968)). 

These authors report an increase in the number of small, particularly 

perivascular, fat cells in rat epididymal and parametrial tissue after 

these procedures. 	They find increases in DNA content and 14C-2- 

thymidine incorporation (which is also mainly perivascular). Fasting 

alone merely reduces the fat content with no change in'DNA content or 

labelled thymidine incorporation. Some of these changes could reflect 

changes occurring in stromal tissue, however. -The mechanism by which 

these effects of eating pattern are produced is quite unknown. 

(vi) 	(d) Other Forms of Dietary-Induced Adiposity  

Other forms of dietary-induced increases of adiposity exist. 

Animals may be force-fed by stomach tube (Cohn, Joseph and Shrago (1957); 

Cohn, Shrago and Joseph (1955)) or 'cafeteria-fed' (Stock and Rothwell 

(1978)). The latter model probably represents the closest approach 

to spontaneous human obesity. Here the animal is offered a great 
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variety of foods to eat, ad lib, and is not restricted to a standard 

laboratory diet. In those under-developed countries where calories are 

not lacking, the monotony of the diet consumed almost certainly acts as 

one of the factors restricting the incidence of obesity. Cafeteria 

feeding in laboratory animals is a relatively little-used experimental 

model, however. 	Some animals become obese when offered standard 

laboratory diets to eat. 	For example, the sand. rat, Psammomys obesus, 

remains ,normal on its customary plant diet, but when given laboratory 

chow becomes hyperphagic, obese, hyperglycaemic, hyperinsulinaemic, 

and ketotic. All these symptoms are prevented by diet restriction 

(Hackel,,Frohman, Mikat, Lebovitz, Schmidt-Nielsen and Kinney (1966)). 

This, like the different degrees of obesity attained by various 

strains of mice on high fat diets is perhaps best regarded as the 

response of a well-adapted genotype to a quite 'unfair' set of 

conditions, which the organism would never encounter in nature. 

7) 	Direct effect of the Pituitary on insulin secretion in vitro  

Ob/ob mice show marked hyperadrenocorticism and hyperplasia of 

the adrenal cortex (Carstensen, Hellman, and Larsson (1961), 

Hellerstrom, Heilman and Larsson (1962) Larsson, Hellman and Carstensen 

(1962)). An interest in the hypothalamic regulation of ACTH secretion 

led Edwardson and Hough (1975) to investigate ACTH secretion in ob/ob 

mice. They found that, while the pituitary content of ACTH was greatly 

elevated in these animals compared to their lean littermates, there 

was no corresponding difference in the plasma concentrations of 

• 
ACTH, unless the animals were ether stressed. A direct effect on 

insulin secretion of ACTH (at levels far in excess of those occurring 

physiologically) has been demonstrated (Sussman and Vaughan (1967), 

Genuth. and Lebovitz (1965), Malaisse, Malaisse-Lagae, and Mayhew 

(1967)). Hence it was decided to see if ob/ob pituitaries perifused 

in vitro could stimulate insulin release. 	They could, and homo- 
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zygous lean pituitaries had no effect (Beloff-Chain, Edwardson 

and Hawthorn (1975)). However, the secretagogue was not ACTH, since 

although perifused ob/ob pituitaries released ACTH 5-6 times as fast 

as those from +/+ mice (Edwardson and Hough (1975)), pure porcine 

ACTH at a concentration 3 times that in the ob/ob pituitary perifusate 

was tested and found to be almost without effect on insulin secretion 

from microdissected lean mouse islets. 
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B. 	Objectives and Scope of This Study  

(1) 	Background to this study  

Evidence has been presented in the Introduction that the hypo-

thalamus and the pituitary can produce, and liberate into the blood, 

one or more insulin secretagogue(s). 	The conditions in which the 

hypothalamus behaved in this way were not always physiologically 

relevant. Perifusates of pituitaries taken from ob/ob mice have 

been shown in this laboratory to produce large stimulations of insulin 

release from freehand microdissected lean mouse islets perifused in 

series. 	Perifusates from homozygous lean pituitaries are ineffective, 

but those from heterozygous lean pituitaries seem to be as effective 

as ob/ob pituitary perifusates in stimulating insulin release (Beloff- 

Chain, Hawthorn, and Green (1975)). 	Pituitaries from high sucrose 

diet fed mice, but not from high fat diet fed animals, were also found 

to strongly stimulate insulin release from lean mouse islets, but this 

work was incomplete, and done on small numbers of animals. 	Both these 

groups, although by no means as fat as ob/ob mice, have elevated 

proportions of carcass fat relative to animals on a normal, high . 

carbohydrate (starch) diet. 	ob/ob mice are extremely hyperinsulin- 

aemic, while high sucrose- and to a lesser extent high fat-fed mice 

have elevated plasma insulin levels (about 3-9 times normal: Hawthorn 

(1976)). 	This raises the possibility that abnormalities of pituitary 

secretagogue output may be causally involved in several forms of obesity, 

particularly since both hypophysectomy and if -cell lesioning can prevent 

weight gain in various types of obesity (see Introduction). 	The 

observation that cyproheptadine-induced obesity and j  -cell lesions 

are prevented by hypophysectomy is relevant in this context (Richardson, 

(1974)). A major objective of these studies is to ascertain whether 

abnormal pituitary stimulation of insulin secretion really is involved 



in various types of experimentally induced obesity. 

The effect of the pituitary perifusates from ob/ob mice on 

islets is unlikely to be due to ACTH, despite the very great amounts 

found in ob/ob pituitaries, for two reasons: ((1) perifusion of islets 

with pure porcine ACTH at concentrations 3 times higher than those 

obtaining in ob/ob plasma fails to provoke any large stimulation of 

insulin release (Beloff-Chain, Edwardson, and Hawthorn (1975), and see 

„introduction _section' 7) , and (2) the stimulatory activity of the 

pituitary is confined to the neurointermediate lobe (Beloff-Chain, 

Edwardson, and Hawthorn (1977), which does not secrete ACTH in signifi- 

cant quantities (Greer, Allen, Panton, and Allen (1975)). 	Synacthen, 

the synthetic N-terminal 1-24 fragment of the ACTH module, which 

retains full steroidogenic potency, had no effect at all when tried 

out in the perifusion system. 	This suggests that the stimulating 

activity of ACTH resides in the C-terminal region of the molecule, 

and raises the possibility that the corticotrophin-like intermediate 

lobe peptide (CLIP) of Scott et.al. (Scott, Radcliffe, Rees, Landon, 

Bennett, Lowry, and McMartin (1973), Scott, Lowry, Bennett, McMartin, 

and Radcliffe (1974)) isolated from the intermediate lobes of rat 

pituitary glands and having the same amino acid sequence as the 18-39 

portion of ACTH might have insulin-releasing activity.' Sufficient 

natural CLIP was available for one experiment, which gave a large rapid 

stimulation of insulin release from lean mouse islets, in every way 

comparable to that obtained with intact pituitaries (Hawthorn (1976)). 

Some evidence relating to the identity of the ob/ob pituitary secreta-

gogue will be presented later. 

(2) 	Specific objectives  

a) 	Earlier work in this laboratory has shown that using pituitary 

glands from lean or obese mice, or a high-glucose buffer, perifused in 

series with freehand-microdissected pancreatic islets isolated from 
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lean (+/+ or +/ob) or genetically obese (ob/ob) mice, the ob/ob mouse 

islets respond more strongly with a rapid, sharp, rise and fall of 

insulin secretion rate to elevated glucose concentrations than do 

islets from lean animals, but lean mouse islets respond more strongly 

with respect to insulin release than ob/ob ones to the perifusate from 

adult ob/ob pituitaries (Beloff-Chain and Hawthorn (1976)). 	Peri- 

fusates from phenotypically lean heterozygote (+/ob) mouse pituitaries 

stimulate as strongly as those from ob/ob pituitaries, although 

homozygote lean pituitaries are not active (Edwardson, Beloff-Chain, 

Hawthorn, and Hough (1974); Beloff-Chain, Hawthorn and Green (1975); 

Hawthorn (1976)). 	An attempt is made to confirm these results using 

an alternative system, pituitaries perifused in series with pancreatic 

pieces. 	Microdissected, perifused, pancreatic islets were used in all 

subsequent work. 

b) 	The earlier work did not reveal any information as to the quantity 

of the insulin secretagogue actually present in the perifusates used. 

In particular, the pituitaries from heterozygous lean animals appeared 

to be as active as those from obese animals in stimulating insulin 

release. 	Since these +/ob animals are phenotypically lean, this finding 

is difficult to reconcile with the proposed role of the pituitary 

secretagogue as the agent responsible for the gross hyperinsulinaemia 

and associated pancreatic abnormalities in the obese animals, and indeed 

for the obesity itself. 	There are two possible explanations for this 

state of affairs: either that the secretagogue is not released from 

+/ob pituitaries in vivo owing to some hypothalamic control mechanism 

which can no longer exert its effects on the isolated pituitary in vitro, 

or that the islets are so sensitive in vitro to the pituitary secreta-

gogue, perhaps due to the absence of any restraint exerted by the adrenal 

glands or by the pancreatic nerves, that they will respond maximally to 

even such slight amounts of secretagogue as may be present in ob/+ 
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pituitary perifusates, as well as to the presumably much greater 

quantities released by the ob/ob pituitary in vivo and in vitro. It 

was to test this latter possibility that dilution experiments were 

carried out on perifusates of the pituitaries from ob/ob and +/ob mice, 

in order to assess the extent of dilution required to extinguish the 

insulinotropic activity in either case. 

c) 	Prolonged dietary restriction or fasting has been shown, in 

this laboratory and elsewhere, to restore to near-normal levels the 

body weights and serum insulin levels of ob/ob mice, and also to 

ameliorate the insulin resistance shown by their muscle and adipose 

tissue (Abraham and Beloff-Chain (1971); Abraham, Dade, Elliott, and 

His (1971)). 	Fasting for twenty-four hours reduces blood glucose 

to normal and serum insulin to near-normal in young (leas than four 

months old) ob/ob mice but is not long enough to ameliorate the insulin 

resistance. 	Hence it should be possible to show a parallel response 

of pituitary secretagogue output to 24- and 48-hour fasting in ob/ob 

animals, and perhaps to show a corresponding increase in the sensitivity 

of ob/ob islets to the secretagogue, if the reason for the lowered 

sensitivity in the ad lib fed state is modulation of j- cell receptors 

in the islets by the very high circulating levels of the secretagogue. 

An experiment was also carried out to establish whether fasting for 

48 hours made ob/ob mouse islets as sensitive to the pituitary secret-

agogue as are islets from long-term diet-restricted ob/ob mice (ob/ob-RD 

mice) and whether 48 hours of ad lib feeding is enough to significantly 

reduce the sensitivity of ob/ob-RD mouse islets to the pituitary 

secretagogue. 

Furthermore, it may be possible to elicit pituitary secretagogue 

production from normal, lean mice if they are re-fed after a fast, since 

this is a condition known to be associated with high rates of lipogenesis 
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and a 'starve-and-stuff' feeding regime will lead to in- 

creased adiposity if continued for long enough (see Introduction). 

Evidence also exists that glucose administered to dogs via 

the carotid artery stimulates the production of a plasma- 

borne insulin secretagogue from the pituitary, and this 

raises the possibility that the ob/ob pituitary secreta- 

gogue may be a normal physiological component of-the 

insulin secretory response to elevated blood glucose levels 

in vivo, but produced much less controllably in the ob/ob 

mouse. 	Hence, glucose-loaded, as well as fasted-refed, 

normal mice might show pituitary secretagogue release, 

when their pituitaries are tested in vitro. Additionally, 

animals made diabetic with alloxan will be hyperglycaemic, 

but unable to respond to the hyperglycaemia with insulin 

release, and so may show very high rates of pituitary 

secretagogue output in vitro. 

d) The possible involvement of an insulin secretatogue 

produced uncontrollably by the pituitary as outlined above 

for ob/ob mice is examined in other animal models of obesity, 

namely GTG-obese mice, and mice rendered overweight by 

dietary manipulation, that is, by the feeding of diets rich 

in butterfat or sucrose. 	The pituitaries from these animals 

were perifused and tested for in vitro insulinotropic activity. 

e) ob/ob and lean mice cannot be distinguished visually, or by 

measurements of plasma insulin or glucose levels, until about three weeks 
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of age. At this stage their abnormality starts to become increasingly 

obvious, and it may be possible to detect either uncontrolled pituitary 

secretagogue output, or increased islet sensitivity or response capacity 

to the pituitary secretagogue, or both of these, in young pre-obese mice. 

Attempts were made to detect these, since if the pituitary secretagogue 

is involved in the pathogenesis of the obesity, an abnormality in its 

secretion or in the pancreatic response to it, or both, should precede 

the onset of the obese condition. 

f) 	Previous work done in this laboratory and elsewhere has raised 

the possibility that the pituitary insulin secretagogue may be the 

corticotrophin-like intermediate lobe peptide, CLIP (Hawthorn (1976), 

and see Introduction). For example only the neurointermediate lobe 

of the pituitary is active in stimulating insulin release from islets 

in the perifusion system, while CLIP levels in the lobe and in peri-

fusates, are greatly elevated relative to those in lean mice (J. A. 

Edwardson, unpublished data). 	Rat ACTH,as opposed to porcine ACTH, 

which contains CLIP as amino acids 18-39, was found to be nearly as 

active as neurointermediate lobe in stimUlating insulin release at 

suitably high concentrations, while the 1-24 portion of the molecule, 

available as 'Synacthen', is ineffective. 	The effects of pure CLIP 

on microdissected lean mouse islets are, however, very variable. 	If 

the secretagogue is CLIP, or some similar small peptide, then ob/ob 

pituitary perifusates should not show a great species-specificity in 

their effects (and should, for example, stimulate rat islets in vitro), 

ob/ob neurointermediate lobe perifusates should have identical stimu-

latory behaviour to ob/ob whole pituitary perifusates, and antisera 

raised against CLIP (an antiserum was available that did not cross-

react appreciably with ACTH) should, when in excess, abolish the islet- 

stimulating effect of ob/ob pituitary perifusates. 	These experiments 
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have also been carried out, and the results reported in this thesis. 

g) 	If the in vitro insulin secretagogue produced by the pituitary 

glands of ob/ob mice is to have any relationship at all to the patho-

genesis of the hyperinsulinaemia and obesity, it should be released 

into the blood, in which it would be carried to the pancreas and to 

any other sensitive tissues. 	It should hence be possible to detect 

insulinotropic activity in the plasma of ob/ob mice after dilution to 

an extent which abolishes any such activity in the plasma of lean (+/+) 

mice. 	The behaviour of plasma from heterozygote animals upon 

dilution will be of particular interest in view of the discussion 

under (b),above, and dilution experiments were also carried out to 

establish the relative concentrations of the insulinotropic activity 

in the plasmas of lean and obese mice. 
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C) 	Choice of System for the Study of Pituitary-Induced  

Insulin Secretion  

The principal methods for studying insulin secretion in vitro 

are: incubation of pieces of pancreas, perifusion of pancreatic pieces, 

incubation of isolated islets, perifusion of isolated pieces, and per - 

fusion of the whole pancreas. 	Per fusion of the whole pancreas has been 

used successfully in obese mice, despite the small size of the animals 

(Laube, Fussganger, and Pfeiffer (1972)). 	These authors observed a 

biphasic pattern'of insulin release, albeit on an unusually long time 

scale (the secondary response began to appear 15 min after stimulation 

with elevated glucose concentrations). 	The basal secretion rates of 

ob/ob mice pancreases were much higher than for lean mice, showing a 

six-fold elevation. 	The technique is very involved, takes a long time 

to set up, requires a great deal of manual dexterity and practice, and 

in consequence it would take too long to accumulate a statistically 

significant number of observations on the effects of various treatments, 

for example. 	The results obtained depend on the response of the whole 

gland (including attached mesenteric adipose tissue and exocrine cells) 

which is subject to oedema and possible local anoxia. 	The viability of 

the islets is difficult to assess. 

Coore and Randle (1964) were the first to use incubated pancreatic 

pieces (from rabbits). 	Small pieces of tissue must be used, to avoid 

anoxia. 	It is difficult to standardise the rates of secretion thus 

obtained, since the proportion of islet tissue varies from one part of 

the pancreas to another (Steinke, Patel, and Ammon (1972)) and would 

vary greatly from piece to piece. Many proteolytic enzymes are released 

by the cut tissues, which means that a protease inhibitor such a 'Trasylol" 

(Vance, Buchanan, Challoner, and Williams (1968)), or anti-insulin serum 

(Malaisse, Malaisse-Lagae, Lacy, and Wright (1967)) must be used to 

protect the secreted insulin. 



Local anoxia, release of proteolytic enzymes, and standardisation 

of secretion rates cause far fewer problems if isolated islets are used. 

Islets can be isolated by freehand microdissection (Hellerstrom (1964)) 

or by collagenase induced disruption of the surrounding acinar tissue 

(Moskalewski (1965)). 	Lacy and Kostianowsky (1967) modified this 

latter method, so that islets could be prepared in large numbers, by 

using density gradient centrifugation to separate the islets. 	Islets 

can be made more easily visible, and hence more easily separable, by a 

variety of techniques such as ligating the common bile duct several days - 

prior to pancreatectomy, which causes degeneration. of the acinar tissue 

(Keen, Sells, and Jarrett(1965)), or by clamping the pancreatic vein and 

the common bile duct, which causes blood to accumulate in the islets and • 

so reddens them (Aleyassine and Gardner (1972)). 

Islets made by these methods will form, store, and release insulin 

in response to, for example, glucose and theophylline, but these procedures 

are very traumatic, and the metabolism of the islets may be altered in 

some way by them. For. example, Atkins and Matty (1970) showed that 

collagenase-separated islets have a lower oxygen consumption than micro-

dissected islets, and also respond less strongly to elevated levels of 

glucose. 	Lacy, Young, and Fink' (1968) were unable to obtain an insulin 

secretory response to tolbutamide with collagenase-extracted islets. 

Work in this laboratory suggests that, while collagenase-extracted rat 

islets will respond adequately to glucose in perifusions, they will not 

respond to ob/ob neurointermediate lobes or whole pituitaries perifused 

in series, while microdissected rat islets (see later) and perfused rat 

pancreas do respond to ob/ob whole pituitary perifusates. 	Clearly, 

microdissection appears to be a superior technique for islet extraction, 

at least when the low yield is not a problem, and the islets within the 

pancreas are readily visible, as is the case with most work on mice. 

However, the bulk of work on insulin secretion in vitro uses rats, and 
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collagenase extraction is the most practical technique for obtaining 

islets from the pancreas of these animals, owing to the small size and 

poor visibility in situ. 

Islets thus obtained may be incubated or perifused. 	Secretion 

rates are rather higher in perifusions, owing partly to inhibition of 

insulin release by accumulating secreted insulin in incubation media. 

(Loreti, Dunbar, Chen, and Foa (1974)). 	The accumulation of islet cell 

metabolites may also adversely affect insulin secretion. 	Also if the 

incubation medium is not continuously agitated, occasional fimovements will 

lessen the concentration of insulin immediately around the islet, and 

so allow the secretion of further insulin, giving rise to a spurious 

peak (Hellman (1970)). 	Patterns of insulin secretion are also easier 

to demonstrate using a perifusion system: sharp peaks, etc., e.g. the 

primary response to glucose, would be much less noticeable in incubations. 

Also islets are more easily washed prior to a second or subsequent 

treatment in perifusion systems and need not actually be moved from one 

container to another or otherwise physically disturbed. 	Secreted 

insulin is no longer in contact with the islets or with any attached 

acinar tissue, and so is less likely to be degraded by proteases, or to 

inhibit the secretion of further insulin, in. perifusions. 

Pancreatic pieces or islets may be perifused, and both systems 

were used for the work described in this thesis. 	Perifused pieces are 

subject to many of the same disadvantages as are incubated pieces, but 

with (presumably) greater freedom from the problems associated with 

proteolysis. 	This system was chosen as a simple alternative with which 

to confirm the augmentation of insulin release from microdissected lean 

mouse islets by ob/ob pituitary perifusates observed by Hawthorn (1976). 

The pieces perifusion system was as described by Burr, Stauffacher, 

Balant, Renold, and Grodsky (1969), except that mouse rather than rat 

pancreas pieces were used and no 'Trasylol' was used: these authors were 
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studying proinsulin release and intended the 'Trasylol' principally to 

inhibit the tryptic cleavage of proinsulin. 	No 'Trasylol' was available 

at the time, and it did not seem necessary to wait until supplies could 

be obtained. 	These authors did not obtain an obvious biphasic pattern 

of insulin secretion in response to glucose, but got a sustained rise of 

insulin release with a latency of onset of about 15 min. 	However, in 

later work by this group using the same system (Burr, Taft, Stauffacher 

and Renold (1971)), clear-cut biphasic patterns of insulin release are 

seen, with a latency of onset of the secondary response of about 6 minutes. 

A biphasic pattern of insulin release was not obtained in the studies 

reported in this thesis, irrespective of whether perifused pieces or 

islets were used. 

The above perifusion system has been adapted to use isolated rat 

islets (Idahl (1972), Lacy, Walker, and Fink (1972)) and most of the 

experiments reported in this thesis utilised a modification of this 

technique. 	An in vitro perifusion of whole isolated pituitary glands 

was connected directly in series with the islets in order to study 

pituitary effects on insulin secretion. 	Of the workers cited above, 

only Lacy, Walker, and Fink (1972) obtained biphasic patterns of insulin 

release in response to elevated glucose concentrations using perifused 

islets, but it seems very common to obtain biphasic release using rat 

islets in this system. 	Only monophasic patterns of release were 

obtained in these studies, as stated earlier, in response both to 

glucose and to the pituitary secretagogue, from microdissected rat and 

mouse islets. 
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D. 	Materials and Methods 

1) 	Animals  

(i) Genetically obese (ob/ob) mice  

The colony of genetically obese mice maintained at Imperial 

College was obtained several years ago from the School of Biological 

Sciences, University of Aston, Birmingham. These animals had been bred 

from C57B1/6J obese mice from Bar Harbor and mice from a local non-inbred 

strain. These mice have since been maintained as a random-bred closed 

colony. 	There is considerable variation among these animals in body 

weight, plasma insulin, and plasma glucose despite the extensive inbreed-

ing, perhaps due to incomplete expressivity of the ob gene on this genetic 

background. 

The body weight of lean animals stabilises after about 65 days, 

while that of obese animals is still rising at 5 months. 	Plasma insulin 

levels are relatively constant for lean animals, but increase rapidly 

in obese animals from 6 to 14 weeks of age, after which they tend to 

plateau at about 2000 MU,  /ml, as opposed to 40 141/m1 for lean animals. 

Obese animals were selected for use in as fat and hyperinsulinaemic a 

state as possible, when their abnormalities were all most pronounced, 

i.e. at about 4 months of age. 	After this age, plasma insulin levels 

tend to decline slightly (Hawthorn (1976)). 

All genetically obese (ob/ob) mice and their lean littermates 

were bred in the Department of. Biochemistry, Imperial College. They 

were housed in rooms maintained at 210C and subject to a 12 hour ' 

(8.00 a.m. - 8.00 p.m.) cycle of artificial lighting. 	The animals 

were contained in polycarbonate cages (8Z" x 11" x 42" containing up to 

5 animals, or 18" x 13" x 64" containing 6-15 animals) and sawdust was 

used as bedding. After weaning the animals were given tap water and 

oxoid diet (Heygates Ltd.) ad lib unless otherwise stated. 	Mice from 

which islets were to be derived were fasted overnight prior to use, 
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unless otherwise specified. 	Animals were.used without regard to their 

sex. 

Groups of ob/ob mice were maintained on a calorically restricted 

diet to reduce their weight gain. 	These animals, referred to as ob/ob-RD, 

were housed singly from weaning at 21 days with blotting paper bedding 

and allowed only 5 g. of powdered oxoid diet per day. They were used 

for experimental work at about 32 months of age, when their average 

weight was 45g, compared with 65-75g for animals fed ad lib. 

Breeding ob/ob mice  

Females are infertile, but males are merely subfertile, and their 

reproductive performance can be improved by diet restriction (Eastcott 

(1972)). 	Thus the breeding regime which produces the highest yield of . 

ob/ob progeny is to mate diet-restricted homozygous ob/ob males with lean 

heterozygote females. This gives rise to ob/ob and ob/+ progeny in 

equal numbers. 	No +/+ animals are produced. 	Heterozygotes can also 

be mated, resulting in a 3:1 ratio of lean to obese progeny. 	Of the 

lean animals thus produced, two-thirds will be heterozygous, and thus 

indistinguishable from the homozygous lean animals except by breeding 

experiments. 	In this department, heterozygotes used for breeding are 

kept as monogamous pairs for 6 months. 

Homozygous lean animals must be produced by the breeding of 

homozygous lean male and female parents. The homozygosity of lean 

female prospective parents was established by mating them with diet- 

restricted ob/ob males. 	Females producing no obese offspring in three 

consecutive litters were presumed to be homozygous. The homozygosity 

of lean male prospective parents could not be established using diet 

restricted female ob/ob mice in this way, since these are still sterile. 

Hence putative homozygote males were mated with known heterozygote 

females and those producing no obese progency in three consecutive 

matings were presumed to be homozygous. Homozygous lean mice used in 



experimental work came from the F2 and subsequent generations derived 

from parents whose homozygosity was established as described above. 

(ii) Mice maintained on experimental diets or  

goldthioglucose-treated  

These were all CLFP female mice (Anglia Laboratories, 

Alconbury, Cambridgeshire, U.K.). 	The high carbohydrate diets and high 

fat diets were fed for 10 weeks to mice weighing initially about 30 g. 

Goldthioglucose (GTG)-induced obesity was produced in CFLP female mice 

weighing about 30g by a single intraperitoneal injection of GTG (0.85 mg/kg 

body weight: Brecher and Waxier (1949)). 	The mice were starved. for 

20 hours following the injection of GTG and were then given a restricted 

amount of food for the next 5 days in order to reduce mortality from 

uncontrolled food ingestion. 	Thereafter they were fed ad lib on 

powdered oxoid breeders' diet (H.C. Styles, Bewdley, Oxon) for 16 weeks. 

Controls for the GIG mice were given a single intraperitoneal injection 

of saline and fed on the oxoid diet ad lib. 

The effects of perifusates from the pituitaries of these mice were 

tested on pancreatic islets microdissected from female CFLP control lean 

mice which were fasted overnight prior to being killed. 

(iii) Mice used in Glucose-loading and Fasting-refeeding  

experiments  

These were all homozygous lean littermates of the ob/ob mice 

referred to earlier, bred in this department, and used without regard to 

their sex. 	For each fasting-refeeding experiment, two +/+ mice were 

fasted overnight and then allowed to feed for 1 hours before being killed. 

Two control +/+ mice which had been fed ad lib for several days were killed 

at the same time. The fasted-refed mice ate 4-6 times as much food 

(up to 3g each) during the l hour period as the mice which had been 

fed ad lib throughout. 
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For each glucose-loading experiment, four +/+ littermate mice 

were fasted overnight prior to the experiment, and 15 minutes before 

being killed, two were injected intraperitoneally with glucose (0.2g 

in'0.5 ml distilled water) while the other two were injected with 

Krebs-Ringer saline (0.5 ml) by the same route. 

(iv) Rats 

These were Sprague-Dawley rats, bred in the Department and 

used without regard to their sex at about 2 months of age, when they 

weighed about 180g. 	They were fed ad lib on oxoid diet (Heygates Ltd.), 

but were fasted overnight prior to geing killed, and their pancreases 

removed for the microdissection of islets. 

NOTE:- 	In none of the above experimental groups was water intake 

restricted. 

2. 	Diets 

i) Oxoid Breeder's Diet  

This had the following composition (%): crude oil 2.6, crude 

protein 20.4, crude fibre 2.7, digestible oil 1.9, digestible crude 

protein 17.6, digestible fibre 1.2, digestible carbohydrate 48.8, 

amino acid supplements 9.0, salt mixture 3.0, vitamin mixture 0.17; 

additionally supplemented with vitamin A 5355 Su/kg and vitamin D3  

1474 Iu/kg. 

ii) High Fat Diet  

This had the following composition (%): 	butter 38.9, barley 4.1, 

maize meal 1.3, Sussex oats (ground) 3.4, bran 3.4, white fish meal 4.2, 

yeast 1.3, meat and bone 8.4, dried skimmed milk 31.9, NaCl 0.4, 

NaH2PO6.2H20 0.05, vitamin mixture 2.6; additionally supplemented with 

biotin 0.1 mg/kg, D- d -tēcopherol, acetate 300 mg/kg, and selenite 7 mg/kg. 

iii) High Starch and Sucrose Diets  

These had the following composition (%): casein 18.0, corn oil 3.0, 
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carbohydrate (starch or sucrose) 70.0, D,L-methionine 0.5, NaH2PO4.2H20 

2.2, salt mixture 2.7, cellulose 3.2, vitamin mixture 0.4; additionally 

supplemented with 0.1 mg/kg biotin and 300 mg/kg D-a-tocopherol'. acetate. 

The salt mixture used in the high sucrose and high starch diets 

was as described by Cawthorne, Diplock, Muthy, Bunyan, Murrell, and 

Green (1967), with the omission of NaH2PO4.2H20. 	The vitamin mixture, 

used in the high fat, high starch, and high sucrose diets, was as 

described by Bunyan, Green, Diplock, and Robinson (1967), but with 

one-tenth the cyanocobalamin content stated. 

3. 	The Perifusion System  

i) 	Pancreatic Pieces  

The perifusion apparatus and procedure used was essentially that 

described by Burr, Stauffacher, Balant, Renold, and Grodsky (1969b) 

with a number of modifications. 

(a) 	Preparation of Pieces of Mouse Pancreas  

Pancreases were removed from 3-4 month old male or female 

ob/ob or +1+ mice after an overnight fast and which had been recently 

killed by cervical dislocation. 	The whole pancreas of one mouse at 

a time was minced by hand under Krebs-Ringer bicarbonate buffer (KRB) 

(Krebs and Henseleit (1932)) at a temperature of4°C and supplemented 

immediately prior to. use with 0.2% (w/v) bovine plasma albumin previously 

dialysed for 3 days against KRB,and 100 mg% glucose, and previously 

aerated with a gaseous mixture comprising 95% 02  and 5% CO2  for 

one hour." 	No 'Trasylol' was used (see 'Choice of System' Section). 

The mincing was continued until all the pieces were approximately 1 mm 

in diameter. 	Pieces were then selected, dried on filter paper, and 

about 40 mg was weighed out, using a. torsion balance, and transferred 

to the filter support platform of a 'Swinnex " Millipore filter holder 

which was being continuously washed with gassed KRB supplemented with 

albumin and glucose as stated above (the perifusion buffer), and 
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maintained at a temperature of 37°C in a water bath. 	This filter 

holder formed the perifusion chamber. All parts of the apparatus 

were connected with 0.5 mm bore silicone tubing. 	It usually took 

8-10 pieces to make up a weight of 40 mg. Buffer was passed through 

the system by means of a Technicon Autoanalyser multichannel proport- 

ionating pump at a flow rate of 0.37 ml/min. 	For each experiment two 

channels were available, and if both utilised +1+ or ob/ob pieces it 

was found necessary to use the pancreas from only one animal. 	In any 

case one chamber was always filled with tissue straight after the other, 

without delay. 

After the pieces were in place, the two halves of the filter 

holder were screwed together, taking care to spill as little buffer as 

possible. The waterproofing rubber ring was retained between the two 

halves, but no filters were used, as these were found to be associated 

with blockages as the experiment progressed. The pump, which had been 

switched off during the placement* of the pieces, was restarted as soon 

as both chambers had been filled and screwed shut. The tubing had been 

clamped off during this time to prevent return of buffer to the reservoir 

flask, and was unclamped prior to restarting the pump. 	Pieces-containing 

chambers were immobilised in weighted beakers in the water bath to 

prevent any possibility of mechanical shock producing spurious insulin 

release. 	A 14 hour preperifusion was allowed to wash out bubbles, 

and to wash away excess insulin, proteases , etc., prior to the collection 

of the first fraction. 	At this time, secretion rates would have 

stabilised (see 'Characteristics of System' section). 	Six 5-minute 

fractions were collected prior to stimulation in order to determine 

the rate of basal insulin secretion for each channel. 	All perifusate 

samples were frozen priorto the insulin assay. 

(b) 	Preparation of Pituitary Glands  

Animals were killed by cervical dislocation and rapidly 
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decapitated. 	The pituitary gland was removed after disposal of the 

brain and washed briefly in albumin-and-glucose-supplemented KRB (the 

perifusion buffer) at 370C, before being placed on the filter support 

platform of another 'Swinnex " Millipore filter holder, used as the 

perifusion chamber. 	This had also been washed with the perifusion 

buffer prior to the placement of the pituitary, and again care was 

taken to spill as little buffer as possible when the two halves of the 

chamber were screwed back together. Again the tubing between the 

chamber and the buffer reservoir was clamped off, but the pump was not 

switched off as this may have affected the pancreatic pieces, from 

which basal secretionfractions were being collected at that time. The 

rubber ring between the two halves was retained, but again no filter 

was used, due to the need to avoid the resultant blockages. 	The glands 

were washed for 5 minutes prior to stimulation, primarily to remove 

bubbles. 

c) 	Procedure  

If the same type of pituitary was being used in both channels 

in order to compare the effects of different pieces preparation (e.g. 

ob/ob pituitary in series with ob/ob or +1+ pieces), two pituitaries 

of an identical type were washed and coperifused in the same chamber at 

twice the usual flow rate, using a T-piece connecting the tube from the 

chamber two tubes from the pump, to give a flow rate of 0.37 ml/min/ 

pituitary. 	At the point of stimulation, the emerging perifusate was 

split two ways by means of a T-piece, so that each channel received a 

perifusate flow of identical composition, (see Fig.l(i)) and the likeli-

hood that both pituitaries would be inactive entirely by chance was very 

small. 	If different types of pituitary were being used in both channels, 

in order to compare their effects on the same pieces preparation (e.g. 

ob/ob or +/+ pituitaries in series with +1+ pieces), two pituitaries of 

either type were washed and coperifused together in the same chamber at 



twice the usual flow rate to give a rate of 0.37 ml/min/pituitary, or 

0.74 ml/min/channel. 	At the point of stimulation, the emerging peri- 

fusate was split two ways as before, but one-half of the flow from each 

perifusion chamber was run to waste (see Fig.i(ii)). 	Hence the overall 

flow rate was 0.37 ml/min/channel, equivalent to one pituitary per 

channel and comparability with respect to perifusate concentration with 

the previous arrangement was secured. 	The point of using two similar 

pituitaries was again to minimise the risk of a negative result being 

due to chance damage to one pituitary. 

(d) 	Stimulation Procedure  

Prior to stimulation, both the pieces and the pituitaries 

were being washed in parallel. 	The pieces had a three-way tap connected. 

in series with them in both channels. 	Immediately prior to stimulation, 

the tube from the pituitary perifusion chamber to the pump was clamped, 

connected to the closed inlet of the tap, and unclamped. 	This was done 

to both channels. 	Stimulation was timed, bearing in mind the dead time 

of the apparatus, so that pituitary perifusates would have passed over 

the pieces and would be arriving at the fraction collector at the start 

of fraction 0, i.e. it was carried out in the last 60 seconds of fraction 

-1. At the moment of stimulation the three-way tap was turned, drawing 

pituitary perifusate, rather than plain buffer, over the pieces. 

In the- case of stimulations using KRB with elevated glucose levels 

(300 mg%), the tap in each channel simply had one inlet from the low- 

glucose buffer and one from the high glucose buffer. 	Turning it merely 

drew high glucose buffer over the pieces (Fig.l(iii). 	Both buffers 

were continuously oxygenated throughout the experiment, and for 1 hour 

previously. 	In all cases stimulation took place about 2 hours after 

the death of the animals from which the pancreases had been removed, 

and 10-15 minutes after the death of the pituitary donors (where 

appropriate). 	Once carried out, stimulations were not reversed. 
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ii) 	Isolated Islets  

The perifusion apparatus and procedure used was essentially that 

described by Beloff-Chain, Edwardson, and Hawthorn (1975), with minor 

modifications. 	The perifusion buffer was identical to that described 

above in composition, i.e. KRB freshly supplemented with 0.2% bovine 

plasma albumin (previously dialysed for 3 days against KRB) and 100 mg% 

glucose, equilibrated with a 95% 02 5% CO2  gas mixture, and gassed 

continuously throughout the experiment. 

(a) 	Preparation of Islets  

The animals were killed by cervical dislocation, the pancreas 

was rapidly removed, and placed in chilled perifusion buffer. 	Small 
portions of the area intermediate between the splenic and duodenal ends 

of the pancreas were placed in fresh perifusion buffer maintained at 4°C 

in a water-jacketed dish, and separate islets were dissected free from 

the surrounding acinar tissue under the x10 magnification of a stero-

microscope using fine watchmaking.forceps and a syringe needle as 

described by Hellerstrom (1964). 	The isolated islets were collected 

in a black-based petri dish and washed in fresh buffer at 4°C before being 

transferred to the perifusion apparatus where they were preperifused 

for half an hour at the usual rate of 0.37 ml/min/channel prior to the 

collection of the first fraction. This was known to be the time taken 

for attainment of a stable basal secretion rate (see 'Characteristics 

of System' section). 	Six 5-minute fractions were collected prior to 

stimulation in order to establish the basal rate of secretion. 	All 

perifusate samples were frozen prior to assay on a subsequent day. 

Islets were transferred to the perifusion apparatus using a 1 ml 

disposable syringe connected to a long Pasteur pipette into which the 

required number of islets were drawn by raising the plunger of the 

syringe. 	The introduction of bubbles could easily be avoided by this 

means. 	Similar-sized islets were dissected from lean and obese animals 



to secure comparability, and because the larger ob/ob islets were found 

to be excessively fragile. 	Islets were not weighed, so the judgement 

of size was a subjective one. 	24 islets could be prepared by this 

method in 45-60 minutes. 	Since 4 channels were available for each 

experiment, this was sufficient for 6 islets per channel. 	All 24 islets 

could usually be obtained from one pancreas, if required. 

(b) Preparation of Pituitaries and Neurointermediate lobes  

Animals were killed by cervical dislocation and decapitated. 

At this stage blood was collected, if required, by allowing it to drain 

from the body, through the severed neck and through a heparinised plastic 

funnel into a heparinised plastic test-tube held under the funnel. The 

pituitary was removed, washed briefly in perifusion buffer at 37°C and 	- 

then inserted into the perifusion apparatus where it was preperifused 

for 5 minutes prior to stimulation, primarily to remove bubbles. 	If 

required, the neurointermediate lobe was first separated from the 

adenohypophysis under the stereomicroscope with the same instruments 

used for the microdissection of islets. 	If intact, the neurointermediate 

lobe was perifused in exactly the same way as were the whole pituitaries. 

(c) The Perifusion Apparatus  

Isolated pituitary glands and pancreatic islets were peri- 

fused in series. 	Each islet was placed in one of four 'available 

cylindrical channels of 2 mm diameter drilled through the longest axis 

of a 9.5 cm x 8 cm x 3 cm clear Perspex block. 	This block could be 

separated into two portions to allow nylon gauze to be inserted which 

retains the islets in position during the perifusion. 	In use, the 

two halves were clamped together by means of bolts. 

The pituitaries were contained in a similar Perspex block 

containing four cylindrical channels, initially of 2 mm diameter, but 

widening abruptly halfway through the block to about 6 mm diameter. 

This had the advantage that the condition of the pituitaries could be 
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seen at all times, and it was easier to exclude bubbles. 	Pituitaries 

were placed in the wider part of each channel and the block was held 

horizontally in use. 	The pituitaries did not tend to move towards 

either end.. 	Adaptors were available so that the narrow bore (0.5 mm) 

silicone rubber tubing used in the pieces experiments could also be used 

to connect the buffer reservoir, pituitary block, and islet block. The 

apparatus may be depicted schematically as shown in Fig.2. 

Interconnections between the perifusion blocks were made with 

injection-moulded plastic T-and I-pieces manufactured by the departmental-

workshop. 3-way taps were not used owing to problems obtained with 

leakage. 	The pump was the same as that used in the pieces experiments. 

The four channels were colour--coded for easy identification. 

(d) Procedure  

(i) 

	

	Comparing islets in response to the same pituitary  

perifusate in series  

No more than two different types of islets were contained 

in the block in one experiment, owing to the variability of response 

obtained. 	Islet channels were present either as two duplicates if 

islets from different experimental groups were being compared, or ,in 

quadruplicate if the effects of two different types of pituitary peri- 

fusate were being compared. 	In the former case, only one channel of 

the pituitary block was used, containing 3-4 similar pituitaries, and 

preperifused at 1.11 - 1.48 ml/rairt(i.e. 0.37 ml/min/pituitary) using a 

5-way connector to join the tube from the pituitary block channel with 

3 or 4 tubes leading to the pump (Fig.3(i)). 	At the moment of 

stimulation, the tubes from the 5-way connector to the pump were replaced 

with tubes to the islet block. 	Thus one pituitary block channel 

supplied a perifusate flow of identical composition to two pairs of 

duplicate islet block channels, and the flow rate over the islets was 

0.37 ml/min/channel (see Fig.3(ii)). 



(ii) Comparing pituitaries perifused in series  

Here the islets are all the same, taken from one pancreas. 

This was by far the commonest experimental situation. 	Two channels of 

the pituitary block were used, each containing two similar pituitaries. 

Both channels were perifused at 0.74 ml/min/ each, i.e. at 0.37 ml/min/ 

pituitary, using (for each channel) a T-piece to join the channel to 

two tubes in the pump (Fig.3(i)). 	At the moment of stimulation, the 

tubes from the T-pieces to the pump were replaced with tubes to the 

islet block. 	Hence each of the two pituitary-containing channels 

supplied a duplicate perifusate flow to a pair of islet block channels 

containing similar islets (see Fig.3(ii)). 

(iii) Usinq pituitary perifusates and plasma samples  

Here there was no need for the pituitary block, or for 

T-pieces. 	At the moment of stimulation, tubes were momentarily clamped 

and transferred from the perifusion buffer reservoir to the test liquid, 

which had been warmed and gassed beforehand. 	Again, either two pairs 

of duplicate islet channels were used, to compare their responses to 

the "same agent, or the islet channels all contained islets taken from 

the same pancreas, and two channels were stimulated with one agent, and 

two with the other (see Fig.3(iii)). 

ii)(e) Stimulation Procedure  

The timing of the stimulations relative to fraction number was 

as described for pieces. Tubes were interconnected and reconnected 

while clamped off, and with the pump momentarily switched off. 	3-way 

taps were not used for the reason mentioned (leakage). 	No difficulty 

with the inadvertent introduction of bubbles was experienced. 	Once 

carried out, stimulations were not reversed. There was no attempt to 

return to basal conditions, as difficulties in interpretation could 

arise following an effect after-a return to basal conditions owing to 

the long and variable latencies characteristic of mouse islets in this 
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system. 	Stimulation occurred about 2 hours after the death of the 

animals from which the islets were removed, and 10-15 minutes after 

the death of pituitary donor animals (where appropriate). 

4. Dilution of Perifusates  

For each experiment 2-4 ob/ob, ob/+, or +/+ pituitaries were 

coperifused at a flow rate of 0.37 ml/min/pituitary for about 30 minutes. 

The perifusates from the first five minutes were discarded. The rest 

was Check• a,.d diluted as indicated in warm, fresh, gassed perifusion 

buffer immediately prior to use. The apparatus was set up as shown 

in (iii) of Fig.3. 

5. Dilution of Plasma  

Blood was obtained as described earlier (effusion from neck 

veins). 	Plasma was obtained by centrifuging the heparinised blood 

samples for 10 minutes and removing the supernatant. 	The diluent . 

was normal perifusion buffer, as for perifusates. The apparatus was 

set up as shown in (iii) of Fig.3. 	Owing to the limited quantities 

obtainable, mouse plasma was always used at 1:6 dilution or greater. 

Krebs-Rifiger Bicarbonate Buffer (KRB) 

This had the following composition (mM1):  

NaCl 117.7, NaHCO3  25.0, KC1 4.75, MgSO4.7H20 1.19, KH2PO4  1.18, 

CaC12.2H20 2.52. 	Bovine plasma albumin, dialysed for 3 days against 

KRB was used at a concentration of 0.2% w/v. 	Low glucose buffer 

contained 100 mg% (5.6 nfl) glucose, while high glucose buffer contained 

300 mg% (16.7 mM ) . 

6. Immunoassay of Insulin  

The technique is based on the competition between a fixed amount 

of 
125

I-labelled insulin, and variable amounts of unlabelled insulin 

from experimental samples, for binding to Wellcome insulin binding reagent, 



a precipitate of guinea pig anti-insulin serum and rabbit anti-guinea 

pig-globulin serum. 	The greater the amount of unlabelled insulin in 

the experimental sample, the lower will be the amount of radioactivity 

recovered in the percipitate. 	Radioimmunoassays were first described 

by Yalow and Berson in 1960. 

(i) 	Preparation and Purification of 
125

I-insulin  

The method used was that of Hunter and Greenwood (1962) for 

human growth hormone, with minor modifications. 	Two buffers were used; 

(I) was 0.25 M phosphate buffer at pH 7.4, (II) was identical, but 

with 10 mg/ml of bovine serum albumin. 	Iodination was carried out in 

the conical base piece of a clear polystyrene tube. 	1m Ci of high 

specific activity ( > 14 Ci/mg) Na 
125

I contained in 10 .1 was 

mixed with 10 /u.l of buffer (I), already in the reaction vessel. 3.4/kg 

of pure crystalline insulin dissolved in 0.01 M HC1 and 20 pl of 

chloramine T (3.5 mg/ml in buffer (I)) were added and the solutions 

mixed by flicking the reaction vessel with a forefinger several times 

after each addition. 	After 25 sec. the reaction was stopped by the 

addition of 100 µ.1 of sodium metabisulphite (2.4 mg/ml in buffer (I)). 

The solutions of chloramine T and sodium metabisulphite were freshly 

made up for each iodination. The complete mixture was transferred to 

a 2 cm x 40 cm column of Sephadex G-25 (fine) and diluted with buffer (II). 

1.6 ml fractions were collected. 	Samples of 1 /Al were then taken 

from each fraction and counted for one minute in a Wallac gamma counter. 

Two peaks of radioactivity were produced. 	The fraction of the high 

molecular weig.ft peak containing maximum activity was made up to 10x1 

in buffer B (see later) and stored at 4°C. For assay purposes this 

solution was further diluted 1:100 to give a working concentration of 

about 1 ng/m11. 	The incorporation of iodine into insulin was actually 

about 70%, and the specific activity of the iodinated insulin was about 

230 µ.Ci/mg (± 30%). 
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(ii) 	Insulin Radioimmunoassay  

The method used was a modification of the procedure of Hales and 

Randle (1963) described by Quabbe (1969). 	Determinations were carried 

out in triplicate and an average value taken. 	Incubation tubes were 

set up containing 100 /Al of insulin binding reagent (IBR)-and 100 cul 

of standard insulin or unknown sample. 	When measuring plasma levels 

of hormone the standard insulin was diluted in pooled plasma from about 

10 overnight-fasted lean mice (which had itself been diluted 1:6 in 

perifusion buffer) to give final concentrations of 1000, 500, 250, 100, 

80, 60, 40, 20 and 10 14ff/m1. 	Otherwise, standard curves were made 

up in ordinary perifusion buffer. 	Tubes were also set up containing 

labelled insulin alone (capped and counted to determine total radioactivity), 

labelled insulin plus buffer (to determine non-specific binding of radio-

activity in the system), and tubes containing no unlabelled insulin, 

(to determine the maximum binding capacity of the IBR: this is equivalent 

to the `zero insulin' point on the standard curve). 

Plasma samples from lean mice were assayed undiluted, while those 

from obese mice were diluted 1:6, 1:12 and 1:18 in perifusion buffer, 

and an average taken of the results thus obtained, discarding any values. 

that did not appear on the linear portion of the standard curve. 	In 

the case of ob/ob plasma stimulation experiments (all plasmas were 

diluted prior to use at least 1:6 in the perifusion buffer) secretion 

was determined by subtraction of plasma insulin content, determined as 

described above, and prestimulation basal secretion rate from the post- 

stimulation fractions, each of which was diluted a further 1:4 prior 

to assay. Any remainder was presumed to be insulin secretion in response 

to a plasma secretagogue. 	Immediately after thawing out frozen plasma 

samples, traces of a flocculent precipitate were noticed in some tubes. 

This was allowed to settle before samples were taken for assay. 



At this stage, all tubes contained 100 µ1 of either an unknown 

sample, or of standard insulin. 	100 p1 of IBR was added to all 

except for the total radioactivity and non-specific binding tubes. 

Each sample or standard was assayed in triplicate. 	After mixing, the 

tubes were left for 45 minutes at 4°C, when 100 /+cl per tube of the 

working dilution of 
125

I-insulin was added, the contents mixed, and the 

tubes left for a further 2i hours at 4°C. Then 1 ml per tube of 

freshly prepared high-protein buffer C (see later) was added. The tubes 

were again mixed and centrifuged at 4000 rpm for 50 min. at 4°C. The 

supernatant was decanted, the tubes drained overnight, and then counted 

for 5 minutes eachi,n the Wallac gamma counter. 

The assay was taken to be operating satisfactorily when the non-

specific binding values was 5% or less of the total radioactivity added 

to each tube, and when the maximum binding capacity of the insulin 

binding reagent was 30-50% of the total. 	The counts obtained were not 

corrected for non-specific binding, and were calculated as a percentage 

of the maximum counts bound in the absence of 'cold' hormone. 	A 

standard curve was then plotted, with percentage of maximum binding 

as ordinate on a linear scale against the concentration of standard 

insulin as abscissa on a logarithmic scale. 	A representative standard 

curve is shown in Fig.4. 

Rat insulin was assayed precisely as for mouse insulin. 

Perifusate fractions were in all cases retained so that peak 

secretion fractions could be reassayed if the undiluted value was too 

high to fit onto the linear portion of the standard curve. 

7. 	Plasma Glucose  

Plasma glucose values were determined, using duplicate 100 µl 

samples, by an enzymatic method (GOD-POD) similar to that described by 
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Bergmeyer and Bernt (1970), using enzymes supplied by Boehringer-Mannheim 

GmbH, Germany. 

8. Carcass Composition  

The percentage carcass fat was determined by the method of Bunyan, 

Murrell, and Shah (1976). 

9. Materials Used in the Perifusion System and in the  

Radioimmunoassay  

(i) 	The Perifusion System  

Albumin-Pentex fraction V dialysed for 3 days against KRB. 

Fine forceps - Weiss watchmaker's forceps No.5. 

Krebs-Ringer Bicarbonate buffer - all chemicals from BDH Ltd. 

Nylon gauze - Bed support nets (Pharmacia Ltd.). 

Peristaltic pump - Technicon autoanalyser pump and Technicon 

constant internal diameter plastic tubing. 

Plastic tubes - Luckhams LP3 ( 5 ml). 

Silicone tubing - Watson Marlowe 0.5 x 1.6 silicone tubing. 

Swinnex filter holder - Swinnex -13 (Millipore Corporation). 

Syringe needles - Gillete 25G x15/16" and 21G '.x 

Tube connectors and adaptors - T-, I-, and 5-way pieces made by 

injection moulding in the Biochemistry Departmental workshop at 

Imperial College. 

Water bath - Grant instruments SX  -10. 

ii) Radioimmunoassay  

Bovine serum albumin - Armour Pharmaceuticals Ltd. 

Chloramine T - GPR grade. Hopkins and Williams Ltd. 

Heparin - 1000 (Il/ml. Evans Medical Ltd. 

Horse serum No.5 - Wellcome Reagents Ltd. 

Insulin for iodination - pure crystalline ox insulin. 	Wellcome 

batch No. 27612B, stored as dry material. 
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Insulin standard (mouse) - Novo Theraputisk, Copenhagen. Stored as 

17200 in 100 pl buffer B. 

Potency = 22.4 /.0/mg. 

(human) 	- Wellcome Reagents Ltd. Supplied 	dry: 

2000/AU in 0.04 M sodium phosphate and 

0.5% bovine serum albumin. 

Insulin binding reagent - Wellcome Reagents Ltd. Supplied in the 

same form as their Human Insulin Standard. 

Na 125I (sodium iodide) 	- Radiochemical Centre, Amersham. IMS 30. 

Polystyrene tubes (iodination) - conical based 300/PS (Henly's 

Medical Supplies Ltd.). 

(assay)- Luckhams LP2 (2m1). 

Sephadex G-25 'fine' 	- Pharmacia Ltd. 

Silica glass - Quso G32 	(Philadelphia Quartz Co.) Vycor Code 

7930 Corning High Porous. 

Sodium metabisulphite 	- GPR grade.c;Hopkins and Williams Ltd. 

Thiomersalate 	- BDH Ltd. 

(iii) Composition of radioimmunoassay buffers  

Buffer A  

NaH2PO4.2H20 0.04 M, Thiomersalate 0.025% (w/v). 

Adjusted to pH 7.4 with 0.1 M NaOH. 

Buffer B  

As for buffer A, with the addition of 0.15 M NaC1 and of 

crystallinebovine plasma albumin at 0.1% (w/v). 

Buffer C  

Buffer A mixed with Wellcome Horse Serum No.5 in the ratio 4:1. 
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Figure 1: Perifusion of pancreatic pieces  

These are schematic diagrams. Arrows indicate the direction of 

flow. All perifusion chambers, connecting tubing and buffer 

reservoir(s) are in a 37°C water bath. Each pituitary peri-

fusion chamber contains two pituitaries. 

(i) Comparing preparations of mouse pancreas pieces  

The two pieces perifusion chambers shown contain pancreatic 

pieces from different sources. Both are being stimulated 

by the same pituitary perifusate. 

(ii) Comparing pituitary preparations  

The two pieces perifusion chambers contain pancreatic pieces 

from the same animal. The two pituitary perifusion chambers 

contain pituitaries from different sources (e.g. ob/ob or 

+/+ mice). Half of the perifusate from each pituitary chamber 

is being run to waste. 

During the 5-minute preperifusion of the pituitaries 

(see text) the tubes were connected as in (i) or (ii) above, 

except that tubes A,a and B,b were connected, and tubes C,D 

were open. Then tubes a,b were connected to the closed tap 

inlets. At stimulation, tubes C,D were closed off. 

(iii) Comparing the response of pieces to high glucose buffer  

The two pieces perifusion chambers contain pancreatic pieces 

from different animals (e.g. ob/ob, +1+ mice) and are both 

being stimulated by the same high-glucose buffer., At stimu-

lation, tubes E,F were closed off and tubes G,H opened. 
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Figure 2: The islet perifusion apparatus  

This is a schematic diagram. The direction of flow is indicated by the arrows. 

The buffer reservoir, islet block, and pituitary block are contained within 

a 37°C water bath. 
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Figure 3: Ways in which the islet perifusion apparatus was used for, this work  

These are schematic diagrams. Arrows indicate the direction of flow. All perifusion chambers 
connecting tubing, and buffer reservoir(s) are in a 370C water bath. 4 channels are available. 

	

(1) 	System prior to stimulation: basal section is being collected from the islets and the pituitaries  

are shown being preperifused  

(ii) System after stimulation with pituitaries in series  

(iii) Stimulation with diluted perifusates or plasma  

Pituitary block present, 3 and 6 absent,1,2,4,5 open 
4(c) below 

Pituitary block present, 3 present, 2 closed, 4 and 5 open, 
+(d) below 

In diagram (i) :  

Pituitary block absent, 4 and 5 open, 6 absent 
}(a) below 

Pituitary block absent, 4 and 5 closed, 6 present 
-}(b) below 

(d) 1,2 open, 3 absent: identical islets being used to compare 
two different series pituitary perifusates in duplicate 
(diag.(ii)) 

(e) 2.closed, 3 present, 1 open: 2 types of islet stimulated with 
the same series pituitary perifusate split 4 ways 
(diag.(ii)) 

(a) 1 and 2 open, 3 absent: identical islets 
being used to compare 2 different agents 
(diag.(iii)) 

(b) 2 closed, 3 present, 1 open: 2 types of islet 
responding to one agent (diag.(iii)) 
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Fig.4: A typical standard curve for the radioimmunoassay of mouse insulin 

IBR = Wellcome Insulin Binding Reagent 
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E. 	Calculation and Presentation of Results. 

Fractions were collected for 5-minute periods for the perifusion 

apparatus, and for islet experiments, four channels were used in 

parallel for each experiment. 	For pieces only two channels were 

available, each containing about 40 mg pieces. 	Each channel contained 

5 or 6 islets, and the channels were used in pairs so that either all 

the islets were of the same type, usually obtained from one pancreas, 

or 2 of the channels contained one type of islet (10-12 islets altogether) 

and the other two channels contained another type (again 10-12 islets 

altogether). 	This provided duplicates for islet responsiveness, 

essential owing to the inherent variability of the system. 	Each pair 

could receive a different, pooled perifusate from 2 pituitaries, or all 

four channels could receive identical perifusates (see Materials and 

Methods section). 	The flow rate was 0.37 ml/min/channel, and 

approximately 2 ml fractions were collected. 	The insulin concentration 

in each fraction was measured againat a standard of crystalline mouse 

insulin of potency 22.4 µU /mg. These values were corrected for the 

volume of the fraction to give the total insulin secretion in pu/mg/mmn 

(for pieces) or N`d  /5-6 islets/min (for islets). 	This is not corrected 

for the number of islets, because there is reason to suppose that not all 

the islets survive preparation, handling, and insertion into the system, 

this accounting for some of the variability of basal secretion rates 

observed between channels (see 'Characteristics of System' section). 

A graphical presentation of results obtained from experimental groups 

as average secretion rates vs fraction number is not employed, owing to 

the variable latency of response, which appears to be entirely a 

characteristic of the islets and pieces and which would obscure individual 

peaks, and suggest that the response takes the form of a slow, sustained 

small increase of insulin secretion, when almost no individual response 

is like this. 	Stimulated points on such a graph would also be 



associated with rather large standard errors. 

Instead, results are expressed in terms of the percentage 
a 

stimulation values for each channel, calculated as shown below and 

averaged out over a group of experiments. 

% stimulation 	
(peak-basal) secretion rate  x 100 

basal secretion rate 	1 

Basal secretion is the average of the secretion rate in the three 

fractions immediately preceding stimulation, while peak secretion is 

the highest value occurring on or after fraction 0 and is usually the 

first fraction significantly elevated above the basal. 	The timing 

of stimulation with respect to fraction number has been discussed in 

the 'Materials and Methods' section. 	All of fraction 0 contains 

perifusate from stimulated islets. 	This method of expressing results 

is further legitimated by the constancy of occurrence across experimental 

groups of aberrant 'PE' responses,'(see 'Characteristics of System') 

at a fairly low incidence. 	Hence the parameters compared between 

different experimental groups are average percentage stimulation, and 

where appropriate, average peak and basal secretion values, in 

/AU /5-6 islets/min, or 	WI/mg/min in the case of pieces. 	The 

t-test for unpaired variates was generally used to establish the 

significance of any differences noticed. 	It was found that when mean 

basal and peak secretion rates began to differ significantly (p 	0.05), 

the percentage stimulation value as calculated above was between 

70-100, so percentage stimulation values of less than 100 are, for 

the purposes of this study, regarded as insignificant. 
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CHARACTERISTICS OF THE PERIFUSION SYSTEMS 
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F. 	Characteristics of the Perifusion Systems  

(a) Perifused Pieces  

After the mouse pancreas was chopped up and the pieces weighed 

and transferred into the perifusion chamber, five-minute fractions 

were collected, starting immediately and continuing for 2z hours. 

These fractions were assayed for insulin content, and the experiment 

was done three times with pancreases from lean mice, and three times 

with pancreases from obese animals. A non-stimulatory concentration 

of glucose (100 mg%) was present. Very high initial rates of insulin 

secretion were recorded, no doubt due to leaching out of insulin from 

damaged tissues, and secretion in response to the terminal hypergly- 

caemia of the animal (Fig. 5) (Coore and Randle (1964)). These rates 

of secretion did not stabilise until about 75 minutes after the commence- 

ment of the perifusion, when the rate, of decline was very slow. 

Hence in all further experiments a 75 minute preincubation period 

was allowed for the attainment of a stable basal secretion rate. 

Until 75 minutes after the start of the perifusion, pieces of ob/ob 

mo a pancreas had very significantly higher basal secretion rates 

than did the lean mouse pieces, although both these secretion rates 

declined equally rapidly with time. 

The pattern of secretion obtained from lean or obese pieces 

in response to a stimulation was an initial sharp increase of insulin 

secretion by about 75%, occupying 5-10 minutes. This presumably 

represented some kind of stimulus artefact, since it could be pro-

duced by a simple change of buffer to one of identical composition. 

to the first; it was also evoked by changing from buffer to 

pituitary perifusate from lean animals, despite the absence of a 

subsequent stimulation. 	In all cases a stimulation, once started, 

was continued until the end of the experiment, without a return to 

basal conditions. Flows from various sources (e.g. buffer or 



pituitary perifusion chambers) were switched in or out of the system 

using plastic 3-way taps. 

After this initial increase, secretion rates returned to their 

prestimulation values for a further 15-20 min. Then, in the case of 

perifusates from ob/ob mouse pituitaries, and in the case of elevated 

glucose concentrations, there was a sudden rise of secretion rate, 

peaking within ten minutes, and declining rather more slowly. Generally, 

the post-stimulation plateau of insulin secretion was about the same 

as the prestimulation (basal) rate, but it was significantly greater 

than that of unstimulated control tissue, obtained from the same 

pancreas and perifused at the same time (two channels were available 

for each experiment). Control rates fell rather more sharply than 

post-stimulation rates; the stimulation appeared to maintain higher 

secretion rates at all times in the experimental tissues, including 

between peaks. Percentage stimulation values (see Calculation and 

Presentation of Results section)never exceeded 400% which is there-

fore probably an indication of the maximal response capacity of the 

. 	Basal rates of secretion, calculated as the average of the 

insulin produced in each of the three pre-stimulation fractions,varied 

considerably from preparation to preparation, and there was appreciable 

fraction-to-fraction variation of insulin secreted within each five-

minute period. Peak latencies varied greatly and tended to be 

rather long. As with islets (see-later) the first - fraction to become 

elevated after a stimulation was usually the highest. The peak 

fraction occurred, in all cases, where there was a significant 

stimulation in the form of a second peak, within 30-45 minutes of 

the stimulation, i.e. mostly within a range of about three fractions 

although a few occurred very rapidly. 	Because of the similarity 

in shape of the individual peaks, peak values of insulin secretion 

were approximately proportional to the area under the graphs, i.e. 
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to total insulin secretion, and thus calculations of percentage 

stimulation values, based on peak secretion rates and basal 

secretion rates as defined above, are used. Graphs of insulin secre- 

tion.against fraction number, containing the averaged results of a 

number of experiments are thus misleading as to the pattern of 

stimulation, since the effect of the variable latency is to depress 

the peak height and to increase the peak width, so reducing the 

apparent latency of onset of the second peak and also reducing 

the rate of increase after onset. Points on such a graph would also 

be associated with large standard errors, and hence such graphs are 

not given. A typica ob/ob pituitary stimulation'of +/+ mouse pancreatic 

pieces perifused in series is shown in Fig. 6, together with a 

glucose stimulation of ob/ob pieces. 

If the distributions of peak latencies are plotted for obese and 

lean pieces, they are very similar. They are also similar, pooling 

obese and lean values, for elevated glucose stimulations and for 

pituitary perifusate stimulations, except that rather more immediate 

stimulations are noticeable with ob/ob pituitaries than with glucose 

(Fig.7). 	Latency does not affect peak size. This is shown in Fig.8 

by plotting latency<against the mean relative percentage stimulation 

obtained at that latency. Mean relative percentage stimulation 

is calculated as 

individual percentage stimulation 	100 
group average percentage stimulation 	

X 
 —I

— across all experimental 

categories and averaging the sum of all values at each latency value. 

For all latencies, this figure is approximately 100%, i.e. no latency 

is associated with a response to a particular stimulation that is 

consistently above or below average for that stimulus. These 

latencies probably reflect artefacts of preparation, and are in any 

case of little experimental interest. 	They are unlikely to be caused 

by slow enzymic conversion of inactive to active secretagogue in the 
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pituitary perifusate since they were also obtained with glucose, 

and are unlikely to be due to protease destruction of secreted 

insulin because a rapid, possibly artefactual, first peak could always 

be obtained. Their magnitude may be due to delayed permeation of 

secretagogue into the active islets contained within each pancreatic 

piece, past the shell of damaged, inactive tissue.. 	_ 

Apparatus'dead' time. '.is unlikely to be an important contributory 

factor, since this was about 60 sec., and allowance was made for it 

in that stimulations were carried out 60 sec. before the fraction 

collector started to collect fraction 0, at which time the 'new' 

buffer would have passed through the system, over the pieces, and 

be arriving at the collector. 

The first peak may be caused by hydrostatic pressure fluctua-

tions upon changing from one buffer to another, or from buffer to peri- 

fusate, and so is more immediate. 	There is reason to suppose that the . 

secretagogue-induced second peak in fact corresponds to the depletion 

of a 'labile pool' of insulin within the surviving islets (Grodsky, 

Landahl,Curry. and Bennett (1970)). The evidence is discussed in the 

next section in relation to islets, upon which the experiment was 

performed, but mention may also be made of the abrupt character of the 

peak, not at all reminiscent of the 'secondary' phase of insulin 

secretion in response to glucose, but similar to the effect of 

pituitary perifusates on isolated islets. 

Fig.8 shows that basal secretion, except at the lowest levels 

seen, is not related to mean relative percentage stimulation, i.e. 

the cause of baseline secretion variability is not fundamental to the 

proper functioning of the system. 

(b) Perifused isolated islets  

While pancreatic pieces could be chopped, weighed out, and 

ready to perifuse within 10-15 minutes of killing the animal, islets 
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were seldom ready"to perifuse in less than 1 hr of killing. 

20-24 could be dissected out in 45 minutes, and for each experiment 

4 channels were available, so 5-6 islets were used per channel. , 

In order to ascertain the time required for the attainment of stable 

baseline conditions, a similar experiment was carried out to that 

described Under (a) above. As soon as the islets had been trans- 

ferred into the perifusion system, five-minute fractions were collected, 

starting immediately and continuing for about 2i hours. 	These 

fractions were all assayed for insulin content, and the experiment 

was done four times with`islets from lean animals and four times with 	-- 

islets from obese animals. A non-stimulatory concentration of glucose 

(100 mg%) was present. Again, very high initial rates, of insulin 

secretion were recorded, due perhaps to leaching out of insulin from 

damaged islets, and secretion in response to the terminal hyper- 

glycaemia of the animal (Fig.9) (Coore and Randle (1964)) . These 

rates of secretion did not stabilise until about 30 minutes after the 

commencement of the perifusion, when a very slow, consistent, decline 

of secretion rate was observed, continuing until the experiment was 

terminated. Hence in all further experiments a 30 minute pre- 

perifusion period was allowed for the attainment of a stable basal 

secretion rate. No significant differences in basal secretion rates 

between ob/ob and lean mouse pancreatic islets could be detected, 

partly due to the fact that islets of a similar:size were selected 

from lean and obese animals, despite the preponderance of large 

islets in obese animals (this helps to secure comparability between 

different preparations, although it should be noted that the islets 

were not weighed,' and in any case the large ob/ob islets were found 

to be fragile and difficult to microdissect from the surrounding 

acinar 	tissue), and partly due to the even greater variablity 

of basal secretion (as defined above) from islets as compared with pieces. 

Both secretion rates declined equally rapidly with time. 



Pt seemed likely that much of the basal variability was the 

result of damage to the islets in the course of preparation and 

handling, given that they were roughly of equal size, came from roughly 

the same region of the same pancreas (except where otherwise stated, 

all 20-24 islets used in each experiment of a series came from the 

same animal) and had been transferred into the perifusion apparatus 

at the same time. 	Islets were of course checked visually before 

insertion into the perifusion apparatus, and obviously damaged islets 

were not used. To test this possibility, all basal values obtained. 

from islets taken from one type of animal, e.g. adult mice fed ad lib, 

over a reasonably short period of time (to avoid the confusing effects 

of seasonal fluctuations in insulin. secretion: Howland and Nowell 

(1968)), were plotted on a horizontal scale long enough to include 

the full range of values observed. 	yIf the basal variability 

was primarily due to random complete inactivation by injury of islets, 

this plot should produce a number of clusters of values, each corres-

ponding to a particular number of viable islets, this number in-

creasing as the basal value (obtained in the experiment) increases. 

The distance between the centres of adjacent clusters would represent 

the secretion, in one five-minute fraction, of one islet, or an 

integral multiple of this,a cdnstraint.being imposed byu the total 

number of islets placed in the perifusion channel. Several examples 

of such diagrams are given in Fig. 10. Islets from 3 week old animals 

were not included since they were very small and heterogeneous with 

respect to size: it was not possible tō dissect out an adequate number 

of any one size. 

The smallest distance between the centres of clusters may be taken 

to represent the secretion of one islet, so basal secretions of single 

islets of various types can be obtained, and corresponding numbers of 

viable islets tentatively attached to each cluster. The basal secretion 
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rate of ob/ob islets is found to be significantly higher than that for 

lean islets, and the rates of secretion from the ob/ob islets are sig-

nificantly reduced by acute fasting and long-term dietary restriction, 

and secretion from the islets is also decreased by acute fasting 

(Table 1). 	There is no tendency for mean relative percentage stimu- 

lation values to be affected by basal secretion rates (Fig.11), 

as observed with pieces. 

The pattern of secretion obtained from lean or.Iobese islets 

in response to a stimulation was.a single sharp increase and 

decrease of insulin secretion. In all cases, a stimulation, once 

started, was continued until the end of the experiment, with no 

return to basal conditions. Pre- and post-stimulation basal 

secretion rates were roughly similar.. In about 25% of cases, however, 

post-stimulation secretion rates remained at more than t':jico the pre- 

stimulation basal rate for over.15 minutes. This may be termed 

a prolonged elevation (PE) response, in contrast with the more usual 

peak (P) response. 	The proportion of PE responses was roughly con- 

stant irrespective of the nature of the stimulus; pituitary peri-

fusates or plasma (see Table 2), and hence probably represents some 

system (islet) idiosyncrasy. ob/ob and lean islets had a similar 

incidence of PE responses. Percentage stimulation values rarely 

exceeded 400% (see Calculations and Presentation of Results section) 

which therefore probably corresponds to a maximal response. 

There was les short-term variation of insulin secretion (i.e. between 

adjacent fractions) with islets than with pieces. 

Peak latencies were in all cases much less than those obtained 

with pieces, but nevertheless varied considerably, except, interestingly 

enough, with isolated microdissected rat islets, which gave large and 

always rapid responses to stimulation with ob/ob pituitary perifusates 



or elevated glucose levels. Most islet channels reached a peak within 

5 minutes of stimulation, allowing for the one-minute 'dead' time of 

the apparatus as described in the section on pieces. The latencies 

observed varied from 5 min (the minimum possible) to 25 min, but 

the longer latencies are a tiny minority of the total (Fig.12) 

in the case of lean. islets (ob/ob islets- appear to behave very 

similarly in this regard despite the much smaller numbers). The 

latency distribution did not appear to be influenced by fasting or 

feeding or by the nature of the secretagogue (ob/ob or +/ob plasma 

or pituitary perifusate, GTG-obese mouse pituitary perifusate, etc.) 

and so these results have been pooled. Usually the first fraction 

to become elevated after a stimulation was the highest. Initial 

elevated glucose stimulation experiments not reported in this 

thesis evoked rapid responses from islets, although the number of 

experiments was small, so here the notion that slow conversion of 

the pituitary secretagogue from an inactive to an active form is taking 

place is quite tenable. 	The conversion, if proteolytic, might be 

accelerated by the presence of contaminating acinar tissue around the 

islets (some was unavoidably present on most islets), but attempts 

in this laboratory to check this possibility by varying the extent of 

acinar tissue contamination on the islets have proved inconclusive. 

The use of 'Trasylol' in an attempt to increase the latency might be 

ill-advised in view of the fact that the conversion may not be 

proteolytic, and if it is, need not show a tryptic specificity. 

Latency, as found with pieces, does not affect peak size, since 

mean relative percentage stimulation values (defined in the section 

above on pieces) plotted against the corresponding latency as before 

show no effect: of latency in obese or lean animals, (Fig.11). Graphs 

of insulin secretion against fraction number, containing the averaged 

results of a number of experiments are again misleading as to the 

pattern of stimulation obtained with islets, since the effect of the 
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variable latency is to depress and elongate out of all recognition 

the short, sharp peaks actually obtained. Because the peaks are 

short. and sharp, their heights are again proportional to the total 

insulin secretion, and since the proportion of PE responses is 

small and constant across the experiments, percentage stimulation 

calculations once again are employed in order to express the results, 

which are not expressed graphically. A typical islet response to 

an ob/ob pituitary perifusate stimulation is shown in Fig.13; these 

are lean islets. 	Islets from young animals behave identically 

as regards latency distribution and the absence of influence of 

latency and basal secretion rate on percentage stimulation, but the 

basal distribution is much compressed, 70% of all basals being less 

than 40 pU insulin per fraction (16 uU/6 islets/min). 

There is evidence that the short, sharp, monophasic insulin 

secretory response to stimulation usually observed with these 

islets in response to pituitary perifusates from ob/ob mice 

corresponds to a release of only 'labile pool' insulin. Beloff-Chain 

and Hawthorn (1976) showed that islets stimulated once with ob/ob 

pituitary perifusate became refractory to a further stimulation by 

even fresh pituitaries (from ob/ob mice) perifused in series for 

at least another 30 minutes, an effect that could not be explained 

by the length of time spent by the islets in the perifusion system, 

since previously unstimulated islets that had been in the system equally 

long could respond to the ob/ob perifusate, albeit less strongly. 

It does not appear that the classic biphasic pattern of insulin re-

lease is a universal response to insulin secretagogues by all insulin-

secreting systems. 

The response obtained with these islets to pituitary perifusates 

and plasma was quite variable, and it sometimes happened Rthat, of 

two channels of apparently identical islets perifused with the same 
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solution, one channel responded and one did not. Many, but not all, 

non-responders had low basal secretion rates, as is implied by the 

large standard error associated with the 0-20 column of the basal vs 

mean relative percentage stimulation histogram of Fig.11 (F for the 

ratio of this variance and the next largest one is 3.1 (n1 =34, 

n2=17 p<0.025, two-tailed): 	the other variances and means do not 

differ significantly among one another). However, some quite 	• 

viable.: channels (as assessed by basal secretion rate) inexplicably 

failed to respond. It should not be supposed that low basal secretion 

rates are necessarily associated with small islets: Lernmark and 

Hellman (1969) showed that, for microdissected islets of a given 

type, the very large islets secreted less insulin than the smaller 

ones, perhaps due to a disproportionate increase with increasing 

size of the contribution made to islet volume of cell types:  

producing secretions inhibitory to insulin release (e.g. somatostatin). 

Islets were not weighed prior to_insertion into the system, and 

large islets were found to be fragile, so the low response sometimes 

associated with low basal secretion values could be due to the chance 

insertion of a few larger islets into one channel, all with membrane 

damage-induced unresponsiveness. 
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• Table 1 Basal secretion rates of different types of islet (in pU  
islet-lmin.-1) based on minimum inter-cluster intervals from  
Fig.10.  

Secretion rates quoted as means + SEM 

Type of islet 

Basal 
Secretion 
Rate 

Number 
of 

Clusters 

Number 
of 

Values 

a) Fed ob/ob islets 11.2+0.84 4 15 

b) 24-48 hr fasted ob/ob 
islets 6.6+0.32 4 25 

c) ob/ob - RD islets 5.8+0.27 5 20 

d) 18 hr fasted lean islets 
(Values from experiments 
performed Jan-Feb 1978). 

5.6.+0.45 5 66 

0 Fed lean islets -7.3+0.6 4 22 

b), c), d) do not differ significantly from one another e) differs. 
from d) (p<0.01); and a) differs from b) and c) (p<0.001), using 
student's t-test for r paired variates, a) differs from e) (p<0.001). 

Table 2 Mean percentage of PE-type responses obtained in experiments  
using ob/ob pituitary perifusates - and db/ob - or ōb/+ plasma  
at various dilutions (see also Fig.13). 

Results for percentages presented as mean + SEM 

Parameter Mouse Plasma Pituitary 
Perifuusoke 

Percentage PE in experiments 26.6+4.5 26.2+8.1 

Number of experiments 8 7 

Total number of values 
used 65 119 
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Figure 5: Insulin release from pieces of mouse pancreas perifused in 100 mg% Krebs buffer  

Graphs are each the means of three experiments: Vertical bars denote + SEM 

Filled circles: ob/ob mouse pieces 

Filled squares: lean (+/+)mouse pieces 

Pieces inserted into apparatus at time=Q, :5-minute fractions were collected. 
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Figure 6: Typical stimulations obtained with perifused mouse pancreatic pieces  

Arrow denotes point of stimulation 

Filled circles: ob/ob pancreatic pieces responding to an elevated glucose concentration 

Filled squares: +/+ pancreatic pieces responding to ob/ob pituitary perifusate 

Pancreatic peices were taken from 12 week-old animals; pituitaries from 16 week-old mice 
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Figure 7: Frequency distribution of latency and basal secretion rates obtained with obese  

and lean mouse pancreatic pieces 

n = number of observations 

(a) Fed lean and obese pieces: combined response to high glucose and pituitary perifusate 

(b) Response of fed lean and obese pieces to high glucose stimulation 

(c) Response of fed lean and obese pieces to ob/ob pituitary perifusates 

CO Fed lean pieces 

(e) Fed ob/ob pieces 
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Figure 8: Effect of latency and basal secretion rate on percentage stimulations obtained with  

pieces of pancreas  

Figures in parentheses refer to the number of channels upon which the calculations 
are based. Vertical bars denote.+ SEM. Results from obese and lean pieces are 
combined, using all possible values obtained. 

Mean relative percentage stimulation' is defined in the text and is calculated 
as follows: 

n 

where -%S1 is the mean value of percentage stimulation obtained in an experiment from 
which %Si is an individual value. n is the number of values of %Si obtained associated 
with a pa'ticular latency or range of basal values. The above calculation is, of course, 
performed separately for each latency or basal column. 
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Figure 9: Insulin release from mouse islets microdissected and perifused in 100 mg% Krebs buffer  

Graphs are each the means of 4 experiments. Islets were inserted into the perifusion 
apparatus at time = 0. Vertical bars refer to + SEM. 5-minute fractions were collected 
buk 	o U*n,aie f re cJEēr,u.s wwe o.~to~~ ed 
Filled circles: ob/ob islets 

Filled squares: lean +1+ islets 
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Figure 10: Basal secretion rate distribution in different types of islet preparation  

(a) Fed ob/ob islets (15 values) 

(b) 24-28 hr fasted ob/ob islets (25 values) 

(L) oblpb'RD islets (20 values) 

(d) 18 hr fasted lean islets: values taken from Jan. - Feb. 1978 experiments (66 values) 

(e). fed +1+  islets (22 values) 

yertical lines are positioned at the means of clusters of basal values. Upper figure denotes 
the'mean-value. Lower figures in parentheses indicate the number of islets thought to be viable 
in each case (out of 6 inserted originally per channel). 

Scale values are in pU insulin per fraction, i.e. pU/2 m1/6=_islets/5 min. If the minimum 
inter,,cluster interval represents the secretion from one islet, then this secretion rate, 
in pU insulin per islet per minute, is given by (Interval x 2) 
See also Table 1. 	 5 
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Figure 11: Effect of latency and basal secretion rate on percentage stimulations obtained with  

islets from lean and obese mice 

Figures in parentheses refer to the number of channels sampled. Vertical bars denote 
+ SEM. Results from lean and obese mouse islets, fed or fasted were chosen at random 
from all experiments performed. 

Mean relative percentage stimulation' is defined in the text and in the caption to 
Figure 8. 
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Figure 12: The frequency distribution of latency and basal secretion rates obtained with 

microdissected lean mouse islets 

Results from lean (+1+  and +/ob) islets, fed or fasted, were chosen at random 
from all experiments performed. 
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Figure 13: Typical stimulations obtained with perifused microdissected mouse islets  

Arrow denotes point of stimulation. 

Islets from overnight-fasted lean (+-/ob) mice, aged 10 weeks. Both channels are 
shown responding to pituitary perifusate from 16 week-old ob/ob mice. 

Filled trigngles; showing a 11' type of response and a latency of 5-10 minutes 

Filled squarest 	showing a 'PE' type of response with the same latency 

See also Table 2. 
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G. 	Results 

1) 	Stimulation of insulin secretion from perifused pancreatic  

pieces of lean and obese mice by high glucose concentrations  

and by pituitary perifusates from ob/ob and +1+ mice  

The results from all these experiments are shown in Fig.14 . 

Shaded bars refer to pieces of ob/ob pancreas and unshaded bars to 

pieces of +/+ pancreas. 	High-and low-glucose stimulations were done 

together, as were ob/ob and +1+ pituitary perifusate stimulations, so 

the experiments on obese and lean pieces were done on separate occasions. 

In the case of glucose stimulations, the pancreatic pieces from 

obese mice responded much more strongly than did those from lean 

animals, giving stimulations of 279% and 138% respectively (p < 0.05). 

In control experiments, when the buffer was changed to another one of 

identical composition to the first, both obese and lean pieces gave 

insignificant stimulations, of 34% and 55% respectively (i.e. basal 

and peak secretion rates did not differ significantly). 

In the case of pituitary stimulations, this situation was 

reversed. The pieces from lean mice responded much more strongly to 

pituitary perifusates from obese mice than did pieces from obese 

animals, giving stimulations of 401% and 153% respectively (p< 0.01). 

Small stimulations, which did not differ significantly from one another, 

were observed from obese and lean pieces in response to perifusates 

from lean (+/+) mouse pituitaries (88% and 133% respectively). 

Basal secretion rates tended to be rather variable, but if the 

values from all the experiments are pooled, a consistently and signifi-

cantly higher basal, insulin secretion rate was obtained from ob/ob 

pieces than from lean pieces: 6.9 vs 3.5 p.0 .mg-l.min-1 (p< 0.001). 

Basal secretion rates on which Fig.4 is based have been included in 

these mean values. 	In the case of the islet experiments to be 

described subsequently, no such consistent difference between basal 



secretion rates from islets of lean or obese animals was detectable 

(see 'Characteristics of System' section). 

2) 	Influence of the pituitary perifusates from. ob/ob, ob/+, and  

+/+ mice at different dilutions on insulin secretion from  

lean mouse islets  

The results from all these experiments are summarised in Fig.15, 

which shows percentage stimulation data only. All islets were 

obtained from overnight-fasted lean mice aged 10 weeks, so the mean 

basal secretion rates associated with each bar of the histogram did 

not usually differ significantly among themselves. 	The four islet 

channels available for each experiment were generally used to compare 

the effects of two different dilutions, one of which was known from 

a previous experiment to be stimulatory. This furnished a check on 

islet viability independent of basal secretion rate (all islets used 

in the four channels of one experiment came from the same part of the 

same pancreas). 

Pituitary perifusates from homozygous lean (+/+) mice gave 

insignificant stimulations (mean = 40%) even when used undiluted, i.e. 

mean basal and peak secretion rates did not differ significantly. 

Undiluted ob/ob andob/+ pituitary perifusates both gave highly signifi- 

cant stimulations, of 290% and 196% respectively. 	These are not 

significantly different (p = 0.1). 	When used at a dilution of 1:20, 

both ob/ob and ob/+ pituitary perifusates still gave highly significant 

stimulations, of 230% and 219% respectively. 	These do not differ 

significantly from the values obtained with the undiluted perifusates. 

When used at a dilution of 1:50, ob/+ pituitary perifusates gave an 

insignificant stimulation of 49%, while the ob/ob perifusates still 

stimulated strongly (209%). 	At a dilution of 1:100, the ob/ob 

perifusate stimulation fell to an insignificant 32%. 
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Hence pituitary perifusates from +/+ mice are not active in 

stimulating insulin release even when used undiluted, while ob/+ and 

ob/ob perifusates can be diluted 1:20 with full retention of activity, 

but only ob/ob perifusates can be diluted 1:50 with full retention of 

activity. 	These results suggest a gene-dosage dependent variation 

in pituitary insulin secretagogue release in vitro. 

3) 	Effect of dietary state on basal and pituitary-stimulated  

insulin secretion in vitro  

Effect of dietary state on basal insulin secretion rates  

from isolated islets in vitro 

Mean basal secretion rates for the various groups, given in 

Table 3 are all quite similar, but this conceals a wide variation of 

individual values within each group. 	All individual basal values 

for each group of experiments are plotted in Fig.10,with the addition 

of other values, where available, from subsequent experiments as 

described in the `Characteristics of System' section. 	Each dot 

represents one value. Mean basal secretion rates thus obtained are 

given in Table 1. 	This shows that fasting sharply lowered the basal 

insulin secretion rate of ob/ob islets.from 11.2 to 6.6)W—islet-I. 

min-1  (p‹. 0.01) and significantly lowered that from lean islets, from 

7.3 to 5.6 / t. islet-1. min-1  (p C 0.01). 

The islets from fed ob/ob mice had a significantly higher basal 

secretion rate than did those from fed lean islets (11.2 vs 7.3 (k. 

islet 1. min-1; p < 0.001). 	The islets from fasted obese, long-term 

diet-restricted obese, and fasted lean mice all had very similar basal 

secretion rates when calculated in this way. 

ii) 	Influence of the pituitary glandsfrom obese mice on insulin  

secretion from isolated pancreatic islets  

The results of these experiments are presented in Tables 3 and 4. 



The percentage stimulation data are reproduced in what it is hoped 

will be a more easily assimilable form in Table 5. 

Data relating to percentage stimulation values appear in Tables 

3, 4 and 5. 	Pituitaries from fed ob/ob animals stimulated islets 

from fed and 24 hour fasted lean (+/+) mice significantly more strongly 

than those from fed or 24 hour fasted ob/ob mice. Fasting the islet 

donor animals for 24 hours did not significantly affect the sensitivity 

of the islets. However, islets from 48 hour fasted ob/ob mice were 

much more sensitive than those from fed or 24 hour fasted ob/ob mice 

(p C 0.001) to the stimulatory effects of pituitary perifusates from 

the glands of fed ob/ob mice. A slight effect of fasting for 24 

hours on the sensitivity of lean (+/+) islets could be demonstrated 

in response to pituitary perifusates from 24 hour fasted ob/ob mice. 

An effect of fasting for 24 hours on the stimulatory effect of ob/ob 

pituitaries could only be demonstrated using islets from fed +/+ mice 

(p < 0.02). 

iii) 	Influence of fasting on the insulin-releasing effect of the  

pituitary glands of ob/ob mice  

The results of these experiments are shown in Fig.16. 	For 

each experiment, all islets were taken from overnight fasted lean 

mice aged 10 weeks. 	Two of the four available islet channels in 

each experiment were always used to test 1:20 diluted perifusates of 

pituitaries from fed ob/ob mice, and the remaining two channels were 

used to test either overnight fasted, or 48 hour fasted, ob/ob 

pituitary perifusates (at 1:20 dilution) in duplicate. 	This dilution, 

chosen because it was close to that needed to extinguish the insulino-

tropic effect of pituitary perifusates from fed ob/ob mice (Fig.15) 

was used because undiluted perifusates from fasted ob/ob mouse 

pituitaries are known to give maximal stimulations (Tables 3 and 6). 
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The results show that fasting the donor animal decreases the 

stimulatory effect of the ob/ob pituitary perifusates. 	1:20 diluted 

perifusates from the pituitaries of fed animals had a greater effect 

than 1:20 diluted perifusates from the pituitaries of overnight fasted 

animals (p < 0.01) or those from the pituitaries of 48 hour fasted 

animals (p C  0.001). 	Pituitary perifusates from overnight fasted 

ob/ob mice had more activity than did perifusates from 48 hour fasted 

animals (p K 0.01). 	The stimulations obtained with 1:20 diluted 

perifusates from the pituitaries of 48 hour fasted.ob/ob mice were 

nearly all insignificant. 

iv) 	Effect of acute fasting, and feeding ad lib after long-term 

dietary restriction, on the sensitivity of ob/ob islets to  

ob/ob pituitary perifusates, and on insulin secretion, weight  

gain, and body fat content of ob/ob mice  

The results of these experiments are shown in Fig.17 and 

Table 8b. 	Shaded bars in Fig.17 refer to basal secretion rates, and 

unshaded bars to percentage stimulation data. 	For each experiment, 

pituitaries from fed ob/ob mice were used in series with the islets, 

and two channels contained ob/ob-RD islets. The other two contained 

islets from either 48 hour fasted ob/ob mice or ob/ob-RD mice that had 

been allowed to feed ad lib for 48 hours prior to being killed. 

Islets from 48 hour fasted ob/ob mice were the most sensitive, 

with an average stimulation of 453%. These were more sensitive than 

ob/ob-RD islets (which gave a stimulation of 247%) (p K 0.02), while 
islets from ob/ob-RD mice that had been allowed to feed ad lib for 

48 hours, and had a mean stimulation of 172%, were less sensitive than 

both the islets from 48 hour fasted ob/ob mice (p C 0.01) and islets 
from ob/ob-RD mice (p <. 0.02). 	In fact islets obtained from these 

ad lib-fed ob/ob-RD mice gave a stimulation that was insignificantly 

different from that of islets from ordinary ob/ob mice (122% : this 

14 
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value was obtained from an earlier experiment and is shown on the 

percentage stimulation column for 48 hour fasted ob/ob mouse islets 

for comparison purposes. 	Its position is marked with an asterisk). 

Table 8b shows that, on feeding ad lib for 48 hours, the ob/ob-RD 

animals gained a slightly significant amount of weight, which was not 

associated with a significant rise in percentage carcass fat content, 

and may thus have been simply due to an increased bulk of food in 	• 

transit in the gut. 	The plasma insulin concentration was highly 

significantly affected by ad lib  feeding however. 	The plasma insulin _.. 

of 48 hour fasted ob/ob mice (mean of six mice ± SEM), 134 ± 64, was 

indistinguishable from that of the ob/ob-RD mice shown in the Table. 

Only the mean basal secretion rate for the islets obtained 

from ob/ob-RD:.48 hour ad lib-fed mice differssignificantly from the 

others: it is slightly lower than that for the ob/ob-RD mouse islets 

(p 'C 0.05). The number of values was insufficient to analyse for 

secretion rate per islet by the method of Fig.lO and Table I, but 

there were sufficient ob/ob-RD basal values, so a value for this is 

given in Table 1. 	It is significantly lower than that for islets 

from fed ob/ob mice, and similar to those for islets from fasted lean 

and obese mice. 

v) 	Influence of fasting and refeeding and of a glJcose load on  

the insulin releasing effect of the pituitary glands of  

lean mice  

The results of these experiments are shown in Fig.18. 	All 

islets were taken from overnight-fasted lean mice. All pituitaries 

used were removed from homozygous lean mice. For each experiment, 

either two channels received pooled pituitary perifusates from mice 

fed ad lib for comparison with two channels receiving pooled pituitary 

perifusates from overnight fasted and refed animals, or two channels 

received pooled Pituitary perifusates from overnight fasted, saline- 



injected mice for comparison with two channels receiving pooled 

pituitary perifusates from overnight-fasted; glucose-loaded mice. 

Both fasting followed by refeeding and fasting followed by a 

glucose load elicited an insulin-releasing activity from normal 

homozygous lean mouse pituitaries which was not present in detectable 

quantities in pituitaries from ovenight-fasted or ad lib-fed animals. 

Fasted/refed mouse pituitaries gave a stimulation of 108%, signifi-

cantly greater than the 32% given by pituitaries from mice fed ad lib 

(p C 0.01). 	Glucose loading produced a pituitary stimulation of 

166%, again significantly greater than the 58% given by overnight- 

fasting alone (p < 0.001). 	Fasted/refed mouse pituitaries and 

fasted/glucose-loaded ones do not differ significantly in their 

insulinotropicproperties. 	This is also true of overnight-fasted 

and ad lib-fed mouse pituitaries. 

vi) 	Effect of pituitaries from alloxan-diabetic lean and control 

lean mice on insulin release from normal lean mouse islets  

These results are presented in Table 6. 	Islets from lean, 

female, overnight-fasted CFLP mice were used throughout, and pituitaries 

were obtained from normal (saline-injected) or diabetic (alloxan- 

injected) mice of the same strain and sex, but fed ad lib. 	For each 

experiment, two channels received a pooled pituitary perifusate from 

two diabetic mice, and the other two channels received a pooled peri-

fusate from two normal mice. 

The percentage stimulation obtained with the alloxan-diabetic 

pituitaries was roughly twice that obtained with pituitaries from 

control mice (138% vs 66%; p C 0.02). 	The plasma glucose levels of 

the diabetic group were very high compared to the controls (608% vs 

132 mg%; p K 0.001) and none'of the diabetic group had a plasma 

glucose level of less than 500 mg%. 
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4) 	Influence of the pituitary gland on insulin release, 

plasma insulin levels, percentage carcass fat, and  

percentage increase in body weight in different types  

of obesity  

These results comprise Table 7. 	All the islets were obtained 

from overnight-fasted, lean, female CFLP mice. 	For each experiment, 

two islet channels received a pooled perifusate flow from two control 

pituitaries (from Oxoid pellet-fed lean mice, high starch diet-fed 

mice, or powdered Oxoid-fed mice), while the other two islet channels 

received a pooled perifusate from the pituitaries of two mice from 

one of the experimental groups (respectively Oxoid pellet-fed gold-

thioglucose-treated mice, high sucrase diet-fed mice, or high fat 

diet-fed mice. 

Pituitaries obtained from all groups of treated animals 

stimulated insulin secretion to a greater extent than did pituitaries 

from control lean mice (p G 0.001). 	Pituitaries from starch-fed 

control animals seemed to be capable of causing a greater stimulation 

of insulin release than those from Oxoid-fed animals, but the effect 

was not particularly significant (p 	0.1 - 0.2). 	In all groups of 

treated mice there was a significant increase in plasma insulin levels, 

and in the percentage carcass fat. These effects were most marked 

in the GTG-treated animals. The rates of increase of body weight, 

calculated for each mouse as percentage gain per day on the initial 

weight were significantly higher in GTG-treated mice and in mice fed 

a high butterfat diet, but not in mice maintained on the high carbo- 

hydrate diets. 	Product-moment correlation coefficients were calculated, 

for all groups, between plasma insulin and rate of weight gain, body 

weight, and percentage carcass fat. The association with plasma 

insulin was found to be highly significant (r > + 0.8; p < 0.01 in 

all cases). 
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5) 	Development of the obese pituitary-islet effect 

i) 	Influence of age on the response of pancreatic islets from  

ob/ob, ob/+, and +1+ mice to stimulation of insulin release  

by the pituitary gland of adult on/ob mice  

These results are presented in Fig.l8. 	For each experiment, 

two islet channels contained young islets of one particular genotype, 

and the other two contained young islets of another one genotype. 

Islets prepared from adult ob/ob mice appeared less sensitive 

to the insulin-releasing effect of the pituitary glands from adult 

ob/ob mice than did islets of either lean ob/+ (p 	0.01) or +/+ 

(p < 0.02) mice. 	In contrast, the response of islets taken from 

3 week-old ob/ob mice was greater than that from +/+ mice of the same 

age (p C 0.05). A high failure rate was obtained with islets from 

young mice, which may reflect their greater susceptibility to damage 

during microdissection or subsequent handling. These islets were 

very small, and it was not possible to derive a basal secretion rate 

per islet by the method of Fig.10 and Table 1, as islet size could 

not easily be controlled during selection by purely visual means 

under the dissecting microscope. Of the islets from young ob/ob 

mice, 5 out of 16 channels gave stimulations lower than 50%, while of 

those from young +/+ mice, 3 out of 16 channels gave similarly low 

stimulations. 	If these low values are excluded, the mean stimulation 

obtained with islets. from young ob/ob mice is 238%, and with those 

from young +1+ mice is 120% (p < 0.001). 	2 out of 12 of the channels: 

containing islets from young ob/+ mice failed to respond with greater 

than 50% stimulation, and if these are excluded, the mean stimulation 

is 162%, not significantly different from that obtained with the islets 

from young +1+ mice, but significantly different from the stimulation 

obtained with islets from young ob/ob mice (p ( 0.02). 
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ii) Influence of the pituitary glands from ob/ob, ob/+, and +/+  

mice at 3 weeks of age, on insulin release from islets of  

adult lean mice, compared with that of the pituitaries of  

adult (3 month old) ob/ob mice  

The results of these experiments are shown in Fig.20. 	For 

each experiment, islets from overnight-fasted adult lean mice aged 

10 weeks were used. 	Of the four islet channels available, two 

received pooled perifusate from two adult ob/ob mouse pituitaries, 

and the other two channels received pooled perifusate from two 

pituitaries taken from lean mice of one of the above genotypes. 

Hence, the stimulation produced by pituitaries of adult ob/ob mice 

was used as a reference by which to compare the insulin-releasing 

effects of the young pituitaries from mice of all three genotypes. 

In Fig.20, the shaded columns refer to stimulations obtained with 

these reference pituitaries. 

The stimulations produced'by pituitaries from young and old 

ob/ob mice are virtually identical. 	Young +/ob pituitaries stimu- 

lated to a lesser extent than did young or old ob/ob pituitaries, 

but were not significantly less insulinotropic.,. Young +1+ pituit-

aries stimulated to a significantly lesser extent than did young or 

old ob/ob pituitaries (p<0.02) and were less insulinotropic than 

young +/ob pituitaries, though not significantly so (p < 0.05). 

iii) Body weight and lipid content of 3 week old mice  

These results form Table 8a. 	At 3 weeks of age, the ob/ob 

mice are slightly but significantly heavier (p ( 0.001) than their 

lean (ob/+ and +/+) littermates. 	There is a considerable difference 

in fat content between these groups, however. The ob/+ mice had a 

significantly greater percentage fat content than did the +1+ mice 

(p < 0.01) despite the absence of a difference in body weight or 

actual fat content and were thus intermediate between the other two 
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groups in this respect. These differences in percentage fat content 

suggest a gene dosage effect. 

6) 	Nature of the pituitary insulin secretagogue  

(i) 	Effect of high glucose concentrations and of ob/ob pituitary  

perifusates on insulin release from microdissected rat islets  

These results appear in Table 9. Of the four islet channels 

available for each experiment (and each of which contained 7 micro-

dissected rat islets) two were stimulated with high glucose perifusion 

buffer, and two with pooled perifusate from two adult ob/ob mouse 

pituitaries. Lean Sprague-Dawley rats aged 2 months and weighing 

about 180 g each were used. 

Stimulations were sharp and rapid in onset, and tended to be 

rather larger than those obtained with mouse islets. 	Pituitary 

perifusates from adult ob/ob mouse glands stimulated this preparation 

very strongly. Basal secretion rates were one-fifth to one-sixth of 

those observed with microdissected islets from lean mice, and the 

average rate was 1.6 µu. islet 1  min
-1,. or 11.2 /&u . 7 islets-1  min-1. 

Islets could only be dissected out in a state of heavy acinar tissue' 

contamination, and so analysis of basal insulin secretion rate per 

islet by the method of Fig.10 and Table 1 is not attempted (the islets 

were all very small, and almost certainly of widely varying size). 

(ii).  Comparison of ob/ob mouse whole pituitary perifusates diluted  

1:20 with ob/ob mouse neurointermediate lobe perifusates diluted  

1:5 and 1:20  

The results from these experiments are shown in Fig.21. Micro-

dissected islets from overnight-fasted lean mice aged 10 weeks were 

used throughout. For each experiment, two neurointermediate lobes 

taken from adult ob/ob mice were perifused in parallel, the perifusates 
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pooled and diluted 1:5 or 1:20. 	Two of the four islet channels 

available received the 1:5 diluted perifusates, the other two received 

the 1:20 diluted perifusates. 

The results show that even perifusates from ob/ob neurointer-

Mediate lobes diluted 1:5 are less insulinotropic: than ob/ob whole 

pituitary perifusates diluted 1:20 (p = 0.02 : the whole pituitary 

results were obtained from previous, recent, experiments). 	Lobe 

perifusates diluted 1:20 were still less insulinotropic giving a 

quite insignificant stimulation of 49%, but this did not differ signifi-

cantly cantly from the stimulation obtained with the lobe perifusates at 1:5 

dilution (p = 0.1 - 0.2). 

(iii) Effect of anti-C terminal (17-39) ACTH antisera on the insulin- 

releasing activity of ob/ob whole pituitary perifusates at  

1:20 dilution 

These results are shown in Fig.22, and the experiments fall into 

two groups. 	In the first group, perifusates obtained from the pituit- 

aries of at least 2 adult ob/ob mice were diluted 1:20 in perifusion 

buffer, and divided into two aliquots. 	A 1:20 dilution was chosen 

because at this concentration, the ob/ob pituitary secretagogue still 

gave maximal stimulations (Fig.15), so the amount of antiserum needed 

could be minimised while retaining an adequate volume of perifusate 

for the experiments. The antiserum concentration, which had to be in 

excess, was based on CLIP levels known to be present in the perifusates 

of pitūitariesfrom ob/ob mice (J.A. Edwardson, unpublished data). 	To 

one of these aliquots was added rabbit serum raised against synthetic 

17-39 human ACTH at a final concentration of 1:200; to the other was 

added control rabbit serum at the same concentration. 	.These were 

incubated overnight at 4°C (previous experiments had shown that the 

ob/ob mouse pituitary perifusates retained their insulin-releasing 



properties at 1:20 dilution in the presence of rabbit serum after 

overnight storage). 	For each experiment, of the four islet channels 

available (islets from overnight-fasted 10 week-old lean mice were 

used as usual), two received the perifusate + rabbit serum, and two 

the perifusate + antiserum. 	In the former group, a normal stimulation 

was obtained (230%), while stimulation in the latter was almost 

completely suppressed (46%) - clearly a highly significant effect 

(p 	0.001). 

In the second group of experiments, perifusate + rabbit serum 

and perifusate + antiserum mixtures were prepared, diluted and 

incubated overnight as before. 	Stimulation experiments were performed 

as described. 	However, 30 minutes after stimulation, all the islet 

channels were washed with perifusion buffer for 10 minutes and restimu- 

lated with the perifusate (1:20) + rabbit serum (1:200) mixture. This 

was done to check that the channels not responding to the perifusate + 

antiserum mixture were in fact viable. 	In Fig.22, the shaded bars 

refer to these second stimulations. 	Islets that have already been 

stimulated are known to be refractory to a further stimulation (Beloff- 

Chain and Hawthorn (1976)). 	Hence when the first stimulation was 

performed with perifusate + rabbit serum, a large response resulted 

(310%). 	A second stimulation produced only a negligible response (47%).. 

However, when the first stimulation was performed with perifusate + anti-

serum, only a negligible response (46%) was produced, as in the first 

group of experiments. A second stimulation, with perifusate + rabbit 

serum, showed that these islets retained full viability (376%). Thus, 

the islet-stimulating activity of ob/ob mouse pituitary perifusates 

is suppressed by anti C-terminal ACTH antisera. 

7) 	Presence of an insulin secretagogue in ob/ob and ob/+ 	mouse plasmas 

These results are summarised in Fig.23. 	Only percentage 

stimulation data are shown. All islets were obtained from overnight- 
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fasted lean mice aged 10 weeks, so the mean basal secretion rates 

associated with each bar of the histogram were generally quite similar. 

The four islet channels available for each experiment were used to 

compare the effects of two different dilutions or plasma types. (one 

of which was often known from a previous experiment to be stimulatory: 

this was intended as a check for islet viability). 	The most concen- 

trated plasmas used were at 1:6 dilution, owing to difficulty 

experienced in getting sufficient volumes of undiluted plasma from 

mice, 	Plasmas were obtained from fed mice. 	At 1:6 dilution, plasma 

insulin levels of lean (+/+ and ob/+) mice were known to be negligible, 

and so were not measured (Hawthorn (1976)), but ob/ob post-stimulation 

fractions had to be corrected for plasma insulin content at all 

dilutions used, so this was measured and subtracted from the post-

stimulation fraction values, so that peak secretion rates could be 

obtained. 

Plasma from homozygous lean mice failed to give a significant 

stimulation at 1:6 dilution. 	Plasma from heterozygous lean mice 

elicited a pronounced stimulation of insulin release at 1:6 dilution, 

as did plasma from ob/ob mice. These two stimulations did not differ 

significantly. 	Stimulations obtained with the ob/ob plasma were 

very variable, though all were high. 	At 1:20 dilutiōn, these plasmas 

remained strongly stimulatory. 	At 1:50 dilution, the stimulatory 

capacity of the ob/+ plasmas was almost completely abolished, while 

that of, the ob/ob plasma was lowered, although not significantly. 

At 1:100 dilution, ob/ob plasmas continued to give significant stimulat-

ions, but the magnitude of the response had significantly diminished 

relative to that shown at the 1:50 (p < 0.02) or 1:20;(p < 0.002) 

dilutions. 	These results suggest that ob• gene dosage-related 

quantities of a plasma insulin secretagogue occur in mice, with 

+/+ < +/ob G ob/ob being the order of increasing basal plasma 

concentration. 
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Table 3 Influence of the pituitary glands from obese mice on insulin  
secretion from isolated pancreatic islets.  

Results are mean values + SEM. Number of experiments in parentheses. 
Stimulation calculated from individual experiments. 

Conditions Insulin secretion (0.min-1. 
5-6 islets-1 % Stimulation 

Pituitaries Islets Basal Peak 

Fed ob/ob Fed/ + _30+5 (6) 85+12 (6) 185+16 (6) 

Fed ob/ob 24hr;-f as ted 
+  13+2 (6) 41+ 4 (6) 225+28 (6) 

24hr fasted 
ob/ob Fed 	/4 34+4 (6) 74+12 (6) 133+ 9 . 	(6) 

24hr fasted 
ob/ob 

24hr fasted 
!±/t 32+3 (9) 84+10 (9) 173+19 (9) 

Fed ob/ob Fed ob/ob 36+3 (8) 79+ 7 (8) 122+16 (8) 

Fed ob/ob 24hr fasted 
ob/ob 33+2 — (9) 71+ 4 (9) 119+17 (9) 

Fed ob/ob 41hr fasted 
ob,/ob  26+2 (4) 92+10 (4) 257+19 (4) 

Table 4 Significance tests and conclusions from Table 3  

Comparison p-value Conclusion 

Fed ob/ob pituitary on fed or 
fasted +%t islets 0.2 Not significant 

Fasted ob/ob pituitary on fed 
or fasted 	-!-/+ islets 

0.05-0.01 
Borderline significance. Fasted 
islets slightly More sensitive 

Fed or fasted ob/ob pituitary , 
on fed +1+ islets 

0.02 Significant. '+/+ islets more 
sensitive to fed ob/ob pituitary 

Fed ob/ob pituitary fed or 18- 
24hr fasted ob/ob islets 0.1-0.3 Not significant 

Fed ob/ob pituitary on fed or 
48hr fasted ob/ob islets <0.001 

Significant. 48hr fasting in-
creases sensitivity of islets 

Fed ob/ob pituitary on fed +/+ 
or fed ob/ob islets 0.01-0.02 

Significant. 	+/+ islets more 
sensitive. 
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Table 5 Effect of fasting on pituitary-stimulated insulin secretion  
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Figures refer to mean % stimulation + SEM. The numbers of experiments 
appear in parentheses. 

S = significant 	
) by Student's t-test. NS = not significant ) 
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Table 6 Effect of pituitaries from alloxan-diabetic lean and control lean mice on insulin  
release from normal lean mouse islets.  

Parameter 

Group 

Insulin secretion rates in pU 
6 islets-1 min

-1
. % Stimulation 

Blood glucose 
(mg%) 

Basal rate Peak rate 

Alloxan-diabetic 

(n=8) 14+1 — 31+3 — 138+23 — 608+36 — 

Controls(saline 
i.p.) 

(n=8) 
21+3 35+6 

— 
66+10 132+ 9.4 

determined by glucose-oxidase: peroxidase method 

Results given as means + SEM n = number of animals 

% stimulation: 	alloxan diabetic vs control p=0.01-0.02 

blood glucose: 	alloxan diabetic vs control p<0.001 



Table 7 Influence of the pituitary gland on insulines release, plasma insulin levels, % carcass fat and %  

increase in body weight in different types of obesity.  

Results are given as mean + SEM. The number of observations is in parenthesis. The islets were all obtained 
from normal lean CFLP female mice. The plasma insulin values were determined on separate groups of mice 
except in the case of the high fat diet mice and their controls. 

Type of obesity 

r 
Rate of insulin release in 
pU 6 islets 	min"1, 

9 Stimulation 
by pituitary 

Plasma insulin 
(A.ml-1) 

% carcass 
lipid 

Weight gain 
(g/mouse/week) 

Basal rate Peak rate 

Goldthioglucose- 24+2.8 72+11 227+ 35 * 367+67 * 46.5+2.3 * 4.21+0.17 * 
induced (10) (10) (10) (9)  (10) (10) 

Controls for GTG-: 24+3:1 37+ 5.1 61+12 60+10 15.0+1.2 1.74+0.21 
mice (10) (10) (10) (10)  (10) (10) 

Sucrose-fed 15+1.1 52+-:-4.8 265+23 * 185+48 23.7+1.1 2.22+0.08 
(14) (14) (14) (8) (14) (14) 

Starch-fed (con-e::. 
trot for•sucrose- 
fed mice) 

16+1.7 
(10) 

30+ 2.9 
(10) 

102+23 
(10) • - 

223+37 
(10) 

20.7+2.4 
(10) 

1.52+0.18 
(10) 

Fat-fed 22+3.2 80+17 246+42 * 186+22 * 34.6+1.1 * 2.68+0.17 * 

0  
(12) (12) (12) (12) (12) (12) 

Controls for fat- 24+2.9 40+ 9.6 59+17 61+12 15.8+1.4 1.19+0.13 
fed mice (12) (.12) (12) (12) (12) (12) 

- * significantly different from control mice psC).Q l) 



Table 8a Body weight and lipid content of 3 week old mice  

Results are given as means + SEM. There were 12 ob/ob mice, 10 ob/+. 
mice and 8 .-f/  +mice. 

Parameter 
Mouse Genotype 

ob/ob ob/+. +/+ 

Bodyweight (g) 16.7+0.7 * 10.5+0.7 12.3+1.1 

Carcass lipid (%) 23.9+1.2 * 13.7+1.6 ** 7.8+0.20 

Carcass lipid (g/mouse) 4.04+0.31 * 147+0.22 0.96+0.09 

* significantly different from ob/+ and +/+:: mice (p<0.001) 
** significantly different from +1+ mice (p<0.01) 

Table 8b Effects of unrestricted feeding for 48 hours on the body weight,  
lipid content, and plasma insulin of ob/ob-RD mice.  

Results are given as means + SEM. Data were available for four ob/ob-RD mice 
and for four ob/ob-RD mice fed for 48 hours ad lib. 

Experimental Group 
Parameter 

ob/ob-RD mice 
ob/ob-RD mice fed 
for 48 hours ad lib. 

P 

Bodyweight (g) 47.14+1.92 53.70+1.60 <0.05 (S)  

Carcass lipid (%) 40.06+5.0 45.19+1.90 c.0.3 
(NS) 

Plasma insulin(pU.m1 1) 228 	+8 _ 725 	+125 <0.01. 
— (S) 

Significance levels for both tables were ascertained using Student's 
t-test for unpaired variates. 

S = significant (p<0.05) 
NS = not significant 
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Table 9. Effect of high glucose concentrations and of ob/ob  

pituitary perifusate on insulin release from microdissected  

rat islets.  

Parameter 

Procedure 

Insulin secretion rate in 
pU. 7 islets 1. min.-1  % Stimulation 

Basal rate Peak rate 

High glucose 
stimulation 12+1 52+8 352+58 
(100}400 mg%) (8) (8) (8) 

ob/ob pituitary 
stimulation 11+,2_ -- 61+12 

— 
497+76 

— 
(8) (8) (8) 

Results are given as means + SEM. The number of observations is in 
parenthesis. 

The average basal secretion rate is 1.6 pU. islet 1. min̂ l. 

2 month-old Sprague-Dawley rats were used, weighing approximately 
180 g each. 
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Figure 14: Stimulation of insulin secretion from perifused pancreatic pieces of lean and obese mice 

by high glucose concentrations and by pituitary perifusates from ob/ob and +1+  mice 

Figures in parentheses refer to the number of observations 

Vertical bars refer to + SEM 

Unshaded columns - lean mouse pieces ) 
) from 3 month-'old animals 

Shaded columns -ob/ob mouse pieces ) 
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Fig.15: Influence of the pituitary perifusates from ob/ob, ob/+, and  

+1+ mice at different dilutions on insulin secretion from  

lean mouse islets  

Numbers of observations in parentheses. Vertical bars refer 

to + SEM. All islets were obtained from overnight-fasted 

lean m%ce aged approximately 21 months. 
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Figure 16: Influence of fasting on the insulin-releasing effect of  

the pituitary glands of ob/ob mice  

Numbers of observations in parentheses. Vertical 

bars denote + SEM. All islets were taken from overnight-

fasted lean mice, aged 2'-z  months. 

All perifusates were obtained from the pituitaries of 

ob/ob mice, and all were diluted 1:20 prior to use. 
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Figure 17: Effect of acute fasting, and feeding ad lib after long- 

term dietary restriction, on - the-sensitivity of ob/ob  

islets to ob/ob pituitary - perifūsates.  

Figures in parentheses refer to the number of observations. 

Vertical bars denote + SEM. 

*7 stimulation value (n=8) obtained using islets from 

.ob/oh gninals fed ad lib (.included for comparison 

purposes). 

Shaded columns represent basal secretion rates 

. Unshaded columns represent.percentage stimulations. 
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Figure 18: Influence of fasting and refeeding and of a glucose  

"load on the insulin releasing effect of the pituitary  

glands of lean mice  

Numbers of observations are in parentheses. Vertical 
bars-denote + SEM. Pituitaries and islets all from 

2'-z  month. old +1+ mice. 
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Figure 19: Influence of age on the response of pancreatic islets  

from ob/ob, ob/+, and 4/+ mice to stimulation of insulin  

release by the pituitary glands of adult ob/ob mice  

Numbers of observations are in parentheses. Vertical 

bars refer to + SEM. All pituitaries were taken from 

16 week old ob/ob mice. Islets were taken from mice 

at the apes stated. 
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Figure 20: Influence of the pituitary glands from ob/ob, ob/+, and  

+/+ mice at 3 weeks of age on insulin secretion from lean 

mouse islets, compared to that of ob/ob mice at 3 months  

of age.  

All islets obtained from overnight-fasted 22 month old 

lean mice. Numbers of observations are in parentheses. 

Vertical bars refer to + SEM. 

Unshaded columns represent values of percentage 

stimulation obtained with pituitaries from 

young mice. 

Shaded columns represent ialues of percentage stimulation 

obtained with pituitaries from 3 month old ob/ob 

mice, used as islet viability controls. 
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Figure 21: Comparison of ob/ob whole pituitary perifusate diluted  

1:20 with ob/ob neurointermediate lobe perifusates  
diluted 1:5 and 1:20  

Numbers of experiments are in parentheses. Vertical 

bars refer to f SEM. 

All islets were obtained from overnight—fasted, lean, 

22 -month old mice. 
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Figure 22: Effect of anti-C terminal (17-39) ACTH antisera on  

the insulin-releasing activity of ob/ob whole pituitary  

perifusates at 1:20 dilution  

Numbers of experiments are in parentheses. Vertical bars 

refer to + SEM. All islets were obtained from overnight-

fasted lean mice aged 21 months. All pituitary perifusates 

were obtained from 4 month old animals, and all were diluted  

1:20 prior to use. 

Unshaded columns: 	First or only stimulation, using 

ob./ob whole pituitary perifusate (1:20) incubated overnight 

with 1:200 antiserum or rabbit serum as specified. 

Shaded columns: 	Second stimulation of the same channel  

using ob/ob pituitary perifusate (1:20) incubated over-

night with 1:200 rabbit serum in all cases, after a 10 

minute wash of the islets with the perifusion buffer. 

The second basal is calculated on the secretion during 

the 10 minute wash period. 
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Figure 23: Presence of an insulin secretagogue in ob/ob and ob/+ mouse plasmas  

Numbers of experiments are in parentheses. Vertical bars refer to + SEM. 

411 islets were obtained from overnight-fasted 22 month old lean mice. 

Plasma samples were obtained from fed, 22-3 month old mice, and were diluted 
immediately prior to use. 
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H. 	Discussion  

1) 	Summary of the results presented in this thesis  

The conclusions which may be drawn from the results presented 

can be summarised as follows: 

(i) The pancreas of lean mice is more sensitive to stimulation of 

insulin release by perifusates of pituitaries from ob/ob mice, and 

less sensitive to stimulation by high glucose concentrations than is 

the pancreas of ob/ob mice. Pancreatic islets taken from normal rats 

also respond more strongly to the perifusates from ob/ob mouse pituit- 

aries than they do to high glucose concentrations. 	A biphasic 

response of insulin release was not obtained with either system to 

either secretagogue. 

(ii) There is an ob gene dosage-dependent variation in the stimulatory 

activity of perifusates from the pituitaries of ob/ob and ob/-1- mice 

as assessed by dilution experiments, with perifusates from the pituit-

aries of ob/4- mice having approximately half the activity present in 

those from ob/ob mice. 

(iii) Fasting for short periods decreases basal insulin secretion. 

The sensitivity in terms of the percentage stimulation obtained, 

though not necessarily the response capacity, in terms of the actual 

quantity of insulin secreted, of pancreatic islets (especially from 

ob/ob mice) to stimulation by perifusates of pituitaries from ob/ob 

mice is increased by fasting. 	Fasting decreases the output of the 

pituitary secretagogue from perifused pituitaries taken from ob/ob 

mice. 	Conversely, feeding long-term diet-restricted ob/ob mice ad lib, 

rapidly decreases the sensitivity of their islets to stimulation by 

the pituitaries of ob/ob mice which have always been fed ad lib, and 

rapidly increases their plasma insulin levels. 	Feeding homozygous 

lean mice after a fast, or making them hyperglycaemic with alloxan, 



or glucose-loading them, produces islet-stimulating activity in the 

perifusates of their pituitaries, which normally show no detectable 

activity at all. 	Thus the output of the pituitary insulin secretagogue 

is strongly affected by the recent dietary history of the animal in 

+1+ mice, but only slightly affected by it in ob/ob mice. 

(iv) Feeding mice various experimental diets which increase the 

proportion of carcass fat and often the body weight, also causes the 

appearance of islet-stimulating activity in perifusates from their 

pituitaries,: This is associated with an increase of plasma insulin 

levels, and again shows the strong effect of recent dietary history 

on pituitary insulin secretagogue release in vitro in animals not 

possessing the ob gene. 

(v) At 3 weeks of age, mice possessing the ob gene already show 

significant levels of pituitary insulin secretagogue release when 

their pituitaries are perifused in vitro. 	However, the sensitivity 

of islets from their panceases`to this secretagogue is the reverse of 

that seen in adult animals: young ob/ob mice show a greater sensitivity 

than do young lean animals when tested in vitro. 	At this age, before 

the onset of significant hyperinsulinaemia in the ob/ob animals, an 

ob gene dosage-dependent variation of carcass fat content (without a 

detectable corresponding variation in body weight) seems to exist, 

with 3 week-old ob/ob mice having the highest degree of adiposity, 

and 3 week-old +/+ mice the least. 

(vi) The pituitary secretagogue is most probably a small polypeptide 

whose amino-acid sequence is similar or identical to one occurring in 

the 17-39 region of ACTH (there is no great species-specificity in. its 

effect, which is blocked by prior incubation of the perifusates with 

antisera to 17-39 ACTH, in excess). 	The secretagogue may not be 

CLIP, however (perifusates from whole pituitary glands, and from 

neurointermediate lobes, taken from adult ob/ob mice, do not have 
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identical insulin releasing activity in vitro (Fig.21), which they 

should have, since as the name implies, CLIP is primarily a neuro-

intermediate lobe product. 

(vii) 	An insulin-releasing activity is also present in the plasma 

of adult mice bearing the ob gene, again in gene dosage-related 

amounts, so that there is approximately twice as much plasma secret-

agogue activity in ob/ob mice as in +/ob mice, and none at all is 

detectable in lean mouse plasma at 1:6 dilution. 

These results may be explained on the basis of two simple 

assumptions : 

(a) The pituitary secretagogue is a normal, diet-dependent insulin-

releasing stimulus (like one of the gut hormones), produced briefly 

in response to hyperglycaemia, which usually results from the ingestion 

of a meal. Possession of the ob gene impairs the normal control of 

pituitary secretagogue release, perhaps due to some form of hypothalamic 

lesion in affected mice, making it less dependent upon recent dietary 

history, but never entirely independent of it. 

(b) Being a- hormone, the pituitary secretagogue exists in a 

reciprocal relationship between its average plasma concentration and 

the number per target cell of receptors for it. This appears to be 

the case with many known hormones (see, for example, lata (1975) and 

the review by Freychet (1976)), and accounts for the variations in 

target-cell sensitivity to hormones that occur when their release is 

impaired or becomes excessive. 

The foregoing results will now be discussed in greater detail, 

with particular reference to the relevance of the two assumptions 

made above in explaining them. 

2) 	Response of the endocrine pancreas to glucose and pituitary  

stimulation  
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mice was shown to be more strongly stimulated by the perifusates from 

ob/ob mouse pituitaries than by high glucose concentrations. 	The 

reverse situation obtained in the case of pancreatic pieces from 

ob/ob mice. The observation that the pancreas of ob/ob mice responds 

more strongly to glucose than that of lean mice is in agreement with 

the work of Beloff-Chain, Newman, and Mansford (1973) who also used 

perifused pancreatic pieces. 	The finding is reminiscent of the work 

of Best, Atkins and Matty (1975) who find a general tendency of 

perifused islets from ob/ob mice to hyper-respond to normal insulin 

secretagogues such as cholecystokinin-pancreozyriin and secretin. The 

possible role of this hyper-responsiveness in the genesis and 

maintenance of the hyperinsulinaemia and obesity characteristic of 

the syndrome is obvious. 	The inability of pituitary perifusates 

from normal lean (+/+) mice to cause insulin release from perifused 

pancreatic pieces is in agreement with the work of Beloff-Chain, 

Hawthorn and Green (1975) as is.the finding that perifusates from 

ob/ob mouse pituitaries will markedly stimulate insulin release. 

These authors used microdissected mouse islets, however. 	Beloff- 

Chain, Edwardson and Hawthorn (1975) found the same relative resistance 

to the stimulatory effects of the ob/ob pituitary perifusate shown 

by ob/ob pancreatic islets. 	If the secretion of the. ob/ob pituitary 

insulin secretagogue also takes place from pituitaries in vivo, then 

the consequent high circulating plasma levels of the secretagogue 

would tend to depress the plasma membrane concentration of receptors 

to it on the iš-cells  of ';he pancreas. 	This would result in an 

insensitivity of the tissue to the secretagogue: the phenomenon of 

receptor modulation by effector concentration was referred to earlier. 

The finding of this study that there are high circulating levels of 

an insulin secretagogue in ob/ob mouse plasma lends credence to this 

view. This secretagogue is, of course, not necessarily the same as 

188 



that produced by the pituitary in vitro: 

Using perifused pancreatic pieces, differences in basal 

secretion rates between pieces from obese and lean mice were clearly 

detectable. ob/ob mice are known to be extremely hyperinsulinaemic 

(Stauffacher, Lambert, Vecchio, and Renold (1967), Genuth (1976), 

Hawthorn (1976)) and the pancreatic histological abnormalities 

present in the animal are all consistent with a very high rate of 

insulin secretion (Findlay, Rookledge, Beloff-Chain, and Lever (1973), 

Bray and York (1971)). 	It is rather as though the pancreas were 

being driven to full output by some unknown agent. Thus this finding of 

insulin hypersecretion from ob/ob pancreatic pieces is only to be 

expected, and was in fact previously reported by Beloff-Chain, Newman 

and Mansford (1973). 	The basal secretion rates found were similar 

to the ones reported in this study (Fig.7). 	Consistent differences 

between the basal secretion rates of islets from lean and obese mice 

could not be detected by Beloff-Chain and Hawthorn (1976), or by 

Hawthorn (1976), or in the present study, owing to the variability of 

basal secretion rates from channels containing equal numbers of the 

same type and size of islet. 	The possible causes of this variability, 

and a plausible method of finding the basal section rates for islets, 

are discussed in the section on 'Characteristics of the Perifusion 

Systems'. 

3) 	ob gene dosage effects 

Work in this laboratory has shown that the pancreases from 

lean homozygote and lean hetrozygote animals behave identically and 

they were thus used more or less interchangeably in this study, with 

the exception that in any one series of experiments, either one type 

of mouse or the other was used, and not both. However, the pituitaries 

from lean ob/+ mice are capable of stimulating insulin release from 
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lean islets as strongly as are those from obese animals (Beloff-Chain, 

Hawthorn, and Green (1975)), but the +/ob mouse is, as stated, neither 

obese nor hyperinsulinaemic. 	It is possible that pancreatic islets 

in vitro are generally more sensitive to insulin secretagogues than 

they are in vivo. 	This could be due to the absence from the isolated 

islet of any of the many restraining influences on insulin secretion 

that exist in vivo, such as the effects of direct adrenergic innervation, 

or of circulating adrenaline from the adrenal medulla (Goodner and 

Porte (1972); Lundquist (1971)). 	Alternatively, the levels of 

circulating secretagogue in +/ob mice might be lower than those 

reached in the perifusion system, and so be incapable of stimulating 

insulin release. 	Both these arguments suggest that while ob/ob and 

ob/+ pituitary perifusates are qualitatively similar, there should be 

appreciable quantitative differences of secretagogue content between 

them, although both are capable of producing a maximum insulin secretory 

response from islets in vitro. — Such a quantitative difference was 

indeed found, in the perifusate dilution experiments. 	ob/ob perifusates 

could be diluted to an extreme extent (1:50) before losing their islet- 

stimulating activity. 	ob/+ perifusates could only be diluted half 

as much before losing theirs. 	This is an obvious case of a gene 

dosage effect, but the magnitude of the reduction of secretagogue 

activity in ob/+ mice is insufficient in itself to explain the absence 

of at least hyperinsulinaemia in vivo. 	The plasma stimulation 

experiments to be discussed later, suggest that a high level of a 

(possibly identical) insulin secretagogue occurs in ob/+ plasma. The 

absence of hyperinsulinaemia can best be attributed to a control 

mechanism acting at the pancreatic level to suppress inappropriate 

insulin release-in response to the pituitary secretagogue (or to it 

and to the plasma secretagogue, if these are different entities). 

Such an in vivo control mechanism would most likely affect the 
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sensitivity of the islets, to secretagogues in general, rather than 

take the form of a complete block of response specifically to the 

factor, since it is improbable that the response to specific insulin-

releasing stimuli can be selectively suppressed without affecting 

the appropriate receptor concentrations. Receptors to the pituitary 

secretagogue are presumably present in abundance on +/ob F- cells: 

+/ob islets respond to the secretagogue as do those of +1+ animals 

in vitro. The in vivo response to the pituitary secretagogue is 

probably reduced relative to that in vitro owing to this general, but 

partial, blockade of insulin release. This blockade may be effected 

by the adrenergic mechanism suggested above. 

Gene dosage effects have been found on several parameters in 

relation to the ob gene. 	They include the rate of glucose oxidation 

to CO2  in adipose tissue (Yen, Lowry and Steinmetz (1968)), oxygen 

consumption of pre-weaned mice (Kaplan and Leveille (1974)), plasma 

corticosteronelevels (Herberg and Kley (1975)), neurointermediate 

lobe content of d -MSH, and CLIP levels in neurointermediate lobe 

perifusates (J.A. Edwardson, unpublished data). 	Other gene dosage 

effects found in this study are in levels of plasma insulin secreta-

gogue activity and in the percentage carcass fat content of young 

mice (see below). 

4) 	Influence of fasting on basal and pituitary stimulated  

insulin secretion  

Basal insulin secretion rates, when calculated by the method 

of Fig.10 and Table 1, can be seen to be strongly influenced by diet, 

particularly in ob/ob mice. 	Islets from fed ob/ob mice secrete 

rather more insulin in basal conditions than do those from fed lean 

mice. This is consistent with the idea that islets from ob/ob mice 

are, in vivo, being subjected to a continuous and extreme insulinogenic. 
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stimulation (Findlay, Rookledge, Beloff-Chain, and Lever (1973)). 

However, fasting for 24 hours reduces both basal secretion rates to 

about the same level, suggesting that the output of this insulinogenic 

stimulus in ob/ob mice is reduced by fasting. 	Fasting ob/ob mice 

for another 24 hours appears to reduce in vitro basal secretion from 

their islets no further, although an insufficient number of values 

were obtained to be absolutely certain about this. 	Fasting for 

24 hours is well known to reduce basal and glucose-stimulated insulin 

levels (Grey,Goldring., and Kipnis (1970), Malaisse, Malaisse-Lagae, 

and Wright (1967), Cahill, Herrera, Morgan, Soeldner, Steinke, Levy, 

Reichard, and Kipnis (1966)). 	It also greatly reduces the hyper- 

insulinaemia of ob/ob mice, although the plasma insulin content is 

still not completely normalised (Abraham, Dade, Elliott, and Hems 

(1971)). 	This effect may be due to a diminished pituitary secret- 

agogue output, an idea supported by the finding that the secretagogue 

content of pituitary perifusates from ob/ob mice is significantly 

reduced by fasting for 24 hours, and further significantly reduced by 

fasting for 48 hours (Fig.16). Furthermore, fasting ob/ob mice for 

24 hours reduces the percentage stimulation obtained when undiluted 

perifusates from their pituitaries are passed over islets from fed 

lean mice (Tables 3 and 5). 	A small reduction of percentage stimulat- 

ion was also obtained with islets from 24 hour fasted lean mice but 

was not significant in this case. 	If fasting does reduce the output 

of the pituitary secretagogue, the finding that a difference between 

pituitary perifusates from fed and 24 hour fasted ob/ob mice can only 

be detected unambiguously with islets from fed lean mice can be 

explained by assuming that the secretagogue is a normal, physiological, 

insulinogenic hormone, present in lean mice (see below) and the output 

of which is reduced by fasting in them also. 	Thus fasted lean mouse 
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islets might be expected to be more sensitive to the secretagogue, 

since the numbers of A -cell receptors to it would increase as the 
mean plasma level fell. This assumes again that the phenomenon of 

receptor modulation by hormone concentration applies in this particular 

case, which is likely since the mechanism appears to be very wide- 

spread (Tata (1975), Freychet (1976)). 	Thus an increased sensitivity 

of islets from 24 hour fasted lean mice compared with those from fed 

mice could be produced. Therefore a lowered secretagogue content 

in perifusates of pituitaries from fasted ob/ob mice would still 

elicit a maximal response of insulin secretion from the more sensitive 

islets from 24 hour fasted lean mice, but not from the presumably less 

sensitive islets from fed mice. 	In this connection, it should be 

noted that islets from fed, and 24 hour fasted, ob/ob mice were found 

to be significantly less sensitive to the perifusates from fed ob/ob 

mouse pituitaries than were those from 48 hour fasted ob/ob, or from 

fed lean mice. Therefore, a large reduction of pituitary secreta-

gogue output from ob/ob mice in vitro, known to be produced by fasting 

for 48 hours (Fig.16), is associated with a large increase in islet 

sensitivity to exogenous pituitary secretagogue. 	Islets from fed 

lean (+/+) mice, whose pituitaries normally produce no detectable 

quantities of secretagogue, are more sensitive than those from fed 

ob/ob mice, whose pituitaries produce large amounts of secretagogue. 

This latter finding, concerning the different sensitivities of islets 

from ob/ob and lean mice, is in accordance with the results presented 

earlier using pancreatic pieces, and those of Beloff-Chain, Newman, 

and Mansford (1973), also using pancreatic pieces, and the results of 

Beloff-Chain, Edwardson, and Hawthorn (1975), using microdissected 

islets. 	Another possible explanation of the increased sensitivity 

of the islets from obese mice after prolonged fasting could be that 
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the high circulating insulin levels in the fed obese mice directly 

inhibit the secretion of further insulin (Sodoyez, Sodoyez-Goffaux, 

and Foa (1969)), even when the islets have been removed and placed 

in the perifusion apparatus. 	This explanation fails to account for 

the perfectly good response of such islets to elevated glucose 

concentrations. .Hellman (1970) observed that mechanical agitation 

of incubated islets briefly increased insulin secretion, and 

concluded that this was due to the release of inhibition of insulin 

secretion caused by the dissipation of a 'shell' of insulin around 

the islet. 	If this suggestion is true, it may indicate that the 

'autoregulation' of insulin secretion occurs on too short a time scale -

to account for the phenomena observed here. 

Fasting for 24 hours also increases the sensitivity of lean 

islets, but this effect is only detectable using pituitary perifusates 

from 24 hour fasted ob/ob mice (Table 5). Using the argument presented 

above, this is explicable on the basis that the perifusate from fasted 

ob/ob mice contains a diminished quantity of secretagogue. 	This 

would allow differences in n 
 -cell surface receptor number to 

influence the response, in that rather more occupied receptor sites 

would be present on fl-cells from fasted than from fed lean mice 

when these were being perifused by the pituitaries froom fasted ob/ob 

mice. The pituitary perifusates from fed ob/ob mice presumably 

contain sufficient secretagogue to almost completely saturate the 

putative receptors on both fed and fasted lean mouse islets, so 

obtaining maximal responses from them both. These responses do not 

differ significantly, suggesting that 24 hour fasting of the donor 

animal does not impair the sensitivity of islets in this system, 

although the response capacity does alter in that less insulin is 

produced in absolute terms (Table 1). A further point that may be 

made here is that, using undiluted pituitary perifusates from fed 
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ob/ob mice, differences in islet response almost certainly reflect 

differences in the sensitivity or in the inherent response 

capacity, of the islets themselves, because the secretagogue is 

present in great excess over that needed to give a maximal 

stimulation. 

The above observations and comments imply that receptor 

modulation is a fairly rapidly occurring phenomenon, operating on 

a time scale of hours, or possibly a day or so. 	The results of 

Fig.17 also bear this out. 	Islets from long-term diet-restricted 

ob/ob mice are more sensitive to the pituitary perifusates from 

fed ob/ob mice than are islets from ob/ob-RD mice that have been 

allowed to feed ad lib for 48 hours prior to the experiment 

suggesting a feeding-induced increase of pituitary secretagogue 

output. 	Unfortunately, this effect was only of borderline signific- 

ance, owing to the variability of the results obtained. 	However, 

the ob/ob-RD mice fed ad lib for 48 hours did have much higher 

plasma insulin levels than did the ob/ob-RD mice or the 48 hour 

fasted ob/ob mice (Table 8b). 	Further, fasting ob/ob mice for 

48 hours produced a very large, but unusually variable, increase 

in islet sensitivity over that seen in islets from fed animals, 

in agreement with the results presented earlier. 	ob/ob-RD mice 

in the age range used in this study have approximately normal 

plasma insulin levels (Abraham, Dade, Elliott, and Hems (1971)), 

(although the actual mice used seemed to be slightly hyperinsulin-

aemic (Table 8b)), and their islets show a similar degree of 

sensitivity to ob/ob mouse pituitary perifusates to those of fed 

lean mice. 	Taken all together, these results show clearly that 

islet sensitivity to the pituitary secretagogue can be influenced 

by long- and short-term dietary manipulation in lean and obese 

animals. 
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5) 	Effect of excessive feeding, glucose loading, and diabetic  

hyperglycaemia on the insulin-releasing activity of pituitaries  

from lean (+/+) mice  

As shown in this study, and elsewhere (Beloff-Chain, Hawthorn, 

and Green (1975)), the pituitaries from homozygous lean (+/+) mice 

will not normally produce a significant stimulation of insulin secretion 

when perifused in series with islets from lean or obese mice. However, 

insulinotropic activity from the pituitaries of fed +/+ mice can be 

detected using.a perfused rat pancreas (S.J. Dunmore, unpublished 

observations), which is presumably more sensitive to the secretagogue. 

Microdissected rat islets also seem to respond very well - see later - 

to the secretagogue in the perifusates of pituitaries from adult ob/ob 

mice. 	Also the results of Fig.18 show that insulinotropic activity 

detectable with microdissected islets from lean mice appears in the 

perifusates of pituitaries from +/+ mice after the donor animals have 

been fasted and refed or glucose-loaded. No idea of the extent of 

elevation of pituitary secretagogue output can be given, as no dilution 

experiments were performed on these perifusates. The fasted mice 

were temporarily hyperphagie when first given food ad lib, so both 

these procedures would have had the net result of causing a sharp rise 

of plasma glucose. 	These results are thus strongly reminiscent of 

those obtained by Chieri,Basabe, and Farina (1976), who showed that 

the enhanced insulin secretion following an intracarotid glucose 

infusion was drastically reduced by hypophysectomy. These authors 

also showed that jugular vein plasma from dogs glucose-loaded in this 

fashion contained islet-stimulating activity abolished by hypophysectomy 

and not present in that of saline-infused dogs, or in those receiving 

an equivalent intrajugular glucose infusion. 	Other authors have found 

plasma insulinotropic activity correlated with activity of the 
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hypothalamic feeding centres (Hill, Mok, Cadell, . Crowne, and 

Martin (1973)). 	These results suggest that the pituitary secreta- 

gogue found in ob/ob and ob/+ mice is a normal insulinogenic stimulus, 

like one of the gut hormones (see Introduction), the release of which 

is normally almost entirely controlled by caloric intake and becomes 

less and less controlled by the possession of the ob gene in single 

or double dose. 	Further, circumstantial, evidence for the universality 

of an ob/ob-type pituitary insulin secretagogue comes from the work 

of Richardson (1974). 	This author suggested that the pancreatic 

lesions produced by cyproheptadine in normal lean rats which are 

associated with the onset of hyperphagia and obesity, and which were 

prevented by prior hypophysectomy, were consistent with the over- 

stimulation of the pancreatic r  -cells by some unknown agent, 

presumably of pituitary origin. To be absolutely certain of the 

identity between the feeding/glucose-loading pituitary secretagogue 

and that found in the perifusates of pituitaries from ob/ob mice, it 

would be necessary to show that the activity of the former was 

abolished by antisera to the 17-39 region of ACTH, as is the case with 

the ob/ob pituitary secretagogue (see later). 

Increasing the plasma glucose level by inducing diabetes with 

alloxan treatment produced a highly significant doubling of percentage 

stimulation compared to that of saline-treated controls, when pituitar-

ies from these animals were used to perifuse islets from normal lean 

animals. 	However, the elevated percentage stimulation values obtained 

were quite small, and the reason may be that the glucoreceptor(s) in 

the central nervous system, through which variations in blood glucose 

level are presumably translated into variation of pituitary secreta-

gogue output, is known to be insulin-dependent (Szabo and Szabo (1972), 

Szabo and Szabo (1975)). 	Circulating plasma insulin activity would 

be greatly lowered in the alloxan-diabetic animals, as suggested by 



the gross, five-fold elevation of blood glucose levels (Table 6), 

and so the hyperglygaemia would be much less able to influence 

pituitary secretagogue output than would a corresponding degree of 

hyperglycaemia in a non-insulin-deficient animal. This does suggest, 

however, that circulating insulin levels do not directly affect 

pituitary secretagogue production in lean animals (clearly they do 

not in ob/ob mice, where there is a high output of both insulin and 

of the pituitary secretagogue). 	The possibility also exists that 

alloxan directly affects the pituitary in some way. 	Subsequent 

studies should employ the milder agent streptozotocin, with which 

diabetic states of varying severity may be produced (see, for example, 

York and Bray (1972)). 

Incidentally, a feeding regime characterised by long periods 

of fasting, followed by brief, intensive, periods of feeding (a 'starve-

and -stuff' regime) is associated with increases of 'adipose tissue 

lipogenesis and of adiposity (see Introduction). 	Since the develop- 

ment of excess adiposity is known to be dependent upon some degree of 

insulin hypersecretion or supplementation (York and Bray (1972), May 

and Beaton (1968)) it is tempting to speculate that, by producing 

periods of great pituitary secretagogue hypersecretion without inter-

vening periods long enough for a corresponding hyposecretion to be 

achieved, a 'starve-and-stuff' regime produces an excess of insulin 

secretion over a given period compared to what would be obtained by 

a more evenly distributed isocaloric food intake, so augmenting fat 

synthesis. 'Presumably receptor modulation would be unable to 

compensate for this insulin hypersecretion owing to the instability of 

the plasma insulin levels on such a feeding regime. 

6) 	Pituitary islet-stimulating activity in other forms of obesity  

Other, more commonly used, means of inducing excess adiposity 

or frank obesity in genetically lean animals are also associated with 
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pituitary secretagogue hypersecretion (Table 7). The most severe 

type of obesity, in terms of percentage carcass lipid, was that 

induced by goldthioglucose treatment. 	These animals were the most 

hyperinsulinaemic and gained weight after treatment most rapidly. 

Their pituitaries maximally stimulated insulin secretion from lean 

islets when perifused in series. 	Maximal stimulations were also 

obtained with perifused pituitaries from sucose-fed and butterfat-fed 

mice. Once again, since no dilution experiments were performed, no 

correlation could be observed between the severity of the obesity and 

the islet-stimulating potency of the corresponding pituitary peri- 

fusates. 	Highly significant positive product-moment correlation 

coefficients were observed, within groups, between body weight, or 

percentage carcass lipid, or rate of weight gain (these parameters 

are not independent, owing to the constancy of lean body mass of 

these animals, and the low water content of adipose tissue) and plasma 

insulin level. 	These results are in agreement with the conclusions 

of York and Bray (1972) regarding the role of insulin secretion in 

the pathogenesis of obesity, and with the findings of Bagdade (1968) 

and Deckert and Hagerup (1967) regarding the tendency of obesity and 

hyperinsulinaemia to coincide in the same individuals. 	The character- 

istics of GTG-induced obesity and of obesity resulting from the 

consumption of a high-fat diet or a high sucose diet have been described 

in the Introduction. 	Plasma insulin levels obtained from the high 

fat diet-fed mice are in agreement with those quoted by Lemonnier, 

Winand, Furnelle, and Chistophe (1971), but rather higher than those 

quoted by Malaisse, Lemonnier, Malaisse-Lagae and Mandelbaum (1968) 

who found that obese animals on such a diet show relatively slight 

hyperinsulinaemia and a histologically normal pancreas. The latter 

authors used rats in their study, however. Values obtained for the 
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plasma insulin levels of high sucrose diet-fed mice are rather higher 

than those suggested by the data of Laube, Schatz, Nierle, Fussganger, 

and Pfeiffer (1976) and of Yudkin and Szento (1972), working with 

rats and with human volunteers respectively. These authors found 

little effect of a similar diet on basal plasma insulin levels, but 

a considerable augmentation of glucose-stimulated insulin secretion. 

However, these diets contained rather less sucrose than was present 

in the diet used for the present study (10-40%, while this study 

used a 70% sucrose diet). 	Further, in susceptible strains of 

rodents, high sucrose diet or high fructose diet feeding leads 

eventually to a mild diabetes (Cohen, Teitelbaum, and Roseman (1977) 

which may have occurred here also. 	Values obtained for insulin levels' 

in the plasma of the GTG-obese mice are a little lower than those 

reported by Stauffacher, Lambert, Vecchio, and Renold (1967), who 

may have used a more susceptible strain. 	These data suggest that 

pituitary secretagogue hypersecretion in genetically lean mice, 

associated with, and possibly caused by, a high caloric intake, plays 

a major role in the pathogenesis of obesity. 	In the case of the GIG- 

obese mice, however, (where hypothalamic lesions would have been 

present: Marshall, Mayer, and Barnett (1955)), the pituitary insulin 

secretagogue hypersecretion may have been primarily due to a central 

effect, so that the hyperphagia would have been caused by the result- 

ing abnormal insulin secretion (see Introduction). 	Further studies 

on perifused pituitaries from diet-restricted GIG-obese mice would 

seem worthwhile, to find out whether the lesion or the hyperphagia 

is the primary cause of the obesity. 	In the case of diet-restricted 

ob/ob mice, undiluted pituitary perifusates are still fully active 

(Hawthorn (1976)) in stimulating insulin release from lean mouse 

islets, despite the absence of significant hyperinsulinaemia at the 

age used, and there is also considerably enhanced adiposity. 
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7) 	Role of the pituitary and the pancreas in the early  

development of obesity  

It was established earlier that, in adult mice, islets from 

lean animals were more sensitive than those from obese animals to the 

ob/ob pituitary secretagogue. However, at 3 weeks of age, the situation 

is reversed: islets from ob/ob mice are more sensitive than those from 

+1+ and +/ob mice (Fig.19). 	The effect is much more significant if 

the minority of young ob/ob and +1+ islet channels giving stimulations 

of below 50% are excluded (see Results section). 	The islets were very 

small, and presumably sustained more damage during microdissection than 

did the islets taken from adult animals. 	At the same age, the pituit- 

aries of +/+ mice are as incapable of stimulating insulin release from ' 

microdissected islets taken from adult lean mice as are those of adult 

+1+ mice, but pituitaries from 3 week-old ob/ob and ob/+ mice both 

cause significant stimulations of insulin release, when undiluted peri- 

fusates are used (Fig.20). 	However, the effect is very variable, 

particularly in the case of pituitaries from young ob/+ mice. 	This 

fact, taken together with the observation that basal secretion rates 

obtained from the 3 month old lean mouse islets (on which these pituit-

aries were tested) were no different from those usually obtained from 

such a preparation, may be taken to suggest that the level of secreta-

gogue in the young mouse perifusates.is very near the threshold required 

for stimulation. This in turn may mean that its enhanced secretion 

has only just developed, which would itself imply that the ob/ob mouse 

islet hypersensitivity is the primary abnormality (otherwise resistance 

to the secretagogue would have supervened, as in the adult). Hyper-

sensitivity to normal insulin secretagogues has been suggested as a 

primary lesion in the ob/ob mouse (Best, Atkins, and Matty (1975)), 

the VMH-lesioned rat (Rohner, Dufour, Karakash, Le Marchand, Ruf, and 



Jeanrenaud (1977)), and is a common feature of obese states {Karam, 

Grodsky, and Forsham (1965); Seltzer, Allen, Herron, and Brennan 

(1967)).. 	Hypersensitivity to the pituitary secretagogue is not 

maintained, of course, in the adult ob/ob mouse, owing perhaps to 

receptor modulation by the very high levels that eventually seem to 

appear. ob/ob mice have been shown to hyperrespond to other insulin 

secretagogues such as gut hormones (Best, Atkins, and Matty (1975)), 

glucose (Beloff-Chain and Hawthorn (1976)), and arginine (Beloff- 

Chain, Newman, and Mansford (1973)). 	These substances do not attain 

such high plasma levels (in relation to their stimulatory threshold 

concentration in lean mice) as appears to be the case with the pituitary 

secretagogue. 

The finding of abnormally high islet sensitivity to secretagogues 

in VMH-lesioned rats and mice, even when pair-fed with lean controls 

(see Introduction), and in virtually pre-obese ob/ob mice (Fig.19) 

suggest that the primary defect in the latter may also be some form of 

hypothalamic lesion. 	Investigations by many workers of the hyper- 

phagia in ob/ob mice also suggest that it is due to defects of hypo- 

thalamic satiety mechanisms. 	Obese mice cannot adjust food intake to 

a diet diluted by inert substances (Anliker and Mayer (1956); Fuller 

and Jacoby (1955)). 	Furthermore obese mice treated with GTG develop 

significantly smaller VMH lesions than do similarly treated lean 

controls (Baile, Herrera, and Mayer (1970)). 	Since the toxicity 

of GTG is thought to depend on the rate of glucose utilisation by the 

satiety centre at the time of administration (for example, the toxicity 

of GTG is enhanced by concurrent glucose administration: Soyka (1966)), 

this insensitivity of ob/ob mice to GTG-induced-lesions was interpreted 

as evidence of a- malfunctioning satiety centre. 	However, parabiosis 

of ob/ob and lean mice results in weight loss by the Obese partner which 
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is reversed on separation (Chlouverakis (1972); Hausberger (1958); 

Coleman (1973)). 	The latter author noted also that ob/ob mice 

parabiosed with db/db (diabetic) mice, which are also obese, lost 

weight, while the diabetic partner did not. 	These data suggest the 

absence of a satiety factor in ob/ob mice, and insensitivity in db/db 

mice to a satiety factor which they possess but the results are 

contrary to those obtained in VMH lesioned rats by, for example, 

Hervey (1959) and discussed by Hervey (1969). 	In these experiments 

the lean partner lost weight, suggesting insensitivity in the lesioned 

rats to a circulating lipostatic satiety factor which they possessed. 

If ob/ob mice do have malfunctioning ventromedial hypothalami, this 

suggests a possible explanation also for the high rate of pituitary 

secretagogue release in vitro and possibly in vivo (Fig.23, and see 

later). 	The topic of humoral hypothalamic stimulation of insulin 

release is discussed in the Introduction. 

3 weeks is the age at which ob/ob and lean mice are first 

phenotypically distinguishable. 	At this age, Chlouverakis, Dade, 

and Batt (1970) observed a bimodal distribution of body fat content, 

before the onset of hyperinsulinaemia in the obese progeny, in the 

offspring of known heterozygotes. 	In this study, (see Table 8a) a 

trimodal distribution of percentage carcass fat content and of total 

carcass lipid per mouse was observed, with the 3 week-old ob/ob mice 

having the highest values, the ob/+ being intermediate, and the +/+ 

having the lowest values. 	The data are not strictly comparable with 

those of Chlouverakis, Dade, and Batt (1970), since these authors 

selected their young mice randomly, without prior knowledge of genotype, 

while the genotypes of the mice used in this study were known in 

advance (see Materials and Methods section) and the mice were segregated 

on this basis. 	The results were calculated separately for each group 

so obtained. 	This may explain why this study was able to resolve the 
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young lean mice into two distinct populations, while that of 

Chlouverakis et.al. (1970) could not. 	Certainly no difference in 

percentage carcass fat content was found between adult lean ob/+ and 

+1+ animals. Thus it appears that young ob/+ and ob/ob mice show a 

sudden 'spurt' of lipogenesis at about 3 weeks of age (to a lesser 

extent in ob/+ than in ob/ob animals), but that some physiological 

compensatory mechanism cuts in at a later stage and effectively nullifies 

the effect of the ob gene in single dose on lipogenesis. 	It would be 

interesting to stress this physiological compensatory mechanism by 

placing ob/+ and +1+ mice on high fat and high sucrose diets in order 

to see whether there is any differential effect on body composition 

and/or the rate of weight gain at the end of a suitable period of time. 

Since the genetic background of animals bearing the ob gene in a 

double dose greatly affects the severity of the resultant syndrome 

(Coleman and Hummel (1973)), it would be important to use mice of 

several different genetic backgrounds for such a study. 

8) 	Nature of the insulin-releasing pituitary factor  

As to the presumed nature of the pituitary insulin secretagogue, 

the sensitivity to it of microdissected rat islets (Table 9) and of 

whole perfused rat pancreas (S.J. Dunmore, unpublished observations) 

which also responds to the undiluted perifusates from the pituitaries 

of fed homozygous lean mice, suggests that its effects are not very 

species-specific, which in turn suggests that the information content 

of the molecule is low, which in turn suggests a small molecule. 	That 

the molecule is a peptide is suggested by the fact of its secretion 

from the pituitary: all other known pituitary secretions are peptides 

or proteins (Harris and Donovan (1966)). 	Other conclusions may be 

drawn from this experiment (Table 9): rat islets are more sensitive to 

the secretagogue than they are to elevated glucose concentrations; this 
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parallels the situation in normal lean mouse islets. 	The islets are 

much smaller than mouse islets and have about twice the sensitivity 

to glucose and to the pituitary secretagogue than that possessed by 

islets from mice. 	This inverse relationship between islet size and 

sensitivity to insulin secretagogues of islets from normal lean animals 

is reminiscent of the findings of Lernmark, and Hellman (1969) who of 

course confined themselves to comparisons between different types of 

mouse islets. 

Fig.22 shows that the insulin-releasing activity of diluted 

perifusates from the pituitaries of fed ob/ob mice is almost completely 

suppressed by antisera to the 17-39 portion of human ACTH. The 

viability of non-responding islets was confirmed by a subsequent 

stimulation with diluted ob/ob pituitary perifusate (mixed with control 

rabbit serum). 	This suggests that the pituitary secretagogue and 

17-39 ACTH have a region of sequence homology, and incidentally confirms 

the supposition that the secretagogue is a peptide. 	The possibility 

that the secretagogue may in fact be CLIP is strengthened by these 

results. 	Further experiments were carried out in this laboratory 

using a synthetic peptide corresponding to the 17-39 portion of human 

ACTH. About half the lean mouse islet preparations tested responded 

well to this (S.A. Beevor, unpublished observations). ' Only the 

neurointermediate lobe of the pituitary produced the insulinogenic 

activity (Beloff-Chain, Edwardson, and Hawthorn (1977)). 

Levels of CLIP are greatly elevated in the neurointermediate 

lobes of ob/ob mice (36-fold) compared with lobes from +1+ mice, and 

when these lobes are perifused, CLIP is released at a rate 5 times 

that from +/+ mouse lobes. 	Similarly, another ACTH-related peptide, 

D( -MSH, is found in elevated amounts in the neurointermediate lobes 

of ob/ob mice. 	The heterozygote (+/ob) animals occupy an intermediate 



position between the +/+ and the ob/ob animals with respect to d -MSH 

levels in the neurointermediate lobe and its perifusates which is an 

apparent gene dosage effect (J.A. Edwardson, unpublished data). 

d -MSH and CLIP are thought to have a common biosynthetic 

origin, being cleaved enzymatically from ACTH or a large molecule 

containing it (Scott, Ratcliffe, Rees, Landon, Bennett, Lowry, and 

McMartin (1973)). 	Both ACTH and lipotropin have a common macro- 

molecular precursor, which also gives rise to the endorphins, CLIP, 

d -MSH, and other related small peptides (Mains, Eipper, and Ling 

(1977)). 	It is of interest in this connection that ACTH-like 

C-terminal immunoreactivity has been demonstrated,_ using immuno-

fluorescent techniques, in pancreatic and gastrointestinal endocrine 

cells (Larsson (1977)). 	This may be CLIP and certainly gives additional 

support for the view that the pituitary is intimately concerned with 

the acute regulation of insulin secretion. 

The data of Fig.21 are unfortunately not entirely consistent 

with the view that the pituitary secretagogue is CLIP. 	Although the 

stimulatory activity of the whole pituitary perifusate from ob/ob mice 

is confined to the neurointermediate lobe (the adenohypophysis is 

inactive: Beloff-Chain, Edwardson, and Hawthorn (1977)), perifusates 

of ob/ob mouse neurointermediate lobes do not behave identically with 

those of whole pituitaries. 	Much less dilution is needed to extinguish 

the stimulatory activity of the former, which is in any case noticeably 

less consistent than that of whole pituitary perifusates. 	Hence it 

appears that isolated neurointermediate lobes from ob/ob mice release 

less secretagogue than do whole pituitaries. This may be due to 

damage of the pituitary incurred during separation of the adenohypophysis 

from the neurointermediate lobe, or the adenohypophysis may exert some 

permissive effect on neurointermediate lobe secretion in vitro. This 

206 



effect may or may not require intimate physical contact between the 

two parts. 	These possibilities should be relatively easy to test. 

In any case, the antiserum data cannot be ignored, so the safest 

conclusion as to the identity of the pituitary secretagogue from ob/ob 

mice would be that it is a peptide having a sequence homology with 

some region of the 17-39 portion of human ACTH, and it may be CLIP. 

9) 	Insulin-releasing properties of plasma from ob/ob and +/ob`mice  

The data of Fig.23 show that the plasma of ob/+ and ob/ob mice 

contains an insulin secretagogue present at concentrations far in 

excess of those needed to give a maximal stimulation with islets from 

lean mice. 	If this secretagogue and the ob/ob pituitary secretagogue 

are identical, this shows that the ob gene-associated pituitary secret-

agogue is released into the blood in vivo, as befits a genuine physio-

logical effector. The presence of a gene dosage effect (the activity 

of plasma from ob/+ mice is extinguished at 1:50 dilution, while that 

of plasma from ob/ob mice is still significant at 1:100 dilution) 

supports the suggestion that these two secretagogues are identical as 

does the complete absence of activity in +/+ mouse plasmas, even at 

1:6 dilution. 	Other possible candidates for the plasma secretagogue, 

primarily gastrointestinal hormones, are reviewed in the Introduction. 

The difficulty with all these gastrointestinal insulin secretagogues 

is that in no case has it been unambiguously shown that they will 

stimulate insulin release in the presence of only basal glucose 

concentrations (60 - 100 mg%) (Marks and Samols (1970), Creuzfeldt 

(1974)). 	There is unanimity in the literature about the ability of 

some of these hormones to potentiate glucose-induced insulin secretion, 

however. For example, there is reason to suppose that ob/ob mice 

hypersecrete GIP (Polak, Pearse, Grimelius, and Marks (1975)), which 

potentiates the insulin response to a glucose load (Pederson, Schubert, 
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and Brown (1975), Turner, Etheridge, Marks, Brown, and Mutt (1974)). 

Yet, when tested on incubated rat islets, GIP will only potentiate 

glucose-stimulated insulin release within the glucose concentration 

range 110-150 mg% (Schauder, Brown, Frerichs, and Creuzfeldt (1975)). 

These concentrations only slightly exceed that used as a basal glucose 

concentration for the in vitro studies reported here, but the basal 

plasma glucose levels of rats tend to be lower than those of mice 

(Spector (ed.) (1956) p.53; Altman and Dittmer (eds.) (1974) pp.1822-

1823), so these concentrations are well outside the basal range for the 

rat. These authors also found that GIP would not further increase 

insulin secretion when a maximal response to glucose alone was obtained. 

Furthermore at the height of its effect, plasma levels of GIP seldom 

rise by more than about 5-fold (see for example Lauritsen and Moody 

(1978); Creuzfeldt, Ebert, Willms , Frerichs, and Brown (1978); and 

Pedersen, Schubert, and Brown (1975)), but all these plasma samples 

were diluted by a factor of at least 1:6. Therefore the islets would 

only 'see' a GIP, concentration in the diluted plasma which would 

at most approximate to the basal level. Much the same would seem to 

be true of other hormones such as VIP, IRP, and secretin., 	Certainly, 

at dilutions of 1:20 or more these gastrointestinal hormones could 

make only a negligible contribution to the insulin-releasing activity 

of plasma. Thus there are no convincing reasons to reject the 

hypothesis that the ob pituitary and plasma secretagogues are identical. 

Positive proof must, of course, await the performing of an experiment 

with antisera of 17-39 ACTH in order to see if the plasma activity is 

retained or lost, or the eventual identification of the secretagogue. 

10) 	General Conclusions  

There is much evidence that the pituitary gland is concerned 

with the acute regulation of insulin secretion. 	An insulin secreta- 

gogue is produced in large quantities by the perifused pituitaries of 
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mice bearing the ob gene. The rate of secretion can be reduced by 

fasting the pituitary donor animals. 	Various dietary manipulations, 

short- or long-term, such as refeeding after a fast, or feeding a 

high fat diet, will elicit the brief or sustained production of an 

apparently identical secretagogue from the pituitaries of normal, 

lean, animals. 	Thus, possession of the ob gene, and a prolonged high 

caloric intake, seem to impair the control of release of the secreta- 

gogue, making it less dependent upon acute dietary state. 	In ob/ob 

mice, there seems to be very little control of secretagogue release, 

which is already abnormal at 3 weeks of age and which may contribute 

to the hyperinsulinaemia and the obesity. The heterozygote lean 

animal retains some compensatory capacity for its single dose of the 

ob gene, and so manages to remain lean and normoinsulinaemic despite 

also possessing some apparent impairment of the control of pituitary 

secretagogue release at all ages studied. 	The secretagogue is 

probably a small ACTH-related peptide. 	There are reasons for supposing 

that it also occurs in the plasma of animals bearing the ob gene, 

supporting the idea that it is an actual hormone, a physiological agent 

augmenting insulin release in response to a mixed meal or other form 

of glucose load. 
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