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Summary

The role of the autonomic nervous system in normal and abnormal metabolic 

regulation is still unclear in many respects. In noninsulin dependent diabetes 

mellitus (NIDDM), the deficient early prandial insulin response may be due to a 

defect in neural stimulation of insulin secretion and may contribute to prandial 

hyperglycaemia. Additionally, fasting hyperglycaemia in NIDDM may be due to 

abnormal regulation of hepatic glucose production by the sympathetic nervous 

system.

The aims of this thesis were to determine whether (i) neurally stimulated insulin 

secretion is demonstrable in humans and has a role in glucoregulation, (ii) 

prandial hyperglycaemia in NIDDM is related to the deficient early prandial 

insulin response, (iii) there is evidence of abnormal sympathetic nervous 

regulation of hepatic glucose production in NIDDM.

The cephalic phase of insulin secretion was stimulated in normal subjects 

using a combination of food-related stimuli. This was associated with a small 

fall in basal glycaemia and inhibition of the glycaemic response to a glucose 

infusion. In subjects with NIDDM, physiological correction of the deficient early 

insulin response substantially improved prandial hyperglycaemia, reduced 

hyperinsulinaemia, partially corrected glucagon and free fatty acid secretion 

and increased meal-related thermogenesis. The results of a pilot study 

suggested that the reduction in prandial hyperglycaemia was due to improved 

suppression of endogenous hepatic glucose production. These studies 

indicate the critical importance of early insulin secretion in prandial 

glucoregulation, implicate its deficiency in the pathogenesis of hyperglycaemia 

and suggest alternative therapeutic strategies for insulin delivery in NIDDM.



Activation of the sympathetic nervous system by tyramine increased hepatic 

glucose production and glycaemia in nondiabetic and diabetic subjects. 

Noradrenaline infusion resulted in abnormally increased pressor and 

glycaemic responses in subjects with NIDDM, however there was no 

hypersensitivity to psychological stress. There were significant correlations 

between basal hyperglycaemia and basal sympathetic tone in the diabetic 

subjects. These findings suggest that NIDDM may be characterised by 

abnormal sensitivity to basal sympathetic tone and to high circulating 

noradrenaline levels.

The results of this thesis indicate that abnormal autonomic regulation of 

prandial insulin secretion and basal hepatic glucose production could 

contribute to hyperglycaemia in NIDDM. These conclusions indicate new 

directions for research into the pathogenesis of NIDDM and suggest possible 

new therapeutic modalities.



CHAPTER ONE

General Introduction
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1.1 Introduction

Since the original finding of Claude Bernard (1849) that dogs became 

glycosuric after puncture of the floor of the fourth ventricle, an abundant body of 

knowledge has accumulated confirming that the central nervous system has an 

important regulatory role in metabolism. It is now universally accepted that the 

central nervous system is able to modulate pancreatic beta cell function 

(Woods and Porte, 1974; Miller, 1981; Steffens and Strubbe, 1983; Rohner- 

Jeanrenaud et al., 1983; Ahren et al., 1986) and there is convincing evidence 

that glucose production by the liver is also subject to control by the nervous 

system (Shimazu, 1981; Lautt, 1980). A complex neural system exists which is 

able to detect changes in nutrient supply and hormone levels within the brain 

and viscera (Powley and Laughton, 1981; Oomura, 1984). However relatively 

little is known of the physiological importance of these neural mechanisms in 

directing or modulating normal metabolism. There is even less known about a 

possible role for the nervous system in causing or contributing to the metabolic 

disturbances of diabetes mellitus.

This chapter will summarise current knowledge regarding neural control of 

metabolism focussing primarily on normal glucose and insulin regulation and 

then consider available research that implicates neural mechanisms in causing 

or promoting the metabolic abnormalities of diabetes mellitus. The studies in 

this thesis are concerned only with noninsulin dependent diabetes mellitus 

(NIDDM). However, many of the concepts discussed could be relevant to 

insulin dependent diabetes mellitus (IDDM).
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1.1.1 Peripheral nervous system and insulin secretion

The islets of Langerhans receive a rich autonomic innervation via the 

pancreatic nerves which enter the gland with the pancreatic arteries (Woods 

and Porte, 1974). These include parasympathetic fibres from the vagal system, 

sympathetic fibres from the splanchnic/coeliac system and visceral afferent 

nerves. Parasympathetic axons from the vagus synapse with parasympathetic 

postganglionic neurones near or within the islet. Efferent fibres have been 

seen in close proximity to all four main islet cell types without any apparent 

specialisation of synaptic contact (Esterhuizen et al., 1968). The presence of 

gap junctions between nerves and endocrine cells and between endocrine 

cells, suggest that the secretory islet cells are electrically coupled and that 

activation of an individual cell is able to be rapidly dispersed through the entire 

islet (Meda et al., 1980). There are also afferent or sensory fibres within the 

pancreatic nerves whose function is uncertain.

The nerves to the islet have been traced back to the CNS with most of the work 

having been done on the vagal system. Preganglionic cholinergic nerves 

which track to the islet originate in the dorsal motor nucleus of the vagus and 

the nucleus ambiguus and polysynaptic pathways interconnect with several 

hypothalamic nuclei (Akmayev and Rabkin, 1978; Laughton and Powley, 1979; 

Saper et al., 1979).

Several neurotransmitters have been identified within the islets. These include 

the parasympathetic neurotransmitter acetylcholine, the sympathetic 

neurotransmitter noradrenaline and several peptidergic neurotransmitters 

(Smith and Madson, 1981). Pharmacological studies have demonstrated that 

the cholinergic neurotransmitters stimulate insulin secretion (Malaise et al.,
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1967; Iversen, 1973) whereas sympathetic neurotransmitters usually inhibit 

insulin secretion.

The effect of sympathetic stimulation is complex. (3-adrenergic receptor 

agonists cause increased insulin secretion whereas alpha-adrenergic receptor 

agonists inhibit insulin secretion and the net effect of any sympathomimetic 

compound depends on its relative affinity for these receptors. At physiological 

concentration, adrenaline and noradrenaline cause inhibition of insulin 

secretion (Beard et al., 1982; Porte and Williams, 1966). However, the effect of 

adrenergic agents on insulin secretion is also dependent on other factors such 

as prevailing levels of blood glucose (Beard et al., 1982) and the sensitivity of 

adrenergic receptors. Adrenergic receptor sensitivity can be altered, for 

example by hypoxia (Baum and Porte, 1980). Recent pharmacological studies 

have shown that alpha-|-adrenergic receptors are responsible for the inhibition 

of insulin secretion (Skoglund et al., 1986) and that 62-adrenergic receptors are 

mainly responsible for stimulating insulin secretion (Kaneto et al., 1975).

Stimulation of the parasympathetic nervous system increases insulin secretion. 

Electrical stimulation of the vagus nerves (Bergman et al., 1973), the dorsal 

motor nucleus of the vagus in the brainstem (lonescu et al., 1983) and the 

pancreatic nerve after appropriate sympathetic blockade (Frohman et al., 1967; 

Porte et al., 1973), all result in increased insulin secretion.

In contrast to stimulation studies, vagotomy or parasympathetic blockade have 

much less of an effect on insulin secretion. Vagotomy does not alter basal 

insulin levels in several species including man (Russel et al., 1974; Lund et al., 

1975). The insulin response to oral or intravenous glucose in vagotomised 

man has been reported to be reduced (Russel et al., 1974) or unchanged (Lund
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et al., 1975). On the other hand, pretreatment with atropine decreased the 

insulin response to a glucose challenge in monkeys and calves (Daniel and 

Henderson, 1975; Bloom and Edwards, 1980). The available evidence 

therefore suggests that the vagal innervation of pancreatic islets has a role in 

stimulating insulin secretion following glucose administration but has less 

importance in maintaining basal insulinaemia (Miller, 1981).

Stimulation of the sympathetic nerves inhibits insulin secretion by an alpha- 

receptor mediated mechanism (Porte et al., 1973; Miller, 1975; Bloom and 

Edwards; 1975). Basal sympathetic nervous tone appears to have tonic alpha- 

adrenergic inhibitory activity as insulin levels decline following sympathetic 

ganglionic or G-receptor blockade (Goodner et al., 1973) and alpha-receptor 

blockade results in an increased insulin response to a glucose challenge 

(Robertson et al., 1973).

In addition to the classical neurotransmitters, many peptides (including 

substance P, somatostatin, vasoactive intestinal polypeptide, bombesins, 

cholecystokinin, insulin, galanin and several enkephalins) are present in the 

vagus and splanchnic nerves and some of them are secreted into the blood 

following electrical stimulation (Lundberg et al., 1980; Miller, 1981; Uvnas- 

Wallensten, 1981; Ahren et al., 1986). The function of these peptidergic 

neurotransmitters is unclear although most of the neuropeptides identified in 

pancreatic nerves can influence islet hormone secretion under certain 

experimental conditions (Ahren et al., 1986).

Thus in summary, sympathetic nervous activity causes reflex inhibition of 

insulin secretion and vagal nerve activity stimulates insulin secretion. Current 

evidence suggests that the main function of the parasympathetic innervation is
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to enhance meal related insulin secretion. The role of the sympathetic 

innervation appears to be mainly inhibitory with basal sympathetic activity 

having a tonic inhibitory action.

1.1.2 Central nervous system and insulin secretion

Numerous studies have shown that the autonomic nerves which control insulin 

secretion are themselves modulated by hypothalamic regulatory centres. The 

ventromedial hypothalamic nucleus (VMH) and the lateral hypothalamic area 

(LHA) are particularly important in this regard although recent evidence 

suggests the importance of other less well studied areas including the 

periventricular nucleus and the dorsomedial hypothalamic nucleus (Tokunaga 

et al., 1986; Bernardis, 1985; Weingarten et al., 1985).

The VMH and the LHA have been considered to be the hypothalamic centres 

which control the sympathetic and parasympathetic arms of the autonomic 

nervous system respectively (Ban, 1975). The concept of localised centres may 

not be correct as the hypothalamus is an area of convergence of complex 

circuits and is part of the limbic-hypothalamic-reticular system (Luiten et al., 

1987). The distinction is probably important as the hypothalamus may not be 

the highest integrative site of the autonomic nervous system.

Destructive lesions of the VMH cause hyperphagia, obesity and 

hyperinsulinaemia. The hyperinsulinaemia does not occur secondary to 

obesity or hyperphagia as it is seen within minutes of lesioning the VMH and is 

abolished by vagotomy (Inoue and Bray, 1980; Berthoud and Jeanrenaud, 

1979). In addition to the importance of vagal nerve activity, reduced 

sympathetic tone has been shown to contribute to the hyperinsulinaemia (Inoue 

and Bray, 1979; Nishizawa and Bray, 1978). Electrical studies have recorded
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both reduced sympathetic activity and increased vagal activity in pancreatic 

nerves after VMH lesions (Yoshimatsu et al., 1984).

Lesions of the LHA have in general opposite effects leading to hypophagia and 

weight loss. Such lesions do not appear to influence insulin secretion 

substantially although reduced insulin levels have been reported (Steffens et 

al., 1972). Electrical recordings from the vagus and splanchnic nerves after 

LHA lesions record reduced vagal activity and variable effects in the splanchnic 

sympathetic fibres (Yoshimatsu et al., 1984).

Stimulation of the VMH electrically causes an inhibition of insulin secretion 

(Frohman and Bernardis, 1978) whereas stimulation of the LHA has variable 

effects on insulin secretion although appears to cause increased insulin levels 

in the presence of glucose (Steffens et al., 1972; Berthoud et al., 1980).

Thus there is substantial evidence that the hypothalamus can modulate insulin 

secretion and that this modulation is mediated via the autonomic nervous 

system. There is considerable anatomical evidence for this and there are 

strong connections between the hypothalamus and the autonomic 

preganglionic neurons of the medulla (Powley and Laughton, 1981) and 

projections from the hypothalamus have been traced to the pancreatic islets 

(Ter Horst at al., 1984; Luiten et al., 1984).

Separation of the hypothalamus from the brainstem autonomic nuclei leaves 

autonomic reflexes intact. This decerebrate animal model demonstrates the 

importance of hypothalamic modulation as although insulin secretion continues 

to be partially regulated, supernormal basal and prandial insulin levels are 

seen, suggesting that there is a disinhibition of control (Flynn et al., 1986).



8

1.1.3 Central nervous system and hepatic glucose production

There is convincing evidence that glucose metabolism within the liver is under 

direct control by the autonomic nervous system and that this regulation is 

modulated by the same hypothalamic areas important in insulin regulation.

The liver receives innervation from both branches of the autonomic nervous 

system and the parenchymal cells of the liver of most species including man 

receive both sympathetic and parasympathetic fibres (Forssman and Ito, 1977; 

Nobin et al., 1977).

The extensive studies of Shimazu and coworkers demonstrated that glycogen 

metabolism in the liver is influenced by activity within the hypothalamus. 

Electrical stimulation of the VMH caused a rapid rise in blood glucose and a 

depletion of liver glycogen, whereas stimulation of the LHA resulted in liver 

glycogen accumulation (Shimazu et al., 1966). Subsequent studies indicated 

that the effect of hypothalamic stimulation was to alter the state of activation of 

certain key enzymes involved in glycogen metabolism. Stimulation of the LHA 

resulted in activation of glycogen synthetase from its inactive form and at the 

same time caused inactivation of glycogen phosphorylase, resulting in net 

stimulation of glycogen synthesis. VMH stimulation on the other hand caused 

activation of glycogen phosphorylase and stimulated glycogenolysis (Shimazu 

et al., 1978). Chemical stimulation studies using microinjection of a variety of 

neurotransmitters into the hypothalamus demonstrated that noradrenergic 

stimulation of the VMH and cholinergic stimulation of the LHA produced similar 

results to the electrical studies (Matsushita and Shimazu, 1979; 1980; Shimazu 

et al., 1976).
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The effect of VMH stimulation was reproduced by stimulating the splanchnic 

sympathetic nerves. Simultaneous stimulation of the vagus nerves blocked this 

response (Shimazu and Fukuda, 1965). The effects of splanchnic stimulation 

persisted in adrenalectomised or pancreatectomised animals demonstrating 

that the effect was due to direct stimulation of the hepatocytes rather than 

indirectly by altering pancreatic or adrenal hormone secretion. Stimulation of 

the hepatic splanchnic nerves has been shown to cause hyperglycaemia in 

several other species including man (Edwards, 1972; Nobin et al., 1977; Lautt 

and Wong, 1978).

In contrast to the effects of stimulating the splanchnic sympathetic nerves, 

stimulation of the hepatic vagus caused increased glycogen synthetase activity 

and incorporation of glucose into glycogen in the liver. This effect was 

eliminated by simultaneous stimulation of the splanchnic nerves and was 

independent of pancreatic hormone effects (Shimazu and Fujimoto, 1971; 

Shimazu, 1967; 1971). Cholinergic stimulation of glycogen synthesis has also 

been demonstrated in vitro (Ottolenghi et al., 1971; Akpan et al., 1974).

Gluconeogenesis also appears to be subject to hypothalamic regulation as 

demonstrated by electrical stimulation studies. Stimulation of the VMH resulted 

in altered activity of key gluconeogenic enzymes (activated phosphoenol 

pyruvate carboxykinase and suppressed pyruvate kinase), whereas LHA 

stimulation caused reciprocal changes. These changes occurred at a slow rate 

compared with the effects on glycogen metabolism and were judged to be of 

lesser importance at least in terms of rapid control (Shimazu and Ogasawara, 

1975).
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Recent studies of brain neurotransmitter activity have extended the above 

findings and suggest that blood glucose may be under direct hypothalamic 

control within the physiological range. The concentrations of central 

neurotransmitters and their major neuronal metabolites were determined (using 

sensitive methodology) to assess neurotransmitter turnover and provide an 

index of neuronal activity within discrete areas of the brain (Smythe et al., 1982; 

1983). Such methods uncovered strong positive correlations between medial 

basal hypothalamic noradrenergic activity (assessed by the ratio of 

noradrenaline and its major metabolite, dihydroxyphenylethylene glycol) and 

blood glucose levels under a variety of conditions including stressed and 

nonstressed states (Smythe et al., 1984). These relationships were found to 

be independent of adrenal or pancreatic hormones and were considered to 

reflect direct hypothalamic control of liver glucose output.

These workers examined brain neurotransmitter activity during 2-deoxyglucose 

administration which causes central neuroglycopaenia and results in a rise in 

peripheral blood glucose levels (due to increased hepatic glucose output) and 

a counterregulatory hormonal response with the release of glucagon and 

catecholamines. Neuroglycopaenia, induced by 2-deoxyglucose 

administration, was found to be accompanied by an increase in hypothalamic 

noradrenergic activity. Furthermore, the administration of the sympathetic 

blocking drug guanethidine prevented the systemic hyperglycaemic response. 

Further studies in adrenomedullectomised animals indicated that the 

hyperglycaemic effect of 2-deoxyglucose was mediated by direct sympathetic 

nervous stimulation of liver glucose production (Storlien et al., 1985). These 

studies confirmed the work of Brodows et al (1973, 1975) who concluded from 

their studies in adrenalectomised and spinal-injured humans, that the hepatic
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sympathetic innervation contributes to the hyperglycaemic response following 

2-deoxyglucose administration.

1.1.4 Afferent nervous system and metabolism

The afferent neural systems concerned with central nervous control of 

metabolism have been less well defined than the efferent connections. 

However there is evidence for an extensive sensory system both within the 

brain and the splanchnic organs, which can sense blood (or tissue) glucose 

and insulin levels and thus determine the state of nutrient supply. The 

existence of a peripheral sensory system which may play a role in metabolism 

is emphasised by the fact that 75-90% of the fibres in the abdominal vagus and 

50% of all splanchnic fibres are afferent (Sawchenko and Friedman, 1979).

The observation that insulin infusion into the brain of rats resulted in a fall in 

systemic blood glucose levels first suggested that an insulin sensitive area in 

the brain exists which can regulate metabolic activity (Szabo and Szabo,

1972). The hypothalamus is itself sensitive to insulin as microinjection of 

insulin into the VMH results in a fall in blood glucose (Storlien et al., 1975; 

Iguchi et al., 1981). This response has since been shown to be abolished by 

vagotomy or atropine administration and may be mediated by the vagus 

(Szabo et al., 1983). Insulin injection into the VMH also causes a reduction in 

the firing rate in sympathetic nerves which supply brown adipose tissue 

(Sakaguchi and Bray, 1987). Therefore the detection of insulin by the 

hypothalamus can result in an alteration in the activity of both arms of the 

autonomic nervous system.

The hypothesis that the hypothalamus is sensitive to insulin and may be part of 

an afferent sensory system was strengthened when it was found that insulin
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could bind to CNS structures and that insulin could cross rapidly into the brain 

at sites where the blood-brain barrier is incomplete (i.e. near the 

circumventricular organs, where specific binding sites for insulin are 

concentrated, Van Houten et al., 1979; 1981). There is anatomical evidence for 

the existence of neural connections between these areas and the medial basal 

hypothalamus and therefore communication between blood borne insulin and 

hypothalamic structures may be possible (Ricardo and Koh, 1978; Broadwell 

and Brightman, 1976). Other groups have confirmed the presence of insulin 

receptors in the brain with the highest concentrations being in the olfactory 

bulbs and the hypothalamus (Havrankova et al., 1978; Pacold and Blackard, 

1979).

Studies of central neurotransmitter turnover have shown that peripheral insulin 

administration rapidly alters medial basal hypothalamic neurotransmitter 

activity independent of peripheral blood glucose levels or brain glucose uptake 

(Smythe et al., 1985). Insulin rapidly suppressed hypothalamic noradrenergic 

activity (previously shown to be positively correlated with blood glucose,

Smythe et al., 1984) and caused a reciprocal increase in serotoninergic activity. 

These studies indicated that changes in peripheral insulin concentrations could 

be detected within the brain and resulted in altered hypothalamic neuronal 

activity and a reduction in blood glucose levels (Smythe et al.,1984).

There is also evidence pointing to the functional significance of glucose 

sensitive neurones within the brain (Oomura et al., 1984). Single cell 

electrophysiological studies have demonstrated that glucoreceptor neurones 

within the VMH increase their firing rate following the iontophoretic application 

of glucose. This response was enhanced when both glucose and insulin were 

applied. Neurones from the LHA behaved differently in that glucose application
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reduced the rate of firing whereas insulin application increased the rate of firing 

of the glucose sensitive cells (Oomura et al., 1974).

The possibility that glucoreceptors could be present in the liver and other 

visceral organs was originally suggested by Russek (1963). Niijima recorded 

neural discharges from branches of the hepatic and pancreatic nerves and 

found that the administration of intraportal glucose reduced the firing rate of 

hepatic nerve afferents and increased the firing rate of pancreatic efferents 

(Niijima, 1969; 1980). Subsequent studies showed that intravenous glucose 

administration also modulated efferent activity in the hepatic branch of the 

vagus nerve (Niijima, 1985). There may be a close relationship between 

central and peripheral glucoreceptor cells in that intraportal glucose injection 

inhibited hypothalamic LHA activity in a manner similar to direct glucose 

application to the LHA (Shimizu et al., 1983). In other electrophysiological 

studies, intravenous glucose injection was followed by a simultaneous increase 

in pancreatic vagal firing and a decrease in pancreatic sympathetic firing 

(Yoshimatsu et al., 1984). Lee and Miller (1985) have demonstrated a 

functional role for these putative hepatic glucoreceptors in that portal glucose 

administration to rats caused a stimulation of insulin secretion which was 

mediated via the hepatic (afferent) vagus nerve as no insulin secretion 

occurred when the nerve was sectioned. They also found that the hepatic 

vagal afferents play a tonic inhibitory role in insulin regulation as section of 

these nerves caused an elevation of basal insulin levels.

In summary, recent evidence suggests that insulin itself acts within the CNS 

and can evoke neural reflexes which can alter metabolic activity and reduce 

blood glucose levels. This makes teleological sense as under physiological 

conditions an animal only experiences a rise in insulin levels consequent on
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meal ingestion and concomitantly with a rise in blood glucose levels. 

Glucoreceptors within the brain and the viscera also play a role in the 

regulation of insulin secretion and hepatic glucose production. When blood or 

tissue glucose levels are rising, afferent neural activity modifies hypothalamic 

responses in an integrated fashion and results in increased insulin secretion 

and directly or indirectly causes a reduction in liver glucose production. Thus 

there is evidence that a complex sensory system exists which can monitor 

insulin, glucose and possibly other substrate and hormone levels and these 

signals may alter efferent neural activity in order to maintain nutrient 

homeostasis and nutrient supply.

1.1.5 Overview of hypothalamic regulation of CHO metabolism

There is now good functional and anatomical evidence that central regulation 

of metabolism involves a hierarchy of control with hypothalamic structures 

modulating both the parasympathetic and sympathetic limbs of the autonomic 

system. The autonomic nervous system has some ability to respond when 

isolated from the hypothalamus but the higher centres are necessary for 

precise regulation (Flynn et al., 1986).

The two arms of the autonomic system appear to be controlled in a coordinated 

tightly coupled fashion. Anatomically, the important central relays project 

simultaneously to both branches of the autonomic system (Powley and 

Laughton, 1981). Manipulations of the medial and lateral areas of the 

hypothalamus produce reciprocally organised responses in the two autonomic 

branches. Thus, electrical activity within the vagal and splanchnic efferent 

nerves are changed reciprocally following manipulations of the VMH or LHA 

(Kita et al., 1980; Yoshimatsu et al., 1984). Stimulation of the medial 

hypothalamus typically causes a series of catabolic responses which result in
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hyperglycaemia, due to increased hepatic glycogenolysis and a suppression of 

insulin secretion. On the other hand, stimulation of the lateral areas of the 

hypothalamus results in essentially anabolic responses including increased 

basal and glucose stimulated insulin secretion, reduced hepatic glycogenolysis 

and increased hepatic glycogen synthesis.

The hypothalamus is also involved in the modulation of a number of other 

important aspects of metabolism. Thus VMH-sympathetic stimulation typically 

results in increased free fatty acid, glucagon and adrenaline levels (Texeira et 

al., 1975; Frohman and Bernardis, 1971), causes increased thermogenesis 

(Minokoshi et al., 1986) and inhibits feeding. These responses are clearly 

catabolic in nature. On the other hand, VMH lesions typically result in reduced 

glucagon levels (Inoue et al., 1977), reduced sympathetic nervous activity 

(Vander Tuig et al., 1982) and reduced mobilisation of free fatty acids 

(Nishizawa and Bray, 1977).

It is not known to what extent direct neural activity at the target organs or 

indirect actions due to altered secretion of metabolically active hormones are 

responsible for regulating various metabolic processes. Shimazu 

hypothesised that direct neural effects are rapid and likely to be of greater 

importance during times of stress or for initiating changes whereas the 

hormonal actions are important for consolidating or prolonging effects 

(Shimazu, 1981). There is evidence that hormonal mechanisms and neural 

systems may act synergistically in some circumstances (Beckh et al., 1982). 

Finally, a redundancy of systems often exists such that one system assumes 

importance when a primary regulatory system fails. Such redundancy has 

been demonstrated during insulin hypoglycaemia in humans where adrenergic
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mechanisms assume critical importance in maintaining blood glucose levels 

when glucagon deficiency is present (Tse et al., 1983; Rizza et al., 1979).

1.2 Physiological role for the CNS in carbohydrate metabolism

There is relatively little data indicating the importance of these neural 

mechanisms in regulating carbohydrate metabolism. However neural control 

may be important in several key areas.

1.2.1 Basal metabolism

Basal insulin levels are maintained by a balance of a number of inhibitory and 

stimulatory factors including prevailing levels of glucose, amino acids, 

catecholamines, cortisol and gastrointestinal peptides (Ward et al., 1984).

There is considerable evidence that basal insulin secretion is tonically inhibited 

by sympathetic (alpha-adrenergic) tone (Robertson et al., 1973; Berthoud et al., 

1980). Basal sympathetic tone to the beta cells is modulated by the VMH 

(Flynn et al., 1986) and influenced by portal glucose levels which are detected 

by putative hepatic glucoreceptors (Lee and Miller, 1985).

The factors controlling basal liver glucose output have not been extensively 

studied. Basal insulin and glucagon secretion are important (Liljenquist et al., 

1977) but there is evidence that direct sympathetic 6-adrenergic and alpha- 

adrenergic tone have a role in maintaining basal hepatic glucose production in 

man (Rizza et al., 1980; Rosen et al.,1983).

1.2.2 Prandial metabolism

Following the ingestion of a meal or glucose load, glucose homeostasis is 

maintained by a number of metabolic alterations. These include an increase in 

peripheral glucose uptake particularly into skeletal muscle, a reduction of 

endogenous liver glucose production and an increase in hepatic glucose
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storage although this last may be quantitatively less important than previously 

thought (Radziuk et al., 1978; Katz and McGarry, 1984). Other alterations 

include falls in glucagon, free fatty acid and adrenaline levels (Trunet et al.,

1984) and increases in noradrenaline levels (Young et al., 1980). Insulin 

secretion is clearly important in promoting some of these metabolic changes.

The rise in insulin levels following a mixed meal is due to a number of 

stimulatory factors including neural activation, stimulation of the beta cells by 

absorbed glucose and amino acids, and insulinotropic gut hormones which 

potentiate glucose stimulated insulin secretion. The proportion of insulin 

secretion after oral glucose ingestion which is not due to direct glycaemic 

stimulation of the beta cells has been variously estimated to account for 

approximately 20-70% of the total in man (Nauck et al., 1986; Shuster et al., 

1988) indicating that the effects of neural stimulation and gut hormones are 

considerable. Another study in rats suggested that the neural component of 

insulin secretion comprised at least 26% of the total (Berthoud, 1984).

Cephalic phase insulin release has been extensively studied in a number of 

animal species including man (Berthoud et al., 1981; Powley and Berthoud,

1985) . Cephalic responses are neural reflexes which are stimulated by 

sensory stimuli arising from the oropharynx and can occur rapidly after the 

onset of meal ingestion (Powley and Berthoud, 1985). Cephalic phase insulin 

secretion is abolished by vagotomy (Louis-Sylvestre, 1976) and probably also 

by VMH lesions (Berthoud et al., 1980; Storlien, 1985). In one study, VMH 

lesioning augmented rather than abolished cephalic insulin responses (Louis- 

Sylvestre, 1976). In this latter study, the rats were studied some time after the 

lesioning and thus the increased responses may have been related to beta cell 

hyperplasia and/or hyperphagia. It is clear however, that cephalic phase
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insulin secretion is mediated via the hypothalamus and the vagus. These 

studies demonstrate that there is an increase in vagal stimulation of the beta 

cells during the ingestion of meals.

Cephalic phase insulin secretion may have an important homeostatic role in 

prandial glucose metabolism. When cephalic responses were abolished in 

rats, either by bypassing the oropharynx (intragastric feeding) or by curing 

diabetic rats of their diabetes with transplanted beta cells (resulting in 

denervated beta cells), the early rise in insulin levels did not occur and 

impaired glucose tolerance resulted (Louis-Sylvestre, 1978; Trimble et al.,

1980) . Replacement of the deficient early phase with intravenous insulin 

corrected these abnormalities (Berthoud et al., 1981). This phenomenon has a 

clinical counterpart in that insulin dependent diabetic subjects have 

considerably worse prandial hyperglycaemia if their preprandial insulin 

treatment is slightly delayed (Kraegen et al., 1981; Dimitriadis and Gerich,

1981) .

Thus it seems likely that the initial phase of insulin secretion during meals is 

mediated at least partly by neural mechanisms and that the neural reflex 

includes the VMH and the vagus nerve. The early phase of prandial insulin 

secretion appears to have considerable importance in prandial 

glucoregulation. The early rise in insulin levels may act to initiate a series of 

metabolic events including suppression of hepatic glucose production, in order 

to prepare the animal for the influx of nutrients consequent on ingesting the 

meal (Storlien, 1985). The implications are that the hypothalamus and the 

autonomic nervous system have an important role in modulating normal 

prandial insulin secretion and that abnormalities of this system could have 

pathogenetic consequences which could cause hyperglycaemia.
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Alterations in sympathetic nervous activity occur during meal ingestion and 

increases in noradrenaline levels during meals have been considered to 

represent increased sympathetic activation (LeBlanc et al., 1984; Steffens et al, 

1986). Furthermore, chronic fasting and overnutrition have been shown to be 

associated with reduced and increased noradrenaline turnover respectively in 

both rats and humans (Landsberg and Young, 1978; O'Dea et al., 1982). 

Several possible functions for increased sympathetic activity during meal 

ingestion have been suggested. Sympathetic activation may be responsible for 

meal-induced thermogenesis (LeBlanc et al., 1984) and may attenuate the 

vagally mediated rise in insulin secretion (Steffens et al., 1986). There are also 

shifts in blood flow during food ingestion which may be regulated by the 

sympathetic nervous system and could give rise to the observed changes in 

plasma noradrenaline levels. The relationship between the sympathetic 

nervous system and food ingestion is complex as an increase in insulin levels 

itself causes an increase in sympathetic activation (Rowe et al., 1981).

An increase in sympathetic nervous system activity during meals appears to be 

at variance with the hypothesis that hepatic glucose production may be 

promoted by sympathetic activation as hepatic glucose production falls during 

food ingestion (Radziuk, 1978). Similarly an increase in sympathetically 

mediated inhibition of the pancreatic beta cells would seem unlikely to occur 

during food ingestion. However, the techniques usually used for evaluating 

sympathetic activity are imprecise and are unable to detect sympathetic 

activation in discrete organs (Esler, 1982). Sympathetic nervous system 

outflow to different organs is non-uniform and local organ-specific increases in 

sympathetic activation can occur (Esler et al., 1984). Thus, an increase in 

sympathetic nervous system activity at, for instance, the site of meal-induced
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thermogenesis could coexist with a reduction in sympathetic activation 

elsewhere e.g. at the liver or beta cells. The studies of Yoshimatsu et al (1984) 

support this view as they have reported a reduction in sympathetic neural firing 

in the pancreatic nerve following glucose administration.

1.2.3 Exercise

During physical exercise there is a rapid increase in peripheral uptake of 

glucose by skeletal muscle and at the same time there is an equally rapid 

increase in hepatic glucose production. The initial increase in glucose 

production arises initially from glycogenolysis but subsequently 

gluconeogenesis becomes of increasing importance. The control of hepatic 

glucose production in this situation is extremely precise and changes in 

peripheral blood glucose levels do not usually occur during acute exercise.

The rapidity and precision of the system suggested that a neural control 

mechanism rather than a hormonal mechanism regulates this response (Richter 

et al., 1981; Vranic and Berger, 1979). Hoelzer et al (1986) have demonstrated 

the importance of sympathoadrenal activation in promoting hepatic glucose 

output in normal exercising humans. Normal glucoregulation occurred during 

somatostatin infusion with physiological replacement of glucagon and insulin (to 

prevent changes in these hormones during exercise), whereas the addition of 

combined alpha- and 6-adrenergic blockade resulted in a fall in hepatic glucose 

output and plasma glucose levels. They replicated this study in 

adrenalectomised men and found that glucoregulation was normal during 

somatostatin infusion and insulin and glucagon replacement. They therefore 

concluded that direct sympathetic control of hepatic glucose production 

appeared to be critical in the control of hepatic glucose output during exercise.
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Recent evidence demonstrates that hepatic glucose output is subject to 

negative feedback control by plasma glucose during exercise in humans. This 

feedback relationship is extremely precise and sensitive and therefore 

peripheral or central glucoreceptors may have a role in the sympathetic neural 

control of hepatic glucose output during exercise (Jenkins et al., 1985; 1986).

In summary, there is considerable evidence that the hypothalamus and the 

autonomic nervous system have an important role in the physiological 

regulation of blood glucose. The hypothalamus and the peripheral autonomic 

nervous system have become increasingly the focus of attention by researchers 

interested in human metabolic diseases, particularly diabetes and obesity 

(Woods and Porte, 1974; Lautt, 1980; Feldberg et al., 1985; Bray et al., 1981; 

Jeanrenaud et al., 1985). Abnormalities in central or peripheral autonomic 

control systems may cause or contribute to the pathophysiology of these 

metabolic disorders.
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1.3. Pathogenesis of noninsulin dependent diabetes mellitus

The cause of NIDDM is unknown but both inherited and acquired factors are 

important. A strong genetic component has been demonstrated by twin and 

family studies. A high concordance rate of NIDDM is found in monozygotic 

twins (Barnett et al., 1981) and a strong familial tendency for the condition is 

seen in some patients (Koberling et al., 1985). Lifestyle factors are also 

important and this is most vividly illustrated by the increase in the incidence of 

NIDDM in communities which have changed their lifestyles from a rural 

agrarian one to an urban Western style of living (Zimmett, 1982). The main 

lifestyle factors considered to be important include obesity, low levels of 

physical exercise and the consumption of diets high in saturated fats and 

relatively low in fibre and complex carbohydrates.

NIDDM is characterised by a number of complex and apparently interrelated 

metabolic defects. The major abnormalities include qualitative and quantitative 

abnormalities of insulin secretion (Ward et al., 1985), peripheral insulin 

resistance due to a combined receptor and post-receptor defect in cellular 

insulin action (Olefsky et al., 1982) and elevated rates of hepatic glucose 

production (Bowen and Moorehouse, 1973; Best et al., 1982). Whether or not 

some one or more of the major metabolic abnormalities is the primary cause of 

NIDDM is unknown.

A considerable debate has continued for a number of years over whether the 

primary problem with NIDDM lay with inadequate insulin production or with 

insulin resistance. However most recent studies have found that the major 

metabolic abnormalities usually coexist in subjects with NIDDM (Olefsky, 1985; 

Efendic et al., 1984). Furthermore, neither insulin resistance nor impaired
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insulin secretion alone necessarily cause hyperglycaemia. For instance, obese 

humans can be severely insulin resistant without ever developing NIDDM, 

presumably due to their ability to compensate by increasing insulin secretion 

(Luft et al., 1967; 1968). As for insulin secretion, subjects with NIDDM probably 

retain between 60 and 100% of normal beta cell volume (Westermark et al., 

1978; Rahier et al., 1983) and it has been estimated that humans may not 

develop diabetes even after removal of up to 80% of their pancreas (Turner et 

al., 1979). Thus there appears to be a substantial reserve in both insulin- 

mediated glucose uptake and insulin secretory capacity and it may be that a 

combination of insulin resistance and impaired insulin action is necessary to 

cause the metabolic abnormalities of NIDDM (Weir, 1982; Olefsky, 1985).

Recently, several groups have studied nondiabetic individuals considered to be 

at high risk of subsequently developing NIDDM in an attempt to determine 

which metabolic defect occurs first and is therefore likely to be the primary 

cause of NIDDM. Normoglycaemic women with a history of recent gestational 

diabetes (Ward et al., 1985) and a substantial number of nondiabetic first 

degree relatives of diabetic patients (O'Rahilly et al., 1986) were found to have 

subclinical abnormalities of both insulin secretion and action. In addition, it has 

been shown that some nondiabetic children of subjects with NIDDM have 

slightly elevated levels of blood glucose (Leslie et al., 1986) and increased 

glucose turnover (Osei and Holland, 1987). Thus a number of subclinical 

defects can be detected in high risk populations many years before the 

development of overt diabetes. It is not known which of these defects, if any, 

are the primary cause of NIDDM.

Each of the three major defects in NIDDM has been shown to be partially 

reversible with dietary therapy (Stanik et al., 1980; Henry et al., 1986),
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sulphonylurea therapy (Kolterman et al., 1984; Simonson et al;., 1984) and 

insulin therapy (Turner et al., 1976; Garvey et al., 1985). This has given rise to 

the hypothesis that hyperglycaemia itself may, in part, be responsible for the 

defects in insulin action and secretion (Unger and Grundy, 1985). The concept 

that hyperglycaemia is somehow 'toxic' in some tissues (the 'glucotoxicity' 

hypothesis) has recently been verified experimentally. Hyperglycaemia 

independently contributes to the defect in insulin secretion in some animal 

models of diabetes mellitus (Bonner-Weir et al., 1983; Grill and Rundfeldt, 

1986). Rossetti et al (1987) demonstrated that both reduced insulin sensitivity 

and abnormal insulin secretion could be normalised in diabetic rats (partial 

pancreatectomy model) following treatment of hyperglycaemia by phlorizin, an 

agent which reduces hyperglycaemia by increasing urinary glucose losses 

without altering insulin secretion or action.

Chronic hyperglycaemia may therefore 'desensitise' the beta cells and impairs 

their ability to respond to a glucose stimulus. This desensitisation could be 

common to other cells in the body. Hyperglycaemia can down-regulate the 

glucose transport system in non-insulin dependent tissues such as brain 

(Matthei et al. 1986) and insulin resistance in the rat is associated with a 

reduced number of cellular glucose transporters (Karnieli et al., 1981). 

Therefore, a generalised impairment in glucose transport could account for 

peripheral and hepatic insulin resistance as well as impaired beta cell 

responses to glucose.

In subjects with established NIDDM, hyperglycaemia causes a further 

impairment of insulin secretion and insulin action. Therefore in subjects 

destined to develop NIDDM, a small increase in biood glucose levels could 

cause pre-existing subclinical abnormalities in insulin action and secretion to
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become functionally significant. These more severe defects in insulin action 

and secretion could then cause more severe hyperglycaemia to develop. A 

vicious cycle of worsening hyperglycaemia on the one hand and worsening 

abnormalities of insulin secretion and action on the other, could ultimately lead 

to frank diabetes.

1.3.1 Hepatic glucose production in NIDDM

Recent studies have indicated that elevated rates of hepatic glucose output 

play an important role in determining the severity of the diabetic state. In 

hyperglycaemic patients with NIDDM, hepatic glucose output is usually greater 

than normal (Bowen and Moorehouse, 1973; Best et al., 1982; Bogardus et al., 

1984) and there is a strong correlation between fasting blood glucose and the 

basal rate of glucose production by the liver (Kolterman et al., 1984; Bogardus 

et al., 1984). In addition, the improvement in fasting glucose following weight 

loss or hypocaloric diets correlates with a reduction in hepatic glucose 

production (Henry et al., 1985). In contrast, little or no correlation was found 

between fasting blood glucose levels and measures of either insulin secretion 

or action in NIDDM (Bogardus et al., 1984).

Prandial hyperglycaemia in NIDDM is also related to hepatic glucose 

production. Following the ingestion of a mixed meal or oral glucose, the 

absorbed glucose is taken up predominantly by skeletal muscle, and liver 

glucose output is suppressed (Radziuk et al., 1978). In a recent study utilising a 

double radioisotope approach, prandial hyperglycaemia in a group of NIDDMs 

was found to be due to the combination of impaired suppression of hepatic 

glucose production and reduced peripheral glucose disposal (Firth et al.,

1986). Thus, it appears that excessive glucose output from the liver may be
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important in contributing to prandial as well as basal hyperglycaemia in 

NIDDM.

Total glucose uptake can be divided into two components, non-insulin 

mediated glucose uptake (includes glucose uptake into non-insulin sensitive 

tissues e.g. brain, and the amount of glucose uptake measured during 

hypoinsulinaemia) and insulin-mediated glucose uptake. Non-insulin 

mediated glucose uptake has been estimated in both nondiabetic subjects and 

subjects with NIDDM to account for approximately 70% of the total in the basal 

state (Baron et al., 1985). This means that insulin-mediated glucose disposal is 

relatively unimportant basally and impaired insulin action at the periphery is 

unlikely to cause or contribute substantially to basal hyperglycaemia. This 

suggests that overproduction of glucose by the liver is the most direct cause of 

fasting hyperglycaemia in NIDDM (Olefsky, 1985).

The cause of excess liver glucose output in NIDDM is poorly understood. 

Possible causes include reduced insulin secretion, hepatic insulin resistance 

(Revers et al., 1984), reduced suppression of hepatic glucose production by 

glucose itself (Liljenquist et al., 1979), increased availability of gluconeogenic 

substrates (Ferrannini et al., 1983), abnormal secretion of a number of 

metabolically active hormones or increased sensitivity of the liver to one or 

more of these stimulatory factors. Glucagon (Unger and Orci, 1981), growth 

hormone (Hansen, 1973) and possibly also cortisol (Cameron et al., 1984) are 

abnormally regulated in NIDDM. All are capable of promoting hepatic glucose 

production in man and several groups have postulated that 

hyperglucagonaemia (Baron et al., 1987; Moltz et al., 1984) or increased 

growth hormone secretion (Martin and Jeanrenaud, 1985) could be important 

determinants of this. Abnormal adrenaline secretion from the adrenal medulla
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has also been suggested as a cause of hyperglycaemia in NIDDM (Feldberg et 

al., 1985).

Given the importance of the autonomic nervous system in controlling hepatic 

glucose output in normal animals (Shimazu, 1981; Smythe et al., 1984), it is 

feasible that an abnormality in this system could be responsible for the 

excessive glucose production in NIDDM (Lautt, 1980). There is some evidence 

to suggest that the sympathetic nervous system is overactive in NIDDM and an 

excess sympathetic drive to the liver could cause increased hepatic glucose 

production. Several workers have reported elevated circulating catecholamine 

levels (Robertson et al., 1976; Halter and Porte, 1977) and increased levels of 

urinary noradrenaline or noradrenaline metabolites have been reported in 

NIDDM (Grunstein, 1985). Studies of alpha-adrenergic blockade and insulin 

secretion suggest that there may be increased alpha-adrenergic activity at the 

beta cells in NIDDM (Robertson et al., 1976; Broadstone et al., 1987). 

Sympathetic blockade induced by the drug guanethidine improved glucose 

tolerance in three subjects with NIDDM (Gupta, 1969) and reversed the 

impaired glucose tolerance of patients with thyrotoxicosis (Woeber et al., 1966). 

A recently described alpha2-adrenergic blocking drug has been found to be an 

effective hypoglycaemic agent in NIDDM although whether its hypoglycaemic 

action is due to adrenergic receptor blockade has not been elucidated 

(Kashiwagi et al., 1986; Kawazu et al., 1987). Finally, the regulation of hepatic 

glucose output during moderate exercise in NIDDM is deranged (Jenkins et al., 

1988) and in exercising nondiabetic humans the sympathetic nervous system is 

a major regulator of hepatic glucose production (Hoelzer et al., 1986).



28

1.3.2 Prandial insulin secretion in NIDDM

In contrast to the basal state where noninsulin-mediated glucose uptake is of 

major importance, insulin levels rise and insulin-mediated glucose uptake 

becomes quantitatively more important following a meal or glucose ingestion 

(Olefsky, 1985; Kingston et al., 1986). Insulin secretion following oral ingestion 

of carbohydrate is stimulated by a complex interplay of neural and hormonal 

factors and by absorbed nutrients (Ward et al., 1984). Studies of cephalic 

phase insulin secretion suggest that neural stimulation occurs rapidly and is 

responsible for the initial insulin response. Nutrient stimulated (glucose and 

amino acids predominantly) insulin secretion then follows and is greatly 

amplified by insulinotropic gut hormone secretion (Creutzfeldt, 1979). The 

amount of insulin released following an oral glucose load which is due to 

neural and gut hormone factors, has been variously estimated to account for 

20-60% of the whole in humans (Nauck et al., 1986; Shuster et al., 1988). This 

non glucose-mediated insulin secretion has considerable importance and 

explains why oral glucose loads are better tolerated than intravenous loads 

(Elrick et al., 1964; Perley and Kipnis, 1967).

In established NIDDM, there is invariably a deficiency in early insulin secretion 

and insulin levels are subnormal during the first 30-60 minutes after the meal, 

whereas later insulin levels are usually normal or higher than normal (Yalow 

and Berson, 1960; Perley and Kipnis, 1967; Kosaka et al., 1977). This later 

hyperinsulinaemia may occur secondary to the prandial hyperglycaemia seen 

in NIDDM. Beta cell function is influenced by the degree of hyperglycaemia 

and severely hyperglycaemic individuals often have reduced insulin secretion 

throughout the prandial period. Insulin secretion can be substantially improved 

following therapeutic correction of hyperglycaemia, however the defective early
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phase does not improve suggesting that it may not occur as a secondary 

phenomenon (Garvey et al., 1985).

Similar defects in prandial insulin secretion have been reported in subjects 

who were considered to be at high risk of developing NIDDM (Colwell and 

Lein, 1967) and in one longitudinal study in subjects subsequently developed 

diabetes (Kosaka et al., 1977). These data indicate that the delay in early 

prandial insulin secretion occurs early during the development of NIDDM and 

could even occur as a primary abnormality.

The cause of the early deficiency of insulin secretion is unknown but is 

quantitatively mainly due to a reduction in non-glucose mediated insulin 

secretion (Nauck et al., 1986). Several groups have considered that a 

deficiency in insulinotropic gut hormone secretion is the likely cause. 

Gastrointestinal polypeptide is the most potent of the known gut hormones in 

terms of its insulinotropic effects. However, its secretion is often excessive in 

NIDDM and therefore does not explain the deficiency in insulin secretion 

(Crockett et al., 1976; Ross et al., 1977). This augmented secretion may occur 

as an attempted compensatory mechanism for the deficient insulin secretion 

(Osei et al., 1986). It has been suggested that an as yet unidentified "incretin" 

may be responsible for the prandial augmentation of insulin secretion 

(Creutzfeldt, 1985). However, none of the currently identified insulinotropic gut 

hormones are able to stimulate insulin secretion in the absence of glucose. 

Their main physiologic action appears to be to potentiate glucose stimulated 

insulin secretion (Brown et al., 1975; Andersen et al., 1978). Thus a gut 

hormone abnormality may not explain the early deficiency in prandial insulin 

secretion in NIDDM.
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Glucose stimulated insulin secretion is also abnormal in NIDDM and in 

particular there is a defect in the first phase of the normal biphasic insulin 

response to intravenous glucose (Brunzell et al., 1976). It is unknown how this 

pattern of insulin response to parenteral glucose relates to abnormal prandial 

insulin secretion. However, the studies of Nauck et al (1986) indicated that 

abnormalities of glucose stimulated insulin secretion are not the major cause of 

the deficiency in early prandial insulin secretion in NIDDM. These researchers 

used glucose infusions to simulate the peripheral glucose response to glucose 

ingestion in subjects with NIDDM and compared insulin and C peptide 

responses with the prandial responses. They concluded that the early 

deficiency in insulin secretion in subjects with NIDDM was due predominantly 

to 'incretin' factors, i.e. either gut hormone or neurally mediated insulin 

secretion.

An abnormality of the neural component of insulin secretion is therefore a 

potential candidate for delayed insulin secretion in NIDDM. Support for this 

hypothesis comes from cephalic phase studies which demonstrate that neurally 

based insulin secretion occurs early after the start of meal ingestion (Berthoud 

et al., 1981). Furthermore, as detailed previously, it has been shown in rats that 

where cephalic responses have been eliminated or bypassed, early insulin 

release is greatly reduced, higher than normal insulin levels subsequently 

occur and prandial hyperglycaemia results (Louis-Sylvestre, 1978; Trimble et 

al., 1980; Berthoud et al., 1982). Thus the absence of cephalic phase insulin 

secretion in these animals causes a pattern of prandial metabolic abnormalities 

similar to that seen in NIDDM.

A number of studies in humans aiso indicate that the early phase of insulin 

secretion is important in carbohydrate metabolism. A delay in preprandial



31

insulin delivery to subjects with IDDM results in a marked worsening of prandial 

hyperglycaemia (Kraegen et al., 1981; Dimitriadis and Gerich, 1981) and the 

presence of insulin antibodies, which slows the absorption of preprandially 

injected insulin, also caused prandial hyperglycaemia (Van Haeften et al., 

1987).

Thus there is sufficient data to postulate that the abnormal prandial insulin 

response in NIDDM could be due to an abnormality of the autonomic control of 

pancreatic beta cells. Reduced insulin secretion could result from reduced 

vagal activity and/or increased sympathetic tone to the beta cells during meal 

ingestion. Furthermore, this early deficiency in prandial insulin secretion may 

contribute to the metabolic disturbance of NIDDM by causing prandial 

hyperglycaemia. As hyperglycaemia itself causes functional beta cell 

abnormalities and insulin resistance, prandial hyperglycaemia could contribute 

to these metabolic abnormalities and lead to a worsening of hyperglycaemia.

1.3.3 Stress and diabetes

Severe physical stress associated with surgery, burns or myocardial infarctions 

can cause hyperglycaemia in nondiabetic and diabetic individuals (Porte and 

Woods, 1983). The mediators of this effect include direct sympathetic nervous 

activation and the release of stress hormones which include adrenaline, 

cortisol, glucagon and growth hormone. This results in suppression of insulin 

release, stimulation of hepatic glucose production and reduced insulin action 

(Rizza et al., 1980; 1981). There is evidence that adrenaline, glucagon and 

cortisol act synergistically and therefore the effects of these stress hormones 

are quite potent (Shamoon et al., 1980). The role of the autonomic innervation 

during stress is unclear but it is likely that sympathetic activation has similar 

actions and may also promote hyperglycaemia.
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NIDDM is characterised by a number of endocrine and neuroendocrine 

abnormalities which are similar to those seen in stress states. Basal glucagon 

levels are elevated and there is abnormal prandial regulation of glucagon 

secretion (Muller et al., 1979). There is also some evidence for increased 

growth hormone levels (Hansen, 1977), catecholamine levels (Robertson et al., 

1976) and abnormal regulation of cortisol secretion (Cameron et al., 1984). It 

has therefore been proposed that NIDDM may be analogous to chronic stress 

and that neuroendocrine activation could be responsible for some of the 

metabolic abnormalities of NIDDM (Porte and Woods, 1983). A glucoreceptor 

defect in the brain similar to that seen in the beta cells was suggested as a 

cause for this neuroendocrine activation (Porte and Woods, 1983).

Alternatively, glucose enters the brain at a reduced rate in diabetic animals 

(Gjedde and Crone, 1981; McCall et al., 1982). Thus either reduced entry of 

glucose or a glucoreceptor defect in the brain could result in prevailing 

hyperglycaemia being detected within neurones as neuroglycopaenia and 

result in a counterregulatory response which is inappropriate for the blood 

glucose level. Several authors have noted that a counterregulatory response 

occurs above the usual hypoglycaemic range in chronically hyperglycaemic 

diabetic subjects and have suggested that this is due to an "upward resetting of 

the glucostat" in these subjects (DeFronzo et al., 1980).

It has been considered for many years that psychological stress can cause 

hyperglycaemia in humans in a manner analogous to physical stress and that 

severe or chronic stress may actually cause diabetes or alter metabolic control 

in diabetic individuals. Implicit in this hypothesis is the consideration that 

subjects with diabetes are more sensitive to psychological stress. The
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demonstration of such a relationship would be powerful support for a 'stress' 

model of NIDDM.

Patients with insulin dependent diabetes have greater glycaemic responses 

following adrenaline, glucagon or cortisol administration (Shamoon et al.,

1980). The increased sensitivity of subjects with IDDM to adrenaline is due to 

the inability of these subjects to secrete insulin which normally modulates the 

glycaemic response to adrenaline (Berk et al., 1985). Thus it is likely that the 

excessive glycaemic responses often seen during severe stress in subjects 

with IDDM are due to the inability of these subjects to mount an insulin 

response. Studies of this nature have not as yet been carried out in subjects 

with NIDDM. However, as subjects with NIDDM have impaired beta cell 

responses to glucose and also have a reduced insulin secretory capacity (Ward 

et al., 1984), these subjects may also have increased sensitivity to stress or to 

stress hormones (Porte and Woods, 1983).

Epidemiological studies utilising life stress analyses have generally found a 

positive correlation between adverse life events and metabolic control in both 

IDDM and NIDDM (Hinkle and Wolf, 1952; Jacobson et al., 1985; Chase and 

Jackson; 1981). However these studies were not able to determine whether 

the association was causal or due to factors such as motivation or compliance 

with therapy.

Several groups have attempted to induce metabolic changes in the laboratory 

using psychological stress. Early studies appeared to demonstrate that stress 

could cause elevations in free fatty acid and ketones, however the effects on 

blood glucose were variable, the glucose level either not changing, rising or 

even falling (Hinkle and Wolf, 1949; Vandenbergh et al., 1966; Baker et al.,
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1969). A recent study failed to demonstrate that acute psychological stress in 

the laboratory caused hyperglycaemia in subjects with IDDM (Kemmer et al., 

1986). Studies of this nature have not as yet been carried out in NIDDM.

The other approach which has been used to investigate the role of stress in 

diabetes has been to attempt to reduce stress or improve methods of coping 

with psychological stress and examine metabolic control. Several case reports 

reported an apparent benefit from biofeedback techniques. However any 

benefit was usually only in terms of a reduction in insulin requirements (Fowler 

et al., 1976; Guthrie et al., 1976). One controlled study found that relaxation 

therapy improved glucose tolerance and reduced fasting blood glucose and 

cortisol levels in a group of NIDDM subjects. The beneficial effect was 

considered to be consistent with a reduction in hepatic glucose production 

(Surwit and Feinglos, 1983). Interestingly, when the same study design was 

applied to a group of subjects with IDDM, relaxation therapy failed to influence 

glycaemia (Feinglos et al., 1987). In a longer term study, the combination of 

relaxation therapy and coping strategies was found to cause a reduction in 

levels of glycosylated haemoglobin in a group of subjects with NIDDM (Henry 

et al., 1986).

Thus whilst most recent studies have found that psychological stress has little 

effect on metabolic control in subjects with IDDM, the data suggest that 

psychological stress could have adverse effects on metabolic control in NIDDM. 

However few studies have been performed which examine this issue. The 

treatment regimens prescribed for NIDDM are complex and compliance with 

treatment is likely to be an important determinant of metabolic control. The 

effect of psychological stress could be mediated by compliance with therapy 

rather than by alterations of autonomic activation.
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1.3.4 Animal models of NIDDM

Research into NIDDM is hampered by the lack of good animal models.

However a number of animal models combine some of the features seen in 

human NIDDM and may provide insights into the pathophysiology of the human 

disease.

Recent studies of hypothalamic obesity (VMH lesioned rats) demonstrate that 

abnormal hypothalamic control of the autonomic nervous system results in 

several defects characteristic of NIDDM in addition to the classical obesity and 

hyperphagia. Thus the syndrome of VMH obesity includes insulin resistance, 

excess liver glucose production and mild hyperglycaemia (Penicaud et al., 

1986). These observations clearly demonstrate that defects in the central 

nervous system (albeit artificially produced) can result in metabolic 

abnormalities.

A pathophysiological role for the autonomic nervous system is also supported 

by studies of the Zucker "fatty" rat, a genetic model of animal obesity. The 

obese (homozygous) rats have several features similar to VMH lesioned rats 

including hyperinsulinaemia which has been shown to be due to increased 

parasympathetic tone (Rohner-Jeanrenaud et al., 1983) and possibly also 

reduced sympathetic tone to the pancreatic islets (Levin et al., 1981; Planch et 

al., 1983). These animals become severely insulin resistant (Terrettaz and 

Jeanrenaud, 1983), and develop basal and prandial hyperglycaemia as they 

get older (lonescu et al., 1985). The hyperglycaemia and glucose intolerance 

has been shown to be due to increased rates of hepatic glucose production 

(Rohner-Jeanrenaud et al., 1986). Thus these animals naturally develop a 

number of metabolic abnormalities similar to those seen in NIDDM which could 

be related to demonstrable abnormalities of the autonomic nervous system.
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Another genetically obese rodent, the ob/ob mouse also possesses a number 

of central nervous system defects and develops hyperglycaemia, 

hyperinsulinaemia and insulin resistance (Bray and York, 1979). It has been 

shown that blood glucose levels in these animals are hyperresponsive to 

environmental stress (Surwit et al., 1984). This appeared to be due to an 

exaggerated sensitivity to adrenergic stimulation and suggested that altered 

sympathetic function could be an aetiological factor in the development of 

diabetes in these animals (Kuhn et al., 1987).

Finally, it has been reported that the combination of VMH lesions, high fat 

feeding and low dose streptozotocin in rats resulted in a syndrome of obesity 

and hyperglycaemia with features similar to NIDDM whereas each treatment in 

itself did not produce significant hyperglycaemia (Inoue et al., 1982). This 

model lends support to the hypothesis that an abnormality of autonomic 

function could combine with other metabolic defects (some of which may be 

genetically determined and others due to environmental factors) to cause the 

syndrome of NIDDM.

1.3.5 Neural hypothesis for NIDDM

A synthesis of what is known about normal physiology and the pathophysiology 

of NIDDM suggests several possible hypotheses to explain how central neural 

mechanisms could be causative factors in NIDDM or secondarily contribute to 

the metabolic disturbance of the condition. It seems clear that many of the 

metabolic abnormalities associated with NIDDM (such as insulin resistance 

and impaired beta cell function) can occur secondarily to hyperglycaemia. 

Therefore consideration of how neural factors could cause or contribute to 

hyperglycaemia would appear to be central to any theory of the pathogenesis 

of NIDDM.
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The closely integrated nature of the hypothalamic structures which control the 

two arms of the autonomic system suggests that an imbalance in the activity of 

several important hypothalamic nuclei could cause a reciprocal imbalance in 

autonomic nervous activity. Excess sympathetic drive and/or reduced 

parasympathetic activity to the liver and pancreas could cause excess liver 

glucose production and also cause an inhibition of insulin secretion. Thus an 

overactive VMH (increased sympathetic tone) and underactive LHA (reduced 

vagal activity) might produce the reciprocal defects in hepatic glucose 

production and pancreatic beta cell function typical of NIDDM. VMH 

overactivity could also explain several other defects of NIDDM such as the 

activation of other neuroendocrine systems.

It is possible that instead of having a primary role in the aetiology of NIDDM or a 

secondary role in the pathogenesis of hyperglycaemia, an abnormality in the 

autonomic nervous system could arise secondary to autonomic neuropathy. 

There is now evidence to suggest that subclinical abnormalities of 

parasympathetic and sympathetic function occur more frequently than 

conventional tests suggest (Pfeiffer et al., 1984). Metabolic deterioration occurs 

commonly after long duration of NIDDM and patients often eventually require 

insulin therapy. Abnormal autonomic control of the liver or islet cells secondary 

to neuropathy might contribute to this deterioration.
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1.4 Aims of this thesis

The aims of this thesis are to investigate certain aspects of the autonomic 

nervous system and its control of metabolism with particular reference to 

NIDDM. The studies described in this thesis concentrated on two areas of 

metabolism, namely prandial insulin secretion and basal hepatic glucose 

production.

The following specific aims were pursued:

1. (a) to determine whether cephalic phase insulin secretion could be 

demonstrated in nondiabetic subjects and whether it has a significant influence 

on glucose homeostasis.

(b) to determine whether the deficiency in early prandial insulin secretion 

contributes to the hyperglycaemia of NIDDM.

2. (a) to determine whether basal hyperglycaemia and hepatic glucose 

production in NIDDM are altered by stimulation of the sympathetic nervous 

system.

(b) to determine whether subjects with NIDDM have altered sensitivity to the 

sympathetic neural activation of psychological stress.
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CHAPTER TWO

Materials and methods
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2.1 Introduction

This chapter describes the subjects who participated in the experiments and 

discusses the principles, methods and precision of the various substrate and 

hormone measurements; the preparation and delivery of administered 

substances and agents; the glucose clamp technique used in chapter 3; the 

glucose isotope techniques used in chapters 5 and 6; and the respiratory gas 

exchange measurements and indirect calorimetry used in chapter 5.

2.2 Subjects

Subjects with noninsulin dependent diabetes mellitus (NIDDM) and nondiabetic 

control subjects were studied in this thesis. All who took part gave written 

informed consent before the studies and all studies were approved by the 

Ethics and Research Committee of St. Vincent's Hospital.

In chapter 3, young healthy volunteers were studied. Most of these were 

students from the University of New South Wales. A number of young healthy 

men employed at the Garvan Institute were also studied. None had a family 

history of NIDDM.

In chapters 4, 5 and 6, subjects with NIDDM were studied and in chapters 4 and 

6 age and weight matched nondiabetic subjects were also studied. The 

diabetic patients were recruited from either the St. Vincent's Hospital Diabetes 

Clinic, the private clinics of the visiting endocrinologists to St. Vincent's 

Hospital or from advertisements in the local media. These subjects all fulfilled 

published criteria for NIDDM (National Diabetes Data Group, 1979). All were 

treated with either diet or diet supplemented with sulphonylurea agents (either 

glibenclamide, gliclizide or tolbutamide). All were otherwise healthy and did not 

take medications or have other conditions known to interfere with carbohydrate
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metabolism. The diabetic subjects who took part in the meal studies had 

previously received appropriate instruction from a dietitian regarding a diabetic 

(high complex carbohydrate, low fat) diet.

The nondiabetic subjects were recruited from hospital staff or were friends or 

relatives of staff and several responded to advertisements in the local media 

(radio and newspapers). One subject with treated hypothyroidism (euthyroid for 

more than 3 years at the time of study) was recruited from the general endocrine 

clinic. No subjects had other medical conditions or were on other medication. 

None had first degree relatives with NIDDM.

All studies were performed in the clinical investigation facility at the Garvan 

Institute of Medical Research. All studies were carried out in the morning after 

an overnight fast. Where appropriate, sulphonylurea therapy was suspended 

for 48 hours before each study so that there was virtually no sulphonylurea 

remaining in the circulation.

In all studies, arterialised venous blood samples were collected (McGuire et a!., 

1976). A Teflon catheter (22 or 18 gauge) was inserted retrogradely into a 

dorsal wrist or hand vein. The hand was warmed by a thermostatically heated 

electric blanket to a temperature in excess of 60° Centigrade throughout the 

studies. The pC>2 of a venous sample was obtained to ensure adequate

arterialisation of the venous blood before all studies.

Where substances were infused, separate venous cannulae were inserted into 

antecubital veins. In chapter 3, where 20% dextrose was infused, long lines 

(Cavafix, Braun, Melsungen, West Germany) were inserted via an antecubital 

vein into the axillary vein to minimise the risk of thrombophlebitis.
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2.3 Hormone and substrate assays

The following assays were already established at the Garvan institute and were 

used in the studies contained in this thesis.

Glucose: Plasma and blood glucose levels were measured by an immobilised 

enzymatic method using glucose oxidase (Yellow Springs model 23 AM, Yellow 

Springs, Oh).

Insulin: Serum insulin was estimated using a double antibody 

radioimmunoassay using highly purified human insulin as standard. The intra- 

and inter-assay coefficients of variation for this assay are 6% and 7% 

respectively at 5 mll/l.

C Peptide: Serum C peptide was measured by double antibody 

radioimmunoassay using synthetic human C peptide as standard (intra- and 

inter-assay coefficients of variation are 4% and 6% respectively at 1 pg/l).

Glucagon: Blood samples for glucagon estimations were collected into tubes 

containing heparin and 1000 units/ml of blood of the protease inhibitor, 

aprotinin (Trasylol). These were collected on ice and immediately separated 

and frozen for later assay. Plasma glucagon was measured in a double 

antibody radioimmunoassay using the RCS5 antiserum (purchased from Dr 

Steven Bloom) and highly purified porcine glucagon as standard (intra- and 

inter-assay coefficients of variation are 6% and 15% at 100 ng/l respectively). 

The antiserum is specific for the C-terminal end of the glucagon molecule and 

the assay is thus specific for pancreatic glucagon and does not detect gut 

derived glucagon like material (Alford et al., 1977).
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Free fattv acids: Serum free fatty acid levels were measured by an accurate and 

precise enzymatic colorimetric method (NEFA C, Wako Chemical Industries, 

Osaka, Japan). Blood was collected, separated and the serum immediately 

frozen for later analysis. The intra-assay coefficient of variation for this assay is 

1.1%.

Catecholamines: Plasma catecholamines were determined by two methods.

1. Plasma adrenaline and noradrenaline were determined by a sensitive 

radioenzymatic method (CAT-A-KIT, Amersham Int, UK). This assay utilises the 

enzyme catechol-O-methyltransferase to catalyse the transfer of a [3H]-methyl 

group to the hydroxyl in position 3 of the catecholamine ring. Separation of the 

resulting products is achieved by thin layer chromatography and the products of 

noradrenaline and adrenaline ([3H]normetanephrine and [3H]metanephrine 

respectively) are counted after prior elution and periodate oxidation to 

[3H]vanillin. The intra- and inter-assay coefficients of variation for 

noradrenaline are 4.2% and 7.5% and for adrenaline are 3.6% and 10%.

2. Plasma levels of free noradrenaline and noradrenaline metabolites were 

determined by a highly specific and precise gas chromatograph/mass 

spectrometry method (GC/MS) using deuterated internal standards (Smythe et 

al., 1982; 1983). Blood for this assay was collected on ice and immediately 

separated and frozen for later assay. The intra- and inter-assay coefficients of 

variation for plasma free noradrenaline are less than 3%. Plasma free levels of 

the primary metabolites of noradrenaline, 3,4-dihydroxyphenylethylene glycol 

(DHPG) and 3-methoxy-4-hydroxyphenylethylene glycol (MHPG), were also 

measured by GC/MS using deuterated internal standards. The inter- and intra

assay coefficients of variation for these analytes are less than 4%. In the 

tyramine administration studies, tyramine levels were estimated in the samples
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by GC/MS by reference to the deuterated MHPG standard. Tyramine levels 

were estimated in arbitrary units and responses compared with baseline, i.e. 

before any agent had been delivered. This provided a semi-quantitative index 

of the timing and magnitude of tyramine absorption after oral administration of 

the agent.

Cortisol: Serum cortisol was measured by RIA using a highly specific antiserum, 

a tritium labelled tracer and a charcoal separation step. The inter- and intra

assay coefficients of variation for this assay are 6.8% and 8.5% respectively.

Adrenocorticotrophin (ACTH): Blood was collected into plastic tubes containing 

EDTA and chilled on ice before rapid separation. The plasma was frozen 

immediately for later assay. Plasma ACTH was assayed, after a preliminary 

extraction step, by RIA using a highly specific antiserum and a charcoal 

separation step. The standard used was human corticotrophin (National 

Institute for Biological Standards and Control, London). The inter- and intra

assay coefficients of variation for this assay are 18% and 11% respectively.

Growth Hormone (GHT Serum GH was measured by radioimmunoassay. The 

inter- and intra-assay coefficients of variation for this assay are 11.4% and 5.8% 

respectively.

Prolactin: Serum prolactin levels were measured by a double antibody 

radioimmunoassay using a highly specific antibody against purified human 

prolactin calibrated against the first International Reference Preparation (1st IRP 

75/504) as standard. The inter- and intra-assay coefficients of variation for this 

assay are 7% and 5% respectively at 400 mlll/l.
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Pancreatic polypeptide: Serum pancreatic polypeptide levels were measured 

by radioimmunoassay using an 125l-labelled tracer, a specific antibody and a 

second antibody precipitation step. The inter- and intra-assay coefficients of 

variation for this assay are 13.3% and 9.5% respectively.

2.4 Administration of hormones and pharmacological agents

In chapters 4 and 5, exogenous neutral porcine insulin (Actrapid MC, NOVO 

Laboratories, Copenhagen) was delivered intravenously during standard mixed 

meals to subjects with NIDDM. The insulin was delivered in polygeline solution 

(Haemacel, Boeringwerke, West Germany), 54 units in 500 mis, which has been 

shown to reliably deliver 10 units per 100 mis (Kraegen et al, 1975) by means of 

an electronic pump (IVAC 531, Ivac Corporation, San Diego, Ca).

Intranasal insulin administration to subjects with NIDDM was also studied 

during standard mixed meals in chapter 4. The nasal insulin solution was 

prepared in conjunction with the St. Vincent's Hospital pharmacy. Crystalline 

porcine monocomponent insulin (donated by CSL-NOVO, Novo Research 

Institute, Copenhagen) was dissolved in 1% sodium glycocholate (Sigma 

Chemical Co, St Louis, USA) in an 0.14 molar phosphate buffer solution, pH 

7.0, to make a solution containing 250 units/ml insulin. Intranasal insulin was 

delivered using a hand held nebuliser (Pfeiffer pump, donated by Boehringer 

Ingelheim, Artarmon, NSW) which delivered 60±9 pl/spray (mean±SD, n=10). 

Each spray therefore delivered 15 units of insulin intranasally. The nasal 

insulin solution prepared in this way may lose potency within 8 weeks of 

preparation (Frauman et al., 1987); therefore the solution was freshly prepared 

each month.
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In chapter 6, noradrenaline was delivered intravenously to both nondiabetic 

and diabetic subjects via an electronic pump (IVAC 531, Ivac Corporation, San 

Diego, Ca). Noradrenaline (Levophed, Winthrop Laboratories, Sydney, 

Australia) was administered at a rate of 60 ng/kg.min for 60 minutes. The 

noradrenaline solution was prepared on the morning of each study and the 

solution protected from light before and during the infusions. The noradrenaline 

(4 ml ampoules containing noradrenaline acid tartrate, equivalent to 4 mg base) 

was added to 500 mis normal saline containing 250 mg ascorbic acid as an 

antioxidant to make a solution containing 8 pg/ml noradrenaline.

Also in chapter 6, tyramine hydrochloride (Sigma Chemical Co, St Louis, USA) 

was administered orally at a fixed oral dose of 800 mg/person. Capsules 

containing 200 mg tyramine were prepared by the St. Vincent's Hospital 

pharmacy.

2.5 Hyperglycaemic clamp (chapter 3)

During the studies in chapter 3, intravenous dextrose (20%) was administered 

to acutely elevate the blood glucose and to obtain a hyperglycaemic clamp.

The dextrose was delivered via an electronic pump (IVAC 531, Ivac 

Corporation, San Diego, Ca) which was calibrated before each study. Blood 

glucose measurements were obtained at 5 minute intervals and the dextrose 

infusion rate was varied by means of an algorithm to achieve a target blood 

glucose level and maintain the desired blood glucose level for a period of 90 

minutes. The following published algorithm (Furler et al., 1986) was used to 

achieve the clamp:

Rj = 0,5x(Rj_i + Rj_2) + 12x(L - Gj) + 18x(Gj.-j - Gj)
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where Rj is the infusion rate at each time point, L is the target blood glucose 

level (8 mmol/l) and Gj is the blood glucose level at each time point.

2.6 Calculation of portal insulin concentration (chapter 4)

Portal venous insulin concentrations in the early insulin augmentation studies 

(chapter 4) were calculated using the non-steady state method suggested by 

De Feo et al (1986). This calculation makes use of estimations of insulin 

secretory rates based on changes in C peptide concentrations, with equations 

derived from a two-compartmental model (Eaton et al., 1980). The calculations 

of insulin secretory rates depend on the assumption that portal blood flow 

remains constant. Therefore in these prandial studies, when changes in portal 

vein blood flow are likely to occur, interpretations based on calculated portal 

vein insulin levels must be made with some caution.

Portal vein insulin concentrations were calculated using the equation:

Pit = Alt + [Pl0 - AI0].ISRt/ISR0

where Plt and Pl0 are the portal venous insulin concentrations at time t and 

basally respectively, Alt and Al0 are the arterial insulin concentrations at time t 

and basally and ISRt and ISR0 are the insulin secretory rates at time t and 

basally. Initial portal vein insulin concentrations were estimated with a value of 

2.4 for the portal venous-systemic insulin gradient (De Feo et al., 1986).

2.7 Isotopic determination of glucose turnover (chapters 5, 6)

The studies in chapter 6 employed tracer methodology to determine glucose 

turnover in the basal state and after the administration of hormones and 

pharmacological agents. The techniques used in these studies have been 

previously used to study exercise physiology at the Garvan Institute (Chisholm 

et al., 1982; Jenkins et al.,1985; 1986).
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In these studies, subjects received a constant infusion of [3-3H]glucose 

(Amersham, Australia). The tritiated glucose was diluted in 50 mis 0.9% wt/vol 

saline, passed through a 0.22 pm Millipore filter (Millipore, Bedford, Ma) and 

delivered via an infusion pump (Braun Perfusor, Braun, Melsungen, West 

Germany) at an approximate delivery rate of 25 pCi/hour. A 90 minute baseline 

period allowed equilibration of tracer before the commencement of all studies.

Plasma samples for [3H] glucose determination were deproteinised with ZnS04 

and Ba(OH)2 and counted in a liquid scintillation spectrometer after evaporation 

of 3H20 at 60° Centigrade. Samples from the infusion syringe were similarly

counted to obtain an accurate determination of the tracer infusion rate.

The data were analysed using a non-steady state pool fraction approach to give 

estimates of rates of systemic glucose appearance and disappearance. This 

method uses Steele's formula for non-steady state kinetics (Steele et al., 1956) 

as modified by De Bodo et al (1963) and assumes that the glucose pool is a 

single compartment and that there is a fixed rapidly equilibrating pool. The 

equations of Steele have been validated and found to give results similar to 

equations using multiple glucose pools (Radziuk et al., 1978). A pool fraction of 

0.65 was used in these studies (Cowan and Hetenyi, 1971). Plasma glucose 

and [3-3H]glucose concentration data were smoothed using a three-point 

moving average before tracer kinetic analysis. Plasma glucose concentration 

and [3-3H]glucose concentrations were fitted using a cubic spline function which 

provides a continuous first derivative (Jenkins et al., 1986).

The equations used to calculate glucose production (Ra) and glucose disposal 

(Rd) are as follows:

Ra = Ra*/SA - [pVC/SA].dSA/dt
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Rd=Ra-pV.dC/dt

where Ra* is the infusion rate of the glucose tracer, SA is the specific activity of 

glucose (C*/C), p is the pool fraction (=0.65) and V is the volume of distribution 

(20% of body weight).

Glucose clearance was obtained by the calculation: glucose clearance = 

Rd+Iglucose]. Glucose clearance is directly measured during glucose tracer 

infusions with Rd being derived from it in the Steele equations. It is therefore a 

valid method of evaluating peripheral glucose disposal and takes into account 

the prevailing levels of glycaemia which influence glucose uptake by mass 

action (Radziuk and Lickley, 1985). Glucose clearance is useful when groups 

with differing levels of glycaemia are being compared.

A double isotope approach was used in chapter 5 to measure peripheral and 

hepatic contributions to oral glucose tolerance (Radziuk et al.f 1978; Ferrannini 

et al., 1985) following augmentation of early prandial insulin secretion in 

NIDDM. A glucose isotope, [3-3H]glucose was infused peripherally into an 

antecubital vein and a different glucose isotope [6-14C]glucose (Amersham 

International, UK) was used to trace the absorption of an ingested glucose load. 

After the 90 minute equilibration period for the tritiated glucose infusion, the 

subjects drank 70 gm glucose in 100 mis water enriched with 50 pCi [6- 

14C]glucose to which was added 100 gm of uncooked beaten egg to 

approximate the fat and protein content of the standard mixed meals used in 

chapter 4. An aliquot of the enriched glucose solution was obtained prior to 

addition of the egg, for accurate determination of the glucose concentration and 

the specific activity of the drink before ingestion.
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Aliquots of plasma were obtained, deproteinised and evaporated (to remove 

3H20) as above and counted for both [3H] and [14C] radioactivity. Recycling of

[14C] label into glucose was estimated by determining the incorporation of [14C] 

into the 1-position of glucose by enzymatic decarboxylation using the method of 

Kalhan et al (1977) as modified by Firth et al (1986). The 14C counts obtained 

were multiplied by 4 to provide an estimate of total recycled glucose (Reichard 

et al., 1963; Insel et al., 1975).

The rates of appearance (Ra) in the systemic circulation of both ingested and 

total glucose were calculated (total glucose includes both ingested and 

endogenously produced glucose). The plasma concentration of glucose 

derived from the oral load was obtained by measuring the plasma radioactivity 

of [6-14C]glucose and dividing this by the specific activity of the oral load. From 

the plasma concentrations of ingested glucose and those of the infused tracer 

([3-3FI]glucose), the Ra of ingested glucose was calculated. From the 

concentrations of total glucose and those of the infused tracer, the Ra of total 

glucose was calculated. Endogenous hepatic glucose production after the oral 

load was calculated as the difference between systemic appearance of 

ingested glucose and total glucose appearance.

There are several potential sources of error in the use of glucose tracers to trace 

glucose turnover. Recycling of the labelled carbon in the glucose cycle 

(glucose/glucose 6-phosphate) would lead to an underestimate of rates of 

glucose turnover, however the isotope [3-3H]glucose is not detritiated in the 

glucose/glucose-6-phosphate cycle (Altszuler et al., 1975; Katz and Rognstad, 

1976). However, tritium at the third position could be incorporated into 

glycogen and released without releasing its label and this would cause 

erroneously low tracer-determined glucose disposal rates. Limitations in the
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model and equations used could result in either under- or overestimations in 

tracer determined rates of glucose turnover depending on the experimental 

conditions (Cobelli et al., 1987). Discrepant metabolism of tracer labelled 

glucose in comparison with native glucose (i.e. an isotope effect) may also 

result in underestimates of tracer derived rates of glucose turnover (Bell et al., 

1986; Argoud et al., 1987). The influence of different tracers has been restudied 

recently and [3-3H]glucose may slightly underestimate true rates of Ra and Rd 

in both nondiabetic and insulin dependent diabetic man although alterations in 

turnover rates are estimated correctly (Bell et al., 1986). This has not as yet 

been studied in NIDDM.

The aim of the studies in chapter 6 was to examine the glucose turnover 

responses to several stimuli which would increase glycogenolysis and possibly 

also gluconeogenesis. Therefore several of the above potential sources of 

error may have been present. For instance, incorporation of tracer into 

glycogen and subsequent release following administration of noradrenaline or 

tyramine could have resulted in underestimates of true rates of glucose disposal 

and hepatic glucose production. The turnover data must therefore be 

considered to represent qualitative rather than quantitative changes and in 

particular comparisons between the diabetic and nondiabetic subjects must be 

made with some caution.

In the meal studies (chapter 5), subjects with NIDDM were studied under 2 

conditions and each subject served as their own control, thus minimising 

several of the potential sources of error. The isotope [3-3H]glucose was used to 

trace the rate of systemic glucose appearance. This isotope is not detritiated in 

the glucose/glucose-6-phosphate cycle, however it could be incorporated into 

glycogen and released without releasing its label and this could lead to an
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underestimate of rates of glucose appearance and disappearance. Firth et al 

(1986) found that postprandial estimates of glucose turnover rates were 

essentially the same in subjects with NIDDM when using either [2-3H]glucose 

(which does not retain its label during uptake and release of glucose from 

glycogen) or [3-3H]glucose. Thus these studies suggested that cycling through 

glycogen is minimal in NIDDMs following glucose ingestion and also 

demonstrated that futile cycling (glucose cycle) which is present in NIDDMs in 

the preprandial state (Efendic et al., 1985) does not appear to be substantial 

after oral glucose.

After the ingestion of [6-14C]glucose, radioactive glucose may appear in the 

systemic circulation as unchanged [6-14C]glucose or as new glucose 

synthesised from labelled three-carbon intermediates which have been derived 

from glycolysis of the ingested labelled glucose (Cori cycle). This component 

has been shown to be small in NIDDM (Firth et al., 1986) however it is 

conceivable that this could have been influenced by the conditions of the study 

(early insulin augmentation); therefore recycling of 14C in the sixth position to 

the first position was estimated in these studies. Assuming equivalent 

randomisation to positions 1,2, 5 and 6 (Reichard et al., 1963), a qualitative 

estimate of glucose derived from this pathway can be obtained.

2.8 Respiratory gas analysis and indirect calorimetry (chapter 5)

Rates of energy expenditure and substrate oxidation can be accurately 

calculated from determinations of respiratory gas exchange (Frayne, 1983; 

Garlick et al., 1987). In the double isotope study (chapter 5), respiratory gas 

analysis was performed to obtain measurements of meal related energy 

expenditure and rates of carbohydrate and lipid oxidation were calculated.
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The technique used was a modification of the method of Lindmark et al (1985). 

The equipment comprised a semi-opened circuit, ventilated hood system. This 

was operated by the negative-flow pressure of the gas flow through the system. 

A soft mask was loosely placed over the subjects mouth and nose inside a 

ventilated hood. A flow rate of 25-30 litre/minute prevented the local 

accumulation of CO2. The expired air was drawn through a mixing chamber to

avoid breath to breath gradients during recordings. An aliquot of the expired air 

was drawn from the mixing chamber by a separate pump with a flow of 1.5 

litre/minute for analysis. The gas sample was dried with silica gel before 

analysis for carbon dioxide (Horiba, Kyoto, Japan, model PIR2000) and oxygen 

(Applied Electrochemistry, Sunnyvale, CA, model S-3A). Data logging and 

control were automated via an Apple lie desktop computer with purposebuilt 

interface. The analysers were calibrated with analysed gases and room air 

oxygen and carbon dioxide levels were determined immediately before and 

after each test period. The computer collected values every 60 seconds from 

the instruments and processed the values after a complete run to give O2

consumption, CO2 production and RQ. Flow was measured by linear mass 

flowmeters (Teledyne Hastings Raydist, Hampton,VA, models ST-5K and ST- 

50K).

The subjects voided urine at the beginning and end of the study to obtain an 

estimate of urinary nitrogen and glucose excretion. Urine urea was measured 

by the St Vincent's Hospital Biochemistry Department, using a urease method 

on an Astra and Beckman analyser. Nitrogen excretion was then calculated 

using the method of Blackburn et al (1977). The amount of protein oxidised was 

estimated from the urinary nitrogen excretion assuming 1g nitrogen = 6.25g
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protein. For the calculations of nonprotein substrate oxidation, it was assumed 

that protein oxidation occurred at a constant rate throughout the meal period.

Heat production following meal ingestion was calculated according to De Weir's 

equation (1949):

heat production = 16.5 x O2 consumption + 4.62 x CO2 production.

Rates of whole body carbohydrate and lipid oxidation were estimated using the 

equations:

G = 4.55 VC02 " 3.21 V02 - 2.87 N 

L= 1.67 (V02-VC02) - 1.92 N

in which G denotes the carbohydrate oxidation rate (mg/min), Lthe lipid 

oxidation rate (mg/min), VCO2 carbon dioxide production (ml/min), VO2 oxygen

consumption (ml/min) and N the rate of protein oxidation (Frayne, 1983).
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CHAPTER THREE

Cephalic phase insulin secretion and glucose homeostasis.
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3.1 Introduction

Cephalic responses are elicited by stimuli impinging on sensory receptors of 

the oropharynx and head and are mediated by a neural pathway which has a 

central nervous system relay (Powley and Berthoud, 1985). The study of the 

cephalic phase allows neurally based metabolic responses to be studied 

independently of the gastric and intestinal phases of digestion or effects due to 

absorbed nutrients. Cephalic responses may have a function in triggering 

digestive or metabolic processes before the arrival of food into the gut and may 

be important for both digestive and metabolic efficiency (Brand et al., 1982).

Cephalic phase insulin secretion has been demonstrated in a number of 

animal species including man (Hommel et al., 1972; Louis-Sylvestre, 1976; 

Sjostrum et al., 1980). In animals, various methods have been used to elicit 

cephalic phase insulin secretion. These include taking frequent blood samples 

during food ingestion and assuming that the earliest phase of insulin secretion 

before any detectable nutrient absorption is the cephalic response (Louis- 

Sylvestre, 1976; Berthoud et al., 1980); feeding the animals nonnutritive 

substances (Strubbe and Steffens, 1975) or using classical conditioning 

techniques (Storlien, 1985). With such methods, cephalic phase insulin 

secretion has been routinely elicited in animals with amplitudes up to 200% 

from basal.

The situation in humans is less clear. A number of studies have reported 

cephalic phase insulin secretion in humans following the sight and smell of 

food (Parra-Covarrubias et al., 1971; Sahakian et al., 1981) and the hypnotic 

suggestion of eating (Goldfine et al., 1970). Many of these studies have been 

criticised either for being uncontrolled, reporting changes close to the 

sensitivity of the insulin assays or because responses were elicited in only a
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small proportion of subjects (Powley and Berthoud, 1985). Two recent studies 

failed to elicit cephalic phase insulin release in nonobese subjects (Sjostrum et 

al., 1980; Taylor and Feldman, 1982). Obese humans appear to exhibit a 

stronger cephalic insulin response (Parra-Covarrubias et al., 1971; Sjostrum et 

al., 1980) and in the study of Sjostrum and colleagues (1980) reliable insulin 

responses were found only in obese and not in lean subjects. Thus the human 

studies appear to document the existence of cephalic phase insulin secretion 

although the responses have been relatively small and inconsistent.

The efferent arc of the reflex responsible for the cephalic insulin response is 

mediated by the vagus nerves to the pancreas and cephalic phase insulin 

secretion is abolished by vagotomy (Louis-Sylvestre, 1976; Storlien, 1985). 

Cephalic phase insulin secretion is also affected by manipulations of the 

hypothalamus. VMH lesions (Storlien, 1985) or the administration of procaine 

to the VMH (Berthoud et al., 1980) have been shown to abolish the response 

whereas in another study VMH lesions resulted in an augmentation of cephalic 

phase insulin secretion (Louis-Sylvestre, 1976). The reasons for this 

discrepancy are unclear but the animals in the latter study bore chronic VMH 

lesions and hence may have been hyperphagic and may have had beta cell 

hyperplasia. At any rate, it is clear that the hypothalamus is involved in 

mediating the cephalic insulin response.

A function for cephalic phase insulin secretion has not been determined 

although several possible have been suggested (Powley and Berthoud, 1985). 

Cephalic responses may provide information about food before it is ingested or 

absorbed and could serve as a regulator of either appetite or satiety; cephalic 

phase insulin secretion may occur merely as a result of adventitious 

conditioned stimuli and have no function; alternatively, cephalic phase insulin
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secretion may play a role in metabolism and act to trigger metabolic processes 

in anticipation of the inflow of nutrients following meal ingestion.

Support for a metabolic function for cephalic phase insulin secretion comes 

from studies in rats where the reflex has been eliminated. When the cephalic 

phase is bypassed by intragastric feeding (Louis-Sylvestre, 1978) or the 

efferent arc is interrupted surgically or pharmacologically (Strubbe and van 

Wachem, 1981; Trimble et al.f 1981; Steffens, 1976), early insulin secretion is 

abolished and a worsening of glucose tolerance results. Replacement of the 

deficient early insulin response with intravenous insulin restored glucose 

tolerance to normal in one study (Berthoud et al., 1981). These experiments 

therefore suggest that cephalic insulin secretion has an important role in 

minimising prandial deviations of glucose from basal. The observation that rats 

chronically fed intragastrically accumulate more fat than pair-fed controls 

supports the contention that cephalic phase insulin secretion has a role in 

metabolic efficiency (Cox and Powley, 1981).

No studies have been directed at assessing the physiological significance of 

cephalic responses in humans. However studies of the timing of insulin 

delivery to insulin dependent diabetic subjects produce results remarkably 

similar to the above animal studies. When preprandial insulin delivery is 

delayed even slightly to such patients, a substantial worsening of glucose 

tolerance is seen (Kraegen et al., 1981; Dimitriadis and Gerich, 1981). The 

presence of insulin antibodies in patients with insulin dependent diabetes 

causes plasma free insulin levels to rise slowly after subcutaneous injection 

and this appears to cause prandial hyperglycaemia (Van Haeften et al., 1987). 

These studies clearly indicate that an early rise in insulin levels is important in 

prandial glucose metabolism.
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A large number of peptides, hormones and substrates have been shown to be 

influenced by cephalic responses although the function of most of these neural 

reflexes is unknown. Free fatty acid levels (FFA) have been shown to fall 

rapidly with the sight and smell of food (Parra-Covarrubias et al., 1971; Penick 

et al., 1966) and there is evidence that blood glucose is influenced directly by 

hypothalamic nervous activity and could conceivably also be subject to a 

cephalic response (Shimazu, 1981; Smythe et al., 1984). Thus it is possible 

that there are a number of cephalic reflexes which may influence the flux of 

nutrients during feeding.

The aim of the studies in this chapter was firstly to demonstrate cephalic phase 

insulin secretion in normal human subjects using a variant of the tease meal 

technique and then to determine whether cephalic responses would alter the 

disposal of an intravenous glucose load. It was considered possible that 

cephalic phase effects on the beta cell might alter subsequent glucose 

stimulated insulin secretion in a manner analogous to the potentiation of insulin 

secretion by gut hormones (Andersen et al., 1978) and the experiments were 

designed to test for this.

In addition, the effects of cephalic stimuli on FFA and pancreatic polypeptide 

(hPP) were examined. Both substances have been shown to be influenced by 

cephalic responses (Penick et al., 1966; Schwartz et al., 1979). The 

relationship between a cephalic FFA response and cephalic phase insulin 

secretion has not previously been examined. Secretion of hPP is mediated by 

the vagus nerve (Schwartz et al., 1978) and thus could serve as an 

independent measure of vagal activity.



60

3.2 Subjects and methods

Seventeen healthy normal subjects aged 19-23 years, and within 15% of ideal 

body weight, participated in the studies. Six subjects (4 women and 2 men) 

participated in study 1, seven men in study 2 and five men in study 3 (one 

subject participated in studies 2 and 3).

Each subject was studied on two occasions in the morning after an overnight 

fast. The studies were performed in random order. The subjects were informed 

about the general nature and aims of the study. On one occasion (food 

stimulus study), they were told to expect a breakfast meal, the composition of 

the meal and the approximate time the meal would be presented. On the 

control study day they were informed that they would not receive a meal. In 

study 2 (see below), the subjects were given the additional information that the 

effect of a sweet taste presented immediately before a meal was being studied.

On each occasion (studies 1 and 2 only), an antecubital vein was cannulated 

and the catheter advanced to the subclavian vein to allow dextrose infusion 

and a vein on the dorsum of the ipsilateral hand was cannulated retrogradely 

for blood sampling. The hand was warmed to 60°C using a thermostatically 

controlled electric warming blanket to enable sampling of arterialised venous 

blood (as detailed in chapter 2.2). Subjects were studied sitting comfortably at 

a table and at least 30 minutes was allowed to elapse before commencement 

of the study to minimise effects due to the stress of cannulation. Blood samples 

were taken for baseline values (3 samples before food stimulus presentation) 

and at varying intervals thereafter for blood glucose, serum insulin, C peptide, 

hPP, and FFA levels (FFA taken in study 2 only).
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Blood and serum samples were assayed as described in Chapter 2.3. All 

samples from the paired studies of each subject were included in the same 

assay to avoid inter-assay variation.

During each study, after the initial baseline period (± presentation of food 

stimuli), 20% dextrose was delivered (via a calibrated, electronic pump) at a 

fixed rate of 83.3 jimol/(kg.min) (15 mg/(kg.min)) to elevate the blood glucose 

rapidly from basal to a level of 8 mmols/l, after which the dextrose infusion rate 

was varied according to 5 minutely estimations of blood glucose, using a 

previously published algorithm (Furler et al., 1986) in order to maintain a 

clamped blood glucose level of 8 mmols/l for a period of 90 minutes 

(hyperglycaemic clamp - see chapter 2.5 for details).

Study 1. The subjects were exposed to the sight and smell of a meal which they 

were expecting to eat. After the basal period, a freshly cooked, appetising and 

odoriferous meal (bacon, eggs, tomato, croissants, jam and percolated coffee) 

was presented to them 3 minutes before the dextrose infusion. They were 

asked to delay eating for various fictitious reasons (e.g. until a further blood 

sample was taken) but remained under the impression that they were about to 

eat until at least 5 minutes after the start of the dextrose infusion. They were 

then informed of the true nature of the study, the food was removed and they 

were informed that they could eat the meal at the end of the study.

Following the study the subjects completed a questionnaire in which they were 

asked to indicate whether they expected to eat the food before it was withdrawn 

and (i) their degree of hunger before the food was presented, and (ii) how 

appetising the food appeared, on a 5 point scale (e.g. from very hungry to not 

hungry).
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Study 2. During this study, subjects underwent a protocol similar to study 1 

except that a sweet taste was provided as well as the sight and smell of food.

As a sweet taste was presented the breakfast meal was chosen to complement 

sweetness (freshly prepared croissants, butter, jam, orange juice and coffee). 

The sweet taste was provided by the non-caloric artificial sweetener aspartame 

(Nehrling et al., 1985) which was taken in unflavoured chewing gum (19 mg 

aspartame/piece of gum) and supplemented by 19 mg aspartame dissolved in 

10 mis water. The breakfast was presented 5 minutes before the start of the 

dextrose infusion, subjects were asked to chew the gum to extract the sweet 

taste and to sip the sweetened water to supplement the sweet taste. As in the 

first study the true explanation and withdrawal of food took place 5 minutes 

after the start of the dextrose infusion. During the control study for study 2, 

subjects chewed unflavoured gum and sipped 10 mis of unsweetened water 

from 5 minutes before commencement of the dextrose infusion.

Following these studies the subjects completed a questionnaire as detailed in 

study 1. This included an additional question, where they were asked to 

indicate (on a 5 point scale) how pleasant they found the sweet taste.

Study 3. This study was performed to determine whether aspartame 

administration alone could stimulate insulin secretion or influence blood 

glucose. On one occasion, the subjects sipped 15 ml water containing 38 mg 

of dissolved aspartame for a period of five minutes and on the control occasion 

they sipped 15 ml water alone. Blood samples were drawn for blood glucose 

and serum insulin as in the previous studies. These studies were not followed 

by a dextrose infusion.
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3.3 Data analysis

An "anticipation score" was obtained by summing the scores from the 5 point 

scales for each of the questions from the questionnaires. Thus in study 2 there 

was a possible maximum score of 15. This score gave an estimate, for each 

subject, of the hedonic qualities of the presented stimuli as well as the subjects' 

degree of anticipation of the meals.

A baseline value for each metabolite or hormone was taken from the mean of 3 

samples taken before the time of food stimulus presentation or the 

corresponding control period. Changes in hormone and substrate levels were 

compared with control studies. Individual integrated hormone or substrate 

responses were obtained and used for regression analyses. Because there 

was an overshoot of blood glucose above the intended clamp level of 8 

mmols/l during the first 30 minutes of the hyperglycaemic clamp, an index of 

glucose metabolism was obtained to quantify glucose disposal during that time 

period for each individual. This index was obtained by dividing the mean blood 

glucose level by the mean dextrose infusion rate during the first 30 minutes of 

the clamp. Statistical comparisons were made using Student's paired t tests.
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3.4 Results

There was no difference in baseline values determined for each hormone or 

substrate between control and study days (Table 3.1). Baseline hPP values in 

all subjects were below the sensitivity of the assay (<6 pmol/l).

Study 1. All subjects reported feeling either hungry or moderately hungry when 

the food was presented to them. All reported that the food appeared appetising 

or very appetising and all expected to eat the food before it was withdrawn.

Following the meal presentation, there were no significant changes seen in 

blood glucose, insulin, C peptide or hPP levels (see fig 3.1). There was also no 

difference in dextrose infusion rates and stimulated insulin or C peptide levels, 

during the hyperglycaemic clamp between the food stimulus and control 

studies.

Study 2. As in study 1, all subjects reported that the food appeared either 

appetising or very appetising and that they expected to eat the meal before it 

was withdrawn. One subject did not feel hungry before the study, the others felt 

either hungry or very hungry. Five of the seven subjects did not enjoy the 

sweet taste of the aspartame.



Table 3.1 Mean (±SEM) baseline values before control and food-stimulus 
study for each of the three conditions.

65

Study 1 
(Tease meal)

Study 2 
(Tease+ 

aspartame)

Study 3 
(Aspartame)

Control Food
stimulus

Control Food
stimulus

Control Food
stimulus

Glucose
(mmol/l)

4.7±0.1 4.6±0.1 4.5±0.1 4.6±0. 4.4±0.2 4.4+0.2

Insulin
(mll/l)

10.1 ±1.9 7.7±0.5 6.8±1.2 6.2±0.9 3.9±0.7 3.4±1.0

C peptide 
(ng/ml)

0.8±0.1 1.0±0.3 1.0±0.2 1.0±0.1 - -

FFA
(mmol/l)

- - 0.61±0.07 0.64±0.10 - -
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There was a significant mean fall in blood glucose levels (0.20±0.03 mmols/l, 

p<0.005) compared to control levels, within 3.5 minutes of the presentation of 

the combined food stimulus (fig 3.1). There was also a significant mean per 

cent rise in serum insulin levels (38±15%, p<0.05) compared to control levels 

which occurred within 5 minutes of the food stimulus presentation. Mean C 

peptide levels rose and mean FFA levels fell (both non-significantly) following 

the food presentation (Table 3.2) and no change was seen in hPP levels.

There was a significant inverse correlation between the rise in insulin levels 

and the fall in blood glucose (r=-0.75, p<0.05). There was a strong negative 

correlation between the individual blood glucose response following the food 

and taste presentation and the "anticipation score" (r=-0.90, p<0.01; fig 3.2) but 

there was no significant correlation between the "anticipation score" and the 

insulin responses (r=0.61, p=0.2).

During the hyperglycaemic clamp there was no difference from the control 

studies in mean glucose stimulated insulin or C peptide secretion, in mean 

dextrose infusion rates or in the mean blood glucose increment due to the 

initial fixed rate dextrose infusion. However there was a significant negative 

correlation between the individual cephalic insulin responses and the delta (i.e. 

the difference between the food-stimulus and control studies) initial blood 

glucose increment induced by the fixed rate dextrose infusion (r=-0.87, p<0.02; 

fig 3.3). In addition there was a significant negative correlation between the 

individual cephalic insulin responses and the delta of an index of blood 

glucose metabolism (mean blood glucose/mean dextrose infusion rate, see 

Data analysis above) during the first 30 minutes of the clamp (r=-0.87, p<0.02).
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Study 3. The administration of aspartame alone had no effect on blood glucose 

or serum insulin levels when compared with control (Table 3.3).



Fig 3.1 Blood glucose, serum insulin and per cent insulin responses 
immediately following tease meais (expectation of eating, sight and smell of 
food; left panel) and following tease meals combined with a sweet taste (right 
panel), *p<0.05, t p<0.02, $ p<0.005. ,
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Table 3.2 Mean (±SEM) C peptide and FFA incremental responses to the 
combined stimuli of a tease meal and a sweet taste (study 2) in seven men 
compared with control.
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2 minutes 3.5 minutes 5 minutes

C peptide (ng/ml) -0.03±0.03 +0.05±0.07 +0.09±0.06

FFA (mmol/l) -0.01±0.03 -0.02±0.05 -0.06±0.10

Table 3.3 Mean (±SEM) incremental blood glucose and serum insulin 
responses of five men to aspartame (38 mg) dissolved in 15 ml water 
compared with control (water alone).

2 minutes 3.5 minutes 5 minutes

Blood glucose -0.04±0.06 0±0.14 -0.10±0.09
(mmol/l)

Insulin (mtl/l) -0.3±0.5 -0.5±0.6 0±0.3
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Fig 3.2 The correlation between individual blood glucose responses following 
tease meals combined with a sweet taste and an "anticipation" score derived 
from their subjective responses to the food stimulus.
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Fig 3.3 Correlations of individual cephalic insulin responses in study 2 (tease 
meals + sweet taste) with the delta of the blood glucose rise induced by 
intravenous dextrose, 15 mg/kg for 5 minutes (upper panel), and with the delta 
of an index of glucose metabolism (blood glucose increment/dextrose infused) 
during the first 30 minutes of a hyperglycaemic clamp.
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3.5 Discussion

The initial aim of these studies was to elicit cephalic phase insulin secretion in 

normal subjects and then to determine whether cephalic insulin release has a 

role in glucose metabolism.

3.5.1 Cephalic responses

Cephalic responses proved to be difficult to elicit and could only be 

demonstrated by a combination of food-related stimuli, namely the sight, smell 

and expectation of a meal plus a sweet taste. Isolated segments of the above 

composite stimulus failed to elicit demonstrable cephalic responses. There is 

ample evidence from the animal literature that stronger cephalic responses can 

be elicited by combined rather than isolated oro-pharyngeal stimuli (Nilsson et 

al., 1974; Berthoud, 1982).

Although the addition of a sweet taste to the other stimuli was necessary to 

elicit cephalic phase insulin secretion, several subjects did not find the taste 

enjoyable. Despite this, four of the five subjects who reported adverse feelings 

to the taste had demonstrable cephalic insulin or glucose responses. Thus it 

seemed that recognition of the sweet taste and not necessarily enjoyment of 

the taste was the necessary stimulus.

The results of this study are consistent with those of Sjostrum et al (1980) who 

were unable to demonstrate cephalic phase insulin secretion in nonobese 

subjects using only the sight and smell of food. However, another group failed 

to elicit cephalic phase insulin release using a composite stimulus where 

subjects tasted, chewed and expectorated an appetising meal (Taylor et al., 

1982). In that study the first blood sample was not taken for 15 minutes and an 

early rise in insulin levels may have been missed. Furthermore, the subjects in
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that study bore naso-gastric tubes and may have been subject to adversive 

stimulation sufficient to extinguish cephalic responses.

It should be pointed out that the sex difference between the subjects in studies 

1 and 2 could be a confounding variable and therefore direct comparison of the 

results between the studies should be made with some caution. However, 

there was no suggestion of a difference between the responses of the men and 

the women in study 1 to indicate a sex effect.

A number of factors are likely to influence cephalic responses in human 

subjects and make their demonstration difficult. Psychological stress 

associated with the study situation is likely to diminish cephalic responses.

Thus the strong relationship between the subjective feelings of the subjects 

("anticipation score") and the metabolic responses in this study suggests that 

those who did not respond did not perceive a sufficient stimulus. This may 

have been due to the stress associated with the experimental situation. If this is 

indeed the case then it is likely that with normal meal taking greater cephalic 

responses would result.

The magnitude of the cephalic insulin responses seen with the composite 

stimulus was not large. However as portal insulin levels are approximately 2.5- 

3 times higher than peripheral levels (Blackard and Nelson, 1970; Berger et al., 

1973) the mean rise of approximately 40% peripherally with a range of 

response of from 0-100% above basal, suggests that substantial elevations in 

portal insulin levels would have occurred. In addition, for reasons which have 

been detailed above, it seems likely that with normal stress-free eating and 

optimal oro-pharyngea! stimulation the rise in insulin levels due to cephalic 

stimulation could be substantially greater.
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C peptide levels also rose following presentation of the composite stimulus 

although the rise was not statistically significant. It has been shown that insulin 

and C peptide exhibit different kinetics particularly in the non-steady state. 

Peripheral C peptide levels increase more slowly than C peptide secretion 

rates and therefore do not accurately reflect increasing rates of insulin 

secretion (Polonsky et al., 1986).

The most powerful and rapid effect was on blood glucose levels rather than on 

insulin and there was only a modest correlation between the glucose and 

insulin responses. The blood glucose may have fallen because of a rapid rise 

in portal insulin levels inhibiting hepatic glucose production. However, two 

subjects demonstrated a clear fall in glucose levels and did not exhibit an 

insulin response suggesting the possibility that the fall in glucose levels was 

not due to insulin release. There is good evidence that the hypothalamus is 

able to directly alter hepatic glucose production via direct neural pathways 

(Shimazu, 1981; Smythe et al., 1984). It is therefore possible that a direct 

cephalic response exists which can cause a reduction in peripheral glucose 

levels by a neurally mediated effect on the liver.

Whatever the explanation, the demonstration that cephalic responses rapidly 

reduce basal blood glucose levels is consistent with a homeostatic function for 

the cephalic phase. These neural reflexes may act to reduce hepatic glucose 

production (assuming that the effect is hepatic rather than peripheral) before 

the influx of nutrients consequent on food ingestion and thus limit prandial 

hyperglycaemia.

In contrast to previous studies (Penick et a!., 1966) no significant alteration in 

FFA levels was seen. In the study of Penick et al, a large number of subjects
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were studied on repeated occasions and FFA responses were not always 

seen. Thus subject variability or differences in study design may account for 

the lack of apparent FFA responses.

It is of considerable interest that insulin levels rose when no change in hPP 

levels was detected. It should be pointed out that although hPP levels did not 

increase above the limit of sensitivity of the assay, the assay is sufficiently 

sensitive to detect normal prandial hPP responses (Schwartz et al., 1979) and 

therefore the lack of hPP response in this study was not artifactual. Both insulin 

and hPP are under vagal (cholinergic) control and cephalic hPP secretion has 

been reported (Taylor et al., 1982; Schwartz et al., 1979). It has been 

suggested that the swallowing reflex is a particularly salient stimulus for hPP 

secretion (Brand et al., 1982) and in the present studies swallowing was not a 

prominent feature, perhaps explaining the lack of hPP response. This 

difference in insulin and hPP responses suggests that a functional organisation 

of the vagal innervation of the pancreatic islet cells may exist.

3.5.2 Effects on glucose homeostasis

No effects on overall glucose disposal or on glucose stimulated insulin 

secretion were demonstrated during the intravenous dextrose infusion 

following cephalic phase insulin secretion. Flowever, the strong negative 

relationship between the cephalic insulin responses and the initial glucose 

increment secondary to the fixed-rate dextrose infusion suggests that cephalic 

phase insulin secretion had a restraining effect on the rise in blood glucose 

levels. Furthermore the presence of cephalic insulin responses was followed 

by a lower index of glucose metabolism (mean blood glucose/mean dextrose 

infusion rate) during the initial 30 minutes of the clamp suggesting that the 

restraining effect of cephalic phase insulin secretion on blood glucose levels
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had a longer duration. These effects were independent of the initial fall in 

tasal blood glucose levels. Thus the data suggest that where an adequate 

cephalic insulin response was stimulated, there was a restraining effect on the 

subsequent glycaemic response to the parenteral glucose load.

II can be argued that with normal meal taking, these effects of cephalic phase 

insulin secretion on glucose disposal would be reliable and of greater 

magnitude. It is also possible that the effects of cephalic responses would be 

greater following an oral rather than a parenteral glucose load. Thus with 

normal meal taking, cephalic phase insulin secretion may have an important 

role in limiting the rise in blood glucose consequent on the influx of nutrients 

from the meal.

There are certain inconsistencies in the data which are worth considering. As 

noted above the most consistent effect of the composite food stimulus was on 

biood glucose rather than insulin levels, whereas the restraining effect on the 

rise in glucose levels induced by the dextrose infusion was associated with the 

cephalic insulin response and not with the initial blood glucose decrement. 

Finally the "anticipatory score" correlated with the glucose decrement and not 

wth the insulin response. These apparent inconsistencies suggest the 

possibility that the food-associated stimuli may have resulted in independent 

effects on blood glucose and on insulin secretion. This is consistent with 

studies which have demonstrated direct neural control of hepatic glucose 

output independent of effects due to insulin (Shimazu, 1981; Smythe et al., 

1984). Thus it may be that cephalic responses initiate a series of metabolic 

events which include a direct neural suppression of hepatic glycogenolysis as 

well as stimulation of pancreatic insulin release.
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Ir summary, the results of this chapter show that cephalic phase insulin release 

can be stimulated in normal weight human subjects using a composite food- 

associated sensory stimulus. Cephalic responses cause a rapid fall in basal 

bood glucose levels and cephalic phase insulin secretion has a modest 

restraining effect on the blood glucose rise induced by a dextrose infusion. 

Tiese metabolic effects are strongly related to the subjective response to the 

stimulus which suggests that cephalic responses may have greater importance 

in the normal situation free from the stressful conditions of a research study.
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CHAPTER FOUR

Prandial insulin secretion in noninsulin dependent diabetes

mellitus
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4.1 Introduction

Numerous studies of prandial insulin secretion in subjects with noninsulin 

dependent diabetes mellitus (NIDDM) have demonstrated that there is a delay 

or a deficiency in the initial rise in insulin levels and that insulin levels are 

subnormal during the first 30-60 minutes after the start of a meal (Yalow and 

Berson, 1960; Perley and Kipnis, 1966; Seltzer et al., 1967; DeFronzo and 

Ferrannini, 1982). Subsequent insulin levels are often greater than normal and 

this later hyperinsulinaemia probably occurs secondary to the prandial 

hyperglycaemia which is seen in NIDDM and is due to hyperglycaemic 

stimulation of the beta cells (Perley and Kipnis, 1966).

Delayed prandial insulin secretion has been reported in nondiabetic relatives 

of subjects with NIDDM who may be at risk of subsequently developing NIDDM 

(Colwell and Lein, 1967) and in one longitudinal study appeared to be a 

marker for the development of NIDDM (Kosaka et al., 1977). Thus, this 

abnormal pattern of prandial insulin secretion may occur as an early 

abnormality in the natural history of NIDDM and could even be a primary cause 

of the condition.

Other workers failed to find evidence of abnormal insulin secretion in subjects 

with "chemical" diabetes and championed the concept that insulin resistance 

rather than abnormal insulin secretion was probably the important metabolic 

defect in NIDDM (Reaven et al., 1971; 1983). Some of the controversy which 

has surrounded this issue may have reflected different criteria for patient 

selection. Many patients classified as having chemical diabetes or prediabetes 

would now be classified as having "impaired glucose tolerance" (National 

Diabetes Data Group, 1979). So far, follow-up studies have found that 

impaired glucose tolerance is a poor predictor for the development of NIDDM
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(Kosaka et al., 1977; Sartor et al., 1980; Keen et al., 1982) and thus the 

significance of metabolic abnormalities in this patient group remains unclear.

Recently, several groups have examined nondiabetic subjects considered to be 

at high risk for eventually developing NIDDM. Subclinical abnormalities of both 

insulin secretion and peripheral insulin action were found in normoglycaemic 

women with a history of gestational diabetes (Ward et al., 1985) and in 

nondiabetic offspring of subjects with NIDDM (O'Rahilly et al., 1986). In both 

studies, first phase insulin secretion following parenteral secretagogues was 

deficient, however prandial insulin responses were not determined. These 

findings are consistent with the earlier findings of Cerasi and Luft (1967) who 

considered that reduced insulin secretion (during their glucose infusion test) 

was an early marker for NIDDM. However, these researchers have recently 

concluded that both impaired insulin secretion and insulin resistance usually 

coexist in early diabetes (Efendic et al., 1984).

It should be pointed out that, despite certain similarities, there is unlikely to be 

any direct relationship between first phase insulin secretion to intravenous 

glucose and early prandial insulin secretion. First phase insulin secretion is a 

function of the beta cell response to direct stimulation by glucose, whereas as 

discussed in detail below, the early prandial insulin response is due to a 

combination of stimuli including neural and gut-hormone factors. An 

abnormality of glucose-stimulated insulin secretion may only play a minor role 

in the deficient early prandial insulin response in diabetic subjects (Nauck et 

al., 1986).

It has recently been shown that therapeutic correction of hyperglycaemia 

results in improvements in both insulin resistance and secretion. The
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therapeutic modality utilised appears not to be important and improvements 

occur following treatment with diet (Henry et al., 1986), sulphonylureas 

(Kolterman et al., 1985) and insulin (Garvey et al., 1985). This has led to the 

"glucotoxicity" hypothesis which states that hyperglycaemia itself is responsible 

for causing or contributing to impaired insulin secretion and reduced peripheral 

insulin sensitivity (Unger and Grundy, 1985; Olefsky, 1985). In the study of 

Henry et al (1986, fig 1) the deficiency in early prandial insulin secretion 

persisted following the correction of hyperglycaemia, although there was an 

overall improvement in beta cell function. The persistence of the defect, despite 

correction of prevailing hyperglycaemia, suggests that abnormal early prandial 

insulin secretion may not occur secondary to glucose toxicity but has a different 

aetiology.

The cause of the abnormality in early prandial insulin secretion is unknown. 

Possible causes include abnormalities of the neural component of insulin 

secretion, abnormalities of insulinotropic gut hormone secretion or intrinsic 

abnormalities of beta cell function.

Beta cell function in NIDDM is characterised by both qualitative and quantitative 

abnormalities (Ward et al., 1984; 1985). These include decreased 

responsiveness to glucose stimulation (Halter et al., 1979; Turner et al., 1976); 

deficient first phase insulin secretion following intravenous glucose (Brunzell et 

al., 1976); a moderately reduced number of pancreatic beta cells (Westermark 

et al., 1978; Gepts and LeCompte, 1981) and a reduced total insulin secretory 

capacity (Ward et al., 1984). Therefore abnormal function of the beta cells 

could be the cause of the defect in early prandial insulin secretion. However, 

Nauck et al (1986) used intravenous glucose infusions to simulate the prandial 

glycaemic response of diabetic and nondiabetic subjects to oral glucose in
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order to quantify the proportion of insulin released due to direct stimulation of 

the beta cells by glucose or due to other (incretin) factors (i.e. gut hormone or 

neural factors). They found that the "incretin" effect (i.e. insulin secretion due to 

gut hormone and/or neural factors) was markedly diminished in NIDDM and 

appeared to be predominantly responsible for the deficient insulin responses. 

They concluded that beta cell dysfunction was unlikely to be responsible for the 

early deficiency in prandial insulin secretion in NIDDM.

An abnormality in insulinotropic gut hormone regulation may be the cause of 

the abnormality in early insulin secretion. A large number of potential gut 

hormones have been investigated for insulinotropic activity. Gastric inhibitory 

polypeptide (GIP) remains the strongest candidate although several other gut 

associated peptides e.g. cholecystokinin, may participate in the net "incretin" 

effect (Ahren et al., 1983). The insulin stimulatory action of GIP requires the 

intestinal absorption of monosaccharides (Creutzfeldt and Ebert, 1985) and GIP 

potentiates glucose stimulated insulin secretion but does not directly stimulate 

the beta cells (Creutzfeldt, 1979). In NIDDM, prandial levels of GIP are often 

elevated (Crockett et al., 1976; Takemura et al., 1981), do not correlate with the 

insulin responses and therefore GIP does not appear to be responsible for the 

abnormal insulin secretion (Creutzfeldt et al., 1983). There is evidence for the 

existence of additional insulinotropic factors and thus the deficiency in prandial 

insulin secretion could be related to an as yet unidentified gut hormone or 

factor (Creutzfeldt and Ebert, 1985). This unidentified factor could be the neural 

component of insulin secretion.

Studies of cephalic phase insulin secretion, which by definition occurs before 

ingested nutrients are digested or absorbed, suggest that this phase could 

have important regulatory effects on the glycaemic response to a meal. When
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cephalic phase insulin responses are eliminated or bypassed in rats, the early 

rise in insulin levels is reduced and both prandial hyperglycaemia and 

hyperinsulinaemia result (Louis-Sylvestre, 1976; Trimble et al., 1980; Strubbe 

and van Wachem, 1981). Thus a deficiency in cephalic phase insulin secretion 

in animals produces prandial metabolic abnormalities not dissimilar from those 

seen in NIDDM. In a study in rats, replacing the deficient early insulin response 

with intravenous insulin essentially corrected these prandial abnormalities 

(Berthoud et al., 1981).

There are several ways in which abnormal neural control of prandial insulin 

secretion could arise in NIDDM. An increase in sympathetic nervous activity 

and/or a reduction in vagal activity to the pancreatic beta cells could cause 

such an abnormality. Robertson et al (1976) found that the alpha-adrenergic 

blocking drug phentolamine caused a greater increase in basal and stimulated 

insulin secretion in subjects with NIDDM compared with nondiabetics and 

concluded that increased alpha-adrenergic activity to the beta cell existed in 

NIDDM. In support of this hypothesis, a new hypoglycaemic agent which has 

potent alpha2-adrenergic blocking activity has been shown to have beneficial 

effects in patients with NIDDM (Kashiwagi et al., 1986). This drug has been 

shown to cause an increase in early prandial insulin secretion and an 

improvement in prandial hyperglycaemia in subjects with NIDDM. Whether the 

therapeutic action of the drug is related to its adrenergic blocking activity is not 

currently known. Thus, there is evidence for abnormal sympathetic regulation 

of pancreatic insulin secretion in NIDDM.

There is considerable circumstantial evidence that the deficiency in early 

prandial insulin secretion may be a contributory cause of prandial 

hyperglycaemia in NIDDM. The cephalic studies detailed above demonstrate
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that the absence of an early insulin response during meals causes prandial 

hyperglycaemia. This has also been demonstrated in humans. The 

administration of somatostatin to nondiabetic humans during the first fifteen 

minutes of an oral glucose drink suppressed the initial rise in insulin levels and 

caused a worsening of glucose tolerance (Calles-Escandon and Robbins, 

1987). In addition, several studies of the timing of insulin delivery to insulin 

dependent diabetic subjects have shown that a short delay in preprandial 

insulin delivery results in prolonged and often severe prandial hyperglycaemia 

(Kraegen et al., 1981; Dimitriadis and Gerich, 1981).

Theoretically, as hyperglycaemia itself can worsen insulin resistance and 

impaired insulin secretion, (according to the "glucotoxity" hypothesis, Unger 

and Grundy, 1985), prandial hyperglycaemia could cause a worsening of 

existing abnormalities of insulin secretion and action in subjects with NIDDM 

which could in turn cause a worsening of hyperglycaemia. By a similar 

mechanism, prandial hyperglycaemia could cause a worsening of subclinical 

metabolic abnormalities in subjects who are at risk of developing NIDDM and 

therefore the deficiency in early prandial insulin secretion could play a part in 

the pathogenesis of NIDDM.

Both glucagon and free fatty acids (FFA) are abnormally regulated in NIDDM 

(Fraze et al., 1985; Muller et al., 1979). Glucagon levels often rise abnormally 

during meals in subjects with NIDDM and this has been considered to be a 

possible contributory cause of prandial hyperglycaemia (Gerich et al., 1975). 

As both glucagon and FFA are regulated by circulating insulin levels, the delay 

in prandial insulin secretion could contribute to their abnormal regulation in 

NIDDM.
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In summary, the early deficiency in prandial insulin secretion is a characteristic 

metabolic abnormality of NIDDM which may be due to an abnormality of the 

neural component of prandial insulin secretion. There is controversial data to 

suggest that this abnormality may occur early in the pathogenesis of the 

condition. The physiological importance of early prandial insulin secretion 

remains uncertain but there is sufficient evidence to suggest that the deficient 

early response could contribute to prandial hyperglycaemia in NIDDM. 

Furthermore, the "glucotoxicity" hypothesis provides a mechanism whereby 

prandial metabolic abnormalities could in the long term cause significant 

functional abnormalities of insulin secretion and action and contribute to or 

even cause fasting hyperglycaemia.
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4.2 Aims

The aim of the studies in this chapter were to determine whether:

1. correcting the deficiency in early prandial insulin secretion with a 

physiological dose of exogenous insulin would result in an improvement in 

prandial hyperglycaemia in NIDDM.

2. the use of intranasal insulin delivery is likely to be a useful therapeutic agent 

for correcting the deficiency in early prandial insulin secretion.
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4.3 Physiological insulin replacement in NIDDM

In this study, the deficiency in early prandial insulin secretion in subjects with 

NIDDM was corrected using a physiological dose of exogenous intravenous 

insulin given in a manner designed to simulate normal early prandial insulin 

secretion. The effects of this physiological correction of the early insulin 

response on prandial glucose, insulin, C peptide, glucagon and FFA levels 

were studied.

4.3.1 Subjects and methods

Eight subjects with NIDDM (7 men, 1 woman) and 9 nondiabetic subjects (6 

men, 3 women) participated in the studies (Table 4.1). The diabetic subjects 

had a history of stable hyperglycaemia for at least 1 year. All had received 

instruction regarding a standard diabetic diet (high complex carbohydrate - 45- 

55% of total diet composition) in the preceding year and they were instructed 

not to change their diet during these studies. One subject was treated with diet 

alone and the remainder with diet supplemented with sulphonylurea therapy 

(glibenclamide). Sulphonylureas were ceased 48 hours before each study. No 

subjects were taking other therapy except for 2 normokalaemic patients who 

took thiazide diuretics for essential hypertension. None of the nondiabetic 

subjects had other illness, were taking medications or had a history of diabetes 

in either siblings or parents. Both groups of subjects were of similar age and 

degree of obesity and both groups included obese and nonobese subjects.
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Table 4.1 Clinical details of the diabetic and nondiabetic subjects. *p<0.001.

SUBJECT AGE BODY MASS
INDEX

DURATION
DIABETES

FASTING BLOOD
GLUCOSE

(kg/m2) (years) (mmol/litre)

Diabetic Subjects

1 58 38.1 9 9.1

2 52 37 19 8.8

3 58 41.5 15 8.3

4 62 32 6 6.7

5 63 23 1 6.1

6 67 23.1 13 10.0

7 63 24.7 7 10.9

8 75 27.8 3 7.2

Mean±SD 62±6.8 30.9±7.3 9.1±6.2 8.4±1.7

Nondiabetic Subjects (n=9)

Mean±SD 59.2±8.3 27.2±4.1 5.1 ±0.3*
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Studies were performed after an overnight fast and were performed in random 

order. Arterialised venous blood samples were obtained as described in 

chapter 2.2. The sampling catheter was kept patent with a slow saline (0.9%) 

infusion. A second catheter was inserted into an ipsilateral antecubital vein for 

infusion of neutral porcine insulin as described in chapter 2.

Each diabetic patient underwent a maximum of 4 studies and each nondiabetic 

subject was studied once. All subjects arrived early in the morning, intravenous 

lines were inserted and they were seated comfortably at a table. After at least 

30 minutes, they were presented with a standard breakfast meal which was 

consumed within 15 minutes. The meal consisted of breakfast cereal (30g), 

milk (150ml), orange juice (150ml), 2 slices of toast (30g each), butter (1 Og) and 

2 cups of decaffeinated coffee (total energy content 1840 kjoules, 62% (68g) 

carbohydrate, 27% fat, 11% protein). Blood samples were drawn for baseline 

values before, during and for 180 minutes after the meal was commenced for 

blood glucose, serum insulin, C peptide, FFA and plasma glucagon. Time zero 

was taken as the time of the first mouthful of food.

The studies in the diabetic subjects were performed at intervals of at least one 

week and were performed in random order. They were studied without 

exogenous insulin delivery during the meal (control condition) and on 3 

occasions with intravenous insulin supplementation. On one occasion, 1.8 

units neutral insulin was delivered intravenously in a stepwise incremental 

fashion during the first 30 minutes after commencing eating in order to 

reproduce the normal early phase of prandial insulin secretion (see fig 4.1, 

"early" profile). This profile is the initial 30 minute segment of a 3 hour profile 

which has been shown to simulate the normal insulin response to a mixed meal 

in nondiabetic subjects (Kraegen and Chisholm, 1981). This segment of the



90

profile delivers 1.2 units of insulin and a basal delivery component (0.6 units) 

was included in order to slightly overcorrect the peripheral insulin response in 

an attempt to approach normal portal insulin levels. On a separate occasion, 

the same total dose of insulin (1.8 units) was delivered using the same 

incremental profile but given between 30 and 60 minutes after commencing the 

meal (see fig 4.1, "delayed" profile). Finally, on another occasion the same total 

dose of insulin (1.8 units) was delivered but as a constant infusion (0.6 

units/hour) from 0-180 minutes.

All eight diabetic subjects underwent the control (no insulin) and early (0-30 

minutes) insulin protocols. However two subjects completed only 3 of the 4 

protocols. One subject became psychologically stressed due to a family 

problem and became metabolically unstable before undergoing the fourth 

study (constant insulin infusion) and the other patient declined to return for a 

repeat study after a problem with blocked sampling lines invalidated his fourth 

study (delayed insulin infusion). Nondiabetic subjects were studied on a single 

occasion without insulin infusion for comparison with the diabetic responses to 

the meal.
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Fig 4.1 Diagrammatic representation of the insulin delivery profile used to 
simulate normal early insulin secretion in the diabetic subjects. On one 
occasion, this profile was given between 0 and 30 minutes and on another 
occasion between 30 and 60 minutes.
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Blood samples were processed and assayed as detailed in chapter 2.

Samples for serum insulin from the studies undergone by each diabetic patient 

were stored and assayed in the same assay to avoid inter-assay variation.

Calculations and statistics: Portal venous insulin concentrations were 

calculated as described in chapter 2.6. Substrate and hormone responses 

were compared using both absolute and incremental responses from baseline. 

The data are mainly presented as increments from baseline to minimise the 

variance due to minor variations in baseline values. Baseline values were 

calculated as the mean of determinations obtained before the meal 

commenced. Hormone and substrate integrated responses were estimated 

(area under the curve) using a computer program. Simple linear regression 

analysis was performed using the method of least squares. Statistical 

comparisons used paired and unpaired t tests as appropriate. Analysis of 

variance followed by Dunnett's multiple group comparison's test were used 

where more than 2 means were compared (Dunnett, 1955). Where paired tests 

were used, the data for 7 or 8 subjects is reported depending on the number 

completing the 2 conditions; in fig 4.5, for the sake of clarity, control data for 8 

subjects is presented alongside the data for the subjects who completed the 

delayed and constant insulin conditions (7 in each).
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4.3.2 Results

Prior to meal ingestion (table 4.2), blood glucose levels were greater in the 

diabetic than in the nondiabetic subjects, whereas serum insulin, C peptide,

FFA and plasma glucagon levels were not different between both groups.

There were no significant differences in fasting levels of blood glucose, serum 

insulin, C peptide, FFA or plasma glucagon in the diabetic subjects before each 

study condition (ANOVA, table 4.2).

Diabetic and nondiabetic responses to the meal (fig 4,2): Following meal 

ingestion, the peak blood glucose concentration (13.3±0.6 vs 8.110.3 mmol/l, 

p<0.001), the glycaemic excursion from baseline (4.910.1 vs 3.210.2 mmol/l, 

p<0.001) and the integrated glucose response above baseline (576131 vs 

189118 mmol/1.180 min, p<0.001) were greater in the diabetic subjects. There 

was a significant positive correlation between the fasting blood glucose level 

and the integrated glycaemic response above baseline in the diabetic subjects 

(r=0.76, p<0.05) but there was no such correlation in the nondiabetic subjects 

(r=-0.30). Serum insulin levels in the nondiabetic subjects rose promptly to a 

peak 40 minutes after the start of the meal and returned to baseline by 180 

minutes. In contrast, serum insulin levels in the diabetic subjects rose slowly, 

were significantly lower at 25 and 30 minutes (p<0.05), peaked significantly 

later and remained significantly higher (from 100 minutes, p<0.05) than in the 

nondiabetic subjects. The C peptide responses to the meal also showed a 

delayed rise and C peptide levels were significantly lower between 40 and 80 

minutes (p<0.05) in the diabetic subjects followed by elevated levels at the end 

of the study. The integrated insulin responses above baseline to the meal were 

not different between the diabetic and nondiabetic subjects (41421848 vs 

38621585 mU/1.180 min) whereas integrated C peptide responses were
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greater in the nondiabetic subjects (376±57 vs 606±84 |ig/l.180 min, p<0.05). 

FFA levels in the nondiabetic subjects were significantly lower between 30 and 

60 minutes after the meal (p<0.05) although there were no significant 

differences in the fall in FFA levels or the integrated fall in FFA (0-60 minutes) 

from baseline between both groups of subjects (fig 4.7, upper panel). There 

was a significant rise in glucagon levels in the diabetic subjects during the 

initial 60 minutes after meal ingestion which was not seen in the nondiabetic 

subjects (fig 4.7, lower panel).



Table 4.2 Mean (±SEM) fasting levels of substrates and hormones in the 
diabetic subjects before each study condition and in the nondiabetic subjects. 
*p<0.001 vs control.

95

NONDIABETIC DIABETIC SUBJECTS
control early

insulin
delayed
insulin

constant
insulin

Glucose
(mmol/I)

5.1 ±0.1* 8.4±0.6 9.1±0.9 9.310.9 8.610.8

Insulin
(mU/l)

8±3 15±4 13±4 1714 1513

C peptide
(ug/i)

1.9±0.4 2.6±0.6 2.7±0.6 2.810.7 3.010.8

FFA
(mmol/I)

0.57±0.06 0.63±0.06 0.6810.02 0.7310.08 0.6210.07

Glucagon
(ng/l)

28±9 33±7 2214 3217 3818
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Fig 4.2 The mean (±SEM) blood glucose, serum insulin and C peptide 
responses to a standard mixed meal in subjects with NIDDM (n=8, 0) and 
nondiabetic subjects (n=9, A).
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Responses to early insulin augmentation in NIDDM (fig 4.3): Exogenous insulin 

given to augment early prandial insulin secretion in the diabetic subjects 

resulted in significantly lower blood glucose increments above baseline than 

control (i.e. no exogenous insulin) from 30 minutes after the start of the meal 

until the end of the study. The peak blood glucose excursion was 1.4 mmol/I 

lower (p<0.005), the integrated glucose response above baseline was 33±4% 

less than control (383±28 vs 576±31 mmol/1.180 min, p<0.005) and the final 

mean blood glucose level remained 0.9 mmol/I lower than control (p<0.05). 

Peripheral insulin levels rose rapidly due to the intravenous insulin infusion and 

reached a peak level of 81 ±11 mll/l after 30 minutes. Thereafter, serum insulin 

levels promptly fell and were significantly below control levels for most of the 

duration of the study (final insulin level: 22±5 vs 33±8 mll/l at 180 minutes, 

p<0.05). Total integrated insulin levels after the meal were the same as control 

(4125±656 vs 4142±848 mll/l. 180 min) whereas integrated insulin levels 

during the final hour of the study were significantly lower (982±258 vs 

1466±377 mll/l.60 min, p<0.05). C peptide levels were similar to control during 

the initial 120 minutes and then fell below control during the final hour of the 

study (final C peptide level: 4.010.5 vs 5.310.6 jig/l, p<0.02). There was a non

significant tendency for C peptide levels to be suppressed after the intravenous 

insulin infusion at 50 minutes (p<0.1). However the difference in C peptide 

levels at the end of the study was not due to beta cell suppression by insulin 

infusion as integrated C peptide levels above baseline were the same during 

each of the first 2 hours of the study and lower only during the final hour (first 

hour: 51113 vs 64116 pg/l.60 min, NS; second hour: 123120 vs 142123 jig/l.60 

min, NS; third hour: 110117 vs 170123 pg/1.60 min, p<0.01). Total integrated C 

peptide responses above baseline were significantly reduced following early



insulin augmentation compared with control (283±43 vs 376±57 p.g/1.180 min, 

p<0.01).
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Baseline calculated portal insulin concentrations were similar in the diabetic 

subjects during the control and early insulin augmentation studies (37±10 and 

34±10 mll/l respectively); these levels were non-significantly greater than in the 

nondiabetic subjects (20±6 mll/l). The absolute peak portal insulin 

concentrations achieved during early insulin augmentation (at 30 minutes after 

meal ingestion) was calculated to be 123±24 mll/l. This compares with a peak 

level of 105±22 mll/l seen at 60 minutes in the diabetic control study and a 

peak level of 95±11 mll/l (non-significantly different from the peak during early 

insulin augmentation) seen at 40 minutes in the nondiabetic subjects. The 

corresponding peak increments from baseline were 81 ±17 mll/l following early 

insulin augmentation, 68±18 mll/l in the diabetic control study and 74±8 mll/l in 

the nondiabetic subjects. The incremental portal insulin responses to the meal 

are displayed in fig 4.4.
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Fig 4.3 The mean (±SEM) incremental blood glucose, serum insulin and C 
peptide responses above baseline to a mixed meal in 8 diabetic subjects 
following delivery of intravenous insulin (1.8 units, given between 0 and 30 
minutes, A) and without insulin delivery (control, O). The shaded area 
represents the mean±1S6M incremental responses in 9 nondiabetic subjects.
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Fig 4.4 The mean (±SEM) incremental (calculated) portal insulin responses 
above baseline to a standard mixed meal following early insulin augmentation 
(from 0-30 minutes, A) and without exogenous insulin (control, O). The shaded 
area represents the mean±1SEM incremental responses in 9 nondiabetic 
subjects.
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Delayed insulin augmentation (fig 4.5): Exogenous insulin given between 30 

and 60 minutes after the start of the meal had no significant effect on the peak 

blood glucose excursion compared with control (4.410.2 vs 4.710.2 mmol/I) and 

subsequent blood glucose increments were the same as control except at the 

120 minute time point (3.010.4 vs 3.910.4 mmol/l, p<0.02). The total integrated 

blood glucose response above baseline was similar to control (503136 vs 

574130 mmol/1.180 min). Peak serum insulin levels (80113 mLI/l) achieved 

approximated those seen after early insulin delivery and occurred at 50 

minutes. The total integrated insulin and C peptide responses above baseline 

were not significantly different from control (insulin: 46311839 vs 42491971 

mU/1.180 min; C peptide: 316164 vs 335146 pg/1.180 min).

Constant insulin augmentation (fig 4.5): Exogenous insulin delivered as a 

constant infusion had no significant effect on the peak blood glucose increment 

(4.410.3 vs 4.710.2 mmol/l), subsequent blood glucose increments or the total 

integrated glycaemic response to the meal (509153 vs 570135 mmol/1.180 

min). Serum insulin and C peptide levels were the same as control and there 

was no difference between total integrated insulin responses (58471986 vs 

44151927 ml)/l.180 min) and total integrated C peptide responses (384174 vs 

382166 ng/1.180 min).

When the integrated glucose, insulin and C peptide responses above baseline 

to the four meal conditions were analysed together (ANOVA, fig 4.6), there was 

a significant difference in the blood glucose responses (F=4.35) which was due 

to the effect of early insulin delivery (p<0.01). There were no significant 

differences in the insulin (F=0.74) or C peptide responses (F=0.53) among the 

four treatments.
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Fig 4.5 The mean (±SEM) incremental glucose, insulin and C peptide 
responses to the meal in 7 diabetic subjects following delayed delivery of 
intravenous insulin (given from 30 to 60 minutes, •) and following constant 
insulin delivery (from 0-180 minutes.D) compared with control (O, error bars 
omitted for clarity). The shaded area represents the mean±1SEM incremental 
responses in 9 nondiabetic subjects.
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Fig 4.6 The mean (±SEM) integrated total glucose, insulin and C peptide 
responses above baseline to the standard meal in the diabetic subjects under 
each of the four conditions: no insulin (control, n=8), early insulin delivery (n=8), 
delayed insulin delivery (n=7) and constant insulin delivery (n=7). Integrated 
responses of the nondiabetic subjects are also displayed for comparison. 
*p<0.02 among the diabetic subjects only.
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FFA and alucaaon responses ffia 4.7): Early exogenous insulin administration 

resulted in FFA levels falling faster than control. FFA decrements from baseline 

were significantly lower from 15-80 minutes after meal ingestion and the 

integrated fall during the initial 60 minutes was greater than control (-13.5±0.7 

vs -7.3±2.2 mmol/I.60 min, p<0.05). There was no significant difference in FFA 

levels or integrated FFA responses (0-60 minutes) following delayed insulin 

delivery or constant insulin infusion when compared with control. Following 

early insulin augmentation, the mean glucagon concentration 20 minutes after 

meal ingestion was significantly lower (p<0.05) and there was a tendency for 

the integrated glucagon response from baseline during the first hour after the 

meal to be lower (6721650 vs 13471498 ng/1.60 min, p<0.1) although the total 

integrated glucagon response was non-significantly higher in the early insulin 

treatment group (24341889 vs 138511222 ng/1.180 min). Glucagon levels and 

integrated glucagon responses were not significantly different from control with 

either constant or delayed insulin delivery.

There was no correlation between the improvement in individual glycaemic 

responses and the body mass index or fasting blood glucose level of the 

subjects nor with changes in FFA or glucagon responses following early insulin 

augmentation.
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Fig 4.7 The mean (±SEM) incremental FFA and glucagon responses to a 
standard mixed meal in 8 diabetic subjects following early insulin augmentation 
(1.8 units from 0-30 minutes, A ) and without exogenous insulin (O). The 
shaded area represents the mean±1SEM incremental responses in 9 
nondiabetic subjects.
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4.3.3 Discussion

In the present investigation, correction of the deficiency in early prandial insulin 

secretion in subjects with NIDDM with a physiological dose of intravenous 

insulin resulted in a substantial improvement in prandial hyperglycaemia. The 

peak blood glucose increment was reduced to normal, the total glycaemic 

increment was reduced by a third and the improvement in glycaemia lasted for 

at least 180 minutes. In contrast, the same dose of insulin given 30 minutes 

later or given as a constant infusion had only a minor influence on prandial 

hyperglycaemia and had no effect on the peak blood glucose increment. This 

study demonstrates that the initial rise in insulin levels following meal ingestion 

has an important physiological role in limiting the prandial rise in blood glucose 

and that the delay in insulin secretion causes or at least contributes 

substantially to prandial hyperglycaemia in NIDDM.

The improvement in prandial hyperglycaemia which followed early insulin 

augmentation was accompanied by changes in endogenous insulin secretion 

with lower insulin and C peptide levels in the final hour of the study period.

Thus the improvement in glycaemia was achieved without any change in total 

peripheral insulin levels. This finding indicates that the apparently near-normal 

total prandial insulin response which was seen in these subjects during the 

control studies may be related to hyperglycaemic stimulation of the beta cells.

The effect of the very small (1.8 units) dose of insulin used in this study 

contrasts with the very large doses of conventionally administered insulin 

required to achieve normoglycaemia in other studies (e.g. a mean daily dose in 

excess of 100 units in the study of Garvey et al (1985)). However, it should be 

pointed out that the patients studied had relatively mild hyperglycaemia and 

fairly intact endogenous insulin secretion. Their responsiveness to the small
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dose of insulin may suggest that they were also relatively sensitive to insulin 

and it is possible that supplementation of early prandial insulin secretion may 

have less marked effects on prandial hyperglycaemia in severely insulin 

resistant diabetic patients.

Portal insulin concentrations are 2-3 times higher than peripheral 

concentrations (Blackard and Nelson, 1970). The insulin infusion rate chosen 

in this study was designed to overcorrect normal early peripheral insulin levels 

in order to simulate the normal early portal insulin response which is likely to be 

a key factor in controlling prandial hyperglycaemia. This resulted in higher 

peak peripheral insulin levels following the infusion (80 vs 52 mU/l) and higher 

estimated portal insulin concentrations (123 vs 95 mU/l) compared with the 

nondiabetic subjects. The improvement in prandial glycaemia could therefore 

be due to the presence of supernormal insulin concentrations. However, there 

are several reasons why this is unlikely to explain the improved glucose 

responses to the meal. Firstly, similar insulin concentrations were achieved 

when the insulin infusion profile was delayed, yet there was little improvement 

in glycaemia. In fact, only 20 minutes separated the time of peak insulin 

concentrations following the early and delayed insulin infusions, further 

emphasising the importance of the timing of insulin secretion. Secondly, it has 

been suggested that insulin responses to oral glucose are dependent on the 

previous basal insulin level (Bagdade et al., 1967) and that percent incremental 

responses rather than absolute insulin responses may allow better comparison 

between groups with differing basal insulin levels (Bagdade et al., 1967; 

lonescu et al., 1985). Using this form of analysis, the percent peak insulin 

increments following the insulin infusion were non significantly lower than the 

insulin increments in the nondiabetic subjects (8621276% vs 12361299%).
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Furthermore, the increments in estimated portal insulin levels were quite similar 

in the two groups (81 vs 74 mll/l).

Early insulin augmentation resulted in FFA levels falling more rapidly in the 

diabetic subjects suggesting that abnormal FFA responses reported in other 

studies (high fasting levels and a reduced rate of fall with meals, Fraze et al.,

1985) may also be related to differences in early insulin secretion. Flowever, 

the FFA responses of the diabetic subjects to the meal in this study were not 

greatly abnormal in that fasting levels were the same as in the nondiabetic 

subjects and fell at a similar rate following meal ingestion. This difference from 

previous reports may be because both groups in the present study exhibited a 

range of obesity and the diabetic subjects exhibited a range of fasting 

hyperglycaemia, and both factors influence FFA metabolism (Fraze et al., 1985; 

Golay et al., 1986).

The paradoxical rise in glucagon levels following meals which is seen in 

NIDDM (Muller et al., 1979) may also be related to a failure of early insulin 

secretion as early insulin augmentation partially suppressed or delayed the 

abnormal rise in glucagon levels in these subjects. This finding is in agreement 

with Schichiri et al (1979) who found that abnormal glucagon responses to oral 

glucose could be normalised by insulin when given in a near physiological 

manner, whereas in other studies insulin given as a constant infusion failed to 

correct the abnormal glucagon response (Aydin et al., 1977).

The observed changes in FFA and glucagon metabolism may be relevant to the 

improvement in prandial hyperglycaemia resulting from augmentation of the 

early insulin response. Prandial hyperglycaemia in NIDDM is due to both an 

impaired suppression of liver glucose production and reduced peripheral
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glucose disposal (Firth et al., 1986). Elevated FFA and glycerol levels promote 

gluconeogenesis (Ferrannini et al., 1983) and elevated FFA levels in certain 

circumstances cause insulin resistance (Ferrannini et al., 1983). The 

accelerated fall in FFA levels following early insulin augmentation could have 

contributed to the improvement in prandial hyperglycaemia due to a reduction 

in liver glucose production and/or an improvement in peripheral glucose 

disposal. The reduction in glucagon levels following early insulin 

augmentation could likewise have caused a reduction in endogenous liver 

glucose production (Gerich et al., 1975).

Direct effects of insulin on the liver or peripheral tissues are alternative possible 

explanations for the improvement in hyperglycaemia. However total peripheral 

insulin concentrations were unchanged by exogenous insulin delivery. An 

early rise in insulin levels (before the rise in blood glucose) following a meal 

may act to switch off liver glucose production or alternatively could act as a 

signal in the hypothalamus (Storlien et al., 1975; Iguchi et al., 1981) which may 

(indirectly) cause a reduction in liver glucose production (Shimazu, 1981; 

Smythe et al., 1984).

It is interesting that there was a correlation between fasting blood glucose and 

prandial hyperglycaemia in the diabetic subjects. Basal levels of hepatic 

glucose production correlate strongly with fasting blood glucose in NIDDM 

(Bogardus et al., 1984; Kolterman et al., 1981). Thus overproduction of glucose 

by the liver may be responsible for prandial as well as fasting hyperglycaemia.
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4.4 Intranasal insulin delivery 

4.4.1 Introduction

The studies detailed in the preceding part of this chapter demonstrated that 

augmentation of the deficiency in early prandial insulin secretion in NIDDM with 

intravenous insulin had beneficial effects on prandial hyperglycaemia and 

hyperinsulinaemia. This finding suggests that delivery of insulin during the 

early part of a meal might be therapeutically useful in subjects with diabetes. 

However, conventional methods of insulin delivery do not achieve sufficiently 

rapid delivery of insulin with maximum insulin levels being reached 

approximately 1-2 hours after injection of soluble insulin at a time shown in the 

previous studies to have relatively little effect on prandial hyperglycaemia. 

Dimitriadis and Gerich (1981) found that injecting soluble insulin 

subcutaneously 60 minutes before meals improved prandial hyperglycaemia 

but at the expense of preprandial hypoglycaemia.

Recently, intranasal delivery of insulin has become feasible because of the 

development of adjuvant agents which facilitate absorption across the nasal 

mucosa (Hirai et al., 1978). The adjuvant materials used have included 

hydrophobic bile salts, which act by forming micelles with the insulin molecules 

which are then transported across the nasal mucosa (Gordon et ai., 1985). 

Several short-term clinical studies have indicated that this method of insulin 

delivery is safe and reasonably effective (Moses et al., 1983; Salzman et al., 

1985; Frauman et al., 1987; 1988).

The intranasal delivery of an aerosol containing an insulin/bile salt mixture 

results in a rapid increase in circulating insulin levels, with peak levels 

occurring within 10 to 15 minutes after administration and a maximum duration 

of the effect no longer than 60 minutes (Moses et al., 1983). These properties
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suggest that this form of insulin delivery could be used to selectively augment 

early prandial insulin secretion in diabetic subjects.

Intranasal insulin has been tested with mixed meals in subjects with NIDDM 

and large doses of insulin administered preprandially were found to reduce the 

prandial rise in blood glucose levels (Frauman et al., 1987). In other studies, 

the use of intranasal insulin given preprandially in combination with daily 

injections of ultralente insulin was found to be reasonably effective in 

controlling blood glucose levels in patients with IDDM (Salzman et al., 1985).

There are several problems associated with the use of intranasal insulin 

delivery. Firstly, the bile salt adjuvants are not efficient promoters of insulin 

absorption and intranasal insulin delivery is approximately 10-20% as efficient 

as intravenous delivery (Moses et al., 1983). Secondly, there appears to be a 

fair degree of intersubject variation in the absorption of insulin although there is 

reasonably good reproducibility in an individual's response to repeated 

administration (Moses et al., 1983). Thirdly, the different bile salts have 

differing degrees of potency in terms of insulin absorption but they also exhibit 

different degrees of local toxicity.

The aim of the present studies was to test whether intranasal insulin delivery 

could be used to augment the early phase of prandial insulin delivery in 

subjects with NIDDM and cause improvements in prandial metabolism similar 

to those seen following intravenous insulin delivery. The study was designed 

so that the effects of intranasal insulin administration on circulating insulin 

levels and prandial hyperglycaemia could be compared with the data from the 

intravenous supplementation studies.
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The bile salt glychocholate was used as the adjuvant agent in these studies. 

This agent was the second most potent of the bile salts examined by Gordon et 

al (1981) in promoting insulin absorption and caused little local toxicity. This 

agent has been used in short and longer term studies in subjects with NIDDM 

and IDDM (Frauman et al., 1987; 1988).
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4.4.2 Subjects and methods

Six subjects with NIDDM (4 men and 2 women) participated in these studies 

(table 4.3). The subjects were otherwise healthy, were free of serious nasal 

pathology and had a history of stable hyperglycaemia for at least one year. All 

had received instruction regarding a standard diabetic diet within the preceding 

year and they were instructed not to change their diet during the studies. Five 

of the subjects were on sulphonylurea therapy (0.5-1 tablet of either 

glibenclamide or gliclizide); one subject also took metformin. All subjects 

ceased their medication 48 hours before the studies. These subjects were of 

similar age and had similar degrees of fasting hyperglycaemia, obesity and 

duration of diabetes to the subjects with NIDDM in the previous (intravenous 

augmentation) study.

The subjects were each studied on two occasions, after an overnight fast in 

random order. On each occasion, a single sampling catheter was inserted for 

collection of arterialised venous blood as previously described (chapter 2.2). 

The subjects were seated at a table and after at least 30 minutes were 

presented with the same standard breakfast meal as in the previous study (see 

chapter 4.3.1). They received a single spray intranasally of either 

insulin/glychocholate aerosol or placebo (glychocholate alone) in a single

blind fashion immediately before they commenced eating. Blood samples were 

drawn for arterialised venous glucose, insulin, C peptide, FFA and glucagon 

levels before, during and for 180 minutes after the meal. The insulin samples 

from each pair of studies were estimated in the same assay to avoid inter-assay 

variation.



Table 4.3. Clinical details of the diabetic subjects studied with intranasal 
insulin administration.
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Subject Age

(years)

BMI

(kg/m2)

Duration
of diabetes

(years)

Fasting
glucose
(mmol/l)

1 66 27.1 7 7.6
2 68 22.8 2.5 7.9
3 74 27.4 3 7.5
4 75 27.8 3 8.3
5 61 32.4 17 6.1
6 65 31 5 10.6

mean 68.2 28.1 6.3 8.0
SD 5.4 3.3 5.5 0.6
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4.4.3 Preparation of the intranasal solution

The insulin/glychocholate solution was prepared in conjunction with the St 

Vincent's Hospital Pharmacy. The method has been described in detail in 

chapter 2.4. Briefly, crystalline porcine insulin was dissolved in 1% sodium 

glychocholate to make a solution containing 250 units/ml insulin. The insulin 

was delivered as a fixed volume spray using a hand held nebuliser which 

delivered 60±9 pl/spray (mean±SD). Each spray therefore delivered 

approximately 15 units of insulin onto the nasal mucosa. The absorption into 

the circulation of insulin in the more potent bile salt, sodium deoxycholate has 

been estimated to be between 10-20% compared with intravenous insulin 

(Moses et al., 1983) and with sodium glychocholate to be approximately 12% 

(Frauman et al., 1987). Therefore a spray of 15 units into the nose was likely to 

deliver the equivalent of between 1.5 and 3 units of intravenous insulin. This 

compares with 1.8 units delivered intravenously in the previous study.

The efficacy of the preparation was tested in a nondiabetic fasting subject who 

received a single spray intranasally (15 units) without receiving a subsequent 

meal. This resulted in a rapid increase in venous serum insulin levels, with 

peak levels of 32 mll/l occurring 5 minutes after the spray and levels returning 

to baseline by 25 minutes. Fasting blood glucose levels fell to a nadir of 2.7 

mmol/l at 30 minutes which was associated with mild hypoglycaemic 

symptoms.
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4.4.4 Results

There was no difference in baseline levels of arterialised venous blood 

glucose, serum insulin, C peptide, FFA or plasma glucagon levels before the 

placebo or intranasal insulin studies (table 4.4).

Intranasal administration of either glychocholate alone or the 

insulin/glychocholate mixture caused transient nasal symptoms in 5 of the 6 

subjects. These were described as a mild tickling sensation or irritation and 

lasted no longer than 5 minutes in any subject. There was no difference in the 

severity or duration of symptoms caused by either aerosol.

Glvcaemic and beta cell responses (fig 4.8): The intranasal administration of 

insulin resulted in a rapid rise in serum insulin levels with peak levels of 92±8 

mU/l occurring five minutes after administration. Insulin levels subsequently 

fell, remained significantly greater than the placebo study from 5-20 minutes 

after administration and thereafter were not different compared with the placebo 

study. Intranasal insulin administration had only a minor effect on the prandial 

glycaemic response compared with placebo administration. The mean 

glycaemic increment was lower at 40 minutes after the meal (p<0.05).

However, there was no significant improvement in the peak glycaemic 

increment (4.9±0.6 vs 5.4±0.5 mmol/I) or the total glycaemic responses to the 

meal compared with placebo (611 ±53 vs 668±41 mmol/1.180 min). C peptide 

levels were significantly lower after intranasal insulin than after placebo at 

several time points after the meal (80, 120 and 150 minute time points, p<0.05) 

and total incremental responses were also significantly lower after intranasal 

insulin (307±48 vs 461±75 fig/1.180 min, p<0.05).



Table 4.4. Mean ± SEM fasting levels for substrates and hormones in the 
diabetic subjects before the intranasal placebo and insulin studies.
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Glucose Insulin C peptide FFA Glucagon
(mmol/l) (mU/l) (ng/i) (mmol/l) (ng/l)

IN placebo 8.0±0.6 17±4 2.0±0.2 0.62±0.11 46±10

IN insulin 8.3±0.6 16±4 1.9±0.4 0.64±0.05 59±21
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Fig 4.8 Mean (±SEM) blood glucose increments (top panel) and insulin and C 
peptide concentrations after the standard mixed meal following intranasal 
placebo (■) and insulin administration (□) in 6 subjects with NIDDM.
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FFA and glucagon responses (fig 4.9): Intranasal insulin administration resulted 

in nonsignificantly lower FFA levels compared with placebo (p<0.1 at the 40 

min time point) and a nonsignificant fall in the integrated decrement (-13.93 

±1.90 vs -8.56±3.38 mmol/I.60 mins, p<0.1). There was no difference in the 

glucagon responses to the meal between the intranasal insulin or placebo 

studies.

For comparison purposes, the total integrated glycaemic and insulin responses 

during the intranasal studies have been plotted alongside the responses to the 

same standard meal during the intravenous augmentation study (fig 4.10). 

Intranasal insulin delivery resulted in a significantly greater total integrated 

insulin response compared with placebo (8293±1966 vs 5969±1816 mll/1.180 

min, p<0.01) without any significant change in the integrated glycaemic 

response. In addition, the integrated insulin responses during the first 40 

minutes after the meal are illustrated. There was no significant difference 

between the calculated amount of insulin delivered into the circulation 

(integrated area during insulin delivery minus appropriate control) due to 

exogenous insulin delivery during the first 40 minutes after the meal whether 

given by the intravenous or the intranasal route (1138±156 vs 1167±231 

mll/l.40 mins). In terms of percent change, intravenous insulin augmentation 

resulted in a 33±4% improvement in the glycaemic responses (p<0.005) 

compared with control whereas intranasal insulin administration resulted in no 

significant change (92±8%) and individual glycaemic responses ranged from 

75-126% of the placebo study.



Fig 4.9 Mean (± SEM) incremental FFA (top panel) and glucagon (bottom 
panel) responses to a standard meal after intranasal placebo (■) and insulin 
administration (□) in 6 subjects with NIDDM.
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Fig 4.10 Mean (±SEM) total integrated glycaemic (top panel) and insulin 
responses (bottom panel) to the standard mixed meal in the intranasal and 
intravenous augmentation studies. The hatched bars (bottom panel) represent 
the initial 40 minutes after the meal.
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4.4.5 Discussion

The major findings of this study were that the administration of intranasal insulin 

resulted in the rapid delivery of insulin into the circulation with peak arterial 

insulin levels being achieved comparable to those seen in the previous 

intravenous augmentation study. However, relatively little improvement in 

prandial hyperglycaemia occurred. There was an initial transient improvement 

in prandial hyperglycaemia but this was unsustained and there was no 

significant improvement in either the mean peak blood glucose level or the 

mean overall glycaemic profile after the meal. In addition, in contrast to the 

intravenous augmentation study, no improvement in subsequent 

hyperinsulinaemia or FFA and glucagon responses were seen.

Some subjects did show some improvement in prandial hyperglycaemia after 

intranasal insulin. However, the range of individual responses after intranasal 

insulin was considerably less than that seen after early intravenous 

augmentation (total glycaemic responses: 75-125% vs 40-80% of the 

respective control conditions) further emphasising the relatively poor effect of 

intranasal insulin delivery at the commencement of the meal.

The reason for the lack of efficacy of intranasal insulin cannot be definitely 

determined from these studies. Peak insulin levels achieved after intranasal 

administration were similar to those seen in nondiabetic subjects after the same 

meal (see fig 4.2) and similar to what was achieved during the intravenous 

augmentation study. In addition, there was no difference between the 

calculated amount of insulin delivered into the circulation during the early 

prandial period following intranasal and intravenous delivery. The delivery of 

15 units intranasally was very similar to the intravenous delivery of 1.8 units of 

insulin and it can be estimated that approximately 12% of the insulin delivered
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intranasally was absorbed systemically. This estimate of insulin absorption 

after intranasal administration agrees closely with the 10-20% estimated by 

Moses et al (1983) (with deoxycholate as adjuvant) and the 12% estimated by 

Frauman et al (1987).

The lack of effectiveness of the intranasal insulin could have been due to 

chemical alteration during preparation which rendered the insulin less 

biologically active. This seems unlikely as other groups have demonstrated 

significant biological activity using an identical preparation (Frauman et al., 

1987; 1988); the preparation had considerable hypoglycaemic activity in a 

nondiabetic subject; and some hypoglycaemic effect was seen in the early 

prandial period after intranasal insulin delivery in the diabetic subjects.

The subjects who participated in the intranasal studies may have been 

relatively insulin resistant. However this seems unlikely as, although insulin 

sensitivity was not measured in these studies, the subjects who participated in 

the two sets of studies (intranasal and intravenous insulin studies) were 

selected from the same diabetic population, had similar clinical characteristics 

and both groups had similar degrees of basal hyperglycaemia with comparable 

basal insulin, FFA and glucagon levels.

It seems most likely that the lack of efficacy of the intranasal insulin was due to 

the timing of insulin absorption. Peak insulin levels were seen within five 

minutes of delivery and insulin levels were no longer significantly elevated 25 

minutes after commencement of the meal. In contrast, insulin concentrations 

increased gradually and peaked at 30 minutes during the intravenous 

administration studies; this profile closely simulating the normal prandial rise in 

insulin levels. Therefore the lack of efficacy of intranasal insulin delivery is
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likely to have been due to peak insulin levels occurring too early after the meal. 

If this is the correct explanation for the ineffectiveness of the intranasal 

preparation, then this finding further emphasises the importance of correct 

timing of insulin delivery to diabetic subjects in order to achieve control of 

prandial hyperglycaemia. In normal physiology, prandial insulin secretion 

appears to be precisely regulated with respect to timing as well as to the 

quantity of secretion.

There was no improvement in subsequent hyperinsulinaemia and no 

significant improvement in the abnormal prandial FFA and glucagon responses 

following intranasal insulin delivery. It should be pointed out that the FFA 

responses in these studies, approached statistical significance. With greater 

numbers it is possible that FFA levels would have been shown to fall at a faster 

rate following intranasal insulin delivery. This would be consistent with the 

notion that insulin sensitivity is relatively normal with respect to FFA metabolism 

in subjects with NIDDM (Howard et al., 1979).

Intranasal insulin delivery resulted in a significant reduction in C peptide levels 

and a significant reduction in the overall C peptide responses. The reason for 

this effect on C peptide levels in the absence of effects on the glycaemic 

responses or insulin concentrations is difficult to explain. The possibility that 

intranasal insulin delivery alters insulin metabolism or suppresses beta cell 

function in the absence of effects on blood glucose requires further study.

Several groups have demonstrated that large doses of insulin delivered 

intranasally with meals have some effect on glycaemic control in subjects with 

IDDM and NIDDM (Salzman et al., 1985; Frauman et al., 1987; 1988).

However, these studies have not demonstrated that intranasal insulin delivery
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has any advantage, in terms of glycaemic control, over conventional forms of 

insulin therapy. The results of the present studies indicate that attention to the 

timing of intranasal insulin delivery may improve its therapeutic usefulness.
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CHAPTER FIVE

Prandial insulin secretion in NIDDM: pilot study utilising a dual 

isotope technique and respirometry
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5.1 Introduction

The studies carried out in chapters 3 and 4 clearly indicate that the initial phase 

of insulin secretion is important in the regulation of prandial glucose disposal. 

The delayed rise in insulin levels seen in subjects with NIDDM appears to be 

responsible for a considerable proportion of prandial hyperglycaemia in this 

condition. The main aim of the study detailed in this chapter was to determine 

the mechanism for the improvement in prandial hyperglycaemia after 

augmentation of early prandial insulin secretion. In the time available, only a 

small number of experiments could be performed and the data presented 

herein represents a supplementary pilot study.

NIDDM has been shown to be associated with a reduction in meal-related 

energy expenditure. The second aim of the studies in this chapter was to 

determine whether the improved prandial glycaemic response to a meal after 

correction of the deficiency in early insulin release was associated with an 

improvement in meal-related thermogenesis. Such a finding would implicate 

the early phase of prandial insulin secretion in the regulation of meal-related 

thermogenesis.

5.1.1 Dual isotope technique

Normal oral glucose tolerance depends on a number of physiological 

processes, several of which could be influenced by prandial insulin secretion. 

These include glucose absorption from the gut, glucose uptake by the liver, 

reduction of endogenous hepatic glucose production and glucose uptake by 

the peripheral tissues.

Several components of oral glucose tolerance may be studied using labelled 

glucose tracers. In the dual isotope technique, a quantity of glucose enriched
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with a known quantity of labelled glucose tracer is ingested to trace the rate of 

appearance into the systemic circulation of the oral glucose load. At the same 

time, a second glucose tracer (bearing a different label) is infused peripherally 

to trace peripheral glucose disposal and the total rate of appearance of glucose 

from the splanchnic circulation. Total glucose appearance derives from both 

the ingested load and endogenous hepatic glucose production. Endogenous 

hepatic glucose production can be calculated by subtracting the rate of 

appearance of the ingested load from the rate of total glucose appearance.

This technique has been used to study oral glucose tolerance in nondiabetic 

subjects (Radziuk et al., 1978; Ferrannini et al., 1985; Jackson et al., 1986), 

subjects with IDDM (Pehling et al., 1984) and subjects with NIDDM (Firth et al., 

1986).

In normal humans, the majority of a glucose load is not taken up by the liver as 

earlier studies suggested (Felig et al., 1978) but appears in the peripheral 

circulation where it is taken up by various peripheral tissues (Radziuk et al., 

1978; Ferrannini et al., 1985). In the fasting state, only approximately 25% of 

total glucose utilisation takes place in insulin-dependent tissues since 75-80% 

occurs in brain and other non-insulin dependent tissues which have an 

obligatory need for glycolytic metabolism (Gottesman et al., 1984). After 

glucose administration, the majority of the increase in peripheral glucose 

disposal occurs in insulin-dependent tissues, primarily muscle (Katz et al.,

1983; Jackson et al., 1986). Coincident with the prandial increase in peripheral 

glucose uptake, endogenous glucose production declines and remains below 

postabsorptive levels for several hours (Radziuk et al., 1978; Ferrannini et al., 

1985). It is possible that the early increase in prandial insulin concentrations
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plays an important role in regulating the increase in peripheral glucose 

disposal and the decline in hepatic glucose production.

Impaired suppression of hepatic glucose production is a major cause of 

prandial hyperglycaemia in insulin deficient diabetic subjects (IDDM) (Pehling 

et al., 1984). In NIDDM, prandial hyperglycaemia appears to be due to a 

combination of impaired suppression of hepatic glucose production and a 

reduction in peripheral glucose disposal (Firth et al., 1986). In one animal 

model of diabetes, the genetically obese Zucker (fa/fa) rat, impaired glucose 

tolerance is due to a lack of suppression of hepatic glucose production 

(Rohner-Jeanrenaud et al., 1986) and, although hyperinsulinaemic, these 

animals may have a relative deficiency in the early prandial insulin response.

The improvement in prandial hyperglycaemia seen after augmentation of early 

insulin secretion in chapter 4, could therefore be due to either (or both) an 

improvement in peripheral glucose disposal or suppression of hepatic glucose 

production.

5.1.2 Respiratory gas analysis and indirect calorimetry

The metabolism of a carbohydrate meal is accompanied by an increase in 

energy expenditure greater than can be attributed to the energy costs of 

digestion, absorption and storage of glucose. This thermic effect of food, or 

meal-related thermogenesis, may be an important determinant of overall 

energy expenditure in mammalian species. Meal-related thermogenesis is 

reduced in obesity (Jung et al., 1979; Segal et al., 1985) and this reduction in 

energy expenditure may contribute in the pathogenesis of obesity (Schutz et 

al., 1984). In NIDDM the thermic response to meals (Golay et al., 1982; Nair et 

al., 1986) and to parenteral glucose (Ravussin et al., 1983) is also reduced.
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This reduction in the thermic effect of food or glucose may be an important 

cause of obesity in NIDDM.

Meal-related thermogenesis is reduced in insulin deficient animals and 

restored to normal with insulin treatment (Rothwell and Stock, 1981). This has 

led to the hypothesis that insulin action is involved in the thermic effect of food 

and that the decreased thermic effect of food in NIDDM is related to insulin 

resistance (Felig, 1984; Ravussin et al., 1985).

Insulin may activate the sympathetic nervous system which may be the major 

mediator of thermogenesis (Acheson et al., 1983; Astrup et al., 1984). The site 

for thermogenesis in humans is controversial, and both brown adipose tissue 

and skeletal muscle have been advocated (Cunningham et al., 1985; Astrup et 

al., 1986). Alternatively, Christin et al (1986) found that the insulin-mediated 

component of glucose-related thermogenesis was relatively minor and 

concluded that most of the thermic effect was due to cellular glucose 

metabolism.

The reduced thermic effect of food in NIDDM could be related to the early 

deficiency in insulin secretion. In support of this hypothesis, a recent study in 

nondiabetic humans reported that a somatostatin infusion, given for 20 minutes 

immediately after glucose ingestion to inhibit early insulin secretion, caused a 

deterioration in glucose tolerance and a reduction in energy expenditure 

(Calles-Escandon and Robbins, 1987). Thus, augmentation of the deficiency in 

early prandial insulin secretion in NIDDM could result in improved meal-related 

energy expenditure. In order to test this hypothesis, the studies in this chapter 

included measurements of respiratory gas exchange to measure prandial 

energy expenditure.
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The measurement of oxygen consumption and carbon dioxide production can 

also give information on the type and rate of fuel oxidation in the body (Frayn, 

1983). In NIDDM, basal rates of carbohydrate and lipid oxidation are normal 

but the normal rise in carbohydrate oxidation and the reciprocal fall in lipid 

oxidation after a meal are both blunted (Boden et al., 1983; Meyer et al., 1980). 

In normal subjects, the increase in carbohydrate oxidation with meals is at least 

partly due to the increase in insulin secretion (Thiebaud et al., 1982).

Therefore, rates of substrate oxidation were estimated in these studies to 

determine whether abnormal glucose and lipid oxidation in NIDDM could also 

be related to the deficiency in early prandial insulin secretion.
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5.2 Subjects and methods

Five subjects with NIDDM were studied. These subjects were in a stable 

metabolic state before and during the studies and were treated with either diet 

and/or oral agents (table 5.1). All had received instruction regarding a diabetes 

diet within the previous year and they were instructed not to alter their usual 

diet during the studies. All subjects were otherwise healthy and none were 

taking any other medications. The aim of the study was to reproduce the effect 

of early insulin augmentation on prandial hyperglycaemia demonstrated in 

chapter 4. This aim was not fulfilled in one subject and the data from this study 

was deleted from analysis (see below).

Each subject was studied in the morning after an overnight fast. The studies 

were separated by at least two weeks and performed in random order. Oral 

hypoglycaemic agents were ceased 48 hours before each study. On each 

occasion, an antecubital vein was cannulated for infusion of [3-3H]glucose. A 

second catheter was inserted into a dorsal vein of the ipsilateral hand for 

arterialised venous sampling. On one occasion, an antecubital vein in the 

contralateral arm was cannulated for insulin infusion. The subjects sat 

comfortably in a bed throughout these studies except during the respiratory gas 

measurements (see below).

A continuous infusion of [3-3H]glucose (25 pCi/hour) was commenced between 

8 and 9 am for isotopic determination of rates of total glucose appearance and 

uptake. After a 90 minute equilibration period, each subject ingested the 

equivalent of the standard mixed meal used in chapter 4. This consisted of 70 

g of glucose, enriched with 50 pCi [6-14C]glucose dissolved in 100 mis of water, 

to which was added 100 g of beaten uncooked egg mixture (10.9 g fat, 12.3 g
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protein, total energy content of the meal 1705 kjoules). An aliquot (1 ml) of the 

enriched oral glucose solution was collected prior to mixture with the egg for 

accurate determination of the specific activity and glucose concentration of the 

drink. The mixture was ingested in 3 equal volume boluses given at 0, 5 and 

10 minutes after the start of the meal in order to simulate more closely the 

timing of natural meal ingestion. Two subsequent water rinses of the flask (50 

mis) were also ingested to ensure that all the radioactivity was ingested.

In one study, an insulin infusion (total dose, 1.8 units) was commenced at the 

start of the glucose ingestion and continued for 30 minutes only. This was 

delivered in a manner identical to the studies in chapter 4 (see fig 4.1, "early").

A stepwise incremental infusion of insulin was delivered, starting with a rate of 

1.2 units/hour and increasing at 2 minute intervals by 0.4 units/hour until a 

maximum rate of 5 units/hour was reached after 20 minutes. The insulin 

infusion was then continued at the same rate for a further 10 minutes and then 

ceased.

Samples of arterialised venous blood were taken at 5-15 minute intervals from 

the commencement of the study and for 240 minutes after the meal for plasma 

glucose, plasma [3H]glucose specific activity, plasma [14C]glucose specific 

activity, serum insulin and C peptide levels. Rates of total glucose appearance, 

endogenous hepatic glucose production and peripheral glucose disposal were 

calculated as described in chapter 2.7. Recycling of the 14C label to carbon-1 

of the glucose molecule was estimated as described in chapter 2.7 to provide 

an estimate of new glucose synthesis from 3 carbon intermediates derived from 

the ingested labelled glucose (Cori cycle).



Table 5.1 Clinical details of the four diabetic subjects who participated in the 
dual isotope and respirometry studies.
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Subject Age BMI Duration 
of diabetes

Fasting
glucose

(years) (kg/m2) (years) (mmol/l)

1 72 26.6 16 6.6
2 61 29.7 3 12.6
3 65 28.9 12 10.3
4 71 28.5 1 6.8

mean 67.3 28.4 8 9.1
SD 5.2 1.3 7.2 2.9
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Respiratory gas exchange measurements were obtained before and after the 

meal on each occasion via a semi-opened circuit, ventilated hood system as 

described in chapter 2.8. This was operated by the negative-flow pressure of 

the gas flow through the system. Briefly, the subject lay semi-recumbent on the 

bed, a light transparent plastic hood was placed over the subject's head and a 

soft mask was held in place over the nose and mouth to collect the expired 

gases. A flow rate of 25-30 litre/minute prevented the local accumulation of 

CC>2 and the expired air was drawn through a mixing chamber to avoid breath

to breath gradients during recordings. An aliquot of the expired air was drawn 

from the mixing chamber by a separate pump for analysis. All subjects 

practiced breathing in the hood system on a separate occasion before the 

studies began. Continuous sampling of respiratory gases was performed for 

periods of 10 minutes, with the data from the final five minutes used for 

analysis. Respiratory gas exchange measurements were taken 45 and 15 

minutes before the meal (the first being at least 60 minutes after the start of 

catheter insertion) and at 15, 45, 75, 105, 165 and 225 minutes after the start of 

the meal.

The subjects voided urine before and at the end of each study and the post

study urine analysed for urinary glucose and nitrogen excretion. Energy 

expenditure and rates of carbohydrate and lipid oxidation were calculated as 

described in chapter 2.8. Increments of energy expenditure and substrate 

oxidation were calculated assuming that no change would have occurred in 

basal rates in the absence of food ingestion.

In one subject, no improvement in prandial hyperglycaemia occurred after 

insulin administration. As the aim of the study was to determine the mechanism
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of the improvement in hyperglycaemia, the data from this subject has been 

deleted. The reason for the lack of improvement may have been due to an 

acute stress response related to a blocked sampling line requiring replacement 

of an intravenous cannula immediately after the glucose drink and during the 

insulin infusion. This subject also complained of claustrophobic feelings and 

became overtly stressed during the later respirometry measurements in the 

same study. This clinical impression was confirmed by the finding of a 

substantial increase in serum cortisol levels after the cannula replacement and 

RQ readings consistent with hyperventilation during the early and later part of 

the experiment.

As a result of the exclusion of this subject's data, the results of only four 

subjects are available for respiratory gas analysis. In addition, the [3H]glucose 

counts during the control study of subject 1 were aberrant (for no clear reason) 

and considered unusable. Therefore only the data from three paired studies 

are available for glucose turnover measurements.

The results from these few studies can only be regarded as a pilot study to test 

the feasibility of the techniques to test the given hypotheses. The results are 

mainly presented in a descriptive fashion and any conclusions are preliminary 

and subject to verification by future studies. Statistics quoted used Student's 

paired t test.
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5.3 Results

There was no difference in baseline plasma glucose, serum insulin or C 

peptide levels or in rates of glucose turnover, basal metabolic rate or substrate 

oxidation before the control and early insulin augmentation studies (table 5.2, 

figs 5.1-5.3).

Glucose, insulin and C peptide responses (fig 5.1): As in chapter 4, exogenous 

insulin administration given at the start of the meal resulted in a reduction in the 

prandial glycaemic response. Three of the four subjects had a sustained 

reduction in the glycaemic response whereas in one subject the improvement 

lasted for the first 100 minutes. Mean plasma glucose increments were 

significantly lower from 25-90 minutes after the meal commenced (p<0.05), the 

peak glycaemic increment was nonsignificantly lower (6.0±0.2 vs 7.6±0.6 

mmol/I, p<0.1) and the incremental glycaemic increment was nonsignificantly 

lower (1086±44 vs 1397±124 mmol/240 mins, p<0.05 by one-tailed test) . The 

insulin infusion profile resulted in peak insulin levels being reached at 30 

minutes after the meal commenced (137±16 mll/l), thereafter insulin levels 

promptly fell and were nonsignificantly lower than control for the rest of the 

study. Similarly C peptide levels were nonsignificantly lower than control 

following exogenous insulin delivery although the integrated C peptide 

response was significantly less than control (415±111 vs 572±178 jig/l.240 

min, p<0.05).



Table 5.2 Mean (±SEM) basal plasma glucose levels, metabolic rate (BMR) 
and substrate oxidation rates before the control and insulin augmentation 
studies.
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Glucose
(mM)

BMR Glucose Ox Lipid Ox
Kj/min mg/min mg/min

Control 9.1 ±1.5 4.84±0.31
Study

Insulin 9.0±1.5 4.51±0.25
Study

64.2±19.9 29.5±8.8

47.6±13.8 35.4±8.9



139

Fig 5.1 Mean (±SEM) incremental plasma glucose responses (top panel) and 
serum insulin and C peptide concentrations after a simulated mixed meal in 
subjects with NIDDM (n=4) with (□) or without (■) early insulin augmentation 
with intravenous insulin (1.8 units between 0 and 30 mins).
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Total glucose appearance and disappearance (fig 5.2): Early insulin 

augmentation reduced the rate of total glucose appearance in all three 

subjects. Peripheral glucose disposal increased to a similar extent in the 

control and insulin augmentation studies in all 3 subjects.

Entry of ingested glucose and endogenous glucose production (fig 5.31: There 

was a sustained reduction in endogenous glucose production in the control 

studies. After early insulin augmentation, endogenous glucose production was 

suppressed earlier compared with the control study in all three subjects. There 

was also a slight reduction in the systemic appearance of the ingested glucose 

(in 2 of the 3 subjects) initially after early insulin augmentation. Proportions of 

recycled 14C in plasma [14C]glucose were small but were reduced at the 60 

minute time point in all four subjects after early insulin supplementation (table 

5.3).
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Fig 5.2 Mean (±SEM) rates of total systemic glucose appearance (Ra) and 
glucose disappearance (Rd) in subjects with NIDDM (n=3) after control (■) and 
early insulin augmentation (□).
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Fig 5.3 Mean (±SEM) rates of systemic appearance of meal derived glucose 
and endogenous hepatic glucose production (n=3) after control (■) and early 
insulin augmentation (□) in subjects with NIDDM.

Minutes



Table 5.3 Percent (%) recycling of 14C label (Cori cycle) after the control and 
insulin augmentation studies in four subjects with NIDDM.
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Time (mins) 60 105 165

Control 6.8±3.4 0.2±0.6 -0.7±0.6
Study

Insulin -1.0±1.0 0.4±0.1 0.7±0.6
Study

225

1.6±0.6

1.5±0.9
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Energy expenditure (fig 5.4): There was an increase in energy expenditure after 

the simulated mixed meal in all subjects. After early insulin augmentation, 

energy expenditure increased to a greater extent in all four subjects. In two 

subjects, the improved energy expenditure continued for the study duration, in 

one for 165 minutes and in one for only 45 minutes. This resulted in a 

significant increase in energy expenditure 15 minutes after the meal was 

ingested (p<0.05) and a nonsignificant overall increase in energy expenditure 

(integrated increase above basal, 117.39±22.71 vs 57.02±21.30 kjoule/225 

mins).

CHO and lipid oxidation (fig 5.5): Basal rates of carbohydrate and lipid 

oxidation were the same before the control and insulin administration studies. 

After the mixed meal there was an increase in carbohydrate oxidation and a fall 

in lipid oxidation. Early insulin augmentation resulted in a greater increase in 

carbohydrate oxidation in all 4 subjects compared with control (integrated A 

CHO oxidation: control vs insulin, 7730±686 vs 16268±3915 mg/225 minutes, 

P<0.1). There was a slightly (nonsignificantly) increased rate of fall in lipid 

oxidation after early insulin augmentation (integrated A lipid oxidation: control 

vs insulin, -2000±653 vs -3758±1410 mg/225 minutes).



Fig 5.4 Mean (±SEM) increments in energy expenditure after the mixed meal 
in four subjects with NIDDM in the control (■) and early insulin augmentation 
studies (□).
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Fig 5.5 Mean(±SEM) incremental rates of glucose oxidation (top panel) and 
lipid oxidation following the mixed meal in four subjects with NIDDM in the 
control (■) and early insulin augmentation studies (□).
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5.4 Discussion

In view of the small number of subjects studied, this study must be regarded as 

a pilot study and any possible conclusions are preliminary and depend on 

verification by further experiments. The major conclusion of this pilot study is 

that the dual isotope technique appears to be sufficiently sensitive to determine 

the mechanism for the improvement in prandial carbohydrate tolerance 

following augmentation of the early deficiency in insulin secretion.

The effect of the early insulin profile on the glycaemic response to the 

(predominantly glucose) meal was less sustained than was seen with the 

mixed meal studies in chapter 4. The glycaemic response to the meal was 

greater and more prolonged than with the mixed meal and therefore the insulin 

infusion may have undercorrected and not achieved a "normal" early insulin 

response. Alternatively the infusion may have produced a peak too early for 

the more prolonged hyperglycaemic response.

The studies suggest that the improvement in glucose tolerance after early 

insulin augmentation was due to an effect at the liver rather than at the 

periphery. After insulin augmentation, there was an earlier suppression of 

endogenous hepatic glucose production in all three subjects compared with the 

control condition. There was also a slight slowing of glucose entry from the gut 

in 2 of the subjects. Importantly, there was no suggestion of an alteration in 

peripheral glucose uptake following early insulin augmentation compared with 

the control studies, although the unchanged glucose disposal in the presence 

of lower blood glucose concentrations could be interpreted as relatively 

enhanced glucose uptake (clearance).
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Thus, the preliminary data suggests that the major effect of the initial rise in 

insulin concentrations after a meal is to rapidly shut off hepatic glucose 

production. This minimises the prandial rise in blood glucose concentrations 

consequent on the entry of glucose from the gut. In contrast, the initial rise in 

insulin levels does not appear to have an important influence on the prandial 

increase in peripheral glucose disposal.

Interestingly, there was a reduction in the estimate of recycling of labelled 

carbon in the Cori cycle after early insulin augmentation. Recycling appears to 

be quantitatively quite small and the reduction after insulin does not appear to 

be of sufficient magnitude to explain the improvement in glucose tolerance. It 

should be stressed that only recycling of the labelled oral glucose and not total 

gluconeogenesis is measured by this technique and the results are qualitative 

only.

These preliminary studies also suggest that augmentation of the deficiency in 

early prandial insulin secretion caused an increase in the thermic effect of the 

meal. This suggests that the reduction in prandial energy expenditure 

documented in subjects with NIDDM is related to the deficiency in early 

prandial insulin secretion. An improvement in meal related thermogenesis 

could occur either because of an improvement in overall glucose disposal or 

due to the transient elevation in insulin levels per se.

Finally, calculation of substrate oxidation after correction for protein oxidation 

suggested that augmentation of the early phase of insulin secretion improved 

(at least partially) the blunted increase in prandial glucose oxidation which 

occurs in NIDDM and may also accelerate the suppression of lipid oxidation. 

These preliminary results are consistent with other studies in subjects with
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NIDDM which indicate that improved glucose control is accompanied by 

improved carbohydrate oxidation (Boden et al., 1983). However these results 

implicate the deficiency in early prandial insulin secretion in the causation of 

abnormalities of glucose oxidation.

As stated above, further studies in diabetic individuals and in nondiabetic 

control subjects are required to verify the tentative conclusions in this chapter. 

However, the data in this chapter together with the findings in chapter four 

suggest that the early phase of insulin secretion influences a number of 

prandial metabolic processes. In NIDDM, the deficiency in early prandial 

insulin secretion appears to lead to impaired energy expenditure, thereby 

(possibly) contributing to excessive weight gain, in addition to accentuating 

prandial hyperglycaemia. Thus the loss of early prandial insulin secretion in 

NIDDM appears to be particularly important in contributing to abnormal 

prandial metabolism in NIDDM.
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CHAPTER SIX

Sympathetic nervous system and glucoregulation
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6.1 Introduction

The cause of basal hyperglycaemia in noninsulin dependent diabetes mellitus 

(NIDDM) is poorly understood. Abnormalities of insulin action and/or insulin 

secretion have usually been considered important (Ward et al.f 1984; Olefsky et 

al., 1982; DeFronzo and Ferranini, 1982; Efendic et al., 1984), however recent 

evidence suggests that a third major metabolic defect, increased basal hepatic 

glucose production, is also an important cause (Olefsky, 1985).

Estimations of hepatic glucose production, using either tracer methodology or 

hepatic catheterisation techniques, have consistently shown that 

hyperglycaemic subjects with NIDDM have inappropriately elevated rates of 

hepatic glucose production (Bowen and Moorehouse, 1973; Kolterman et al.,

1981) . Furthermore, a strong correlation between fasting blood glucose levels 

and basal rates of endogenous hepatic glucose production in NIDDM has 

repeatedly been found (Revers et al., 1984; Bogardus et al., 1984; Best et al.,

1982) . Therapeutic correction of hyperglycaemia is accompanied by a 

reduction in hepatic glucose production irrespective of the treatment modality 

(Flenry et al., 1986; Simonson et al., 1984; Scarlett et al., 1982) and in one 

study which employed weight reduction, there was a correlation between the 

improvement in fasting glucose levels and the reduction in hepatic glucose 

production (Henry et al., 1985). These data indicate that the rate of entry of 

glucose from the liver into the circulation closely regulates the level of 

glycaemia in subjects with NIDDM and that excess liver glucose production is a 

major determinant of hyperglycaemia.

The cause of increased liver glucose production in NIDDM is not known. Insulin 

deficiency is present in subjects with NIDDM when the prevailing levels of
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glycaemia are taken into account although absolute levels are often normal 

(Ward et al., 1984) and thus inadequate insulinisation of the liver could be 

important. In addition, hepatic insulin resistance may play a role by diminishing 

the normal inhibitory effect of insulin on hepatic glucose production (DeFronzo 

et al., 1982).

The importance of basal insulin levels in the regulation of basal hepatic glucose 

production in NIDDM has been questioned (Olefsky, 1985). Baron et al (1985) 

estimated the proportion of basal glucose uptake mediated by basal insulin 

secretion by studying subjects during hypoinsulinaemia utilising somatostatin 

infusions. They demonstrated that insulin-mediated glucose uptake is 

responsible for approximately 30% of whole-body basal glucose uptake in both 

nondiabetics and subjects with NIDDM. Thus noninsulin-mediated glucose 

uptake appears to be responsible for the major proportion of glucose uptake in 

the basal state. From this data, Olefsky (1985) suggested that changes in 

insulin secretion and sensitivity are not likely to be the major cause of basal 

hyperglycaemia in NIDDM. However, subjects with NIDDM are less able to 

augment insulin-mediated glucose uptake, due to insulin resistance and insulin 

deficiency, and are less able to counteract an increase in hepatic glucose 

production. Thus an interaction among the three major defects commonly found 

in NIDDM may be important in the pathogenesis of hyperglycaemia.

Glucose production by the liver is potentially influenced by many hormonal, 

neuroendocrine and neural factors. In addition, the supply of gluconeogenic 

substrates to the liver (Wahren et al., 1972) and glucose itself have regulatory 

roles (Liljenquist et al., 1979). In NIDDM, excess hepatic glucose production 

could be due to an hypersensitivity of the liver or alternatively there could be 

excessive stimulation of the liver by one or more of these factors. In this regard,
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hyperglucagonaemia has been considered important in the pathogenesis of 

hyperglycaemia in NIDDM (Baron et al., 1987).

Several areas of research indicate that the sympathetic nervous system can 

increase liver glucose production (Shimazu, 1981; Lautt, 1983; Smythe et al., 

1984). Shimazu and coworkers demonstrated the importance of the 

hypothalamus in the regulation of hepatic enzyme systems important in 

glucoregulation (Shimazu and Fukuda, 1965; Shimazu and Amakawa, 1968). 

Other workers extended these observations by showing that stimulation of the 

hepatic sympathetic nerves causes hyperglycaemia in a number of animal 

species (Edwards, 1971; 1972). Although there may be indirect actions of 

sympathetic activation (changes in insulin and glucagon levels), there is 

evidence for a direct hepatic effect in that hyperglycaemia results after 

stimulation of the hepatic nerves of animals with denervated pancreases 

(Garceau et al., 1984) and following stimulation of nerves to isolated liver 

preparations (Lautt, 1983). In support of a direct effect in man, human 

hepatocytes are innervated by sympathetic nerves and hepatic nerve 

stimulation has been shown to increase plasma glucose levels in humans 

(Nobin et al., 1977).

These studies did not delineate a physiological role for the sympathetic nervous 

system in glucoregulation nor did they determine the relative importance of 

direct neural versus indirect hormonal regulation of liver glucose production. 

Shimazu suggested that glucose homeostasis may be under dual control.

Direct neural innervation of the liver via sympathetic innervation is likely to be 

responsible for rapid and fine regulation of metabolic changes (e.g. during 

acute stress) whereas hormonal regulation may be responsible for prolongation 

or consolidation of metabolic changes (Shimazu, 1981). The hepatic
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sympathetic nerves have been shown to modulate the actions of insulin and 

glucagon on the liver (Beckh et al., 1982) and the reverse may also be true.

Recently, a number of studies have extended the concept of CNS regulation of 

blood glucose and indicate that the hypothalamus and the hepatic sympathetic 

innervation may have a physiological role in normal glucoregulation.

Studies of central neuroglycopaenia following 2-deoxyglucose administration in 

both humans and rats have demonstrated that the peripheral hyperglycaemic 

response is mediated, at least in part, by direct sympathetic activation of the 

liver. The hyperglycaemic response to 2-deoxyglucose is attenuated in spinal 

man (Brodows et al., 1975) and following guanethidine administration (causing 

sympathetic blockade) in rats (Storlien et al., 1985). In the latter study, it was 

demonstrated that adrenomedullary adrenaline release modulated the 

response by inhibiting insulin secretion but was not the major cause of the 

hyperglycaemic response. The hyperglycaemic response to 2-deoxyglucose 

was accompanied by an increase in hypothalamic noradrenergic 

neurotransmitter activity which has previously been shown to correlate with 

peripheral glucose concentrations (Smythe et al., 1984). Following 

guanethidine administration, hypothalamic noradrenergic activity increased 

further, suggesting that activation of central noradrenergic nerves may drive 

hepatic glucose production via the sympathetic nerves (Storlien et al., 1985).

Moderate physical exercise is accompanied by a rapid increase in hepatic 

glucose output which balances the considerable increase in glucose uptake by 

exercising muscles. In humans this process is extremely precise and rapid and 

only minor changes in peripheral blood glucose levels are seen (Vranic and 

Berger, 1979). Hepatic glucose output during exercise increases before
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changes in peripheral levels of glucoregulatory hormones occur, suggesting 

that the regulatory process is neural rather than hormonal (Chisholm et al.,

1982; Richter et al., 1981).

Recent studies strongly support the view that the sympathetic nervous system 

directly promotes the increase in hepatic glucose output in exercising humans. 

Hoelzer et al (1986) demonstrated that when insulin and glucagon levels were 

prevented from changing during exercise (using somatostatin infusion 

combined with insulin and glucagon replacement), the hepatic response to 

exercise remained largely intact. However, hepatic glucose production and 

plasma glucose levels fell when alpha and 6-adrenergic receptor blockade 

were added. These data implicated either the sympathetic innervation or 

adrenomedullary adrenaline secretion in preventing hypoglycaemia during 

exercise. They replicated the study in adrenalectomised humans, found that 

glucoregulation was intact during exercise and concluded that it was the 

sympathetic nervous system that was critical in promoting the increase in 

hepatic glucose production during exercise. Thus, the sympathetic nervous 

system (and its higher regulatory centres) has an important role in regulating 

hepatic glucose production during exercise.

There is also evidence against the sympathetic nervous system having a role in 

glucoregulation. Glucose counterregulation following insulin induced 

hypoglycaemia is primarily dependent on the release of glucagon and 

adrenaline (Cryer and Gerich, 1985). Studies in both humans and rats indicate 

that the sympathetic nervous system does not appear to have a major role in 

this situation (Gerich et al., 1979; Rizza et al., 1979; Mikines et al., 1985). Thus 

the situation with insulin hypoglycaemia appears to be different from that seen 

following 2-deoxyglucose administration where direct sympathetic activation of
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the liver is an important component of the counterregulatory response (Brodows 

et al., 1975; Storlien et al., 1985).

The difference between the counterregulatory responses induced by insulin 

and 2-deoxyglucose administration could be due to the different prevailing 

circulating levels of insulin. In normal physiology, low blood glucose levels 

always coincide with low insulin levels (e.g. during fasting) and the combination 

of hypoglycaemia and hyperinsulinaemia is never naturally experienced. The 

administration of 2-deoxyglucose, whilst not 'natural', produces a situation not 

dissimilar from normal with low cellular glucose concentrations and low 

circulating insulin levels. Insulin can act as a central signal within the brain 

(Szabo and Szabo, 1972) and detection of insulin within the CNS results in an 

inhibition of liver glucose production (Storlien et al., 1975; Iguchi et al., 1981). 

Thus, in the case of insulin hypoglycaemia, a sympathetic drive to the liver 

could be suppressed by the detection of high circulating insulin levels by the 

brain with counterregulation becoming dependent on (normally redundant) 

hormonal mechanisms.

In NIDDM, the cause of excess hepatic glucose production is unknown and few 

studies have as yet addressed this issue. However, there is some support for a 

potential role for the sympathetic nervous system in causing or at least 

contributing to the increased hepatic glucose output.

Several lines of evidence suggest that NIDDM may be characterised by a state 

of chronically increased basal sympathetic tone. Firstly, blockade of alpha- 

adrenergic receptors with phentolamine results in a greater increase in basal 

and stimulated insulin levels in subjects with NIDDM compared with 

nondiabetic subjects (Robertson et al., 1976; Broadstone et al., 1987). It has
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been suggested that the effect of phentolamine on insulin secretion in NIDDM 

may be due to preferential blockade of presynaptic alpha2-adrenergic receptors 

rather than postsynaptic receptors (Broadstone et al., 1987). Some studies 

have reported elevated plasma catecholamines in NIDDM (Robertson et al., 

1976; Halter and Porte, 1977) and elevated noradrenaline levels in some non

ketotic diabetics (Cryer et al., 1978). However, increased noradrenaline levels 

have not been consistently found and such elevations could be related to poor 

metabolic control with alterations in fluid and electrolyte status (Christensen, 

1979).

Secondly, treatment with guanethidine, a sympathetic blocking drug, has been 

reported to improve glucose tolerance in subjects with NIDDM (Gupta, 1969), 

thyrotoxicosis (Woeber et al., 1966) and nondiabetic subjects (Kansal et al., 

1971). In addition, a new therapeutic agent which has prominent alpha2- 

adrenergic receptor blocking activity has been found to be effective in subjects 

with NIDDM although whether its mechanism of action on hyperglycaemia is 

related to its adrenergic blocking activity is not currently known (Kashiwagi et 

al., 1986).

Finally, it has been demonstrated that during physical exercise, hepatic glucose 

output is regulated abnormally in NIDDM. Blood glucose levels rise in some 

subjects and fall in others despite prevailing hyperglycaemia and the presence 

of normal peripheral insulin and glucagon responses (Minuk et al., 1981; 

Jenkins et al., 1988). As hepatic glucose production during exercise is 

regulated by the sympathetic nerves (Hoelzer et al., 1986), an abnormality of 

sympathetic activation could explain the abnormal response to exercise in 

subjects with NIDDM.
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Rather than having increased sympathetic nervous activity, subjects wi'h 

NIDDM may have increased sensitivity to normal sympathetic tone. It fas IcncJ 

been considered that psychological stress causes hyperglycaemia in sjbjects 

with diabetes whereas nondiabetic subjects are not prone to this (Surwit and 

Feinglos, 1984). Implicit in this assertion is the hypothesis that subjects with 

diabetes are abnormally susceptible to the autonomic and hormonal responses 

which accompany psychological stress (Surwit and Feinglos, 1988).

Psychological stress may cause metabolic changes similar to severe p*iys;ical 

stress such as is seen with surgery, trauma or myocardial infarction. Stess 

induced hyperglycaemia following severe physical stress occurs seconiary to 

increased hepatic glucose production and reduced peripheral glucose jprake 

(Porte and Woods, 1983). These metabolic changes are related to sup)ressio'n 

of insulin secretion, elevated levels of stress hormones and activation o the 

sympathetic nervous system. Psychological stress can cause an incre^e in 

catecholamines (Levi, 1972), cortisol (Bliss et al., 1956) and possibly also 

growth hormone and glucagon levels (Miyabo et al., 1976).

Subjects with insulin dependent diabetes have been demonstrated to h*v<) an 

exaggerated glycaemic response to the administration of adrenaline, ccik;0| 

and glucagon (Shamoon et al., 1980) and are susceptible to severe phsical 

stress (Porte and Woods, 1983). The abnormal glycaemic responses tc 

adrenaline are due to the inability of these subjects to increase insulin Iveis 

(Berk et al., 1985). NIDDM is characterised by beta cell abnormalities ad 

theoretically subjects with NIDDM might also be susceptible to stress boaijse 

of a reduced ability to secrete insulin (Porte and Woods, 1983).
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NIDDM is characterised by several neuroendocrine abnormalities (abnormal 

glucagon, growth hormone and possibly cortisol regulation) which resemble the 

hormonal changes seen in stress states. It has been suggested that these 

neuroendocrine phenomena may be due to a generalised glucoreceptor 

abnormality similar to that seen in the islet beta cells (Ward et al., 1984). 

According to this theory, a central defect in glucose detection could cause the 

glucose sensitive areas of the brain (or other organs) to read the prevailing 

glucose levels as being too low. This secondarily leads to neuroendocrine 

activation (i.e. the release of counterregulatory hormones) which increase blood 

glucose levels. Thus the hyperglycaemia of NIDDM may be analogous to stress 

hyperglycaemia (Porte and Woods, 1983).

Relatively few studies have examined the relationship between psychological 

stress and hyperglycaemia in NIDDM. The early literature on the effects of 

psychological stress rarely differentiated between IDDM or NIDDM and small 

groups of subjects or individual cases have usually been reported (Lustman et 

al., 1981).

Several studies have been carried out aiming to induce psychological stress in 

insulin dependent diabetic subjects in the laboratory. These have failed to 

demonstrate that psychological stress causes an increase in blood glucose 

levels. A recently reported study found that significant psychological stress, as 

judged by cardiovascular responses, was not accompanied by altered 

glycaemia in either well-controlled or hyperglycaemic subjects with IDDM 

(Kemmer et al.,1986). This type of study has not been attempted in NIDDM.

In support of a relationship between psychological stress and hyperglycaemia 

in NIDDM, one study demonstrated that an improvement in glucose tolerance
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occurred following one week of in-patient relaxation therapy (Surwit and 

Feinglos, 1983). The improvement appeared to be independent of effects on 

insulin sensitivity or secretion and was considered to be due to effects on the 

liver. Interestingly, the same researchers have recently reported their findings 

in a group with IDDM using an identical protocol. In contrast to the NIDDM 

study, relaxation conferred no benefit on glucose tolerance (Feinglos et al., 

1987). Thus the available evidence suggests that subjects with NIDDM may be 

susceptible to the effects of psychological stress, whereas there is little 

evidence for such a phenomenon in IDDM.

In summary, there is sufficient evidence to postulate that abnormal liver glucose 

production in NIDDM could be due to abnormal regulation by the sympathetic 

nervous system. Excess liver glucose output could be due to an increased 

sympathetic neural drive to the liver, or alternatively, subjects with NIDDM could 

be hypersensitive to the effects of sympathetic stimulation.
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6.2 Aims of this chapter

The aim of these studies was to test whether hepatic glucose production and 

plasma glucose levels could be influenced by stimulation of the sympathetic 

nervous system and whether subjects with NIDDM had altered sensitivity to 

sympathetic stimulation.

The effects of psychological stress were examined to see whether NIDDM was 

characterised by an increased sensitivity to psychogenic central neural 

stimulation.
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6.3 Sympathetic nervous stimulation

The specific aim of the following studies was to determine whether: (i) 

psychological stress causes hyperglycaemia in subjects with NIDDM, (ii) 

activation of the sympathetic nervous system promotes hepatic glucose 

production and causes blood glucose levels to rise, and (iii) there is altered 

sensitivity to a noradrenergic stimulus in NIDDM. The studies included 

measurements of glucose turnover and the responses of nondiabetic and 

diabetic subjects (NIDDM) were compared. Sympathetic activation was 

induced pharmacologically by oral administration of the sympathomimetic agent 

tyramine. Noradrenaline was administered intravenously at a dose expected to 

increase noradrenaline levels into the high physiological range in order to 

compare the sensitivity of the nondiabetic and diabetic subjects to hormonal 

noradrenergic stimulation. Psychological stress was induced in the laboratory 

using competitive computer games. Control studies were performed for 

comparison.

Tyramine is a naturally occurring sympathomimetic amine which is present in 

minute quantities in several brain regions (Tallman et al., 1976). Tyramine acts 

by releasing noradrenaline from sympathetic nerves and also inhibits neuronal 

uptake of noradrenaline (Rapoport et al., 1981). Tyramine does not alter 

adrenaline secretion (Scriven et al., 1983) and therefore represents a relatively 

pure pharmacological sympathetic neuronal stimulus. Tyramine was 

administered orally in these studies and it was accepted that there may be 

some difficulty, because of variation in absorption, in accurate determination of 

any differential sensitivity to tyramine between the two groups of subjects.
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Noradrenaline infusion has been shown to cause metabolic as well as 

haemodynamic changes when infused to achieve high physiological levels 

(Silverberg et al., 1978). In the present studies, noradrenaline was infused at a 

dose likely to cause a mild increase in glycaemia in nondiabetic subjects 

(Schade and Eaton, 1978) to determine whether there was any difference in 

sensitivity to the adrenergic stimulus.

6.4 Subjects and methods

Eight male subjects with NIDDM and six male nondiabetic subjects participated 

in these studies. Criteria for inclusion were: absence of hypertension or 

antihypertensive therapy, no clinical evidence of autonomic neuropathy (normal 

postural blood pressure responses and absence of symptoms) and no 

contraindication to receiving adrenergic agents (e.g. absence of ischaemic 

heart disease). All subjects had normal serum creatinine levels and none had 

proteinuria. The diabetic subjects were tested for heart rate interval variation at 

rest, which has been shown to be a sensitive test of parasympathetic function 

(Chipps et al., 1981).

Table 6.1 includes demographic and clinical data for the subjects. The two 

groups were well matched for age, degree of obesity (body mass index, kg/m2) 

and blood pressure; all except one diabetic subject were within 15% of ideal 

body weight. Subjects 3 to 7 (table 6.1) took sulphonylureas, the rest were 

treated with diet alone. Two diabetic subjects had clinical evidence of sensory 

peripheral neuropathy (subjects 1 and 4) and another two (subjects 3 and 6) 

had abnormally low heart rate interval variation (i.e. more than one standard 

deviation less than age matched controls, Chipps et al., 1981) indicating the 

presence of abnormal cardiac parasympathetic function. One of the 

nondiabetic subjects (subject 1, table 6.1) who was taking thyroxine for
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hypothyroidism, had been biochemically and clinically euthyroid for 3 years 

before the studies.

All studies were performed in the morning after an overnight fast. Oral 

hypoglycaemic agents were ceased 48 hours before each study. Studies were 

performed at intervals of at least 2 weeks. All except one of the diabetic 

subjects participated in all four studies (control, stress, tyramine and 

noradrenaline) which were performed in random order. One diabetic subject 

suffered a vaso-vagal attack following his first study (psychological stress) and 

was willing only to return for a control study (subject 8).

The subjects were seated comfortably at a desk throughout each study. Prior to 

each study, a catheter was inserted into an antecubital vein for [3-3H]glucose 

infusion for glucose turnover measurements and a second catheter was 

inserted into an ipsilateral dorsal hand vein for arterialised venous blood 

sampling. An additional venous catheter was inserted in the contralateral arm 

for hormone infusion before the noradrenaline infusion studies. A 90 minute 

period was allowed for equilibration of the [3-3H]glucose infusion prior to any 

intervention. Blood pressure (standard mercury sphygmomanometer) and pulse 

rate (continuous ECG monitor) measurements were obtained throughout each 

study. Blood was drawn for plasma glucose and [3-3H]glucose specific activity 

at 5-10 minute intervals and for serum insulin, C peptide, FFA, adrenaline, 

noradrenaline, noradrenaline metabolites, cortisol, ACTH, growth hormone, 

prolactin and plasma glucagon at 15-30 minute intervals throughout the studies.
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Table 6.1 Clinical details of the subjects who participated in the studies. 
* p<0.01 compared with diabetic subjects.

Diabetic subjects

Subject Age Wt BMI Duration Sys BP Dias BP Fasting
yrs kg kg/m2 yrs mmHg mmHg glucose

mmol/I

1 66 84.5 29.6 3 140 79 7.1
2 54 85 26 1 103 66 6.3
3 51 102 31.8 3 138 99 15.2
4 66 75 24.8 11 134 79 11.2
5 58 78 27 0.5 132 96 7.9
6 47 69 23.9 18 101 70 10.2
7 52 83 27.9 2 109 77 9.3
8 58 76 26.3 2 100 68 7.2

mean 56.5 81.6 27.2 5.1 120 79 9.3
±SEM ±2.4 ±3.5 ±0.9 ±2.2 ±6 ±4 ±1.0

Nondiabetic subjects

1 61 65 23.9 _ 118 73 5.9
2 45 70 23 - 124 79 5.7
3 57 68 23 - 115 78 5.3
4 41 64 23.5 - 104 75 4.7
5 61 87 26.3 - 139 90 5.5
6 38 82 25 - 114 71 5.1

mean 50.5 72.7 24.1 - 119 78 5.4*
±SEM ±4.2 ±3.9 ±0.5 ±5 ±2 ±0.2
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Psychological stress: The subjects were required to perform challenging 

psychological tasks by playing competitive computer games. This has 

previously been shown to induce moderate degrees of psychological tension 

and alterations in blood pressure and pulse in nondiabetic individuals (Carroll 

et al., 1985). Only one (nondiabetic) subject had previously played computer 

games and only 3 subjects (one diabetic and 2 nondiabetic) had experience 

with computer terminals.

Before the study, the subjects completed both sections of the State-Trait Anxiety 

Inventory (Spielberger et al., 1983) which has been designed to measure both 

chronic (trait) and acute (state) anxiety levels. The state section (S-anxiety 

scale) has been used extensively to assess the level of anxiety induced by 

stressful experimental procedures and may be used serially (Spielberger et al., 

1983). This was completed again at the end of the study to allow an estimation 

of the subjects' own perception of the experimental stress.

The subjects were seated in front of a computer terminal (Apple lie, Apple 

Computers). They were informed that they would be required to perform a 

series of unspecified psychological tests, the results of which were to be 

compared with other previously studied subjects. After the 90 minute 

equilibration period, they were then asked to play a series (2 to 3) of 

commercially available computer games for a period of 60 minutes. Each game 

was briefly demonstrated to them and they were given a (difficult to achieve) 

target score. They were informed that the given target score was the average 

obtained by previously studied subjects and had to be reached within 20 

minutes. After 20 minutes, they were given a new task, which could start sooner 

when they had reached the target score of the previous game. Their
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performance was critically evaluated at intervals throughout the 60 minutes in 

an attempt to encourage greater effort.

Tvramine administration: Following the 90 minute equilibration period (of 

tritiated glucose infusion), the subjects swallowed 800 mg tyramine 

hydrochloride in capsules (200 mg per capsule). Blood pressure, pulse and 

blood samples were obtained for a further 90 minutes.

Noradrenaline administration: Noradrenaline hydrochloride solution was 

dissolved in 500 ml 0.9% saline and 250 mg ascorbic acid to give a 

concentration of 8 pg/ml. The infusion was prepared on the morning of the 

study and protected from light before administration. Noradrenaline solution 

was infused at a rate of 60 ng/(min.kg) for 60 minutes after the initial 90 minute 

equilibration period and blood sampling, pulse and blood pressure 

measurements continued for a further 90 minutes.

Catecholamine and tvramine measurments: Plasma catecholamines were 

measured using two methods (see chapter 2.3). Plasma levels of 

noradrenaline and adrenaline were measured using a radioenzymatic assay.

In addition, plasma noradrenaline was measured at baseline and at 60 minutes 

after the commencement of each study condition using a highly specific and 

precise gas chromatograph/mass spectrometry (GC/MS) assay. In these 

samples, plasma free levels of the noradrenaline metabolite, 

dihydroxyphenylethylene glycol (DHPG) were also determined by GC/MS. 

Circulating DHPG levels may provide a better index of sympathetic nervous 

activity than noradrenaline levels in some circumstances (Goldstein et al., 

1988).
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Plasma levels of free methoxyhydroxyphenylethylene glycol (MHPG), another 

metabolite of noradrenaline, were also determined in these studies using 

GC/MS methodology. MHPG appears to be the major noradrenaline metabolite 

released from the brain into the blood (Kopin, 1985) and significant correlations 

between brain, CSF and plasma concentrations of MHPG have been observed 

in several species including humans (Crawley et al., 1978; Jimerson et al.,

1981) It has been suggested that plasma levels of MHPG may reflect central 

neuronal noradrenergic activation (Maas, 1984; Elsworth et al., 1983). This is 

controversial, as MHPG diffuses freely into the CSF, which may explain the 

observed relationships (Kopin, 1985). Recently however, plasma MHPG levels 

have been shown to correlate directly with hypothalamic noradrenergic turnover 

in the rat (Grunstein et al., 1986) supporting the use of MHPG measurements as 

an index of central noradrenergic activation at least in that species.

In the tyramine administration studies, tyramine levels were estimated using 

GC/MS in the MHPG samples by reference to the internal deuterated MHPG 

standard. As no internal standard for tyramine was incorporated in these 

assays, the tyramine levels obtained were expressed in arbitrary units/ml.

These estimations at best, provide a semi-quantitative estimate of the degree 

and timing of tyramine absorption after oral administration of the agent.

Data handling and statistics: The mean blood pressure was calculated from the 

systolic and diastolic pressures (1/3 difference + diastolic pressure). The data 

was evaluated as absolute responses and incremental responses above 

baseline. Baseline hormone and FFA values are the mean of two samples 

taken at -30 and 0 minutes before each study condition. Baseline plasma 

glucose and glucose turnover measurements are the mean of two samples 

taken at -10 and 0 minutes before the study condition. Total incremental
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responses were calculated (area under the curve) using a computer program. 

Where any parameter altered during the control studies (e.g. plasma glucose 

levels fell in the diabetic subjects), total and incremental responses were 

subtracted from the control curve. Total incremental responses were compared 

between the diabetic and nondiabetic groups by unpaired Student's t test. 

Paired t tests were used where appropriate. Single and multiple linear 

regression analysis used the method of least squares.
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6.5 Results

Baseline values: Mean basal values (mean of basal estimations for all study 

conditions, each basal value the mean of at least two pre-study estimations) for 

heart rate, arterial plasma glucose, glucose turnover measurements, FFA and 

hormone estimations are displayed in table 6.2. There were significantly 

increased levels of plasma glucose (p<0.01), insulin (p<0.02) and C peptide 

(p<0.02) and significantly increased rates of hepatic glucose output (Ra, 

p<0.005) and peripheral glucose disposal (Rd, p<0.005) in the diabetic 

compared with the nondiabetic subjects. Glucose clearance was non- 

significantly greater in the nondiabetic subjects (p<0.1). There was no 

difference in basal levels of FFA, noradrenaline, MHPG, DHPG, adrenaline, 

glucagon, cortisol, ACTH, prolactin, growth hormone, heart rate or blood 

pressure (table 6.1) between the two groups.

There was no difference in basal values for any measured parameter before 

each of the four study conditions in either group (ANOVA, table 6.3).



Table 6.2 Mean baseline data for the diabetic and nondiabetic subjects.
These values are the mean of basal values before each study condition (i.e. 2 
or 4 studies). * indicates significant difference between groups (see text).
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Plasma Ra Rd Glucose Insulin C peptide
glucose pmol/ pmol/ clearance
mmol/l kg.min kg.min l/min mU/l pg/ml

NIDDM 9.311.0* 22.7±1.4* 23.7±1.4* 0.20±0.01 11.9±1.9* 2.710.4*

Nondiabetic5.4±0.2 16.0±0.9 16.3±0.9 0.23±0.01 4.4±1.5 1.3±0.2

FFA Glucagon 
mmol/l ng/ml

Cortisol
nmol/I

ACTH
ng/l

GH
mli/l

Prolactin
mlU/l

NIDDM 0.66±0.08 33±5 165±27 9.6±1.9 0.9±0.2 121120

Nondiabetic0.67±0.06 41 ±5 192±20 12.5±2.9 3.3±1.3 122116

Pulse Adren Noradren Noradren MHPG DHPG 
(radioenz) (GC/MS)

nmol/l nmol/l nmol/l nmol/l nmol/l

NIDDM 7014 0.410.1 1.210.2 2.510.2 21.112.4 6.510.8

Nondiabetic 6715 0.410.1 1.310.3 2.510.3 22.411.4 6.810.4
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6.5.1 Basal correlations

There was a significant positive correlation between fasting plasma glucose 

levels and basal rates of hepatic glucose production (Ra) in the diabetic 

subjects (r=0.70, p<0.04) and in the total subject group (r=0.83, p<0.001) but 

not in the nondiabetic subjects (r=0.14). Basal plasma glucose levels 

correlated with basal DHPG (r=0.77, p<0.042) but not with basal noradrenaline 

or MHPG levels in the diabetic subjects (figure 6.1). There were no correlations 

between plasma glucose and these parameters in the nondiabetic subjects. 

There were significant positive correlations between basal plasma glucose 

levels and basal insulin (r=0.57, p<0.033) and the insulin/glucagon ratio 

(r=0.89, p<0.001); there was also a nonsignificant negative correlation with 

glucagon (r=-0.50, p<0.07, figure 6.2). In addition, Ra correlated positively with 

the insulin/glucagon ratio (r=0.70, p<0.006) and there was a significant 

negative relationship between Ra and basal glucagon (r=-0.69, p<0.006).

There were also significant positive correlations between basal FFA levels and 

basal DHPG (r=0.72, p<0.005) and MHPG levels for all the subjects combined 

(r=0.63, p<0.02).

Multiple regression analysis was used to examine further the relationships 

between basal levels of glycaemia (as the dependent variable) and insulin, 

glucagon and DHPG. In these analyses, the data for the diabetic and the 

nondiabetic subjects were entered into the regressions separately and 

combined. No significant relationships were seen for the nondiabetic data 

alone. However, the insulin/glucagon ratio (p<0.001) and DHPG (p<0.006) 

independently correlated with plasma glucose in the diabetic subjects (r=0.97) 

and similar correlations were seen (p< 0.001 and p<0.01 respectively) for the 

combined group of subjects (r=0.94). Similar analysis was performed
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substituting MHPG or noradrenaline for DHPG in the regression. This also 

revealed significant independent correlations for MHPG (p<0.044) and the 

insulin/glucagon ratio (p<0.0001) with basal plasma glucose levels (r=0.93) 

There were no correlations with noradrenaline.



Figure 6.1 The relationship between basal DHPG and plasma glucose levels 
in the diabetic (closed symbols) and nondiabetic subjects (open symbols). The 
correlation and the fitted regression refer to the diabetic subjects only.
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r=0.77, p<0.04
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Figure 6.2 Relationships between basal plasma glucose levels and serum 
insulin (top panel), plasma glucagon (middle panel) and the insulin/glucagon 
ratio in the diabetic (closed symbols) and nondiabetic subjects (open symbols). 
The correlation coefficients and regression lines refer to all subjects combined.

r=0.57

r=-0.58

r=0.89, p<0.001

0.4 -

Basal glucose - mmol/I
4 16
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6.5.2 Noradrenaline study

Noradrenaline infusion resulted in similar increases in arterial noradrenaline 

levels in both groups of subjects whether measured by GC/MS or the 

radioenzymatic method (table 6.4). There was however, a disparity in the 

levels achieved by the infusion measured by the two noradrenaline assays 

(diabetic vs nondiabetic: final level (GC/MS assay) 14.1 ±1.5 vs 12.9±1.0 nmol/I; 

mean steady state level (radioenzymatic assay) 5.6±1.6 vs 4.2±1.9 nmol/I). 

Adrenaline levels did not alter during noradrenaline infusion.

Cardiovascular responses (figure 6.3): Noradrenaline infusion caused 

increases in systolic blood pressure and reductions in heart rate in all subjects 

which rapidly normalised after cessation of the infusion. The diastolic pressure 

rose significantly in the diabetic (p<0.05) but not the nondiabetic subjects.

There was a significantly greater systolic pressor response and a 

nonsignificantly greater diastolic pressor response in the diabetic compared 

with the nondiabetic subjects (integrated systolic response above baseline:

1112±149 vs 599±53 mmHg/60 mins, p<0.02; diastolic 289±136 vs 100±133 

mmHg/60 mins, NS). In addition, the mean blood pressure response was 

significantly greater in the diabetic subjects (p<0.02). There was no difference 

in the heart rate responses between the two groups.
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Figure 6.3 Mean (±SEM) incremental systolic pressor, diastolic pressor and 
heart rate responses to the noradrenaline infusion (from 0-60 minutes) in 
nondiabetic (open symbols) and diabetic subjects (closed symbols).

Minutes
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Glucose and glucose turnover responses (figure 6.4): Noradrenaline infusion 

resulted in a significant increase in plasma glucose levels in both groups of 

subjects. The diabetic subjects had significantly greater plasma glucose 

responses than the nondiabetic subjects with greater maximal increments 

(above control condition, 2.1±0.4 vs 0.6±0.2 mmol/l, p<0.005), greater 

integrated responses (71.3±13.3 vs 19.4±4.1 mmol/(60 min.I), p<0.01) and 

greater maximum increments when expressed as percent of baseline values 

(21 ±3 vs 10±3%, p<0.05)). Ra increased significantly in both groups of 

subjects during noradrenaline infusion (p<0.01). This increase in Rathen 

waned despite continued hormone infusion. The increase in Rawas 

significantly greater in the diabetic subjects compared with the nondiabetics 

(peak increment, 17.3±2.9 vs 8.1±3.0 pmol/(kg.min), p<0.05; integrated 

increment, 521.9±145.6 vs 115.9±57.6 |imol/(kg.60 min), p<0.05). There were 

no significant changes in Rd in either group. However the glycaemic response 

in the diabetic subjects appeared to be influenced by a decrease in peripheral 

glucose uptake at the end of the noradrenaline infusion as rates of glucose 

clearance fell and were significantly lower 60 minutes after the start of the 

infusion (p<0.05). Glucose clearance did not alter in the nondiabetic subjects.
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Figure 6.4 Mean (±SEM) incremental plasma glucose responses (top panel) 
to the noradrenaline infusion (open symbols) compared with control (closed 
symbols) and the Ra, Rd and glucose clearance responses, (diabetic subjects, 
left panels; nondiabetic subjects, right panels).

NIDDM Nondiabetic

E 2-

Minutes Minutes
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Insulin. C peptide, glucagon and FFA (figure 6.5V. Arterial plasma insulin levels 

were not significantly altered by noradrenaline infusion in the nondiabetic 

subjects. In the diabetic subjects, plasma insulin levels became significantly 

depressed 15 minutes after the start of noradrenaline infusion (-4.5±1.7 mLI/l, 

p<0.05) and subsequently rose above control levels despite continuing 

hormone infusion presumably due to glycaemic stimulation of the beta cells. 

There was no significant alteration in C peptide concentrations in the 

nondiabetic subjects whereas in the diabetic subjects, there was an initial 

transient, significant fall in C peptide concentrations 15 minutes after the start of 

the infusion (-0.8±0.3 pg/l, p<0.05). After noradrenaline was ceased, plasma C 

peptide levels rose nonsignificantly above control (p<0.1) in the diabetic 

subjects compatible with release of suppression of the beta cells after cessation 

of the hormone infusion.

Mean arterial plasma glucagon levels rose nonsignificantly during 

noradrenaline infusion in both the diabetic and nondiabetic subjects (p<0.1). 

The glucagon responses were nonsignificantly greater in the diabetic subjects 

compared with the nondiabetics (integrated responses above control condition, 

1862±770 vs 743±326 ng/(l.60 min)).

Noradrenaline infusion resulted in considerable increases in plasma FFA 

levels in both groups of subjects. These were nonsignificantly greater in the 

diabetic subjects than in the nondiabetic group (integrated responses above 

the control condition, 42.60±5.85 vs 31.23±2.73 mmol/(l.60 min)).
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Figure 6.5 Mean (±SEM) incremental insulin, C peptide, glucagon and FFA 
responses to the noradrenaline infusion in the diabetic (left panels) and the 
nondiabetic subjects. Control data is also displayed, symbols are as in fig 6.4.
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Noradrenaline metabolites (table 6.4): There was a significant transient 

increase in circulating levels of the noradrenaline metabolite MHPG during 

intravenous noradrenaline administration which was of similar magnitude in 

both groups of subjects. After the initial rise, MHPG levels then fell and became 

not significantly different from basal despite continued noradrenaline infusion. 

Circulating DHPG levels at the end of the noradrenaline infusion increased 

nonsignificantly from baseline in both groups of subjects.

Correlations: There was a significant positive correlation between the 

glycaemic and the systolic pressor responses during noradrenaline infusion 

(r=0.65, p<0.02, figure 6.6).
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Table 6.4 Mean (±SEM) MHPG, DHPG, noradrenaline (NA, measured by both 
GC/MS and radioenzymatic methods) and adrenaline levels (all in nmol/I) at 
baseline and after 30 and 60 minutes of constant noradrenaline infusion (0-60 
minutes). * significant increase compared with basal.

NIDDM Nondiabetic

Basal 30 60 Basal 30 60

MHPG 13.713.0 31.114.9* 17.114.3

C
D

c\i
-H00c\i 29.015.1* 15.911.9

DHPG 6.811.1 - 7.311.6 5.910.4 - 8.611.3

NA(GC/MS) 2.710.4 - 14.111.5* 2.310.2 - 12.911.0*

N A(radio) 1.510.4 5.211.7* 5.712.0* 1.410.6 5.012.0* 4.512.4*

Adren 0.410.1 0.410.2 0.410.1 0.410.2 0.410.2 0.510.3
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Figure 6.6 Correlations between the integrated glycaemic and systolic 
pressure responses during noradrenaline infusion (top panel) and after oral 
tyramine (bottom panel) for all subjects, (diabetic subjects, closed symbols).
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6.5.3 Tyramine study

Oral tyramine administration resulted in significant increases in circulating 

levels of noradrenaline, MHPG and DHPG in both groups of subjects with no 

difference in the responses between the groups (table 6.5). Circulating 

tyramine levels also increased in both groups of subjects with little apparent 

difference in the absorption profiles of either group although there was wide 

variation in the estimated levels (table 6.5). There was no change in 

adrenaline levels.

Cardiovascular responses ffigure 6.7): Tyramine administration caused a 

significant increase in the systolic blood pressure in both groups of subjects. 

This was nonsignificantly greater in the diabetic subjects compared with the 

nondiabetic subjects (peak systolic increment, 49±8 vs 40±7 mmHg; total 

integrated increment, 1926±321 vs 1293±254 mmHg/180 min, p<0.2). The 

diastolic blood pressure rose significantly in the diabetic subjects (p<0.05) and 

nonsignificantly in the nondiabetic subjects with no significant difference 

between the responses of the two groups. Five of the seven diabetic subjects 

and five of the six nondiabetic subjects experienced a fall in heart rate at the 

time of maximal systolic pressure response whereas the other subjects had an 

increase in heart rate. This variability resulted in no significant change in heart 

rate in the nondiabetic subjects and a significant fall in heart rate 30 minutes 

after tyramine in the diabetic subjects (p<0.01).



187

Table 6.5 Mean (±SEM) noradrenaline, MHPG, DHPG (determined by GC/MS 
and in nmol/l) and tyramine levels (arbitrary units) at baseline and at 30 and 60 
minutes after oral tyramine administration. * p<0.01 versus basal.

NIDDM Nondiabetic

Basal 30 60 Basal 30 60

NA(GC/MS) 2.4±0.2 - 3.310.3* 2.410.4 - 4.610.8*

N A(radio) 1.1±0.4 1.310.5 1.210.4 1.510.4 3.011.0 3.210.9*

MHPG 23.414.0 26.014.8 34.016.8* 30.814.8 36.415.4 45.915.4*

DHPG 7.010.6 - 15.311.3* 6.111.1 - 13.712.6*

Tyramine 0 6451352 14761444 0 5981466 8401474

Adrenaline 0.510.1 0.410.2 0.510.2 0.410.2 0.410.2 0.510.3
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Figure 6.7 Mean (±SEM) incremental systolic pressor, diastolic pressor and 
heart rate responses from baseline to oral tyramine administration in the 
diabetic (closed symbols) and nondiabetic subjects (open symbols).
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Glucose and glucose turnover (figure 6.8): There was a significant increase in 

plasma glucose after tyramine administration in both groups of subjects 

(p<0.025) with no significant difference in the glycaemic responses between 

the two groups (integrated responses above control: 33.7±10.9 vs 20.5±6.3 

mmol/(l.90 mins)). The increase in plasma glucose following tyramine 

appeared to be due to an increase in Ra. This increased nonsignificantly in the 

diabetic (p<0.1) and nondiabetic subjects (integrated increment above control, 

347.1±148.6 and 111.4±288.6 jimol/(kg.90 min)). When the data for all 

subjects were combined, there was a significant increase in Ra after tyramine 

(p<0.05). There was no significant alteration in Rd or glucose clearance after 

tyramine administration.

Insulin. C peptide, glucagon and FFA (figure 6.9T There were no significant 

changes in serum insulin or C peptide after tyramine in the diabetic and the 

nondiabetic subjects. There were variable (nonsignificant) increases in plasma 

glucagon levels in both groups of subjects with no difference seen in the 

responses between the diabetic and nondiabetic subjects (integrated 

increments, 1613±883 vs 1210±597 ng/(l.90 min)). Oral tyramine caused a 

significant increase in mean FFA levels in the diabetic subjects (p<0.05). In the 

nondiabetic subjects, FFA levels rose to an extent comparable to the diabetic 

subjects in four of the six subjects resulting in no significant difference between 

the FFA responses of the two groups.
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Correlations: There was a significant positive correlation between the systolic 

blood pressure responses and the glycaemic responses after oral tyramine 

(r=0.64, p<0.02, figure 6.6). There was also a significant positive correlation 

between the glycaemic responses and the estimates of tyramine absorption 

(integrated tyramine areas, r=0.65, p<0.032).
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Figure 6.8 Mean (±SEM) incremental plasma glucose, Ra, Rd and glucose 
clearance responses to oral tyramine (open symbols) compared with control 
(diabetic subjects, left panels; nondiabetic subjects, right panels).
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Figure 6.9 Mean (±SEM) incremental insulin, C peptide, glucagon and FFA 
responses to oral tyramine (open symbols) compared with control (diabetic 
subjects, left panels; nondiabetic subjects right panels).
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6.5.4 Psychological stress

Psychological and cardiovascular responses: There was considerable variation 

in the responses (both psychological and physical) of the subjects to the 

psychological stressor. Three subjects (two diabetic and one nondiabetic) 

reported that they did not feel pressured or stressed; most subjects reported 

feelings of mild to moderate irritation, frustration or anxiety; one diabetic subject 

felt (and looked) severely stressed and upset during the computer games. One 

other diabetic subject (who reported feeling moderately frustrated by the 

games) suffered a vaso-vagal attack within five minutes of ceasing the task.

Five of the eight diabetic subjects and all six of the nondiabetics completed the 

anxiety inventory satisfactorily (one diabetic subject was not sufficiently 

proficient in written English, the responses of the subject who fainted were not 

considered appropriate and in one subject the post-stressor questionnaire was 

omitted in error). There was no difference between the groups in baseline 

scores obtained from the anxiety questionnaire (acute anxiety, 25±2 vs 26±2; 

chronic anxiety, 35±4 vs 34±6; possible range, 20-80 for each). All subjects 

scored higher state-anxiety scores after the task than at baseline (p<0.005).

The nondiabetic subjects scored significantly higher during the games than the 

diabetic subjects (delta score, 19±4 vs 8±1, p<0.05).

All the subjects had an increase in blood pressure and all, except one, had an 

increase in heart rate during the computer games (figure 6.9). One diabetic 

subject had a bradycardic response with episodes of the Wenckebach 

phenomenon. This has been reported to occur in some subjects during 

psychological stress (Carruthers and Taggart, 1973). The heart rate responses 

(excluding the subject with a bradycardic response) were nonsignificantly 

greater in the nondiabetic subjects (maximum increase in heart rate, 16±4 vs
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11 ±1 beats/min; integrated incremental response, 597±164 vs 346±46 

beats/60 min). The nondiabetic subjects had a nonsignificantly greater systolic 

pressure response (integrated incremental response, 879±235 vs 458±66 

mmHg/60 min, p<0.1; maximum increment from baseline, 21+5 vs 16±5 mmHg, 

NS) and a nonsignificantly greater diastolic pressure response than the 

diabetic subjects (integrated response, 403±147 vs 284±77 mmHg/60 min).
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Figure 6.9 Mean (±SEM) incremental heart rate, systolic and diastolic pressor 
responses to the psychological stress in the diabetic (n=8, closed symbols) and 
nondiabetic subjects (n=6, open symbols).
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FFA and stress hormones: There was a significant increase in FFA levels 

during the psychological stress in both groups of subjects (p<0.05, figure 6.10) 

which was nonsignificantly greater in the nondiabetic subjects (integrated 

responses above control condition, nondiabetics 6.81±2.26 vs 2.35±0.86 

mmol/(l.60 min)). There was no significant change in mean circulating levels of 

cortisol, ACTH, adrenaline, noradrenaline, or growth hormone (table 6.6).

There was a significant fall in prolactin levels compared with baseline in the 

diabetic subjects only (see below and fig 6.12).

Glucose, glucose turnover and pancreatic hormones: Psychological stress had 

no significant effect on mean blood glucose levels in either subject group 

(figure 6.10). Neither was there any substantial glycaemic response in any 

individual subject. There was also no change in Ra or Rd in either group.

Psychological stress caused nonsignificant falls in insulin and C peptide levels 

in the diabetic subjects (integrated difference from control: insulin, -86.9±71 

mU/(l.60 min); C peptide, -21.7±13.9 jig/(l.60 min), figure 6.10). In the 

nondiabetic subjects, psychological stress did not alter plasma insulin levels 

appreciably although there was a nonsignificant fall in C peptide levels (- 

15.6±10.7 pg/(l.60 min)). There was no change in plasma glucagon levels 

during the stress condition (table 6.6).
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Figure 6.10 Mean (±SEM) incremental FFA, insulin, C peptide and plasma 
glucose responses during psychological stress (open symbols) compared with 
control in the diabetic (left panels) and nondiabetic subjects (right panels).

NIDDM Nondiabetic
0.4

0.3

0.2

0.1

0.0

-0.1 

8

4

0

-4

-8

1.0

-0.0

-1.0

1

- 0

0 30 60 90 0 30 60 90
Minutes Minutes



Ta
bl

e 6
.6

 M
ea

n (
±S

EM
) v

al
ue

s o
f t

he
 m

aj
or

 st
re

ss
 ho

rm
on

es
 du

rin
g t

he
 co

nt
ro

l a
nd

 ps
yc

ho
lo

gi
ca

l s
tre

ss
 co

nd
iti

on
s i

n 
th

e 
di

ab
et

ic
 (n

=8
) a

nd
 no

nd
ia

be
tic

 su
bj

ec
ts

 (n
=6

). D
at

a 
at

 ti
m

es
 0,

 30
 a

nd
 60

 m
in

ut
es

 a
re

 g
iv

en
.

o
CD 10 *-< o 
.0
!q
3
CD

o o 
'.3 co
CDn
CO
■5c
o
z

o
CD

o0^
n
<D o 

co

Q
Q

00
LO
+1
o
CO
C\J

o
LO
+1

LO
CM
+1
CD
LO

CO

$
CMO
CM

O O 
LO CO 
+1 +1 
O CO
T- o
CM CM

r>-
CO+1
CM00

CO
LO
+1
CO

I o
I CM

Is-
CO+1
o

o
LO+1

CM -M- 
LO CO 
+1 +1 
O CM 
LO CO

O </) 
d cd

o d 
o <d

o
(D ^

■■E °O E 
O c

+1
CO

+1'M'

cn
+1
CO

LO 00

$ 5
o o
^ LO

LO 00

+1’M"
CO

+1cn
LO

CO o

+i +i
CM O 
'M- CO

+1
CO

CO
V, +1
S <o
LO T_

o </)
d CD

o d
O CD

c
o
CD
CDo
3 — 
— CD
O c

o
+1
CO
d

CO
d
+1
LO
d

1- CM
d d 
+1 +1 'M-
d d

CM CM

d d

s s
LO CO
d d

CO LO
d d

CO LO
d d

p </)
d (o
o d
O <0

0
c
75
C “
£ o 
■a E < c

d d 
+1 +1 
00 CO

d d
$ a

CO LO

s sCO o

LO

s s00 O

cm

s s
i— CO

CM CO

s s
O T-

P <0
d v) 
o d
O (0

o
c
75c
0
v.
■o

o
z

o
E
c

TJ0 N
or

ad
re

na
lin

e 
co

nt
ro

l 
2.

01
0.

3 
- 

2.
0±

0.
2 

2.
4±

0.
3 

- 
2.

6±
0.

4
(G

C
/M

S)
 nm

ol
/I 

st
re

ss
 

2.
4±

0.
2 

- 
2.

6±
0.

4 
2.

4±
0.

4 
- 

3.
4±

0.
4



199

Correlations: There were significant positive correlations between the delta 

score of the anxiety questionnaire and the FFA (r=0.71, p<0.014) and heart rate 

responses (r=0.70, p<0.01) during the stress condition. There was a correlation 

between the delta anxiety score and the adrenaline responses which 

approached statistical significance (r=0.59, p<0.08). There were also significant 

correlations between the FFA responses and the heart rate (r=0.73, p<0.005), 

systolic blood pressure (r=0.63, p<0.02) and diastolic blood pressure responses 

(r=0.66, p<0.02) during the stress. There was a significant positive correlation 

between the cortisol and diastolic pressure responses (r=0.64, p<0.03). Finally, 

there were significant negative correlations between the prolactin responses to 

the stress condition and the cortisol (r=-0.72, p<0.008) and diastolic pressure 

responses (r=-0.66, p<0.019).
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6.5.5 Cortisol, ACTH, prolactin and GH responses

Cortisol and ACTH: As already described, no significant change in cortisol or 

ACTH levels was seen during psychological stress. Similarly, during tyramine 

administration, no significant changes in circulating levels of cortisol or ACTH 

were seen (data not shown). However, during noradrenaline infusion, there 

was a significant fall in cortisol levels compared with control in both the diabetic 

and nondiabetic subjects (integrated responses, p<0.05) with no significant 

difference in the magnitude of the responses between the groups (figure 6.11).

These changes appeared to be due to a fall in ACTH levels. There was a 

nonsignificant fall in the integrated ACTH responses in both the diabetic 

(integrated fall, p<0.1) and nondiabetic subjects (integrated fall, p<0.2) and 

ACTH levels were nonsignificantly lower than control 60 minutes after 

noradrenaline infusion in both groups (p<0.1). As there was no difference 

between the groups in either the cortisol or ACTH responses, the ACTH data 

was analysed together. When analysed thus, there was a significant fall in 

ACTH levels in the whole experimental group during noradrenaline 

administration (p<0.02).

Prolactin (figure 6.12): There was a significant fall in prolactin levels during 

psychological stress in the diabetic subjects (integrated response, p<0.05) 

which was not seen in the nondiabetic subjects. There were no significant 

changes in prolactin levels during noradrenaline infusion. Tyramine 

administration resulted in a nonsignificant fall in prolactin levels compared with 

control in both groups of subjects. When the data from the diabetic and 

nondiabetic subjects was analysed together, the fall in prolactin after tyramine 

remained statistically nonsignificant (p<0.1).
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Growth hormone: Growth hormone levels did not alter significantly during any of 

the study conditions compared with control.
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Figure 6.11 The cortisol and ACTH responses during noradrenaline 
administration in diabetic (left panels) and nondiabetic subjects (right panels). 
Closed symbols represent the control condition.
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Figure 6.12 The prolactin responses during psychological stress (top), 
noradrenaline infusion (middle), and tyramine administration (bottom) in the 
diabetic (left panels) and nondiabetic subjects (right panels). Closed symbols 
represent the control condition.
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6.6 Discussion

The main findings of these studies are as follows: (i) infusion of noradrenaline 

to moderately high physiological levels caused a greater pressor response and 

a greater hyperglycaemic effect in the subjects with NIDDM compared with 

nondiabetic subjects, (ii) oral tyramine administration caused a modest rise in 

glycaemia in both nondiabetic and diabetic subjects which was due to an 

increase in hepatic glucose production, (iii) acute psychological stress, 

sufficiently severe to cause cardiovascular responses and increased levels of 

FFA levels, failed to cause an increase in blood glucose levels in the 

nondiabetic and diabetic subjects, and (iv) basal plasma glucose levels 

correlated with baseline indices of sympathetic noradrenergic activity in the 

subjects with NIDDM.

6.6.1 Noradrenaline study

As stated above, noradrenaline infusion resulted in significantly greater pressor 

and glycaemic responses in the subjects with NIDDM compared with 

nondiabetic subjects. There was a positive correlation between the pressor 

and glycaemic responses indicating that the effect of noradrenaline on these 

different physiological systems was probably mediated by a similar mechanism.

The difference in responsiveness between the diabetic and nondiabetic 

subjects was not due to differences in noradrenaline metabolism as similar 

arterial noradrenaline levels were seen basally and similar concentrations 

were achieved by the infusions in both groups of subjects. This is consistent 

with published data showing unchanged noradrenaline clearance rates in 

insulin dependent diabetic subjects (Hoeldtke and Cilmi, 1984; Dejgaard et al., 

1986). Noradrenaline was measured by two separate assays in these studies 

and the results from either method support this conclusion.
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There was a disparity in the levels of noradrenaline measured by the two 

assays, with the radioenzymatic method estimating lower levels. The GC/MS 

assay is an extremely precise and accurate measure and it is likely that the 

radioenzymatic assay underestimated the levels basally and achieved during 

noradrenaline infusion. In support of this, the levels achieved during the 

noradrenaline infusion as ascertained by the GC/MS assay correspond closely 

to the threshold for biological effects (Cryer, 1980) and are consistent with the 

pressor and glycaemic effects produced in the nondiabetic subjects. The lower 

levels (as determined in the radioenzymatic assay) lie below this threshold and 

such concentrations would not be expected to produce effects on blood 

glucose levels (Cryer, 1980).

The physiological mechanisms for the hyperglycaemic effect of noradrenaline 

are complex. They include direct and indirect (hormone mediated) actions 

which cause alterations in both hepatic glucose production and peripheral 

glucose utilisation. These actions of noradrenaline may be mediated by 

different adrenergic receptor types. Noradrenaline infusion raises circulating 

levels of the catecholamine and therefore its effects may reflect hormonal rather 

than neurotransmitter actions of noradrenaline. However, high circulating 

levels of noradrenaline may more closely reproduce the levels of noradrenaline 

seen at the synapse during sympathetic nerve firing. On the other hand, 

circulating noradrenaline could also have effects on endogenous sympathetic 

nervous activity by altering presynaptic receptor activity (Langer et al., 1977) 

and high levels may suppress endogenous sympathetic activation (Izzo et al., 

1982). Finally, the effects of circulating noradrenaline are likely to act 

peripherally but central neural mechanisms could also be involved.
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Noradrenaline infusions at comparable rates to the present study have 

previously been shown to cause modest elevations in blood glucose in 

nondiabetic subjects (Schade and Eaton, 1979; Sacca et al., 1980) due to a 

transient increase in hepatic glucose production with little increase in 

peripheral glucose uptake (Sacca et al., 1980). A similar mechanism was 

operative in both the diabetic and nondiabetic subjects in the present study. 

However there was a greater rise in hepatic glucose output in the subjects with 

NIDDM which caused the excessive glycaemic response.

Peripheral glucose uptake did not alter greatly in either group but this may have 

been inappropriate in the diabetic subjects considering the higher levels of 

blood glucose. Reduced peripheral glucose uptake probably played a role in 

maintaining the hyperglycaemia as glucose clearance (which is a measure of 

the efficiency of glucose disposal (Radziuk and Lickley, 1985)) fell significantly 

in the diabetic subjects as glucose production declined to basal. Thus the 

reduction in glucose clearance explains why blood glucose levels remained 

elevated in the diabetic subjects after the noradrenaline infusion was ceased 

whereas blood glucose rapidly returned to baseline in the nondiabetic subjects.

Noradrenaline administration also caused pancreatic hormone responses. 

Insulin levels fell transiently in both groups of subjects but the fall was of greater 

magnitude and statistically significant in the diabetic subjects. Subsequently 

insulin concentrations rose in the diabetic subjects presumably due to 

glycaemic stimulation.

Catecholamines inhibit insulin secretion by an alpha-adrenergic mechanism 

(probably alpha2) and stimulate insulin secretion by a f3-adrenergic mechanism 

(Skoglund et al., 1986; Samols and Weir, 1979). The initial inhibition of insulin
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secretion was therefore due to an alpha-inhibitory effect and the data suggest 

that pancreatic beta cells in NIDDM may be abnormally sensitive to the 

inhibitory effect of noradrenaline. As some of the nondiabetic subjects had 

basal insulin levels at or below the limit of sensitivity of the assay, an inhibitory 

effect of noradrenaline on insulin secretion could have been missed. However 

the C peptide data also indicate that noradrenaline had a greater inhibitory 

effect in the diabetic compared with the nondiabetic subjects.

Noradrenaline infusion caused a variable increase in glucagon levels in both 

groups of subject. Noradrenaline has been shown to stimulate glucagon 

secretion in humans in some but not all studies (Schade and Eaton, 1977; 

1978; Silverberg et al., 1978; Keller et al., 1984). The glucagon responses in 

the diabetic subjects occurred in the face of greater increases in blood glucose 

levels which normally would be expected to inhibit glucagon secretion (Gerich 

et al., 1976; Beard et al., 1983). Therefore the pancreatic alpha cells in the 

subjects with NIDDM may have had an increased sensitivity to noradrenaline. 

Adrenaline stimulates glucagon secretion (Rizza et al., 1979; Gray et al., 1980) 

by 6-adrenergic mechanisms (Rizza et al., 1980) although alpha-receptors may 

also play a role (Samols and Weir, 1979). Thus the data suggest the possibility 

of increased 6-adrenergic sensitivity of the islet alpha cells in NIDDM.

The effects of noradrenaline on insulin and glucagon secretion could have 

caused the excessive glycaemic responses in the subjects with NIDDM. The 

relative role of indirect (hormonal) versus direct noradrenergic effects on the 

liver are not known. Enhanced glycaemic responses are seen in subjects with 

IDDM during adrenaline administration (Shamoon et al., 1980; Berk et al.,

1985) due to the inability of these subjects to mount a compensatory insulin 

response to the hyperglycaemia (Berk et al., 1985). A similar mechanism could
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be operative in subjects with NIDDM, due to impaired beta cell function. 

However in contrast to adrenaline, noradrenaline administration does not 

cause exaggerated glycaemic responses in subjects with IDDM (Schade and 

Eaton, 1978). This suggests that the abnormal glycaemic responses to 

noradrenaline in the present study may not be due to insulin deficiency but to a 

direct hepatic effect.

The effect of catecholamines on glucose production is probably independent of 

glucagon secretion in normal (Gray et al., 1980) and in insulin dependent 

diabetic humans (Berk et al., 1985). In the present study, the glucagon 

responses, although somewhat greater in the diabetic subjects, occurred 

inconsistently and peak levels were reached after the increase in hepatic 

glucose output had occurred. Therefore glucagon may not have had a role in 

hepatic glucose production.

Noradrenaline has a direct action on the liver which in dogs is predominantly 

responsible for its hyperglycaemia producing effect (Connolly et al., 1987). The 

direct action of noradrenaline causes an increase in both glycogenolysis and 

gluconeogenesis (Connolly et al., 1987). Gluconeogenesis is responsible for 

much of the excessive basal hepatic glucose production in NIDDM (Consoli et 

al., 1987) and excessive gluconeogenesis might explain the excessive 

hyperglycaemic responses in the diabetic subjects after noradrenaline. 

However, adrenaline stimulates gluconeogenesis by causing increased 

delivery of gluconeogenic substrates rather than any effect within the liver 

(Cherrington et al., 1984) and gluconeogenesis increases slowly during 

adrenaline administration. This suggests that the initial transient increase in 

glucose production during catecholamine infusion reflects an increase in 

glycogenolysis rather than gluconeogenesis (Cherrington et al., 1984). Thus in
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the present study, the greater transient hepatic response in the diabetic 

subjects may indicate an increase in glycogenolysis.

Stimulation of hepatic glucose production in nondiabetic man is mediated 

predominantly by 6-adrenergic mechanisms (Rizza et al., 1980; Best et al.,

1984) although alpha-adrenergic stimulation also has a role (Rosen et al.,

1983). Recently, it has been established that substantial numbers of both 

alpha-|-adrenergic and B2-adrenergic receptors are present in human liver 

(Bevilacqua et al., 1987; Kawai et al., 1986). In rats, hepatic glucose production 

can shift from being mediated by alphar to 62-receptors without any 

modification in the number of available receptors (Kunos et al., 1984). Thus the 

increase in hepatic glucose output during noradrenaline administration could 

be mediated by hepatic alpha-receptors (which probably are normally of minor 

importance) or alternatively by B-receptors (on which noradrenaline has 

relatively weak agonist activity). These considerations probably explain why 

noradrenaline is less potent than adrenaline in stimulating hyperglycaemia 

(Sacca et al., 1981). The cause for the greater hepatic glucose production in 

NIDDM could be due to greater adrenergic sensitivity of the liver to the 

hormone and either increased B- or alpha-adrenergic receptor sensitivity (or 

both) may be invoked.

Limitation of peripheral glucose uptake during adrenaline infusion has been 

shown in vivo to be mediated by B-adrenergic receptors (Rizza et al., 1980;

James et al., 1986) Thus the reduction in glucose clearance in the diabetic 

subjects may represent an effect mediated by B-receptors. Alternatively, 

glucose clearance may fall with increased hyperglycaemia in NIDDM (Best et 

al., 1983) and the change in glucose clearance may not be related to 

adrenergic effects.
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Noradrenaline has a pronounced stimulatory effect on adipose tissue lipolysis 

(Ostman et al., 1969). The FFA response to noradrenaline has been shown to 

be proportional to the adiposity of individuals (Katzeff et al., 1986) which was 

somewhat (nonsignificantly) greater in the diabetic subjects in this study. In 

NIDDM there is reduced fractional clearance of FFA (Taskinen et al., 1985). 

Despite these considerations, there was no difference in the FFA responses 

between the two groups during noradrenaline infusion.

In addition to causing abnormal metabolic and endocrine responses, 

noradrenaline administration resulted in greater increases in blood pressure in 

the diabetic subjects. The pressor effect of noradrenaline is caused by 

peripheral vasoconstriction which affects most vascular beds and leads to 

increased arterial resistance (Greenway, 1982). These vasoconstrictor effects 

are mediated predominantly by peripheral alpha-|-adrenergic receptors 

although vasoconstrictor alpha2 -adrenergic receptors which exist in vascular 

smooth muscle may have a role (Langer, 1981). Therefore, the cause of the 

abnormal pressor responses could be due to increased peripheral sensitivity of 

the peripheral vasoconstrictor mechanism in NIDDM. Baroreflex activity buffers 

increases in blood pressure by causing reflex slowing of the heart rate. This is 

mediated by both increased vagal activity and a lessening of sympathetic 

activity (Greene and Bachard, 1971). The increased pressor responses in the 

diabetic subjects were accompanied by a reduction in heart rate similar to that 

seen in the nondiabetic subjects indicating that there was less slowing of heart 

rate per unit pressure elevation.

Therefore, the cause of the abnormal pressor responses in the subjects with 

NIDDM could be due to peripheral hypersensitivity of the vasoconstrictor
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adrenergic receptor-effector mechanism or alternatively subnormal baroreflex 

activity.

6.6.2 Tyramine study

Oral administration of the sympathomimetic agent tyramine caused an increase 

in plasma glucose levels in addition to the expected rise in blood pressure in 

both groups of subjects. As with noradrenaline, there was a positive correlation 

between the glycaemic and pressor responses after tyramine administration.

The turnover data showed that the rise in blood glucose was due to an increase 

in hepatic glucose production rather than effects on peripheral glucose 

disposal. Thus pharmacological sympathetic neural activation causes 

hyperglycaemia by stimulating hepatic glucose production.

Tyramine had no significant effects on mean arterial insulin or glucagon levels 

suggesting that tyramine is less potent at the islet than noradrenaline.

However, the mode of administration resulted in peak cardiovascular effects 

being reached at variable time points. This variation in the time of 

pharmacological action may have obscured any initial inhibition of insulin 

secretion, as occurred with noradrenaline, before the counteracting effects of 

increased glycaemic stimulation of the beta cell. Nevertheless, the absence of 

significant pancreatic hormonal responses suggests that the glycaemic effects 

of tyramine were more likely to be due to direct stimulation of the liver rather 

than indirect hormonal actions. These findings lend further support to the 

hypothesis that the hepatic sympathetic innervation plays a role in blood 

glucose regulation.

There was no significant difference in the magnitude of the cardiovascular or 

metabolic responses to tyramine between the two groups of subjects.
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Therefore, in contrast to the response to exogenous noradrenaline, the diabetic 

subjects did not appear to be hyperresponsive to tyramine.

However, it is possible that these studies failed to uncover a difference in 

sensitivity which really existed due to the mode of administration of the agent.

In support of this latter possibility, the diabetic subjects (as a group) had 

somewhat greater pressor and glycaemic responses although they received 

less tyramine on a per kilogram basis than the nondiabetic subjects (9.8±0.5 vs 

11.2±0.6 mg tyramine/kg, p<0.1). This dosage difference was due to the 

diabetic group being heavier although matched for body mass index. However, 

correction for this factor by expressing the responses in terms of mg/kg of 

administered tyramine did not uncover any significant differences in the 

responses. Furthermore, the plasma tyramine responses which varied 

considerably in magnitude, were on average similar between the diabetic and 

nondiabetic subjects. The noradrenaline, MHPG and DHPG responses 

following oral tyramine were also very similar between the two groups and 

indicate that on average, the diabetic and nondiabetic subjects received a 

similar sympathomimetic stimulus.

It is stressed that the plasma tyramine responses should be interpreted with 

caution. The assay was qualitative only as no suitable internal standard was 

available for use in the mass spectrograph. Therefore the results provide only 

a guide to the timing and magnitude of the absorption of the administered 

tyramine. Nevertheless there was a significant positive correlation between the 

glycaemic responses and the measured tyramine levels supporting the use of 

the assay as a measure of the delivered sympathetic stimulus.
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The magnitude of the cardiovascular responses to tyramine was comparable to 

that seen with noradrenaline infusion. However, the effect of tyramine on 

glycaemia was considerably less than with noradrenaline. Tyramine has been 

shown in vivo to have relatively weak noradrenaline-releasing actions in the 

liver compared with its effects in the heart (Garceau and Yamaguchi, 1982).

The liver is particularly rich in monoamine oxidase and metabolic degradation 

of tyramine within the liver may explain its low potency on hepatic glucose 

production (Tipton, 1973). The observation that monoamine oxidase inhibiting 

drugs potentiate tyramine-induced noradrenaline release in the liver support 

this suggestion (Garceau and Yamaguchi, 1982).

Tyramine and noradrenaline increase blood pressure by different mechanisms 

(Scriven et al., 1983; 1984). Tyramine causes endogenous neuronal 

noradrenaline release and stimulates both alpha-adrenergic (vasoconstrictor) 

and 3-adrenergic (vasodilator) receptors in the blood vessels. These mutually 

antagonistic effects in the peripheral vasculature may cancel each other out 

and explain why the pressor effect of tyramine is predominantly due to its 

inotropic cardiac effect (Scriven et al., 1983). Circulating noradrenaline on the 

other hand, stimulates both extrasynaptic alpha2- and postsynaptic alphar 

adrenergic receptors ( both vasoconstrictor) in vascular smooth muscle 

(Langer, 1981), has relatively weak 8-receptor actions, and its pressor effects 

are mainly due to peripheral vasoconstriction (Scriven et al., 1983). In a similar 

fashion, the relative difference in potency of tyramine and noradrenaline on 

metabolic functions could be explained by differential activation of adrenergic 

receptor populations.

Tyramine caused an increase in FFA levels which was of similar magnitude in 

both the diabetic and nondiabetic subjects consistent with the known effects of
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sympathetic activation on lipolysis. Interestingly, the magnitude of the FFA 

responses was also considerably less than that seen with noradrenaline 

infusion indicating that circulating noradrenaline may be a more potent lipolytic 

stimulus than sympathetic nervous activation. In adipose tissue, vascular 

alpha-adrenergic receptors are located close to the adrenergic nerve terminal 

and can be stimulated by sympathetic nerve firing, whereas the vascular 13- 

receptors are subject to greater influence by circulating noradrenaline levels 

because of their different location (Rosell and Belfrage, 1975). Therefore, 

differential stimulation of adipose tissue adrenergic receptors may explain the 

different potencies of tyramine and noradrenaline on lipolysis.
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6.6.3 Psychological stress

The computer games caused elevations in blood pressure, heart rate and a 

subjective estimate of increased anxiety in all subjects. In addition, there was a 

significant increase in FFA levels in both groups of subjects. There were 

however, no significant changes in cortisol and adrenaline secretion. Thus 

there was considerable evidence for sympathetic neural activation during the 

computer games although there was no significant release of stress hormones.

It is likely that on average, the degree of psychological stress induced by the 

stressor was not severe and the lack of significant stress hormone responses 

supports this. Flowever, there was considerable variation in the responses and 

it is clear that some individuals experienced considerable degrees of 

psychological stress. One of the diabetic subjects suffered a vaso-vagal attack 

within 5 minutes of ceasing the computer games and several others reported 

feelings of distress. Furthermore, there were positive correlations between 

several independent measures which provide good evidence that some 

subjects experienced significant psychological tension. Thus there were 

positive relationships between the subjective anxiety score and the FFA, heart 

rate and adrenaline responses; between the FFA responses and the 

cardiovascular responses and between the cortisol and diastolic blood 

pressure responses. These relationships suggest that the subjects who 

experienced the greatest degrees of psychological stress also had increases in 

circulating cortisol and adrenaline levels during the stress condition.

Despite the evidence of significant sympathetic neural activation and the 

likelihood that some subjects had modest increases in stress hormone 

secretion, there was no significant increase in mean blood glucose levels and
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no change in glucose turnover in either group. In addition, in no individual 

diabetic subject was any significant glycaemic response to the stressor 

observed. Therefore the present studies do not indicate that short-term 

psychological stress causes hyperglycaemia in subjects with NIDDM.

The FFA responses during stress were, on the whole, of similar magnitude to 

that seen following oral tyramine. In addition, the (nonsignificant) changes in 

pancreatic hormone levels seen in the diabetic subjects (fall in insulin and C 

peptide and rise in glucagon levels) were similar to that seen after oral 

tyramine. Despite these similarities in (a) the apparent intensity of the two 

stimuli as witnessed by the FFA responses and (b) the pancreatic hormonal 

responses in the diabetic subjects, there was no effect on glycaemia with stress 

but a modest increase in blood glucose levels with tyramine. This suggests that 

there may be a difference between isolated sympathetic nervous system 

stimulation and the physiological stress response, possibly due to some 

counteracting modulatory influence.

The lack of effect of psychological stress on glycaemia in this study does not 

support the hypothesis that there is increased susceptibility to psychological 

stress in NIDDM. The effects of severe life-stresses, which have been 

described in diabetic subjects, may be due to other factors such as changes in 

compliance with treatment or diet. On the other hand, it is possible that the 

stresses of real life, particularly if experienced for prolonged periods, could be 

more salient inducers of altered metabolism in diabetic subjects. Furthermore, 

the subjects who participated in these studies were not selected on 

psychological criteria and it is possible that subjects who are anxiety-prone or 

who have certain personality types (e.g. type A personality) could be 

susceptible to psychological stress.



Psychological stress appears to be a potent stimulus for FFA release which 

could have metabolic implications in NIDDM. Fatty acids may inhibit or retard 

cellular glucose metabolism (Randle et al., 1963) and cause a reduction in 

insulin sensitivity (Ferrannini et al., 1983) and glucose tolerance (Rousselle et 

al., 1982). Chronic psychological stress causing chronically elevated FFA 

levels might aggravate existing defects in glucose metabolism in subjects with 

NIDDM.

The nondiabetic subjects had greater blood pressure, heart rate, FFA and 

subjective responses to the stressor than the subjects with NIDDM. This 

difference in response may have occurred because of differences in the 

selection of subjects for these studies or may be related to the wide variation in 

response to the stressor compounded by the small number of subjects. 

Interestingly, another group have reported similar findings. Psychological 

stress was induced (using computer games) during oral glucose administration 

and significantly delayed the glucose curve in nondiabetic subjects. In contrast 

subjects with NIDDM had reduced heart rate responses to the stress and no 

delay in glycaemia (Wing and Blair, 1987). These results combined with the 

present study suggest the intriguing possibility that subjects with NIDDM may 

be in some way resistant to the effects of psychological stress.
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6.6.4 Basal relationships

There was no difference in basal arterial levels of noradrenaline or 

noradrenaline metabolites between the diabetic and nondiabetic subjects. This 

indicates that there was no increase in basal sympathetic tone in the subjects 

with N1DDM. However, there was a significant positive correlation between 

fasting plasma glucose and DHPG levels in the diabetic subjects which was not 

seen in the nondiabetic subjects. This relationship was also present when the 

data from all the studies were tested (i.e. with 4 values for each subject, n=30). 

There was no correlation between plasma glucose and noradrenaline nor 

between glucose and the noradrenaline metabolite, MHPG.

Circulating DHPG is derived mainly from sympathetic nerves and DHPG levels 

increase during stimulation of these nerves due to reuptake of noradrenaline 

into the the nerve endings and subsequent conversion to DHPG and release 

(Goldstein et al., 1988). It has been suggested that measurement of DHPG 

levels in conjunction with measurements of noradrenaline levels may provide 

additional information about sympathetic function (Goldstein et al., 1988). In 

the present studies, there were strong positive correlations between basal 

noradrenaline and DHPG levels and between DHPG and MHPG levels, 

indicating that these parameters are intimately linked.

The relationship between plasma glucose and DHPG in the diabetic subjects 

suggests that basal sympathetic tone may be a determinant of basal 

hyperglycaemia in NIDDM. One cannot determine whether such a relationship 

is causal and there may be other explanations. Hyperglycaemia could 

stimulate the sympathetic nervous system in NIDDM, followed by downward
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readjustment (downregulation) to normal levels of sympathetic tone by some 

modulatory influence.

The relationship between DHPG and plasma glucose remained significant in a 

multiple regression which included insulin and glucagon (as the ratio). When 

substituted for DHPG, MHPG also correlated independently with plasma 

glucose in a multiple regression. These results emphasise the possibility that 

basal sympathetic tone may be an independent correlate of hyperglycaemia in 

NIDDM which is not mediated by pancreatic hormonal effects.

In contrast to other reports, the diabetic subjects did not have elevated 

glucagon, FFA or growth hormone levels. The subjects had only modest 

hyperglycaemia and these abnormalities may only occur with more substantial 

hyperglycaemia. There were negative relationships between plasma glucose 

and glucagon and between Ra and glucagon in the diabetic subjects. These 

data argue against a role for glucagon in the causation of hyperglycaemia and 

rather suggest that hyperglycaemia suppresses basal glucagon secretion in 

NIDDM.
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6.6.5 Effects on cortisol, ACTH and prolactin

Changes in several hormones were observed during these studies which may 

not be directly related to carbohydrate metabolism. These will be discussed in 

the present section.

During noradrenaline infusion there was a significant fall in cortisol levels in 

both the diabetic and the nondiabetic subjects. There was also a fall in ACTH 

levels which achieved statistical significance when the data from all subjects 

were combined. Thus the fall in cortisol levels was most likely due to an 

inhibition of pituitary ACTH secretion.

The action of catecholamines on ACTH secretion is controversial.

Noradrenaline could have effects within the hypothalamus or at the corticotroph 

(or both sites) and central as well as peripheral noradrenergic neurones must 

be considered.

Several studies have reported that intravenous noradrenaline has no effect on 

circulating cortisol or ACTH levels (Ganong, 1980; Jezovah et al., 1987). 

Interestingly, Schade and Eaton (1977, 1978) reported nonsignificant falls in 

cortisol levels compared with control in normal and insulin dependent subjects 

during their noradrenaline infusion studies. Noradrenaline can potentiate the 

effect of corticotropin-releasing hormone (CRF) on ACTH release from pituitary 

tissue in vitro (Vale et al., 1983) indicating a possible modulatory role for 

circulating noradrenaline which would increase not decrease ACTH release. 

Recently, it has been suggested that circulating catecholamines may play a role 

in the subsequent reduction of circulating ACTH levels which occurs during 

continued or prolonged stress (Kvetnansky et al., 1987). The effect on ACTH 

seen in the present studies could be related to this phenomenon.
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Ganong (1980) concluded that centrally released catecholamines inhibited 

stress-induced ACTH secretion. This was shown following intraventricular 

noradrenaline and tyramine injection (Ganong, 1980; Van Loon et al., 1971). 

However several studies have concluded that central noradrenergic neurones 

cause an increase in CRF and/or ACTH secretion and that activation of central 

noradrenergic systems plays a major role in causing stress induced ACTH 

secretion (Smythe et al., 1983; Guillaume et al., 1987; Jezovah et al., 1987). 

Therefore, it is not clear from the literature whether the inhibitory effects of 

noradrenaline on cortisol secretion demonstrated in the present studies could 

be due to effects on central neurones.

Another mechanism to explain these results relates to the central neural effects 

of hyperglycaemia. Grunstein in his doctoral thesis (1985) reported that 

hyperglycaemia induced by a hyperglycaemic clamp was accompanied by a 

fall in ACTH and cortisol levels. Other studies from the same group indicate 

that central noradrenergic neurones are subject to negative feedback inhibition 

by blood glucose levels (Smythe et al., 1984). As ACTH (or CRF) appears to be 

regulated by the central noradrenergic system (Smythe et al., 1983) a rise in 

blood glucose levels may feed back on this system and inhibit ACTH (or CRF) 

secretion. Thus it is possible that the fall in ACTH and cortisol levels observed 

in this study was due to inhibition by the resultant hyperglycaemia rather than a 

modulatory effect of noradrenaline perse. If this hypothesis is correct, the 

present studies indicate that the putative relationship between circulating 

glucose levels and central noradrenergic neurones is operative in NIDDM 

although acting at a higher level of glycaemia.

Prolactin levels were also influenced during these studies. There was a 

significant fall in mean circulating prolactin levels during psychological stress in
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the diabetic subjects which was not seen in the nondiabetic subjects. This 

difference is particularly striking given that the diabetic subjects exhibited lesser 

cardiovascular, metabolic and psychological responses than the nondiabetic 

subjects during the computer games.

The response of prolactin secretion to stress has not been extensively studied 

although increases in prolactin levels have been reported after physical and 

emotional stress (Corenblum and Taylor, 1981). Therefore, suppression of 

prolactin during psychological stress in diabetic subjects is difficult to explain. 

These results are consistent with an abnormal hypothalamic regulation of 

prolactin release and could indicate increased activity of the dopaminergic 

system in NIDDM.

Prolactin levels fell variably during tyramine administration although the data 

approached statistical significance when the groups were combined. In rats, 

prolactin release following a variety of stimulants has been shown to be 

inhibited by tyramine (Becu-Villalobos et al., 1985). The site of action of 

tyramine is unclear but may be within the hypothalamus where tyramine can 

release dopamine from nerve terminals (Van Voigtlander and Moore, 1973) or 

it may act directly at the pituitary level (Becu-Villalobos et al., 1987).
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6.6.6 Mechanism for increased sensitivity to noradrenaline

The combination of abnormal cardiovascular, metabolic and possibly hormonal 

responses to noradrenaline suggests that there was a generalised 

hypersensitivity to the noradrenergic stimulus in the diabetic subjects and the 

correlation between the glycaemic and pressor responses suggests that there 

was a common mechanism for this hypersensitivity.

Noradrenaline was administered on a per kilogram basis and as the 

nondiabetic subjects were on average lighter they received a lower mean dose 

of noradrenaline. It is unlikely that any differences could have been related to 

this dosage factor for the following reasons. Firstly, the groups were matched 

for body mass index and therefore the subjects received a dose of 

noradrenaline reasonably matched for lean body mass. Secondly, circulating 

noradrenaline levels achieved during the infusions were virtually identical 

between the two groups. Thirdly, several parameters responded identically to 

the infusion, e.g. the FFA and MHPG responses, indicating that the 

noradrenergic stimulus received by the diabetic and nondiabetic subjects was 

similar.

It is possible that the exaggerated glycaemic responses could be due to 

insufficient compensatory insulin secretion, analogous to the situation where 

adrenaline is administered to subjects with IDDM (Berk et al., 1985). In 

addition, diabetes is often accompanied by alterations in sodium metabolism, 

abnormalities of the renin-angiotensin-aldosterone system (De Chatel et al., 

1977) and vessel wall thickening secondary to diabetic vasculopathy (Folkow,

1971). Any or all of these might contribute to abnormal pressor 

responsiveness. Thus it is conceivable that the combination of beta cell
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dysfunction and changes in blood pressure regulatory systems related to 

hyperglycaemia and chronic diabetes could account for the abnormal 

responses to noradrenaline.

However, it has been shown that noradrenaline, unlike the situation with 

adrenaline administration, does not cause abnormal glycaemic responses in 

subjects with IDDM (Schade and Eaton, 1978). Thus if noradrenaline 

administration does not cause exaggerated glycaemic responses despite the 

absence of beta cell function, it seems unlikely that impaired insulin secretion 

explains the abnormal glycaemic responses in subjects with NIDDM.

Similarly, noradrenaline infusion does not cause abnormal pressor responses 

in subjects with insulin dependent diabetes (Christlieb et al., 1976; Scobie et 

al., 1987). Christlieb et al (1976) found that patients with longstanding 

diabetes and retinopathy had mildly increased pressor responses to 

noradrenaline and angiotensin II compared with patients with equally 

longstanding but uncomplicated IDDM. However, the responses were not 

increased compared with nondiabetic controls. These studies suggest that 

abnormal pressor responsiveness does not occur in subjects with longstanding 

IDDM despite the probable presence of abnormalities of sodium and renin- 

angiotensin metabolism and vessel wall abnormalities. These studies with 

IDDM indicate that the findings of the present study are probably not due to 

nonspecific abnormalities of blood pressure regulation and impaired beta cell 

function.

In contrast to the studies cited above, increased pressor responses to 

noradrenaline have been recorded in hypertensive (Weidmann et al., 1979) 

and normotensive diabetic subjects (Beretta-Piccoli et al., 1981). These
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researchers studied a heterogeneous population of diabetic patients and did 

not distinguish between IDDM and NIDDM in their reports. Most of their 

patients were not on insulin therapy and presumably had NIDDM. Furthermore, 

on inspection of their data, the normotensive younger subjects (who 

presumably were more likely to have IDDM) appear to have had normal 

pressor responses (see Figure 3, Beretta-Piccoli et al., 1981). Thus the 

available data, taken in conjunction with the results reported here, suggest the 

possibility that increased pressor responsiveness occurs in subjects with 

NIDDM but not in subjects with IDDM.

Some animal models of (non-insulin dependent) diabetes, e.g. the genetically 

obese (ob/ob) mouse and the kk mouse, have increased glycaemic responses 

to adrenergic stimuli compared with nondiabetic mice (Surwit et al., 1984; 

Fujimoto et al., 1981). The genetically obese mouse, which is characterised by 

hyperglycaemia, hyperinsulinaemia, insulin resistance (Bray and York, 1979) 

and CNS abnormalities not dissimilar from those seen in VMH lesioned rodents 

(Jeanrenaud, 1985), exhibits exaggerated glycaemic responses to 

immobilisation stress (Surwit et al., 1984) and adrenaline administration (Kuhn 

et al., 1987). Interestingly, the islet circulation of these obese mice is 

hypersensitive to intravenous noradrenaline and adrenaline which cause an 

inhibition of islet capillary blood flow (Rooth and Taljedal, 1987).

The cause of the apparent hypersensitivity to noradrenaline in the subjects with 

NIDDM cannot be determined from the present studies but there are several 

possibilities. For instance, an increased sensitivity of cellular adrenergic 

receptor mechanisms could be present in NIDDM. Denervation sensitivity 

occurs in various types of autonomic neuropathy and is characterised by 

hypersensitive pressor responses (Bannister et al., 1979). This phenomenon is
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related to decreased circulating levels of noradrenaline and increased vascular 

alpha-receptor numbers (Davies et al., 1982). In subjects with IDDM and 

severe symptomatic autonomic neuropathy, increased pressor responses to 

noradrenaline (Scobie et al., 1987) and increased glycaemic responses to 

adrenaline administration (Hilsted et al., 1987) have been demonstrated.

Scobie et al (1987) also found increased pressor responses to tyramine in 

diabetic autonomic neuropathy. Asymptomatic abnormalities of autonomic 

nerve function can be demonstrated, using sensitive tests, to be present in 

many recently diagnosed patients with either NIDDM or IDDM (Pfeiffer et al., 

1984). Therefore it might be argued that the abnormal responses found in the 

present study may have been due to denervation supersensitivity of adrenergic 

receptors secondary to subclinical autonomic nerve dysfunction.

However, none of the subjects with NIDDM had symptoms or signs suggesting 

the presence of autonomic neuropathy. In addition, the group included 

subjects with recently diagnosed diabetes, or who did not have peripheral 

neuropathy and the majority had normal heart rate variation (a sensitive test of 

parasympathetic nerve function). Furthermore, denervation sensitivity is 

associated with subnormal basal levels of noradrenaline in diabetic and 

nondiabetic autonomic neuropathy (Hoeldtke and Cilmi, 1984; Dejgaard et al., 

1986; Eckberg et al., 1986), excessive pressor responses to tyramine (Scobie 

et al., 1987) and excessive lipolysis during catecholamine administration 

(Hilsted et al., 1987; Engelman et al., 1964). The diabetic subjects in the 

present studies had normal basal noradrenaline levels, normal pressor 

responses to tyramine and normal lipolytic responses to noradrenaline. Thus 

these subjects had no evidence of having sympathetic autonomic neuropathy 

and although not definitely established, it appears likely that denervation
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supersensitivity occurs in subjects with severe, symptomatic autonomic 

neuropathy rather than with subclinical autonomic dysfunction. Further support 

for this contention comes from the demonstration of normal pressor responses 

to noradrenaline in subjects with longstanding, uncomplicated IDDM (Christlieb 

et al., 1976; Scobie et al., 1987) most of whom would have been likely to have 

had subclinical abnormalities of autonomic function.

In humans with uncomplicated diabetes (IDDM and NIDDM) normal numbers of 

3-adrenergic receptors (Reckless and Galton, 1976) and normal and reduced 

alpha-adrenergic receptor numbers (Reckless and Galton, 1976; Spalding et 

al., 1986) have been reported. Thus the available data do not support the 

existence of increased peripheral adrenergic receptor sensitivity in 

uncomplicated diabetes (either increased receptor number or binding) to 

explain the increased sensitivity to noradrenaline in the present study, although 

the possibility is by no means excluded.

Many other modulating influences may alter adrenergic neurotransmission at 

the peripheral receptor (Westfall, 1980). Inhibition by noradrenaline itself is the 

most firmly established of these modulatory influences and inhibition by 

presynaptic alpha2-inhibitory adrenoreceptors acts at physiological levels of 

noradrenaline. Other factors may enhance peripheral adrenergic activation 

including presynaptic 8-adrenergic receptors and angiotensin. Theoretically an 

abnormality of any of these factors could be operative in NIDDM to explain the 

enhanced effects of noradrenaline administration.

Modulation of adrenergic activity could occur centrally as well as peripherally. 

Of considerable interest was the transient increase in arterial MHPG levels 

during noradrenaline administration. DHPG levels were only measured at
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baseline and at the end of the noradrenaline infusion and therefore could also 

have increased transiently. However, other groups have established that 

DHPG levels do not alter during comparable noradrenaline infusions (Brown, 

1984; Eisenhofer et al., 1987, Goldstein et al., 1988) and they increase only 

slightly after high dose noradrenaline administration (Goldstein et al., 1988). 

The lack of an increase in DHPG indicates that the major proportion of 

administered noradrenaline is metabolised by catechol-O-methyl-transferase 

(COMT) to normetanephrine and dihydroxy mandelic acid rather than by 

neuronal reuptake (where COMT is absent, Langer and Enero, 1974) and 

demethylation to DHPG and MHPG. Thus it seems unlikely that the elevated 

MHPG levels in this study are derived from the metabolism of the administered 

noradrenaline in the absence of changes in its immediate precursor molecule, 

DHPG.

There has been considerable debate concerning the possibility that peripheral 

MHPG levels may reflect CNS noradrenergic neuronal activity (Maas, 1984). 

MHPG is the principle metabolite of noradrenaline in the brain and can diffuse 

freely out of the CNS into the peripheral circulation (Maas et al., 1979). CNS 

production of MHPG has been estimated to account for approximately 30% of 

the total amount of MHPG in the peripheral circulation and the rest comes from 

peripheral nerves (Kopin et al., 1984). It has been suggested that there is a 

functional interaction between peripheral and central noradrenergic systems 

and that they act in concert (Maas, 1984). In support of this interaction, 

peripheral concentrations of MHPG have been shown to correlate closely with 

hypothalamic noradrenergic activity in the rat (Grunstein et al., 1986) and 

correlations between plasma MHPG and CSF noradrenaline and MHPG have 

been found in humans (Jimerson et al., 1981).
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In the present studies, the increase in peripheral MHPG levels during 

peripheral noradrenaline administration is consistent with activation of central 

noradrenergic neurones with the resultant release of MHPG into the peripheral 

system. There is support for this conclusion in that peripheral noradrenaline 

administration has been shown to cause an increase in hypothalamic 

noradrenergic neuronal activation in rats (GA Smythe, personal 

communication).

These data therefore support the possibility that some of the effects of 

noradrenaline administration could be due to central actions. However, there 

was no difference in the MHPG responses between the diabetic and the 

nondiabetic subjects to indicate that the abnormal responses of the diabetic 

subjects were related to an abnormality of central noradrenergic regulation.

The beta cells in NIDDM may be subject to chronic excessive sympathetic 

activation which causes some of the impairment in insulin secretion (Robertson 

et al., 1976; Broadstone et al., 1987). Broadstone and coworkers (1987) 

considered that the effect of alpha-adrenergic blockade in improving insulin 

secretion in NIDDM (Robertson et al., 1976) was probably due to effects on the 

presynaptic alpha2-adrenergic receptors. In the present studies, the abnormal 

responses to noradrenaline could be explained if the noradrenergic stimulus 

was added on to a background of increased sympathetic activity. However, 

there was no difference in basal levels of noradrenaline or its metabolites to 

suggest increased resting sympathetic tone. Alternatively, sympathetic tone is 

normally suppressed during noradrenaline infusion (Izzo, 1982), and it is 

conceivable that there is resistance to this suppression in NIDDM.
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Increased pressor responses can be due to subnormal baroreflex buffering of 

blood pressure elevations, resulting in less heart rate slowing per unit elevation 

of blood pressure. This indicates either subnormal vagal activation or 

subnormal withdrawal of sympathetic activity as the arterial pressure rises. 

Although not formally assessed, the heart rate responses in the present studies 

were similar between the diabetic and nondiabetic subjects suggesting that 

subnormal baroreflex buffering may have been present in the diabetic subjects. 

This would be consistent with reduced withdrawal of sympathetic activity in the 

diabetic subjects.

At this point, it is worthwhile considering the hypertension literature as there 

may be several parallels between NIDDM and essential hypertension. There is 

evidence that increased alpha-adrenergic vasoconstriction may have a role in 

causing peripheral vascular resistance and initiating hypertension in human 

essential hypertension (Tuck, 1986). The evidence for this includes increased 

pressor responses to noradrenaline in hypertensive subjects (Philip et al.,

1978; Meier et al., 1981). Various causes of this alpha-adrenergic component 

have been considered including increased sympathetic drive (Esler et al., 

1977), increased alpha-receptor sensitivity (Amann et al., 1981), non- 

specifically increased responses to noradrenaline due to structural vessel wall 

abnormalities (Folkow, 1978) or abnormal cellular cation metabolism (Wessels 

and Zumkley, 1980). A recent study evaluated all the above mechanisms in a 

group of hypertensive subjects and concluded that increased sympathetic drive 

was the major reason for the increased vascular alpha-adrenergic 

vasoconstriction in hypertensive subjects and that vascular 

hyperresponsiveness was probably secondary to structural vessel wall 

changes (Egan et al., 1987).
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Hypertension, not due to diabetic nephropathy, occurs more commonly than 

expected in NIDDM (Drury, 1984). Several studies have demonstrated higher 

than average blood pressures in individuals with impaired glucose tolerance 

(Jarrett, 1978; Garcia et al., 1974; Ostrander et al., 1980). In addition, increased 

blood pressures have been reported in normoglycaemic offspring of parents 

with NIDDM (Berntorpe and Lindgarde, 1986). It has been suggested that 

hypertension and NIDDM may share a common aetiology and that this could be 

increased central sympathetic activity (Drury, 1984).

Therefore the hypothesis that NIDDM is characterised by chronic excessive 

sympathetic neural activity may explain the increased pressor and glycaemic 

responses to noradrenaline in the present study and the association between 

NIDDM and hypertension. If this hypothesis is correct, then the present studies 

expand the number of tissues subject to abnormal sympathetic drive from the 

beta cells as suggested by others (Robertson et al., 1976; Broadstone et al., 

1987) to the vasculature and the liver. The finding of a correlation between 

basal DHPG and blood glucose levels in the diabetic subjects is consistent with 

the above hypothesis, although the finding of normal circulating catecholamine 

levels does not support the presence of increased sympathetic activity.

The increased sensitivity to noradrenaline infusion in the diabetic subjects 

contrasts with the responses to tyramine administration and psychological 

stress. The major difference between the former and the latter stimuli which 

might explain this is that tyramine and stress both stimulate endogenous 

neuronal noradrenaline release. Endogenous versus exogenous 

noradrenaline release probably stimulates different populations of adrenergic 

receptors and results in vastly different concentrations of circulating hormone 

although perhaps similar concentrations at or near neuronal synapses. In
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addition, sympathetic activity during stress involves activation of central 

neuronal systems which may be subject to modulation by other factors.

In summary, the mechanism and cause of the excessive responses to 

noradrenaline cannot be ascertained from these studies. In addition, it is not 

clear why there appears to be normal responsiveness to tyramine 

administration and psychological stress in the face of the abnormal responses 

to noradrenaline. However, these phenomena could be related to increased 

activity of the sympathetic nervous system in NIDDM. If this hypothesis is even 

only partially correct, then it opens up the potential for new therapies aimed at 

reducing sympathetic activation in subjects with NIDDM.

6.6.7 Clinical implications

The results of these studies may have relevance to the clinical management of 

patients with NIDDM.

The demonstration of excessive glycaemic responses during noradrenaline 

infusion is likely to be clinically relevant during states of severe stress. 

Noradrenaline concentrations similar to those reached in the present studies 

can be seen during and after certain forms of surgery, myocardial infarction, 

burns or sepsis (Cryer, 1980). Excessive glycaemic responses to these levels 

of noradrenaline are likely to be a contributory cause of the severe 

hyperglycaemia sometimes seen in individuals with NIDDM who are exposed 

to such conditions. The data in the present studies also indicate that such 

individuals may also be exposed to the risk of excessive hypertensive 

responses during such stresses. Severe hyperglycaemia in these situations 

can usually be managed by insulin therapy, however measures aimed at
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preventing or reducing sympathetic activation in subjects with NIDDM may 

have therapeutic potential in the setting of severe physical stress.

As discussed above, the responses to noradrenaline administration and the 

correlations between baseline glycaemia and sympathetic tone suggest the 

possibility that hyperglycaemia in NIDDM may be related in some way to 

sympathetic overactivity at the liver and/or the pancreatic beta cell. These 

findings indicate the possibility that chronic treatment with adrenergic blocking 

drugs or other methods aimed at reducing sympathetic nervous system activity 

could be useful in the treatment of patients with NIDDM.
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CHAPTER SEVEN

Conclusions
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7.1 Prandial insulin secretion

The studies detailed in chapters three to five are concerned with the early phase of 

prandial insulin secretion. In chapter three, the existence of cephalic responses 

which influenced both insulin secretion and blood glucose levels was demonstrated 

in nondiabetic, normal weight humans. These observations clearly indicate that 

insulin secretion in normal nonobese subjects is under some degree of neural 

control and also indicate that cephalic phase insulin secretion has a role in 

metabolic regulation. The results suggested the possibility that the cephalic phase 

might have some direct effect on blood glucose levels in addition to effects 

secondary to insulin secretion.

The responses elicited by the sensory stimuli were fairly subtle which suggests that 

cephalic responses in the human may be relatively unimportant in metabolic 

regulation. However, studies of human cephalic responses are likely to 

underestimate the importance of neural regulatory mechanisms for two reasons. 

Firstly, the cephalic phase is defined as being complete once food reaches the 

upper gastrointestinal tract and the processes of digestion and nutrient absorption 

are underway. This arbitrary definition limits cephalic phase studies to the pure 

neural reflexes free from influences arising from the digestive phase or the effects of 

circulating nutrients. However, neural influences continue to act as long as there is 

any sensory input arising from food ingestion which means at least as long as 

eating continues (Berthoud, 1984). In humans, such stimulation will last for 10-15 

minutes and often longer whereas the duration of the cephalic phase (as defined) is 

very much shorter.

The second reason why study of the cephalic phase may underestimate the 

importance of these neural reflexes is related to the experimental situation. These 

neural reflexes appear to be delicate and easily extinguished by stressful
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circumstances (Powley and Berthoud, 1986) and it is likely that most research 

studies of this type in humans are accompanied by some degree of anxiety. The 

strong correlation between the subjective responses to the sensory stimuli and the 

blood glucose responses in the present studies suggest such an effect.

In summary, it seems quite probable that the neural component of insulin secretion 

is of greater magnitude during normal meal taking than can be elicited during 

experimental studies and this component may play a significant role in prandial 

carbohydrate regulation.

The studies in chapters four and five considered the problem of the delay in 

prandial insulin secretion in subjects with NIDDM. The studies in chapter four 

clearly indicated that the deficiency in early prandial insulin secretion is a major 

contributor to prandial hyperglycaemia and to a number of other metabolic 

abnormalities in NIDDM. These include post-meal hyperinsulinaemia, impaired 

suppression of free fatty acid levels and possibly the abnormal prandial increase in 

glucagon levels. In a further pilot study (chapter five), the impairment in meal- 

related thermogenesis which occurs in NIDDM was improved in all of the four 

subjects studied following correction of the deficiency in early prandial insulin 

secretion. This indicates the possibility that early prandial insulin secretion also has 

a role in regulating meal-related thermogenesis.

The constellation of prandial metabolic abnormalities which occur secondary to the 

delay in insulin secretion may worsen hyperglycaemia in subjects with NIDDM. 

There is considerable clinical and experimental data which indicates that 

hyperglycaemia itself causes impaired beta cell function and reduced insulin 

sensitivity (glucose toxicity). The subjects with NIDDM who participated in the 

present studies did not have severe fasting hyperglycaemia and yet prandial
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hyperglycaemia was marked and prolonged in most of them. Prandial 

hyperglycaemia is likely to add considerably to the daylong hyperglycaemia 

experienced by these subjects and may, because of glucose toxicity, lead to a 

worsening of beta cell function and insulin resistance. Therefore prandial 

hyperglycaemia, secondary to the deficiency in early insulin secretion, could in the 

long term cause a worsening of basal hyperglycaemia in subjects with established 

NIDDM.

The other prandial metabolic abnormalities related to the the deficiency in early 

insulin secretion could also contribute adversely to the metabolic defects in NIDDM. 

Hyperinsulinaemia has been shown to cause reduced insulin binding in vitro (Insel 

et al., 1980) and causes insulin resistance in vivo (Rizza et al., 1985; Marangou et 

al., 1986). Elevated FFA levels lead to increased lipid oxidation (Thiebaud et al., 

1982) which in turn may result in impaired glucose oxidation (Lillioja et al., 1985) 

and play a role in promoting insulin resistance (Ferrannini et al., 1983; Felber at al., 

1987). Elevated FFA levels in NIDDM may also promote hepatic glucose 

production (Bogardus et al., 1984; Golay et al., 1987). Thus the reduced rate of 

suppression of FFA levels related to the deficiency in early prandial insulin 

secretion in NIDDM may have a role in promoting insulin resistance and excessive 

hepatic glucose production. Additionally, abnormally high prandial glucagon levels 

may also contribute to excessive hepatic glucose production (Gerich et al., 1974).

Finally, an impairment in meal-related thermogenesis means that energy storage is 

more efficient than normal and would contribute to increased fat deposition and 

obesity. A defect in the thermic effect of food could in part explain the tendency for 

diabetic subjects to gain weight excessively. As excess obesity causes insulin 

resistance, the deficiency in early insulin secretion may also indirectly contribute to 

insulin resistance in NIDDM due to a reduction in prandial energy expenditure.
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There is some evidence in the literature which suggests that the deficiency in early 

prandial insulin secretion may occur before the onset of overt hyperglycaemia in 

subjects destined to develop NIDDM (see chapter 4.1). The loss of early prandial 

insulin secretion could be of importance in the pathogenesis of NIDDM. Such a 

defect occurring subclinically could cause prandial hyperglycaemia initially 

(impaired glucose tolerance), which because of the development of insulin 

resistance and impaired beta cell function, could contribute to eventual fasting 

hyperglycaemia.

The results of the studies summarised above suggest that giving a small dose of 

insulin with each main meal in a manner designed to correct the early prandial 

insulin deficiency could be therapeutically effective in subjects with NIDDM. Such 

therapy could potentially normalise or at least improve the prandial rise in blood 

glucose levels and might lead to improvements in hyperinsulinaemia and excessive 

glucagon levels, reduce FFA levels and improve meal-related thermogenesis. If, in 

the long term, improvements in insulin resistance and beta cell function followed, 

then a reduction in fasting hyperglycaemia might occur. Other potential advantages 

from this approach would be the use of relatively low doses of insulin and a 

reduced risk of therapy-associated weight gain.

Intranasal insulin administration was investigated to see if this form of insulin 

delivery could be used to supplement the early phase of prandial insulin secretion. 

Intranasal insulin administration was found to be an effective method of delivering 

physiological doses of insulin with meals. However, when given at the start of a 

meal, intranasal insulin was not effective in controlling prandial hyperglycaemia. 

The reason for this poor response was probably because the insulin was absorbed 

too rapidly into the systemic circulation. This conclusion further emphasises the 

importance of timing of prandial insulin secretion. When considered together, the
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studies in chapter 4 indicate that insulin delivery systems which deliver insulin in a 

near-normal manner need to be developed to achieve optimal correction of 

prandial hyperglycaemia and related prandial metabolic abnormalities.

A pilot study was commenced (chapter five) to determine the mechanism of the 

action of early insulin secretion on prandial glucoregulation. Preliminary studies in 

a small number of subjects with NIDDM suggested that the major site of action was 

at the liver and that the improvement in prandial hyperglycaemia was most likely 

due to an earlier suppression of endogenous hepatic glucose production. This 

conclusion is preliminary and is subject to verification by future experiments. As 

increased hepatic glucose production is a major determinant of basal 

hyperglycaemia in NIDDM, nonsuppressibility of the liver is apparently a contributor 

to both prandial and basal hyperglycaemia in NIDDM. The positive correlation 

between the fasting blood glucose level and the prandial glycaemic response in the 

mixed meal studies in chapter four may reflect this mechanism.

The deficiency in early insulin secretion could influence hepatic glucose production 

in a number of ways. First, insulin could be acting directly on the liver where its 

concentration is greatest and the impaired suppression of hepatic glucose 

production would merely reflect an absolute deficiency of hormone at the target 

organ. Second, as argued in chapter three, the cephalic response may comprise a 

range of neural reflexes, one of which controls hepatic glucose production. The 

failure of early insulin secretion and the impaired suppression of hepatic glucose 

production could reflect a general failure of cephalic control mechanisms. 

Alternatively, as discussed in chapter one, insulin may be detected within the 

hypothalamus, causing a reduction in central noradrenergic activation and 

sympathetic activity with a resulting reduction in hepatic glucose output. A failure in 

early insulin secretion would impair this feedback mechanism.
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The cause of the deficiency in early prandial insulin secretion in NIDDM was not 

determined in these studies. The literature suggests that the defect may be due to 

an abnormality of either neural regulation or insulinotropic gut hormone secretion 

rather than an abnormality of glucose stimulated insulin secretion (see chapter 1). 

Neither of these possibilities are mutually exclusive as, for instance, gut hormone 

secretion may itself be under neural influence. When the cephalic phase is 

eliminated in animals a number of metabolic abnormalities quite similar to those 

seen in NIDDM are produced. Thus it is possible that the early deficiency in 

prandial insulin secretion is due to a deficiency in the neural component of insulin 

secretion in NIDDM. This could be due to an abnormality in cephalic phase insulin 

secretion or could be part of a generalised derangement of cephalic responses.

The implications of this hypothesis are that the hypothalamus and the autonomic 

nervous system have an important role in normal prandial metabolism and that 

abnormalities of this system could underlie some of the abnormalities of NIDDM.

An abnormality of neural control of insulin secretion could reside in either the 

afferent or efferent side of the reflex arc; could be a central (hypothalamic) or 

peripheral autonomic defect; or could be due to an alteration in the sensitivity of the 

beta cells to autonomic innervation. The studies in chapter six indicate that subjects 

with NIDDM may have increased sensitivity to adrenergic stimulation. This finding 

is consistent with several studies in the literature which suggest that beta cell 

secretion in NIDDM is influenced by increased adrenergic sensitivity or that the beta 

cells are subject to increased sympathetic tone. Therefore the delay in prandial 

insulin secretion in NIDDM could be due to an abnormality of the sympathetic 

nervous system component of beta cell regulation.

In summary, the initial phase of prandial insulin secretion is mediated at least partly 

by neural reflexes and appears to have considerable importance in prandial
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glucoregulation, thermogenesis and a number of other metabolic processes. The 

early rise in insulin levels may act to initiate (or be part of) a series of metabolic 

events including suppression of hepatic glucose production, in order to prepare the 

animal for the influx of nutrients consequent on ingesting a meal. The failure of this 

early rise would appear to contribute significantly to the metabolic abnormalities of 

NIDDM. The implications are that the hypothalamus and the autonomic nervous 

system may have an important role in modulating normal prandial metabolism and 

that some of the metabolic abnormalities of NIDDM may be due to abnormalities of 

this system. Finally, insulin therapy which corrects the early phase of prandial 

insulin secretion may prove to be effective in subjects with NIDDM.

7.2 Basal glucoregulation and the sympathetic nervous system

The studies in chapter six considered the possibility that basal hyperglycaemia and 

excessive hepatic glucose production in NIDDM are due to either abnormal 

sympathetic activation of the liver or an abnormal sensitivity to such stimulation. 

This hypothesis was based on human and animal studies which indicated that the 

hepatic sympathetic nerves play an important role in the regulation of hepatic 

glucose production and other research which suggests the possibility of abnormal 

sympathetic nervous system activity in NIDDM.

The effect of psychological stress on plasma glucose levels was examined. Short

lived psychological stress failed to influence plasma glucose or hepatic glucose 

production in either nondiabetics or subjects with NIDDM. As a group, the stress 

caused relatively mild hormonal and metabolic responses however no adverse 

effect on blood glucose levels was seen in several subjects who experienced quite 

severe anxiety. These studies do not rule out the effects of more prolonged 

psychological stress on blood glucose and it is possible that certain anxiety-prone 

subjects may be especially susceptible to stress. However it may be that problems
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of compliance with therapy and/or eating behaviour are responsible for the 

relationship between stress and hyperglycaemia in diabetes which has been 

reported in several epidemiological studies.

There was a marked FFA response to the psychological stress in both the diabetic 

and nondiabetic subjects. Elevated FFA levels are believed to have adverse effects 

on carbohydrate metabolism (via the glucose-fatty acid cycle, Randle et al., 1963) 

and chronic stress could further impair glucose metabolism in subjects with NIDDM 

by causing chronically elevated FFA levels.

Tyramine administration resulted in selective activation of the sympathetic nerves 

and caused increases in blood pressure and noradrenaline levels. Tyramine also 

caused an increase in hepatic glucose production and plasma glucose levels in 

nondiabetic and diabetic subjects. These metabolic effects probably occurred 

independently of pancreatic hormonal changes although an indirect action of 

tyramine was not definitely excluded. These findings indicate that pure sympathetic 

activation can promote hepatic glucose output and increase blood glucose levels 

and support a possible role for the sympathetic system in both normal and 

abnormal carbohydrate regulation.

Noradrenaline administration caused the expected hormonal, metabolic and 

cardiovascular effects. Flowever the diabetic subjects had greater hyperglycaemic 

and pressor responses than the nondiabetic subjects to the noradrenergic stimulus.

The metabolic effects of noradrenaline may be due to direct effects on the liver or 

indirect effects due to changes in circulating levels of insulin and glucagon and both 

actions may normally be operative. The present studies do not distinguish which 

mechanism was responsible for the abnormal glycaemic responses in the diabetic 

subjects.
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The underlying cause of the abnormal pressor and glycaemic responses in the 

diabetic subjects was not determined in these studies. It is possible that the 

difference in glycaemic responses was due to existing beta cell abnormalities and 

that the increased pressor responsiveness was due to non-specific abnormalities in 

the vasculature of the diabetic subjects. However there was a positive correlation 

between the glycaemic and pressor responses suggesting that there was a 

common mechanism for the hyperresponsiveness.

There could have been increased sensitivity of adrenergic receptors in the diabetic 

subjects secondary to autonomic neuropathy, although the patients studied did not 

have clinical evidence of that condition. There is some evidence for increased 

sympathetic modulation of the beta cells in subjects with NIDDM (Robertson et al., 

1976; Broadstone et al., 1987). Thus it is possible that the noradrenergic stimulus 

was added on to a background of augmented peripheral sympathetic activation to 

cause apparently increased metabolic and pressor responses.

Alternatively, noradrenaline administration normally suppresses endogenous 

sympathetic tone (Izzo, 1982) and there could be a resistance to the suppressive 

effect in the diabetic subjects. This mechanism may underlie reduced baroreflex 

buffering of pressor responses in some hypertensive subjects. Baroreceptor 

function was not formally assessed in the present studies, but there was some 

suggestion of reduced baroreceptor activity in the diabetic subjects during 

noradrenaline infusion, i.e. heart rate responses were equal to nondiabetic 

responses despite greater pressor responses.

There were positive correlations between basal hyperglycaemia and measures of 

basal sympathetic activity in the diabetic subjects suggesting that there may be 

altered sensitivity to sympathetic activation in the basal unstimulated state in
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NIDDM. These relationships are consistent with the possibility that excess basal 

hepatic glucose production in NIDDM (the main determinant of basal 

hyperglycaemia) may be due to abnormal regulation by the sympathetic nervous 

system.

The results of the studies in chapter 6 provide support for the hypothesis that the 

sympathetic nervous system plays a role in the production or maintenance of basal 

hyperglycaemia in NIDDM. This may occur as a primary abnormality in NIDDM, 

may develop secondary to the diabetic state or be related to diabetic autonomic 

neuropathy. In addition, abnormal sympathetic function could explain the 

deficiency in early insulin secretion during meals considered above. An increased 

sensitivity to the normal prandial increase in sympathetic activity could cause an 

inhibition of prandial insulin release in subjects with NIDDM.

These studies indicate that sympathetic activation probably contributes to the stress 

hormone response which causes hyperglycaemia during severe physical stress. 

Subjects with NIDDM are likely to be more susceptible than nondiabetic subjects to 

such physical stress and new therapeutic agents or modalities aimed at reducing 

sympathetic activation could be useful in this situation.

Further research is required to define the mechanism for the increased sensitivity to 

the noradrenergic stimulus and explore the role of sympathetic activation in 

contributing to basal hyperglycaemia in NIDDM. Should the mechanism be related 

to a chronic increase in sympathetic activity, then therapies aimed at reducing 

sympathetic tone could have value as chronic hypoglycaemic treatment in NIDDM.



245
REFERENCES

Acheson KJ, Jequier E, Wahren J. Influence of beta-adrenergic blockade on 
glucose-induced thermogenesis in man. J Clin Invest 1983; 72:893-902.

Acheson KJ, Schutz Y, Bessard T, Ravussin E, Jequier E, Flatt JP. Nutritional 
influences on lipogenesis and thermogenesis after a carbohydrate meal. Am J 
Physiol 1984; 246:E62-E70.

Agarwala GC, Bapet SC. Effect of centrally administered glucagon on blood 
glucose levels in dogs. Ind J Med Res 1977; 66:323-330.

Ahren B, Hedner P, Lundquist I. Interaction of gastric inhibitory polypeptide (GIP) 
and cholecystokinin (CCK-8) with basal and stimulated insulin secretion in mice. 
Acta Endocrinol 1983; 102:96-102.

Ahren B, Taborsky GJ, Porte D Jr. Neuropeptidergic versus cholinergic and 
adrenergic regulation of islet hormone secretion. Diabetologia 1986; 29:827-836.

Akmayev IG, Rabkina AE. CNS-endocrine pancreas system. IV. Evidence for 
existence of a direct hypothalamic-vagal descending pathway. Endocrinology 
1978; 71:175-182.

Akpan JO, Gardner J, Wagle SR. Studies on the effects of insulin and 
acetylcholine on activation of glycogen synthase and glycogenesis in hepatocytes 
from normal fed rats. Biochem Biophys Res Commun 1974; 61:222-229.

Alford FP, Bloom SR, Nabarro JDN. Glucagon levels in normal and diabetic 
subjects: Use of a specific immuno-absorbent for glucagon radioimmunoassay. 
Diabetologia 1977; 13:1-9.

Altszuler N, Barkai A, Bjerknes C, Gottlieb B, Steele R. Glucose turnover values in 
the dog obtained with various species of labelled glucose. Am J Physiol 1975; 
229:1662-1667.

Amann FW, Bolli P, Kiowski W, Buhler F. Enhanced alpha-adrenoreceptor- 
mediated vasoconstriction in essential hypertension. Hypertension 1981; 3(suppl 
1 ):119-123.

Andersen DK, Elahi D, Brown JC, Tobin JD, Andres R. Oral glucose augmentation 
of insulin secretion: interactions of gastric inhibitory polypeptide with ambient 
glucose and insulin levels. J Clin Invest 1978; 62:152-161.

Argoud GM, Schade DS, Eaton RP. Underestimation of hepatic glucose 
production by radioactive and stable tracers. Am J Physiol 1987; 252:E606-E615.

Astrup A, Bulow J, Christensen NJ, Madsen J. Ephedrine-induced thermogenesis 
in man: no role for interscapular brown adipose tissue. Clin Sci 1984; 64:179-186.



246
Astrup A, Bulow J, Christensen NJ, Madsen J, Quaade F. Facultative 
thermogenesis induced by carbohydrate: a skeletal muscle component mediated 
by epinephrine. Am J Physiol 1986; 250:E226-E229.

Axelrod J, Reisine TD. Stress hormones: their interaction and regulation. Science 
1984; 224:452-459.

Aydin I, Raskin P, Unger RH. The effect of short-term intravenous insulin 
administration on the glucagon response to a carbohydrate meal in adult onset and 
juvenile type diabetes. Diabetologia 1977; 13:629-636.

Bagdade JD, Bierman EL, Porte D Jr. The significance of basal insulin in the 
evaluation of the insulin response to glucose in diabetic and non-diabetic subjects. 
J Clin Invest 1967; 46:1549-1557.

Bahnsen M, Burrin JM, Johnston DG, Pernet A, Walker M, Alberti KGMM. 
Mechanisms of catecholamine effects on ketogenesis. Am J Physiol 1984;
247:E1 73-180.

Baker C, Barcai A, Kay R, Hague N. Beta adrenergic blockade and juvenile 
diabetes: acute studies and long-term therapeutic trial. J Pediatr 1969; 75:19-29.

Ban T. Fiber connections in the hypothalamus and some autonomic functions. 
Pharm Biochem & Behaviour 1975; 3(suppl 1):3-13.

Bannister R, Davies B, Holly E, Rosenthal T, Sever P. Defective cardiovascular 
reflexes and supersensitivity to sympathomimetic drugs in autonomic failure. Brain 
1979; 102:163-176.

Barnett AH, Spiliopoulos AJ, Pyke DA, Stubbs WA, Burrin J, Alberti KGMM. 
Metabolic studies in unaffected co-twins of non-insulin-dependent diabetics. Br 
Med J 1981; 282:1656-1658.

Baron AD, Schaeffer L, Shragg P, Kolterman OG. Role of hyperglucagonemia in 
maintenance of increased rates of hepatic glucose output in type II diabetics. 
Diabetes 1987; 36:274-283.

Baron AD, Kolterman OG, Bell J, Mandarino LJ, Olefsky JM. Rates of non-insulin 
mediated glucose uptake are elevated in type II diabetic subjects. J Clin Invest 
1985; 76:1782-1788.

Baum D, Porte D Jr. Stress hyperglycemia and the adrenergic regulation of 
pancreatic hormones in hypoxia. Metabolism 1980; 29:1170-1185.

Beard JC, Weinberg C, Pfeiffer MA, Best JD, Halter JB, Porte D Jr. Interaction of 
glucose and epinephrine in the regulation of insulin secretion. Diabetes 1982; 
31:802-807.



247
Beard JC, Weinberg C, Pfeiffer MA, Best JD, Halter JB, Porte D Jr. Modulation of 
arginine-induced glucagon release by epinephrine and glucose levels in man. J 
Clin Endocrinol Metab 1983; 56:1271-1277.

Beckh K, Balks HJ, Jungermann K. Activation of glycogenolysis and 
norepinephrine overflow in the perfused rat liver during repetitive perivascular 
nerve stimulation. FEBS Letters 1982; 149:261-265.

Becu-Villalobos D, Lacau de Mengido IM, Libertun C. P-tyramine, a natural amine, 
inhibits prolactin release in vivo. Endocrinology 1985; 116:2044.

Becu-Villalobos D, Vacas Ml, Libertun C. Prolactin inhibition by p-tyramine in the 
male rat: site of action. Endocrinology 1987; 120:2297-2301.

Bell P, Firth R, Rizza R. Effects of hyperglycemia on glucose production and 
utilization in humans: measurements with [2-3H]-,[3-3H]-, and [6-14C]glucose. 
Diabetes 1986; 35:642-648.

Bennett PH, Aronoff SL, Linger RH. Evidence for an insulin-independent alpha-cell 
abnormality in human diabetes. Metabolism 1976; 25(11 S):1527-1529.

Benzo CA. The hypothalamus and blood glucose regulation. Life Sciences 1983; 
32:2509-2515.

Beretta-Piccoli C, Weidmann P. Exaggerated pressor responsiveness to 
norepinephrine in nonazotemic diabetes mellitus. Am J Med 1981; 71:829-835.

Berger W, Goschke H, Moppert J, Kunzli H. Insulin concentrations in portal venous 
and peripheral venous blood in man following administration of glucose, galactose, 
xylitol and tolbutamide. Horm Metab Res 1973; 5:4-8.

Bergman RN, Miller RE. Direct enhancement of insulin secretion by vagal 
stimulation of the isolated pancreas. Am J Physiol 1973; 225:481-487.

Berk MA, Clutter WE, Skor DA, Shah SD, Gingerich RP, Parvin LA, Cryer PE. 
Enhanced glycemic responsiveness to epinephrine in insulin dependent diabetes 
mellitus is the result of the inability to secrete insulin. J Clin Invest 1985; 75:1842- 
1851.

Bernard C. Chiens rendus Diabetiques. Comtes Rendes des Seances de la 
Societie de Biologie et de ses Filiales (Paris) 1849; 1:60.

Bernardis LL. Ventromedial and dorsomedial hypothalamic syndromes in the 
weanling rat: Is the "Center" concept really outmoded?. Brain Res Bull 1985; 
14:537-549.

Berntorp K, Lindgarde F, Mattiasson I. Platelet sodium kinetics, blood pressure 
and serum urate: aberrations in non-obese men at risk for type 2 diabetes mellitus. 
Clin Science 1987; 73:109-116.



248
Berthoud HR. The relative contribution of the nervous system, hormones, and 
metabolites to the total insulin response during a meal in the rat. Metabolism 1984; 
33:18-25.

Berthoud HR, Bereiter DA, Jeanrenaud B. VMH procainization abolishes cephalic 
phase insulin response. Brain Res Bull 1980;5:127-131.

Berthoud HR, Bereiter DA, Trimble ER, Siegel EG, Jeanrenaud B. Cephalic phase, 
reflex insulin secretion. Diabetologia 1981; 20:393-401.

Berthoud HR, Jeanrenaud B. Acute hyperinsulinemia and its reversal by vagotomy 
after lesions of the ventromedial hypothalamus in anesthetized rats. Endocrinology 
1979; 105:146-156.

Berthoud HR, Jeanrenaud B. Changes of insulinemia, glycemia and feeding 
behaviour induced by VMH-procainisation in the rat. Brain Res 1979; 174:184- 
187.

Berthoud HR, Jeanrenaud B. Sham feeding-induced cephalic phase insulin 
release in the rat. Am J Physiol 1982; 242:E280-E285.

Best JD, Beard JC, Taborsky GJ Jr, Halter JB, Porte D Jr. Effect of hyperglycemia 
per se on glucose disposal and clearance in noninsulin-dependent diabetics. J 
Clin Endocrinol Metab 1983; 56:819-823.

Best JD, Judzewitch RG, Pfeiffer MA, Beard JC, Halter JB, Porte D Jr. The effect of 
chronic sulphonylurea therapy on hepatic glucose production in non-insulin- 
dependent diabetes. Diabetes 1982; 31:333-338.

Best JD, Ward WK, Pfeiffer MA, Halter JB. Lack of direct alpha-adrenergic effect of 
epinephrine on glucose production in human subjects. Am J Physiol 1984; 
246:E271 -E276.

Bevilacqua M, Vago T, Norbatio G, Chebat E, Baldi G, Meroni R, Regalia E. 
Identification and characterisation of alphar and 32-adrenergic receptors in human 
liver. Eur J Clin Invest 1987; 17:330-335.

Blackard WG, Nelson NC. Portal and peripheral vein immunoreactive insulin 
concentrations before and after glucose infusions. Diabetes 1970; 19:302-306.

Blackburn GC. Nutritional and metabolic assessment of the hospitalised patient. J 
Parenteral and Enteral Nutrition 1977; 1:1.

Bliss EL, Migeon CJ, Branch CHH, Samuels LT. Reaction of the adrenal cortex to 
emotional stress. Psychosom Med 1956; 18:56-76.

Bloom SR, Edwards AV. The release of pancreatic glucagon and inhibition of 
insulin in response to stimulation of the sympathetic innervation. J Physiol 1975; 
157:253-257.



249
Bloom SR, Edwards AV. Pancreatic endocrine responses to stimulation of the 
peripheral ends of the splanchnic nerves in the conscious adrenalectomised calf. J 
Physiol 1980; 308:39-43.

Boden G, Ray TK, Smith RH, Owen OE. Carbohydrate oxidation and storage in 
obese non-insulin-dependent diabetic patients: effects of improving glycemic 
control. Diabetes 1983; 32:982-987.

Bogardus C, Lillioja S, Howard BV, Reaven G, Mott D. Relationships between 
insulin secretion, insulin action and fasting plasma glucose concentration in non
diabetic and non-insulin dependent diabetic subjects. J Clin Invest 1984; 74:1238- 
46.

Bogardus C, Lillioja S, Mott D, Zawadzki J, Young A, Abbot W. Evidence for 
reduced thermic effect of insulin and glucose infusions in Pima Indians. J Clin 
Invest 1985; 75:1264-1269.

Bogardus C, Taskinen MR, Zawadzki J. Increased resting metabolic rates in obese 
subjects with non-insulin dependent diabetes and the effect of sulphonylurea 
therapy. Diabetes 1986; 35:1-5.

Bonner-Weir S, Trent DF, Weir GC. Partial pancreatectomy in the rat and 
subsequent defect in glucose-induced insulin release. J Clin Invest 1983; 
71:1544-1553.

Borowitz MJ, Stein RB, Blum JJ. Quantitative analysis of the change of metabolite 
fluxes along the pentose phosphate and glycolytic pathways in tetrahymena in 
response to carbohydrates. J Biol Chem 1977; 252:1589-1605.

Boulton AA. The tyramines: functionally significant biogenic amines or metabolic 
accidents. Life Sci 1978; 23:659-663.

Bowen HF, Moorehouse JA. Glucose turnover and disposal in maturity-onset 
diabetes. J Clin Invest 1973; 52:3033-3039.

Brand JG, Cagan RH, Naim M. Chemical senses in the release of gastric and 
pancreatic secretions. Ann Rev Nutr 1982; 2:249-276.

Bray GA, Inoue S, Nishizawa Y. Hypothalamic obesity. The autonomic hypothesis 
and the lateral hypothalamus. Diabetologia 1981; 20:366-377.

Bray GA, York DA. Hypothalamic and genetic obesity in experimental animals: an 
autonomic and endocrine hypothesis. Physiol Rev 1979; 59:719-809.

Broadstone VL, Pfeiffer MA, Bajaj V, Stagner Jl, Samols E. Alpha-adrenergic 
blockade improves glucose-potentiated insulin secretion in non-insulin-dependent 
diabetes mellitus. Diabetes 1987; 36:932-937.



250
Broadwell RD, Brightman MW. Entry of peroxidase into neurons of the central and 
peripheral nervous systems from extracerebral and cerebral blood. J Comp Neurol 
1976; 166:257-284.

Brodows RG, Pi-Sunyer FX, Campbell RG. Neural control of counter-regulatory 
events during glucopenia in man. J Clin Invest 1973; 52:1841-1844.

Brodows RG, Pi-Sunyer FX, Campbell RG. Sympathetic control of hepatic 
glycogenolysis during glucopenia in man. Metabolism 1975; 24:617-625.

Brown JC, Dryburgh JR, Ross SA, Dupre J. Identification and actions of gastric 
inhibitory polypeptide. Recent Prog Horm Res 1975; 31:487-532.

Brown MJ. Simultaneous assay of noradrenaline and its deaminated metabolites, 
dihydroxyphenylglycol, in plasma: a simplified approach to the exclusion of 
phaeochromocytoma in patients with borderline elevation of plasma noradrenaline 
concentration. Eur J Clin Invest 1984; 14:67-72.

Brunzell JD, Robertson RP, Lerner RL, Hazzard JW, Ensinck JW, Bierman EL, Porte 
D Jr. Relationships between fasting plasma glucose levels and insulin secretion 
during intravenous glucose tolerance tests. J Clin Endocrinol Metab 1976; 42:222- 
229.

Calles-Escandon J, Robbins DC. Loss of early phase of insulin release in humans 
impairs glucose intolerance and blunts thermic effect of glucose. Diabetes 1987; 
36:1167-1172.

Cameron OG, Kronfol Z, Greden JF, Carroll BJ. Hypothalamic-pituitary- 
adrenocortical activity in patients with diabetes mellitus. Arch Gen Psych 1984; 
41:1090-1095.

Carroll D, Hewitt JK, Last KA, Turner JR, Sims J. A twin study of cardiac reactivity 
and its relationship to parental blood pressure. Physiol Behav 1985; 34:103-106.

Carruthers M, Taggart P. Vagotonicity of violence: biochemical and cardiac 
responses to violent films and television programmes. Br Med J 1973; 3:384-389.

Cerasi E, Luft R. Insulin response to glucose infusion in diabetic and nondiabetic 
monozygotic twin pairs. Genetic control of insulin response? Acta Endocrinol 
1967; 55:330-345.

Challiss RAJ, Lozeman FJ, Leighton B, Newsholme EA. Effects of the 13- 
adrenoceptor agonist on insulin-sensitivity in soleus muscle of the rat. Biochem J 
1986; 223:377-381.

Chase HP, Jackson GG. Stress and sugar control in children with insulin- 
dependent diabetes mellitus. J Pediatr 1981; 98:1011 -1013.



251
Cherrington AD, Fuchs H, Stevenson RW, Williams PE, Alberti KGMM, Steiner KE. 
Effect of epinephrine on glycogenolysis and gluconeogenesis in conscious 
overnight-fasted dogs. Am J Physiol 1984; 247:E137-E144.

Cherrington AD, Lacy WW, Chiasson JL. Effect of glucagon on glucose production 
during insulin deficiency in the dog. J Clin Invest 1978; 62:664-677.

Chipps DR, Kraegen EW, Zelenka GS, McNamara ME, Chisholm DJ. Cardiac beat 
to beat variation: age related changes in the normal population and abnormalities 
in diabetics. Aust NZ J Med 1981; 11:614-620.

Chisholm DJ, Jenkins AB, James DE, Kraegen EW. The effect of hyperinsulinemia 
on glucose homeostasis during moderate exercise in man. Diabetes 1982; 
31:603-608.

Christensen NJ. Plasma norepinephrine and epinephrine in untreated diabetics, 
during fasting, and after insulin administration. Diabetes 1974; 23:1-8.

Christensen NJ. Catecholamines and diabetes mellitus. Diabetologia 1979; 
16:211-224.

Christensen NJ. Acute effects of insulin on cardiovascular function and 
noradrenaline uptake and release. Diabetologia 1983; 25:377-381.

Christin L, Nacht CA, Vernet O, Ravussin E, Jequier E, Acheson KJ. Insulin: its role 
in the thermic effect of glucose. J Clin Invest 1986; 77:1747-1755.

Christlieb AR, Janka H, Kraus B, Gleason RE, Icasas-Cabral EA, Aiello LM, Cabral 
BV, Solano A. Vascular reactivity to angiotensin II and to norepinephrine in 
diabetic subjects. Diabetes 1976; 25:268-274.

Cobelli C, Mari A, Ferrannini E. Non-steady state: error analysis of Steele's model 
and developments for glucose kinetics. Am J Physiol 1987; 252:E679-E689.

Colwell JA, Lein A. Diminished insulin response to hyperglycemia in prediabetes 
and diabetes. Diabetes 1967; 16:560-565.

Connolly CC, Adkins BA, Neal DW, Cherrington AD. Norepinephrine: a 
physiologic regulator of hepatic metabolism. Diabetes 1987 Abstract; 36 (suppl 
1 ):93.

Consoli A, Nurjhan N, Kennedy F, Gerich J. Accelerated gluconeogenesis 
accounts for all of the increase in basal hepatic glucose output of noninsulin- 
dependent diabetes mellitus. Diabetes 1987 Abstract; 36 (suppl 1 ):14.

Corenblum B, Taylor PJ. Mechanism of control of prolactin release in the response 
to apprehension stress and anesthesia-surgery stress. Fertil Steril 1981; 36:712- 
715.



252
Cowan JS, Hetenyi G Jr. GIucoregulatory responses in normal and diabetic dogs 
recorded by a new tracer method. Metabolism 1971; 20:360-372.

Cox JE, Powley TL. Intragastric pair feeding fails to prevent VMH obesity or 
hyperinsulinaemia. Am J Physiol 1981; 240:E566-E572.

Crawley JM, Hattox SE, Maas JW, Roth RJ. 3-methoxy-4- 
hydroxyphenylethyleneglycol increase in plasma after stimulation of the nucleus 
locus coeruleus. Brain Res 1978; 141:380-384.

Creutzfeldt W. The incretin concept today. Diabetologia 1979; 16:75-85.

Creutzfeldt W, Ebert R. New developments in the incretin concept. Diabetologia 
1985; 28:565-573.

Creutzfeldt W, Ebert R, Nauck M, Stockmann F. Disturbances of the entero-insular 
axis. Scand J Gastroenterol 1983; 18:111-119.

Crockett SE, Mazzaferri EL, Cataland S. Gastric inhibitory polypeptide in maturity 
onset diabetes mellitus. Diabetes 1976;25:931-935.

Cryer PE. Physiology and pathophysiology of the human sympathoadrenal 
neuroendocrine system. N Engl J Med 1980; 303:436-444.

Cryer PE, Gerich JE. Glucose counterregulation, hypoglycaemia, and intensive 
insulin therapy in diabetes mellitus. N Engl J Med 1985; 313:232-241.

Cryer PE, Silverberg AB, Santiago JV, Shah SD. Plasma catecholamines in 
diabetes. The syndromes of hypoadrenergic and hyperadrenergic postural 
hypotension. Am J Med 1978; 64:407-409.

Cunningham S, Leslie P, Hopwood D, Illingworth P, Jung RT, Nicholls DG, Peden 
N, Rafael J, Rial E. The characterisation and energetic potential of brown adipose 
tissue in man. Clin Sci 1985; 69:343-348.

Daniel PM, Henderson JR. The effect of atropine on insulin release caused by 
intravenous glucose in the rhesus monkey. Acta Endocrinol 1975; 78:736.

Davies B, Sudera D, Sagnella G, Marchesi-Saviotta E, Mathias C, Bannister R, 
Sever P. Increased numbers of alpha receptors in sympathetic denervation 
supersensitivity in man. J Clin Invest 1982; 69:779-784.

DeBodo R, Steele R, Altszuler N, Dunn A, Bishop J. On the hormonal regulation of 
carbohydrate metabolism: Studies with C14-glucose. Recent Prog Horm Res 1963; 
19:445-488.

De Chatel R, Weidmann P, Flammer J, Ziegler WH, Beretta-Piccoli C, Vetter W, 
Reubi FC. Sodium, renin, aldosterone, catecholamines, and blood pressure in 
diabetes mellitus. Kyd Int 1977; 12:412-421.



253
De Feo P, Perriello G, De Cosmo S, Ventura MM, Campbell PJ, Brunetti P, Gerich 
JE, Bolli GB. Comparison of glucose counterregulation during short-term and 
prolonged hypoglycemia in normal humans. Diabetes 1986; 35:563-569.

DeFronzo RA, Ferrannini E. The pathogenesis of non-insulin-dependent diabetes: 
an update. Medicine 1982; 61:125-140.

DeFronzo RA, Flendler R, Christensen N. Stimulation of counterregulatory 
hormonal responses in diabetic man by a fall in glucose concentration. Diabetes 
1980; 29:125-131.

DeFronzo RA, Simonson D, Ferrannini E. Flepatic and peripheral insulin 
resistance: a common feature of type 2 (non-insulin-dependent) and type 1 
(insulin-dependent) diabetes mellitus. Diabetologia 1982; 23:313-319.

Dejgaard A, Hilsted J, Christensen NJ. Noradrenaline and isoproterenol kinetics in 
diabetic patients with and without autonomic neuropathy. Diabetologia 1986; 
29:773-777.

De V Weir JB. New methods for calculating metabolic rate with special reference to 
protein metabolism. J Physiol 1949; 109:1-9.

Dimitriadis GD, Gerich JE. Importance of timing of preprandial subcutaneous 
insulin administration in the management of diabetes mellitus. Diabetes Care 
1983; 6:374-377.

Dunnett CW. A multiple comparison procedure for comparing several treatments 
with a control. J Am Statistical Assoc 1955; 50:1096-1121.

Drury PL. Diabetes and arterial hypertension. Diabetologia 1983; 24:1-9.

Eaton RP, Allen RC, Schade DS, Erickson KM, Standefer J. Prehepatic insulin 
production in man: kinetic analysis using peripheral connecting peptide behaviour. 
J Clin Endocrinol Metab 1980; 51:520-528.

Eaton RP, Allen RC, Schade DS. Hepatic removal of insulin in normal man: dose 
response to endogenous insulin secretion. J Clin Endocrinol Metab 1983; 
56:1294-1300.

Ebert R, Fredrichs H, Creutzfeldt W. Serum gastric inhibitory polypeptide (GIP) 
responses in patients with maturity onset diabetes and in juvenile diabetes. 
Diabetologia 1976; 12:388 (abstract).

Eckberg DL, Harkins SW, Fritsch JM, Musgrave GE, Gardner DF. Baroreflex 
control of plasma norepinephrine and heart period in healthy subjects and diabetic 
patients. J Clin Invest 1986; 78:366-374.

Edwards AV. The glycogenolytic response to stimulation of the splanchnic nerves 
in adrenalectomised calves, sheep, dogs, cats and pigs. J Physiol (Lond) 1971; 
213:741-759.



254

Edwards AV. The hyperglycaemic response to stimulation of the hepatic 
sympathetic innervation in adrenalectomised cats and dogs. J Physiol (Lond)
1972; 220:697-710.

Efendic S, Luft R, Wajngot A. Aspects of the pathogenesis'of type 2 diabetes. 
Endocrinol Rev 1984; 5:395-410.

Efendic S, Wajngot A, Vranic M. Increased activity of the glucose cycle in liver: 
early characteristic of type 2 diabetes. Proc Natl Acad Sci 1985; 82:2965-2969.

Egan B, Panis R, Hinderliter A, Schork N, Julius S. Mechanism of increased alpha 
adrenergic vasoconstriction in human essential hypertension. J Clin Invest 1987; 
80:812-817.

Eisenhofer G, Goldstein DS, Stull R, Ropchak TG, Keiser HR, Kopin IJ. 
Dihydroxyphenylglycol and dihydroxymandelic acid during intravenous infusions of 
noradrenaline. Clin Sci 1987; 73:123-127 (lett).

Elsworth JD, Redmond DE Jr, Roth RJ. Plasma and cerebrospinal fluid 3-methoxy- 
4-hydroxyphenylethyleneglycol (MHPG) as indices of brain norepinephrine 
metabolites in primates. Brain Res 1982; 235:115-124.

Elrick H, Stimmler L, Hlad CJ, Arai Y. Plasma insulin response to oral and 
intravenous glucose administration. J Clin Endocrinol Metab 1964; 24:1078-1082.

Engelman K, Mueller PS, Horwitz D, Sjoerdsma A. Denervation hypersensitivity of 
adipose tissue in idiopathic orthostatic hypotension. Lancet 1964; ii:927-930.

Esler M. Assessment of sympathetic nervous function in humans from 
noradrenaline plasma kinetics. Clin Sci 1982; 62:247-254.

Esler M, Jennings G, Korner P, Blomberry P, Sacharias N, Leonard P.
Measurement of total and organ-specific norepinephrine kinetics in humans. Am J 
Physiol 1984; 247:E21-E28.

Esler M, Julius S, Zweifler A, Randall O, Harburg E, Gardiner H, DeQuattro V. Mild 
high-renin essential hypertension. Neurogenic human hypertension? N Engl J 
Med 1977; 296:405-411.

Esterhuizen AC, Springgs TLB, Lever JE. Nature of islet-cell innervation in the cat 
pancreas. Diabetes 1968; 17:33-40.

Fain JN, Garci-Sainz JA. Adrenergic regulation of adipocyte metabolism. J Lipid 
Res 1983; 24:945-966.

Feinglos MN, Hastedt P, Surwit RS. Effects of relaxation therapy on patients with 
type I diabetes mellitus. Diabetes Care 1987; 10:72-75.



Feldberg W, Pyke D, Stubbs WA. Hyperglycaemia:imitating Claude Bernard's 
Piqure with drugs. J Auton Nerv Syst 1985; 14:213-228.

255

Felig P, Wahren J, Hendler R. Influence of maturity-onset diabetes on splanchnic 
glucose balance after oral glucose ingestion. Diabetes 1978; 27:121-126.

Felig P. Insulin is the mediator of feeding related thermogenesis: insulin resistance 
and/or deficiency results in a thermogenic defect which contributes to the 
pathogenesis of obesity. Clin Physiol 1984; 4:267-273.

Ferrannini E, Barrett EJ, Bevilacqua S, DeFronzo RA. Effect of fatty acids on 
glucose production and utilization in man. J Clin Invest 1983; 72:1737-1747.

Ferrannini E, Bjorkman O, Reichard GA, Pilo A, Olsson M, Wahren J, DeFronzo RA. 
The disposal of an oral glucose load in healthy subjects: a quantitative study. 
Diabetes 1985; 34:580-588.

Firth RG, Bell PM, Marsh HM, Hansen I, Rizza RA. Postprandial hyperglycemia in 
patients with noninsulin-dependent diabetes mellitus. J Clin Invest 1986; 77:1525- 
1532.

Floyd JC Jr, Fajans SS, Pek S. Regulation in healthy subjects of the secretion of 
human pancreatic polypeptide, a newly recognized pancreatic islet polypeptide. 
Trans Assoc Am Physicians 1976; 89:146-158.

Flynn FW, Berridge KC, Grill HJ. Pre- and postabsorptive insulin secretion in 
chronic decerebrate rats. Am J Phsiol 1986; 250:R539-R548.

Folkow B. Cardiovascular structural adaptation; its role in the initiation and 
maintenance of primary hypertension. Clin Sci Mol Med 1978; 55:3s-22s.

Forssman WG, Ito S. Hepatocyte innervation in primates. J Cell Biol 1977; 74:299- 
313.

Fowler JE, Budzynski TH, Vandenbergh RL. Effects of EMG biofeedback relaxation 
program on the control of diabetes. Biofeedback Self Regul 1976; 1:105-112.

Frauman AG, Jerums G, Louis WJ. Effects of intranasal insulin in non obese type II 
diabetics. Diabetes Res Clin Pract 1987; 3:197-202.

Frauman AG, Cooper ME, Parsons BJ, Jerums G, Louis WJ: Long-term use of 
intranasal insulin in insulin-dependent diabetic patients. Diabetes Care 1988; 
10:573-78.

Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous exchange. 
J App! Physiol: Respirat Environ Exercise Physiol 1983; 55:628-634.

Fraze E, Donner CC, Swislocki ALM, Chiou YAM, Chen YD, Reaven GM. Ambient 
plasma free fatty acid concentrations in noninsulin-dependent diabetes mellitus: 
evidence for insulin resistance. J Clin Endocrinol Metab 1985; 61:807-811.



Frohman LA, Bernardis LL. Effect of hypothalamic stimulation on plasma glucose 
insulin and glucagon levels. Am J Physiol 1971; 221:1596-1603.

256

Frohman LA, Ezdinli EZ, Javid R. Effect of vagotomy and vagal stimulation on 
insulin secretion. Diabetes 1967; 16:443-448.

Fujimoto K, Sakaguchi T, Ui M. Adrenergic mechanisms in the hyperglycaemia 
and hyperinsulinaemia of diabetic KK mice. Diabetologia 1981; 20:568-572.

Furler SM, Zelenka GS, Kraegen EW. Development and testing of a simple 
algorithm for a glucose clamp. Med Biol Eng Comput 1986; 24:365-370.

Ganong WF. Neurotransmitters and pituitary function: regulation of ACTH 
secretion. Fed Proc 1980; 39:2923=2930.

Garcia MJ, McNamara PM, Gordon T, Kannell WB. Morbidity and mortality in 
diabetics in the Framingham population. Sixteen year follow-up study. Diabetes 
1974; 23:105-111.

Garceau D, Yamaguchi N. Pharmacological evidence for the existence of a 
neuronal amine uptake mechanism in the dog liver in vivo. Can J Physiol 
Pharmacol 1982; 60:755-762.

Garceau D, Yamaguchi N, Goyer R, Guitard F. Correlation between endogenous 
noradrenaline and glucose released from the liver upon hepatic sympathetic nerve 
stimulation in anesthetized dogs. Can J Physiol Pharmacol 1984; 62:1086-1091.

Garlick PJ, McNurlan MA, McFlardy KC, Calder AG, Milne E, Fearns LM, Broom J. 
Rates of nutrient utilization in man measured by combined respiratory gas analysis 
and stable isotopic labelling: effect of food intake. Human Nutrition: Clinical 
Nutrition 1987; 41 C:177-191.

Garvey WT, Olefsky JM, Griffin J, Hamman RF, Kolterman OG. The effect of insulin 
treatment on insulin secretion and insulin action in type II diabetes mellitus. 
Diabetes 1985; 34:222-234.

Gepts W, Le Compte PM. The pancreatic islets in diabetes. Am J Med 1981; 
70:105-115.

Gerich J, Davis J, Lorenzi M. Hormonal mechanisms of recovery from insulin- 
induced hypoglycemia in man. Am J Physiol 1979; 236:E380-385.

Gerich JE, Langlois M, Noacco C, Lorenzi M, Karam JH, Forsham PH. Comparison 
of the suppressive effects of elevated plasma glucose and free fatty acid levels on 
glucagon secretion in normal and insulin-dependent diabetic subjects. Evidence 
for selective alpha-cell insensitivity to glucose in diabetes mellitus. J Clin Invest 
1976; 58:320-325.



257
Gerich J, Lorenzi M, Karam JH, Schneider V, Forsham P. The contribution of 
abnormal pancreatic glucagon secretion and postprandial hyperglycemia in 
human diabetes mellitus. JAMA 1975; 234:159-165.

Gerich JE, Lorenzi M, Bier DM, Tsalikian E, Schneider V, Karam JH, Forsham PH. 
Effects of physiologic levels of glucagon and growth hormone on human 
carbohydrate and lipid metabolism. Studies involving administration of exogenous 
hormone during suppression of endogenous hormone secretion with somatostatin. 
J Clin Invest 1976 Apr; 57:875-884.

Gjedde A, Crone C. Blood-brain glucose transfer: repression in chronic 
hyperglycaemia. Science 1981;214:456-457.

Golay A, Schutz Y, Meyer HU, Thiebaud D, Curchod B, Maeder E, Felber JP, 
Jequier E. Glucose induced thermogenesis in nondiabetic and diabetic obese 
subjects. Diabetes 1982; 11:1023-1028.

Golay A, Swislocki ALM, Chen YD, Jaspan JB, Reaven GM. Effect of obesity on 
ambient plasma glucose, free fatty acid, growth hormone, and glucagon 
concentrations. J Clin Endocrinol Metab 1986; 63:481-484.

Golay A, Swislocki ALM, Chen YD, Reaven GM. Relationships between free fatty 
acid concentration, endogenous glucose production, and fasting hyperglycemia in 
normal and non-insulin dependent diabetic individuals. Metabolism 1987; 36:692- 
696.

Goldfine ID, Abraira C, Gruenwald D. Plasma insulin levels during imaginary food 
ingestion under hypnosis. Proc Soc Exp Biol Med 1970; 133:274-276.

Goldstein DS, EisenhoferG, Stull R, Folio CJ, Keiser HR, Kopin IJ. Plasma 
dihydroxyphenylglycol and the intraneural disposition of norepinephrine in 
humans. J Clin Invest 1988; 81:213-220.

Goodner CJ, Koerker DJ, Werrbach JH, Toivola P, Gale CC. Adrenergic regulation 
of lipolysis and insulin secretion in the fasted baboon. Am J Physiol 1973; ~ 
224:534-540.

Gordon GS, Moses AC, Silver RD, Flier JS, Carey MC. Nasal absorption of insulin: 
enhancement by hydrophobic bile salts. Proc Natl Acad Sci 1985; 82:7419-7423.

Gottesman I, Mandarino L, Gerich J. Use of glucose uptake and glucose clearance 
for the evaluation of insulin action in vivo. Diabetes 1984; 33:184-191.

Gray DE, Lickley HLA, Vranic M. Physiological affects of epinephrine on glucose 
turnover and plasma free fatty acid concentrations mediated independently of 
glucagon. Diabetes 1980; 29:600-608.

Greene NM, Bachard RG. Vagal component of the chronotropic response to 
baroreceptor stimulation in man. Am Heart J 1971; 82:22-33.



258
Greenway CV. Mechanisms and quantitative assessment of drug effects on 
cardiac output with a new model of the circulation. Pharmacol Rev 1982; 33:213- 
304.

Grill V, Rundfeldt M. Abnormalities of insulin responses after ambient and previous 
exposure to glucose in streptozotocin-diabetic and dexamethasone-treated rats. 
Diabetes 1986; 35:44-51.

Grunstein HS. Central neural regulation of glucose and insulin. Ph D Thesis, 
University of New South Wales; Oct 1985.

Grunstein HS, Gleeson RM, Smythe GA. Relationship between hypothalamic 
noradrenergic neuronal activity and serum 3-methoxy-4-hydroxyphenylethylene 
glycol in the rat. Life Sci 1986; 39:207-213.

Grunstein HS, Smythe GA, Bradshaw JE, Compton PJ. Tolbutamide increases 
hypothalamic serotonin activity in the rat. Diabetes 1986; 35:475-480.

Guillaume V, Conte-Devolx B, Szafarczyk A, Malaval F, Pares-Herbute N, Grino M, 
Alonso G, Assenmacher I, Oliver C. The corticotrophin-releasing factor release in 
rat hypophysial portal blood is mediated be brain catecholamines. 
Neuroendocrinology 1987; 46:143-146.

Gunion MW, Grijalva CV, Novin D, Pi-Sunyer FX. Fatty acid mobilization to 2- 
deoxyglucose is blocked by globus pallidus lesions. J Auton Nervous Syst 1974; 
11:161-171.

Gupta KK. The anti-diabetic action of guanethidine. Postgrad Med J 1969; 45:455- 
456.

Guthrie DN, Moeller T, Guthrie RA. A report: biofeedback and its application to the 
stabilisation and control of diabetes mellitus. Diabetes 1976; 25:350.

Halter J, Porte D Jr. Increased adrenergic activity in diabetes mellitus (DM): 
response to therapy and pharmacologic stimulation (abstract). Clin Res 1977; 
25:160A.

Halter JB, Graf RJ, Porte D Jr. Potentiation of insulin secretory responses by 
plasma glucose levels in man: evidence that hyperglycemia in diabetes 
compensates for impaired glucose potentiation. J Clin Endocrinol Metab 1979; 
48:946-954.

Hansen AP. Abnormal serum growth hormone response to exercise in maturity- 
onset diabetics. Diabetes 1973; 22:619-628.

Hartman H, Beckh K, Jungermann K. Direct control of hepatic glycogen 
metabolism in the perfused rat liver by the sympathetic innervation. Eur J Biochem 
1982; 123:521-526.



259
Havrankova J, Brownstein M, Roth J. Insulin receptors are widely distributed in the 
CNSoftherat. Nature 1978; 272:827.

Henry J, Wilson P, Bruce D, Chisholm D, Rawling P. Cognitive-behavioural 
treatment of stress in patients with non-insulin dependent diabetes mellitus. Proc 
Aust Diab Educ Soc 1986; abstract no 1.

Henry RR, Wallace P, Olefsky JM. Glycemic effects of intensive caloric restriction 
and isocaloric refeeding in noninsulin-dependent diabetes mellitus. J Clin 
Endocrinol Metab 1985; 61:917-925.

Henry RR, Wallace P, Olefsky JM. Effects of weight loss on mechanisms of 
hyperglycemia in obese non-insulin-dependent diabetes mellitus. Diabetes 1986; 
35:990-98.

Hilsted J, Richter E, Madsbad S, Tronier B, Christensen NJ, Hildebrandt P, 
Damkjaer M, Galbo H. Metabolic and cardiovascular responses to epinephrine in 
diabetic autonomic neuropathy. N Engl J Med 1987; 317:421-426.

Hinkle LE, Wolf S. Experimental study of the occurrence of acidosis in a juvenile 
diabetic. Am J Med Sci 1949; 217:130.

Hinkle LE, Wolf S. The effects of stressful life situations on the concentration of 
blood glucose in diabetic and nondiabetic humans. Diabetes 1952; 1:383-392.

Hirai S, Ikenaga T, Matsuzawa T. Nasal absorption of insulin in dogs. Diabetes 
1978; 27:296-299.

Hoeldtke RD, Cilmi KM. Norepinephrine secretion and production in diabetic 
autonomic neuropathy. J Clin Endocrinol Metab 1984; 59:246-252.

Hoelzer DR, Dalsky GP, Clutter WE, Shah SD, Holloszy JO, Cryer PE. 
Glucoregulation during exercise: Hypoglycemia is prevented by redundant 
glucoregulatory systems, sympathochromaffin activation, and changes in islet 
hormone secretion. J Clin Invest 1986; 77:212-221.

Hoelzer DR, Dalsky GP, Schwartz NS, Clutter WE, Shah SD, Holloszy JO, Cryer 
PE. Epinephrine is not critical to the prevention of hypoglycemia during exercise in 
humans. Am J Physiol 1986; 251 :E104-E110.

Holman RR, Turner RC. Maintenance of basal plasma glucose and insulin 
concentrations in maturity-onset diabetes. Diabetes 1979; 28:227-230.

Hommel H, Fischer U, Retzlaff K. The mechanism of insulin secretion after oral 
glucose administration. II. Reflex insulin secretion in conscious dogs bearing 
fistulas of the digestive tract by sham feeding of glucose or tap water. Diabetologia 
1972; 8:111-116.



Howard BW, Savage PJ, Nagulesparan M, Bennion LJ, Unger RH, Bennett PH. 
Evidence for marked sensitivity to the antilipolytic action of insulin in obese 
maturity-onset diabetics. Metabolism 1979; 28:744-750.

260

Iguchi A, Burleson PD, Szabo AJ. Decrease in plasma glucose concentration after 
microinjection of insulin into VMN. Am J Physiol 1981; 240:E95-E101.

Inoue S, Bray GA. Role of the autonomic nervous system in the development of 
ventromedial hypothalamic obesity. Brain Research Bulletin 1980; 5:119-125.

Inoue S, Bray GA. An autonomic hypothesis for hypothalamic obesity. Life Sci 
1979; 25:561-566.

Inoue S, Campfield LA, Bray GA. Comparison of metabolic alterations in 
hypothalamic and high fat diet induced obesity. Am J Phsiol 1977; 233:R162- 
R169.

Inoue S, lizuka T, Murao S. Obesity and diabetes - a possible experimental model 
of maturity-onset-type diabetes. Int J Obesity 1982; 6 (suppl 1):27-33.

Insel PA, Kolterman OG, Saekow M, Olefsky JM. Short-term regulation of insulin 
receptor affinity in man. Diabetes 1980; 29:132-139.

Insel PA, Liljenquist JE, Tobin JD, Sherwin RS, Watkins P, Andres R, Berman M. 
Insulin control of glucose metabolism in man. A new kinetic analysis. J Clin Invest 
1975; 55:1057-1062.

lonescu E, Rohner-Jeanrenaud F, Berthoud HR, Jeanrenaud B. Increases in 
plasma insulin levels in response to electrical stimulation of the dorsal motor 
nucleus of the vagus nerve. Endocrinology 1983; 112:904-910.

lonescu E, Sauter JF, Jeanrenaud B. Abnormal oral glucose tolerance in 
genetically obese (fa/fa) rats. Am J Physiol 1985; 248:E500-506.

Iversen J. Effect of acetylcholine on the secretion of glucagon and insulin from the 
isolated, perfused canine pancreas. Diabetes 1973; 22:381-87.

Izzo JL Jr. Alpha-adrenergic suppression of the sympathetic nervous system and 
altered norepinephrine kinetic calculations during norepinephrine infusions in man 
(abstract). Clin Res 1982; 30:272A.

Jackson RA, Roshania RD, Hawa Ml, Sim BM, DiSilvio L. Impact of glucose 
ingestion on hepatic and peripheral glucose metabolism in man: An analysis 
based on simultaneous use of the forearm and double isotope techniques. J Clin 
Endocrinol Metab 1986; 63:541-49.

Jacobson AM, Rand L, Hauser ST. Psychological stress and glycemic control in 
patients with and without proliferative diabetic retinopathy. Psychosom Med 1985; 
47:372-381.



261

James DE, Burleigh KM, Kraegen EW. In vivo glucose metabolism in individual 
tissues of the rat: interaction between epinephrine and insulin. J Biol Chem 1986; 
261:6366-6374.

Jarrett RJ, Keen H, McCartney M, Fuller JH, Hamilton PJS, Reid DD, Rose G. 
Glucose tolerance and blood pressure in two population samples: their relation to 
diabetes mellitus and hypertension. Int J Epidemiol 1978; 7:15-24.

Jarhult J, Andersson P -O, Holst J, Moghimzadeh E, Nobin A. On the sympathetic 
innervation to the cat's liver and its role for hepatic glucose release. Acta Physiol 
Scand 1980; 110:5-11.

Jeanrenaud B. An hypothesis on the etiology of obesity: dysfunction of the central 
nervous system as a primary cause. Diabetologia 1985; 28:502-513.

Jeanrenaud B, Halimi S, Van de Werve G. Neuro-endocrine disorders seen as 
triggers of the triad: obesity-insulin resistance-abnormal glucose tolerance. 
Diabetes Metab Rev 1985; 1:261-291.

Jenkins AB, Chisholm DJ, James DE, Ho KY, Kraegen EW. Exercise induced 
hepatic glucose output is precisely sensitive to the rate of systemic glucose supply. 
Metabolism 1985; 34:431-434.

Jenkins AB, Furler SM, Chisholm DJ, Kraegen EW. Regulation of hepatic glucose 
output during exercise by circulating glucose and insulin in humans. Am J Physiol 
1986; 250:R411-R417.

Jenkins AB, Furler SM, Bruce DG, Chisholm DJ. Regulation of hepatic glucose 
output during moderate exercise in noninsulin dependent diabetes. Metabolism 
1988, in press.

Jequier E. Does a thermogenic defect play a role in the pathogenesis of human 
obesity? Clin Physiol 1983; 3:1-7.

Jezova D, Kvetnansky R, Kovacs K, Oprsalova Z, Vigas M, Makara GB. Insulin- 
induced hypoglycemia activates the release of adrenocorticotropin predominantly 
via central and propanolol insensitive mechanisms. Endocrinology 1987; 120:409- 
415.

Jimerson DC, Ballenger JC, Lake CR, Post RM, Goodwin FK, Kopin IJ. Plasma and 
CSF MHPG in normals. Psychopharmacol Bull 1981; 17:86-87.

Johansen K, Soeldner JS, Gleason RE. Insulin, growth hormone, and glucagon in 
prediabetes mellitus-a review. Metabolism 1974; 23:1185-1199.

Jung RT, Shetty PS, James WPT. Reduced thermogenesis in obesity. Nature 
1979; 279:322-323.

Kalhan S, Savin S, Adam P. Estimation of glucose turnover with stable tracer 
glucose-1-13C. J Lab Clin Med 1977; 89:285-294.



Kaneto A, Miki E, Kosaka K. Effect of beta and beta2 adrenoreceptor stimulants 
infused intrapancreatically on glucagon and insulin secretion. Endocrinology 
1975; 97:1166-1173.

262

Kansal PC, Buse J, Durling FC, Buse MG. Effect of guanethidine and reserpine on 
glucose tolerance. Curr Ther Res 1971; 13:517-522.

Karnieli E, Hissin PJ, Simpson IA, Salans LB, Cushman SW. A possible 
mechanism of insulin resistance in the rat adipose cell in streptozotocin-induced 
diabetes mellitus: depletion of intracellular glucose transport systems. J Clin Invest 
1981; 68:811-814.

Kashiwagi A, Harano Y, Suzuki M, Kojima H, Harada M, Nishio Y, Shigeta Y. New 
alpha2-adrenergic blocker (DG-5128) improves insulin secretion and in vivo 
glucose disposal in NIDDM patients. Diabetes 1986; 35:1085-1089.

Katz J, McGarry J. The glucose paradox: is glucose a substrate for liver 
metabolism? J Clin Invest 1984;74:1901-1909.

Katz J, Rognstad R. Futile cycles in the metabolism of glucose. Curr Top Cell 
Regul 1976; 10:237-289.

Katz LD, Glickman MG, Rapoport S, Ferrannini E, DeFronzo R. Splanchnic and 
peripheral disposal of oral glucose in man. Diabetes 1983; 32:675-679.

Katzeff HL, O'Connell M, Horton ES, Danforth E, Young JB, Landsberg L.
Metabolic studies in human obesity during overnutrition and undernutrition: 
thermogenic and hormonal responses to norepinephrine. Metabolism 1986; 
35:166-175.

Kawai Y, Powell A, Arinze IJ. Adrenergic receptors in human liver plasma 
membranes: predominance of 62 and alphai-receptor subtypes. J Clin Endocrinol 
Metab 1986; 62:827-832.

Kawamori I, Shichiri M, Kikuchi M, Yamasaki Y, Abe H. Perfect normalisation of 
excessive glucagon responses to intravenous arginine in human diabetes with the 
artificial beta-cell. Diabetes 1980; 29:762-765.

Kawazu S, Suzuki M, Negishi K, Ishi J, Sando H, Katagiri H, Kanazawa Y, 
Yamanouchi S, Akanuma Y, Kajinuma H, Suzuki K, Watanabe K, Itoh T, Kobayashi 
T, Kosaka K. Initial phase II clinical studies on midaglizole (DG-5128). Diabetes 
1987; 36:221-226.

Keen H, Jarrett RJ, McCartney P. The ten-year follow-up of the Bedford survey 
(1962-1972): Glucose tolerance and diabetes. Diabetologia 1982; 22:73-78.



Keller U, Gerber PPG, Stauffacher W. Stimulatory effect of norepinephrine on 
ketogenesis in normal and insulin-deficient humans. Am J Physiol 1984; 
247:E732-E739.

263

Kemmer FW, Bisping R, Steingruber HJ, Baar H, Hardtmann F, Schlaghecke R, 
Berger M. Psychological stress and metabolic control in patients with type I 
diabetes mellitus. N Engl J Med 1986; 314:1078-1084.

Kingston WJ, Livingston JN, Moxley RT. Enhancement of insulin action after oral 
glucose ingestion. J Clin Invest 1986; 77:1153-1162.

Kirk RD, Dunn P, Smith JR, Beaven DW, Donald RA. Abnormal pancreatic alpha
cell function in first-degree relatives of known diabetics. J Clin Endocrinol Metab 
1975 ; 40:913-916.

Kita H, Niijima A, Oomura Y, Ishizuka S, Aou S, Yamabe K, Yoshimatsu H. 
Pancreatic nerve response induced by hypothalamic stimulation in rats. Brain Res 
Bull 1980; 5:163-168.

Kobberling J, Tillil H, Lorenz H-J. Genetics of type 2A- and type 2B- diabetes 
mellitus. Diabet Res Clin Pract 1985; 1 (suppl 1 ):s311.

Kolterman OG, Gray RS, Shapiro G, Scarlett JA, Griffin J, Olefsky JM. The acute 
and chronic effects of sulphonylurea therapy in type II diabetic subjects. Diabetes 
1984; 33:346-354.

Kolterman OG, Gray RS, Griffin J, Burstein P, Insel J, Scarlett JA, Olefsky JM. 
Receptor and postreceptor defects contribute to the insulin resistance in 
noninsulin-dependent diabetes mellitus. J Clin Invest 1981; 68:957-969.

Kopin IJ, Blombery P, Ebert MH, Gordon EK, Jimerson DC, Markey SP, Polinsky 
RJ. Disposition and metabolism of MHPG-CD3 in humans: plasma MHPG as the 
principle pathway of norepinephrine metabolism and as an important determinant 
of CSF levels of MHPG. In, Frontiers in Biochemical and pharmacological 
Research in Depression. 1984 E Usdin et al (eds), Raven Press, New York: 57-68.

Kopin IJ. Catecholamine metabolism: basic aspects and clinical significance. 
Pharmacol Rev 1985; 37:333-364.

Kosaka K, Hagura R, Kuzuya T. Insulin responses in equivocal and definite 
diabetes, with special reference to subjects who had mild glucose intolerance but 
later developed definite diabetes. Diabetes 1977; 26:944-952.

Kosaka K, Kuzuya T, Akanuma Y, Hagura R. Increase in insulin response after 
treatment of maturity-onset diabetes is independent of the mode of treatment. 
Diabetologia 1980; 18:23-28.

Kraegen EW, Chisholm DJ. Insulin responses to varying profiles of subcutaneous 
insulin infusion: kinetic modelling studies. Diabetologia 1984; 26:208-213.



264

Kraegen EW, Chisholm DJ, McNamara M. Timing of insulin delivery with meals. 
Horm Metab Research 1981; 13:365-367.

Kraegen EW, Lazarus L, Meier H, Campbell LV, Chia YO. Carrier solutions for low- 
level intravenous insulin infusion. Br Med J 1975; 3:464-466.

Kuhn CM, Cochrane C, Feinglos MN, Surwit RS. Exaggerated peripheral 
responses to catecholamines contributes to stress-induced hyperglycemia in the 
ob/ob mouse. Pharm Biochem Behaviour 1987; 26:491-485.

Kunos G, Hirata F, Ishac EJ, Tchakarov L. Time-dependent conversion of alphai to 
beta-adrenoceptor-mediated glycogenolysis in isolated rat liver cells: role of 
membrane phospholipase A2. Proc Natl Acad Sci USA 1984; 81:6178-6182.

Kvetnansky R, Tilders FJH, van Zoest ID, Dobrakova M, Berkenbosch F, Culman J, 
Zeman P, Smelik PG. Sympathoadrenal activity facilitates beta-endorphin and 
alpha-MSH secretion but does not potentiate ACTH secretion during 
immobilisation stress. Neuroendocrinology 1987; 45:318-324.

Landsberg L, Young J. Fasting, feeding, and the regulation of the sympathetic 
nervous system. New Eng J Med 1978; 298:1295-1301.

Langer SZ. Presynaptic regulation of the release of catecholamines. Pharmacol 
Rev 1981; 32:337-362.

Langer SZ, Adler-Graschinsky E, Giorgi O. Physiological significance of alpha 
adrenoceptor mediated negative feedback mechanism regulating noradrenaline 
release during nerve stimulation. Nature 1977; 265:648-650.

Langer SZ, Enero MA. The potentiation of responses to adrenergic nerve 
stimulation in the presence of cocaine: its relationship to the metabolic fate of 
released norepinephrine. J Pharmacol Exp Ther 1974; 191:431-443.

Lardinois CK, Mazzaferri EL, Starich GH. Increased gastric inhibitory polypeptide 
is not reduced in patients with non-insulin dependent diabetes mellitus treated with 
intense insulin therapy. J Clin Endocrinol Metab 1985; 61:1089-1092.

Laughton WL, Powley TL. Four central nervous sites project to the pancreas. Soc 
Neurosci Abstr 1979; 5:46.

Lautt WW. Hepatic nerves: a review of their functions and effects. Can J Physiol 
Pharmacol 1980;58:105-136.

Lautt WW. Afferent and efferent neural roles in liver function. Prog Neurobiol 1983; 
21:323-348.

Lautt WW, Wong C. Hepatic parasympathetic neural effect on glucose balance in 
the intact liver. Can J Physiol and Pharmacol 1978; 56:679-682.



LeBlanc J, Brondel L. Role of palatability in meal-induced thermogenesis in 
human subjects. Am J Physiol 1985; 248:E333-E336.

265

LeBlanc J, Cabanac M, Samson P. Reduced postprandial heat production with 
gavage as compared with meal feeding in human subjects. Am J Physiol 1984; 
246:E95-E107.

Leckman JF, Maas JM, Heninger GR. Covariance of plasma free 3-methoxy-4- 
hydroxyphenylethyleneglycol and diastolic blood pressure. Eur J Pharmacol 1981; 
70:111-120.

Lee KC, Miller RE. The hepatic vagus nerve and the neural regulation of insulin 
secretion. Endocrinology 1985; 117:307-314.

Leibowitz SF, Weiss GF, Yee F, Tretter JB. Noradrenergic innervation of the 
paraventricular nucleus: specific role in control of carbohydrate ingestion. Brain 
Res Bull 1985; 14:561-567.

Leslie RDG, Volkmann HP, Poncher M, Hanning I, Orskov H, Alberti KGMM. 
Metabolic abnormalities in children of non-insulin dependent diabetics. Br Med J 
1986; 293:840-842.

Levi L. Stress and distress in response to psychosocial stimuli: laboratory and real 
life studies in sympathoadrenomedullary and related reactions. Acta med Scand 
1972; 191 (suppl 528):1-156.

Levin BE, Triscari J, Sullivan AC. Defective catecholamine metabolism in 
peripheral organs of genetically obese Zucker rats. Brain Res 1981; 224:353-366.

Liljenquist JE, Mueller GL, Cherrington AD, Perry JM, Rabinowitz D. 
Hyperglycaemia per se (insulin and glucagon withdrawn) can inhibit hepatic 
glucose production in man. J Clin Endocrinol Metab 1979; 48:171-175.

Liljenquist JE, Mueller GL, Cherrington AD, Perry JM, Rabinowitz D. Evidence for 
an important role of glucagon in the regulation of hepatic glucose production in 
normal man. J Clin Invest 1977; 59:369-374.

Lillioja S, Bogardus C, Mott DM, Kennedy AL, Knowler WC, Howard BV. 
Relationship between insulin-mediated glucose disposal and lipid metabolism in 
man. J Clin Invest 1985; 75:1106-1115.

Lindmark L, Ekman L, Lundholm K. A simplified technique for measurements of 
energy expenditure and substrate oxidation in man. Clin Physiol 1985; 5:337-345.

Louis-Sylvestre J. Preabsorptive insulin release and hypoglycemia in rats. Am J 
Physiol 1976; 230:56-60.

Louis-Sylvestre J. Relationship between two stages of prandial insulin release in 
rats. Am J Physiol 1978; 235:E103-E111.



266
Luft R, Cerasi E, Andersson B. Obesity as an additional factor in the pathogenesis 
of diabetes. Acta Endocrinol 1968; 59:344-350.

Luft R, Cerasi E, Hamberger CA. Studies on the pathogenesis of diabetes in 
acromegaly. Acta Endocrinol 1967; 56:593-564.

Luiten PGM, Ter Horst GJ, Koopmans SJ, Rietberg M, Steffens AB. Preganglionic 
innervation of the pancreas islet cells in the rat. J Auton Nerv Syst 1984; 10:27-42.

Luiten PGM, Ter Horst GJ, Steffens AB. The hypothalamus, intrinsic connections 
and outflow pathways to the endocrine system in relation to the control of feeding 
and metabolism. Prog Neurobiol 1987; 28:1-54.

Lund B, Aagaard P, Decked T. Effect of vagotomy on insulin release after oral and 
intravenous glucose administration. Scand J Gastroenterol 1975; 10:77.

Lundberg JM, Hokfelt T, Anggard A, Uvnas-Wallensten K, Bremijoin S, Brodin E, 
Fahrenkrug J. Peripheral peptide neurons: Distribution, axonal transport and some 
aspects of possible function. In: Kosta E, Trabucci M, eds. Regulation and function 
of neural peptides. Advances in biochemical psychopharmacology. 1980 New 
York: Raven Press.

Lustman P, Carney R, Amado H. Acute stress and metabolism in diabetes. 
Diabetes Care (lett) 1981; 4:658-659.

Maas JW. Relationships between central nervous system noradrenergic function 
and plasma and urinary concentrations of norepinephrine metabolites. In, 
Frontiers in Biochemical and Pharmacological Research in Depression. 1984; E 
Usdin et al (eds), Raven Press, New York: 57-68.

Maas JW, Hattox SE, Green NM, Landis DH. 3-methoxy-4- 
hydroxyphenylethyleneglycol (MHPG) production by human brain in vivo. Science 
1979; 205:1025-1027.

Malaisse W, Malaisse-Lagae F, Wright PH, Ashmore J. Effects of adrenergic and 
cholinergic agents upon insulin secretion in vitro. Endocrinology 1967; 80:975- 
979.

Marangou AG, Weber KM, Boston RC, Aitken PM, Heggie JCP, Kirsner RLG, Best 
JD, Alford FP. Metabolic consequences of prolonged hyperinsulinemia in humans: 
evidence for induction of insulin insensitivity. Diabetes 1986; 35:1383-1389.

Martin RJ, Jeanrenaud B. Growth hormone in obesity and diabetes: inappropriate 
hypothalamic control of secretion. Int J Obesity 1985; 9(suppl 1 ):99-104.

Matsushita H, Ishikawa K, Shimazu T. Chemical coding of the hypothalamic 
neurones in metabolic control. I. Acetylcholine-sensitive neurones and glycogen 
synthesis in liver. Brain Res 1979; 163:253-261.



267
Matsushita H, Shimazu T. Chemical coding of the hypothalamic neurons in 
metabolic control. II. Norepinephrine-sensitive neurons and glycogen breakdown 
in the liver. Brain Res 1980; 183:79-87.

Matthei S, Horuk R, Olefsky JM. Blood-brain glucose transfer in diabetes mellitus. 
Decreased number of glucose transporters at blood-brain barrier. Diabetes 1986; 
35:1081-1084.

McCall AL, Millington WR, Wurtman RJ. Metabolic fuel and amino acid transport 
into the brain in experimental diabetes. Proc Natl Acad Sci 1982; 79:5406-5410.

McGuire EAH, Helderman JH, Tobin JD, Andres R, Berman M. Effects of arterial 
versus venous sampling on analysis of glucose 
kinetics in man. J Appl Physiol 1976; 41:565-573.

Meda P, Halban P, Perrelet A, Renold AE, Orci L. Gap junction development is 
correlated with insulin content in the pancreatic beta cell. Science 1980; 
209:1026-1028.

Meier A, Weidmann P, Grimm M, Keusch G, Gluck Z, Minder I, Ziegler WH. Pressor 
factors and cardiovascular pressor responsiveness in borderline hypertension. 
Hypertension 1981; 3:367-372.

Meyer HU, Curchod B, Maeder E, Pahud P, Jequier E, Felber J-P. Modifications of 
glucose storage and oxidation in nonobese diabetics, measured by continuous 
indirect calorimetry. Diabetes 1980; 29:752-756.

Mikines KJ, Sonne B, Richter EA, Christensen NJ, Galbo H. Glucose turnover 
during insulin-induced hypoglycemia in liver-denervated rats. Am J Physiol 1985; 
248:E327-E332.

Miller RE. Neural inhibition of insulin secretion from the isolated canine pancreas. 
Am J Physiol 1975; 229:144-149.

Miller RE. Pancreatic neuroendocrinology: peripheral neural mechanisms in the 
regulation of the islets of Langerhans. Endocrine Reviews 1981; 4:471-494.

Minokoshi Y, Saito M, Shimazu T. Sympathetic denervation impairs responses of 
brown adipose tissue to VMH stimulation. Am J Physiol 1986; 251 :R1005-R1008.

Minuk HL, Vranic M, Marliss EB, Hanna AK, Albisser AM, Zinman B.
GIucoregulatory and metabolic responses to exercise in obese noninsulin- 
dependent diabetes. Am J Physiol 1981; 40:E458-E464.

Miyabo S, Hisada T, Asato T, Mizushima N, Ueno K. Growth hormone and cortisol 
responses to psychological stress: comparison of normal and neurotic subjects. J 
Clin Endocrinol 1976; 42:1158-1162.



268
Moltz JH, Samson WK, Dobbs RE, Fawcett CP. Hypothalamic lesions in the 
weanling rat alter pancreatic response to glucose. Brain Res Bull 1984; 13:673- 
677.

Moses AC, Gordon GS, Carey MC, Flier JS. Insulin administered intranasally as 
an insulin-bile salt aerosol: Effectiveness and reproducibility in normal and diabetic 
subjects. Diabetes 1983; 32:1040-1047.

Muller WA, Faloona GR, Aguilar-Parada E, Unger RH. Abnormal alpha-cell 
function in diabetes: response to protein and carbohydrate ingestion. N Engl J 
Med 1979; 283:109-115.

Nair KS, Webster J, Garrow JS. Effect of impaired glucose tolerance and type II 
diabetes on resting metabolic rate and thermic response to a glucose meal in 
obese women. Metabolism 1986; 35:640-644.

National Diabetes Data Group. Classification and diagnosis of diabetes mellitus 
and other categories of glucose intolerance. Diabetes 1979; 28:1039-1044.

Nauck M, Homberger E, Siegel EG, Allen RC, Eaton RP, Ebert R, Creutzfeldt W. 
Incretin effects of increasing glucose loads in man calculated from venous insulin 
and C-peptide responses. J Clin Endocrinol Metab 1986; 63:492-498.

Nauck M, Stockmann F, Ebert R, Creutzfeldt W. Reduced incretin effect in type 2 
(non-insulin-dependent) diabetes. Diabetologia 1986; 29:46-52.

Nehrling JK, Kobe P, McLane MP. Aspartame use by persons with diabetes. 
Diabetes Care 1985; 8:415-417.

Niijiima A. Afferent impulse discharges from glucoreceptors in the liver of the 
guinea pig. Ann NY Acad Sci 1969; 157:690-699.

I : i ..

Niijiima A. Glucose sensitive afferent nerve fibres in the liver and regulation of 
blood glucose. Brain Res Bull 1980; 5(suppl 4):175-179.

Niijima A. Blood glucose levels modulate efferent activity in the vagal supply to the 
rat liver. J Physiol 1985; 364:105-112.

Nilsson G, Uvnas-Wallensten K. Effect of teasing, sham feeding and feeding on 
plasma insulin in dogs. In: Luft R, Yalow RS, eds. Radioimmunoassay: 
Methodology and applications in physiological and clinical studies. Stuttgart: 
Thieme, 1974:91-97

Nishizawa Y, Bray GA. Ventromedial hypothalamic lesions and the mobilization of 
fatty acids. J Clin Invest 1978; 61:714-719.

Nobin A, Galck B, Ingemansson S, Jarhult J, Rosengren E. Organisation and 
function of the sympathetic innervation of human liver. Acta Physiol Scand 1977; 
452:103-106.



269
O'Dea K, Esler M, Leonard P, Stockigt JR, Nestel P. Noradrenaline turnover during 
under- and over-eating in normal weight subjects. Metabolism 1982; 31:896-899.

O'Hare JA, Ferriss JB, Twomey BM, Gonggrijp H, O’Sullivan DJ. Changes in blood 
pressure, body fluids, circulating angiotensin II and aldosterone, with improved 
diabetic control. Clin Sci 1982; 63:415-418.

O'Rahilly SP, Rudensky AS, Burnett MA, Nugent Z, Hosker JP, Darling P, Turner 
RC. Beta-cell dysfunction, rather than insulin insensitivity, is the primary defect in 
familial type 2 diabetes. Lancet 1986; ii:360-363.

Olefsky JM. Pathogenesis of insulin resistance and hyperglycaemia in non-insulin- 
dependent diabetes mellitus. Am J Med 1985; 79(suppl 3B):1-7.

Olefsky JM, Kolterman OJ, Scarlett JA. Insulin action and resistance in obesity and 
non-insulin dependent type II diabetes mellitus. Am J Physiol 1982; 243:E15-E30.

Oomura Y. Glucose as a regulator of neuronal activity. In A Szabo (Ed), Advances 
in Metabolic Disorders, Vol 10: CNS Regulation of Carbohydrate Metabolism 1983 
(pp 31-65) New York: Academic Press.

Oomura Y, Ooyama H, Sugimori M, Nakamura T, Yamada Y. Glucose inhibition of 
the glucose-sensitive neurone in the rat lateral hypothalamus. Nature 1974; 
247:284-286.

Oomura Y, Yoshimatsu H. Neural network of glucose monitoring system. J Auton 
Nerv Sys 1984; 10:359-372.

Osei K, Falko JM, Fields PG. The effects of carbohydrate-enriched meals on 
glucose turnover and metabolic clearance rates of glucose in type 2 diabetic 
patients. Diabetologia 1986; 29:100-105.

Osei K, Falko JM, O'Dorisio TM, Fields PG, Bossetti B. Gastric inhibitory 
polypeptide and glucose turnover rates after natural meals in type II diabetic 
patients. J Clin Endocrinol Metab 1986; 62:325-330.

Osei K, Holland GC. Altered C-peptide/insulin molar ratios and glucose turnover 
rates after stimulation in nondiabetic offsprings of type II diabetic patients. 
Metabolism 1987; 36:122-127.

Ostman J, Efendic S, Arner P. Catecholamines and metabolism of human adipose 
tissue. I. Comparison between in vitro effects of noradrenaline, adrenaline and 
theophylline on lipolysis on omental adipose tissue. Acta med Scand 1969; 
186:241-246.

Ostrander LD, Lamphiear DE, Block WD, Williams GW, Carman WJ. Physiological 
variables and diabetic status. Findings in Tecumseh, Mich. Arch Int Med 1980; 
140:1215-1219.



270
Ottolenghi C, Caniato A, Barnabei O. Effect of acetylcholine on glycogen formation 
and the activity of glycogen synthase in isolated perfused rat liver. Nature 1971; 
229:420-422.

Pacold ST, Blackard WG. Central nervous system insulin receptors in normal and 
diabetic rats. Endocrinology 1979; 105:1452-1457.

Parra-Covarrubias A, Rivera-Rodriguez I, Almaraz-Ugalde A. Cephalic phase of 
insulin secretion in obese adolescents. Diabetes 1971; 20:800-802.

Pehling G, Tessari P, Gerich JE, Haymond MW, Service FJ, Rizza RA. Abnormal 
meal carbohydrate disposition in insulin dependent diabetes: relative contributions 
of endogenous glucose production and initial splanchnic uptake and effect of 
intensive insulin therapy. J Clin Invest 1984; 74:985-991.

Penicaud L, Rohner-Jeanrenaud F, Jeanrenaud B. In vivo metabolic changes as 
studied longitudinally after ventromedial hypothalamic lesions. Am J Physiol 1986; 
250:E662-E668.

Penick SB, Prince H, Hinkle LE. Fall in plasma content of free fatty acids 
associated with sight of food. N Engl J Med 1966; 275:416-419.

Perley M, Kipnis DM. Plasma insulin responses to oral and intravenous glucose. 
Studies in normal and diabetic subjects. J Clin Invest 1967; 46:1954-1962.

Pfeiffer MA, Weinberg CR, Cook DL, Reenan A, Halter JB, Ensinck JW, Porte D Jr. 
Autonomic neural dysfunction in recently diagnosed diabetic subjects. Diabetes 
Care 1984; 7:447-453.

Philipp TH, Distler A, Cordes U. Sympathetic nervous system and blood pressure 
control in essential hypertension. Lancet 1978; ii:959-963.

Planche E, Joliff M, De Gasquet P. Evidence of a defect in energy expenditure in 7- 
day-old Zucker rat (fa/fa). Am J Physiol 1983; 245:E107-E113.

Polonsky KS, Licinio-Paixao J, Given BD. Use of biosynthetic human C-peptide in 
the measurement of insulin secretion rates in normal volunteers and type 1 diabetic 
patients. J Clin Invest 1986; 77:98-105.

Porte D Jr, Girardier L, Seydoux J, Kanazawa Y, Pasternak J. Neural regulation of 
insulin secretion in the dog. J Clin Invest 1973; 52:210-216.

Porte D Jr, Williams RH. Inhibition of insulin release by norepinephrine in man. 
Science 1966; 152:1248-1250.

Porte D Jr, Woods SC. Neural regulation of islet hormones and its role in energy 
balance and stress hyperglycemia. In Diabetes Mellitus, Theory and Practice. 3rd 
ed. Ellenberg M, Rifkin H, Eds. New York, Med Exam 1983; 267-294.



271
Powley TL, Berthoud H-R. Diet and cephalic phase insulin responses. Am J Clin 
Nutr 1985; 42:991-1002.

Powley TL, Laughton W. Neural pathways involved in the hypothalamic integration 
of autonomic responses. Diabetologia 1981; 20:378-387.

Powley TL, Opsahl CA. Ventromedial hypothalamic obesity abolished by 
subdiaphragmatic vagotomy. Am J Physiol 1974; 226:25-33.

Radziuk J, Lickley HLA. The metabolic clearance of glucose: measurement and 
meaning. Diabetologia 1985; 28:315-322.

Radziuk J, McDonald TJ, Rubenstein D, Dupre J. Initial splanchnic extraction of 
ingested glucose in normal man. Metabolism 1978; 27:657-669.

Radziuk J, Norwich KH, Vranic M. Experimental validation of measurements of 
glucose turnover in the nonsteady state. Am J Physiol 1978; 234:E84-E93.

Rahier J, Goebbels RM, Henquin JC. Cellular composition of the human diabetic 
pancreas. Diabetologia 1983; 24:366-371.

Randle PJ, Garland PB, Hales CN, Newsholme EA. The glucose fatty-acid cycle: 
its role in insulin sensitivity and the metabolic disturbances of diabetes mellitus. 
Lancet 1963; i:785-789.

Rapoport RM, Takimoto GS, Cho AK. Compartmental analysis of tyramine-induced 
norepinephrine depletion. Pharmacology 1981; 22:235-242.

Ravussin E, Acheson KJ, Vernet O, Danforth E, Jequier E. Evidence that insulin 
resistance is responsible for the decreased thermic effect of glucose in human 
obesity. J Clin Invest 1985; 76:1268-1273.

Ravussin E, Bogardus C, Schwartz RS, Robbins DC, Wolfe RR, Horton ES, 
Danforth E Jr, Sims EAH. Thermic effect of infused glucose and insulin in man. 
Decreased response with increased insulin resistance in obesity and noninsulin 
dependent diabetes mellitus. J Clin Invest 1983; 72:893-902.

Reaven GM, Shen SW, Silvers A, Farquhar JW. Is there a delay in the plasma 
insulin response of patients with chemical diabetes? Diabetes 1971; 20:416-423.

Reaven GM, Chen Yl, Coulston AM, Greenfield MS, Hollenbeck C, Lardinois C, Liu 
G, Schwartz H. Insulin secretion and action in noninsulin-dependent diabetes 
mellitus: is insulin resistance secondary to hypoinsulinemia? Am J Med 1983; 
supp (glipizide symp):85-93.

Reckless JPD, Galton DJ. Catecholamine receptor sensitivity and the regulation of 
lipolysis in adult diabetes. Diabetologia 1976; 12:351-358.

Reichard G, Moury N, Hochella N, Patterson A, Weinhouse S. Quantitative 
estimation of the Cori cycle in the human. J Biol Chem 1963; 238:495-501.



Revers RR, Fink R, Griffin J, Olefsky JM, Kolterman OG. Influence of 
hyperglycaemia on insulin's in vivo effects in type 2 diabetes. J Clin Invest 1984; 
73:664-672.

272

Ricardo J, Koh EH. Anatomical evidence of direct projections from the nucleus of 
the solitary tract to the hypothalamus, amygdala, and other forebrain structures in 
the rat. Brain Res 1978; 153:1-26.

Richter EA, Ruderman NB, Schneider SH. Diabetes and exercise. Am J Med 
1981; 70:201-208.

Rizza RA, Cryer PE, Gerich JE. Role of glucagon, catecholamines and growth 
hormone in human glucose counterregulation: effects of somatostatin and 
combined alpha- and 6-adrenergic blockade on glucose recovery and glucose flux 
rates after insulin-induced hypoglycemia. J Clin Invest 1979; 64:62-71.

Rizza RA, Cryer PE, Haymond MW, Gerich JE. Adrenergic mechanisms for the 
effects of epinephrine on glucose production and clearance in man. J Clin Invest 
1980; 65:682-689.

Rizza RA, Mandarino LJ, Genest J, Baker BA, Gerich JE. Production of insulin 
resistance by hyperinsulinemia in man. Diabetologia 1985; 28:70-75.

Robertson RP, Porte D Jr. Adrenergic modulation of basal insulin secretion in man. 
Diabetes 1973; 22:1-8.

Robertson RP, Halter JB, Porte D Jr. A role for alpha-adrenergic receptors in 
abnormal insulin secretion in diabetes mellitus. J Clin Invest 1976; 57:791-796.

Rohner-Jeanrenaud F, Bobbioni E, lonescu E, Sauter JF, Jeanrenaud B. CNS 
regulation of insulin secretion. In: Szabo AJ, (Ed). Advances in Metabolic 
Disorders. Vol 10. 1983 (pp193-201) New York: Academic Press.

Rohner-Jeanrenaud F, lonescu E, Jeanrenaud B. The origins and role of efferent 
vagal nuclei in hyperinsulinemia in hypothalamic and genetically obese rodents. J 
Auton Nerv Syst 1983; 9:173-184.

Rohner-Jeanrenaud F, Proietto J, lonescu E, Jeanrenaud B. Mechanism of 
abnormal oral glucose tolerance of genetically obese fa/fa rats. Diabetes 1986; 
35:1350-1355.

Rooth P, Taljedal I. Vital microscopy of islet blood flow: catecholamine effects in 
normal and ob/ob mice. Am J Physiol 1987; 252:E130-E135.

Rosell S, Belfrage E. Adrenergic receptors in adipose tissue and their relation to 
adrenergic innervation. Nature 1975; 253:738-739.



Rosen SG, Clutter WE, Shah SH, Miller JP, Bier DM, Cryer PE. Direct alpha- 
adrenergic stimulation of hepatic glucose production in human subjects. Am J 
Physiol 1983; 245:E616-E626.

273

Ross SA, Brown JC, Dupre J. Hypersecretion of gastric inhibitory polypeptide 
following oral glucose in diabetes mellitus. Diabetes 1977; 26:525-529.

Rossetti L, Smith D, Shulman Gl, Papachristou D, DeFronzo RA. Correction of 
hyperglycemia with phlorizin normalizes tissue sensitivity to insulin in diabetic rats. 
J Clin Invest 1987; 79:1510-1515.

Rossetti L, Shulman Gl, Zawalich W, DeFronzo RA. Effect of chronic 
hyperglycaemia on in vivo insulin secretion in partially pancreatectomised rats. J 
Clin Invest 1987; 80:1037-1044.

Rothwell NJ, Stock MJ. A role for insulin in the diet-induced thermogenesis of 
cafeteria fed rats. Metabolism 1981; 30:673-678.

Rouselle J, Buckert A, Pahud P, Jequier E, Felber JP. Relationship between 
glucose oxidation and glucose tolerance in man. Metabolism 1982; 31:866-870.

Rowe JW, Young JB, Minaker LK, Stevens AL, Pallotta J, Landsberg L. Effect of 
insulin and glucose infusions on sympathetic nervous activity in normal man. 
Diabetes 1981; 30:219-225.

Russek M, Morgane PJ. Anorexic effect of intraperitoneal glucose in the 
hypothalamic hypophagic cat. Nature 1963; 199:1004-1005.

Russel RCG, Thompson JPS, Bloom SR. The effect of truncal and selective 
vagotomy on the release of pancreatic glucagon, insulin and enteroglucagon. Br J 
Surg 1974; 61:821.

Sacca L, Morrone G, Cicala M, Corso G, Ungaro B. Influence of epinephrine, 
norepinephrine and isoproterenol on glucose homeostasis in normal man. J Clin 
Endocrinol Metab 1980; 50:680-684.

Sahakian BJ, Lean MEJ, Robbins PW, James WPT. Salivation and insulin 
secretion in response to food in non-obese men and women. Appetite 1981; 
2:209-216.

Saito M, Minokoshi Y, Shimazu T. Brown adipose tissue after ventromedial 
hypothalamic lesions in rats. Am J Physiol 1985; 248:E20-E25.

Sakaguchi T, Bray GA. Intrahypothalamic injection of insulin decreases firing rate 
of sympathetic nerves. Proc Natl Acad Sci 1987; 84:2012-2014.

Salzman R, Manson JE, Griffing GT, Kimmerle R, Ruderman N, McCall A, Stolz El, 
Mullin C, Small D, Armstrong J, Melby JC. Intranasal aerosolized insulin: Mixed- 
meal studies and long-term use in type I diabetes. N Engl J Med 1985; 312:1078- 
1084.



274

Samols E, Weir GC. Adrenergic modulation of basal insulin secretion in man. 
Diabetes 1979; 22:1-8.

Santiago JV, Clarke WL, Shah SD, Cryer PE. Epinephrine, norepinephrine, 
glucagon and growth hormone release in association with physiological 
decrements in the plasma glucose concentration in normal and diabetic man. J 
Clin Endocrinol Metab 1980; 51:877-883.

Saper CB, Swanson LW, Cowan WM. An autoradiographic study of the efferent 
connections of the lateral hypothalamic area in the rat. J Comparative Neurology 
1979; 183:689-706.

Sasson S, Edelson D, Cerasi E. In vitro autoregulation of glucose utilization in rat 
soleus muscle. Diabetes 1987; 36:1041-1046.

Sawchenko PE, Friedman Ml. Sensory functions of the liver - a review. Am J 
Physiol 1979; 236:R5-20.

Scarlett JA, Gray RS, Griffin J, Olefsky JM, Kolterman OG. Insulin treatment 
reverses the insulin resistance of type II diabetes mellitus. Diabetes Care 1982; 
5:353-363.

Schade DS, Eaton RP. The metabolic response to norepinephrine in normal 
versus diabetic man. Diabetologia 1978; 15:433-439.

Schade DS, Eaton RP. The regulation of plasma ketone body concentration by 
counterregulatory hormones in man. I. Effects of norepinephrine in diabetic man. 
Diabetes 1977; 26:989-996.

Schade DS, Eaton RP. The regulation of plasma ketone body concentration by 
counterregulatory hormones in man. III. Effects of norepinephrine in normal man. 
Diabetes 1979; 28:5-10.

Schichiri M, Kawamori R, Abe H. Normalization of the paradoxic secretion of 
glucagon in diabetics who were controlled by the artificial pancreas. Diabetes 
1979; 28:272-278.

Schutz Y, Golay A, Felber JP, Jequier E. Decreased glucose-induced 
thermogenesis after weight loss in obese subjects: a predisposing factor for 
relapse of obesity. Am J Clin Nutr 1984; 39:380-387.

Schwartz TW, Holst JJ, Fahrenkrug J, Jensen SL, Nielsen OV, Rehfield JF, 
Schaffalitzky de Muckadell OB, Stadil F. Vagal, cholinergic regulation of 
pancreatic polypeptide secretion. J Clin Invest 1978; 61:781-789.

Schwartz TW, Stenquist B, Olbe L. Cephalic phase of pancreatic polypeptide 
secretion studied by sham feeding in man. Scand J Gastroenterol 1979; 14:313- 
320.



275
Scobie IN, Rogers PT, Brown PM, Godfrey H, Sonksen PH. Supersensitivity to 
both tyramine and noradrenaline in diabetic autonomic neuropathy. J Neurol 
Neurosurg Psych 1987; 50:275-278.

Scriven AJI, Dollery CT, Murphy MB, Macquin I, Brown MJ. Blood pressure and 
plasma norepinephrine concentrations after endogenous norepinephrine release 
by tyramine. Clin Pharmacol Ther 1983; 33:710-716.

Scriven AJI, Brown MJ, Murphy MB, Dollery CT. Changes in blood pressure and 
plasma catecholamines caused by tyramine and cold exposure. J Cardiovasc 
Pharmacol 1984; 6:954-960.

Segal KR, Gutin B, Albu J, Pi-Sunyer FX. Thermic effects of food and exercise in 
lean and obese men of similar lean body mass. Am J Physiol 1987; 252:E110- 
E117.

Segal KR, Gutin B, Nyman AM, Pi-Sunyer FX. Thermic effect of food at rest, during 
exercise, and after exercise in lean and obese men of similar body weight. J Clin 
Invest 1985; 76:1107-1112.

Seltzer HS, Allen EW, Herron AL, Brennan MT. Insulin secretion in response to 
glycemic stimulus: Relation of delayed initial release to carbohydrate intolerance in 
mild diabetes. J Clin Invest 1967; 46:323-335.

Shaar CJ, Clemens JA. The role of catecholamines on pituitary prolactin release in 
vitro. Endocrinology 1974; 87:673-678.

Shamoon H, Hendler R, Sherwin RS. Altered responsiveness to cortisol, 
epinephrine, and glucagon in insulin-infused juvenile onset diabetics. Diabetes 
1980; 29:284-291.

Shamoon H, Hendler R, Sherwin RS. Synergistic interactions among anti-insulin 
hormones in the pathogenesis of stress hyperglycemia in humans. J Clin 
Endocrinol Metab 1981; 52:1235-1241.

Sherwin RS, Fisher M, Hendler R, Felig P. Hyperglucagonemia and blood glucose 
regulation in normal, obese and diabetic subjects. N Engl J Med 1976; 294:455- 
461.

Shimazu T. Glycogen synthetase activity in liver: regulation by the autonomic 
nerves. Science 1967; 156:1256-1257.

Shimazu T. Regulation of glycogen metabolism in liver by the autonomic nervous 
system. V. Activation of glycogen synthetase by vagal stimulation. Biochem 
Biophys Acta 1971; 252:28-38.

Shimazu T. Central nervous system regulation of liver and adipose tissue 
metabolism. Diabetologia 1981; 20:343-348.



276
Shimazu T, Fujimoto T. Regulation of glycogen metabolism in liver by the 
autonomic nervous system. IV. Neural control of glycogen biosynthesis. Biochim 
Biophys Acta 1971; 252:18-27.

Shimazu T, Fukuda A. Increased activities of glycogenolytic enzymes in liver after 
splanchnic-nerve stimulation. Science 1965; 150:1607-1608.

Shimazu T, Fukuda A, Ban T. Reciprocal influences of the ventromedial and lateral 
hypothalamic nuclei on blood glucose levels and liver glycogen content. Nature 
1966; 210:1178-1179.

Shimazu T, Matsushita H, Ishikawa K. Flypothalamic control of liver glycogen 
metabolism in adult and aged rats. Brain Res 1978; 144:343-352.

Shimazu T, Ogasawara S. Effects of hypothalamic stimulation on gluconeogenesis 
and glycolysis in rat liver. Am J Physiol 1975; 228:1787-1793.

Shimizu N, Oomura Y, Novin D, Grijalva CV, Cooper PH. Functional correlations 
between lateral hypothalamic glucose-sensitive neurons and hepatic portal 
glucose sensitive units in the rat. Brain Res 1983; 265:49-54.

Shuster LT, Go VLW, Rizza RA, O'Brien P, Service FJ. Incretin effect due to 
increased secretion and decreased clearance of insulin in normal humans. 
Diabetes 1988; 37:200-203.

Silverberg AB, Shah SD, Haymond MW, Cryer PE. Norepinephrine: hormone and 
neurotransmitter in man. Am J Physiol 1978; 234:E252-256.

Simonson DC, Ferrannini E, Bevilacqua S, Smith D, Barrett E, Carlson R,
DeFronzo RA. Mechanism of improvement in glucose metabolism after chronic 
glyburide therapy. Diabetes 1984; 33:838-948.

Sivertsson R. The hemodynamic importance of structural vascular changes in 
essential hypertension. Acta Physiol Scand 1970; suppl 343:1-56.

Sjostrum L, Garellick G, Krotkiewski M. Peripheral insulin in response to the sight 
and smell of food. Metabolism 1980; 24:901-909.

Skoglund G, Lundquist I, Ahren B. Effects of alpha-) - and alpha2-adrenoceptor 
stimulation and blockade on plasma insulin levels in the mouse. Pancreas 1986; 
1:415-420.

Smith AD. Mechanisms involved in the release of noradrenaline from sympathetic 
nerves. Br Med Bull 1973; 29:123-129.

Smith PH, Madson KL. Interactions between autonomic nerves and endocrine 
cells of the gastroenteropancreatic system. Diabetologia 1981; 20:314-324.



277
Smythe GA, Bradshaw JE, Nicholson MV, Grunstein HS, Storlien LH. Rapid 
bidirectional effects of insulin on hypothalamic noradrenergic and serotoninergic 
neuronal activity in the rat: role in glucose homeostasis. Endocrinology 1985; 
117:1590-1597.

Smythe GA, Bradshaw JE, Vining RF. Hypothalamic monoamine control of stress- 
induced adrenocorticotrophin release in the rat. Endocrinology 1983; 113:1062- 
1071.

Smythe GA, Duncan MW, Bradshaw JE, Cai WY. Serotoninergic control of growth 
hormone secretion: hypothalamic dopamine, norepinephrine, and serotonin levels 
and metabolism in three hyposomatotropic rat models and in normal rats. 
Endocrinology 1982; 110:376-83.

Smythe GA, Grunstein HS, Bradshaw JE, Nicholson MV, Compton PJ.
Relationships between brain noradrenergic activity and blood glucose. Nature 
1984; 308:65-67.

Spalding RM, Ward WK, Malpass TW, Stratton JR, Halter JB, Porte D Jr, Pfeiffer 
MA. Decreased numbers of platelet alpha adrenergic binding sites in diabetes 
mellitus. Diabetes Care 1986; 9:276-278.

Spielberger CD, Gorsuch RL, Lushene R, Vagg PR, Jacobs GA. Manual for the 
State-Trait Anxiety Inventory (self-evaluation questionnaire). Palo Alto, Ca: 
Consulting Psychologists Press, 1983.

Stanik S, Marcus R. Insulin secretion improves following dietary control of plasma 
glucose in severely hyperglycemic obese patients. Metabolism 1980; 29:346-350.

Steele R, Bjerknes C, Isbel Rathgeb BA, Altszuler N. Glucose uptake and 
production during the oral glucose tolerance test. Diabetes 1968; 17:415-421.

Steele R, Wall J, DeBodo R, Altszuler N. Measurement of size and turnover rate of 
body glucose pool by the isotope dilution method. Am J Physiol 1956; 187:15-24.

Steffens AB, Mogensen GJ, Stevenson JAF. Blood glucose, insulin and free fatty 
acids after stimulation and lesions of the hypothalamus. Am J Physiol 1972; 
222:1446-1452.

Steffens AB, Strubbe JH. CNS regulation of glucagon secretion. In: Szabo AJ,
(Ed) Advances in Metabolic Disorders. New York:Academic Press, 1983:221-257.

Steffens AB, Van der Gugten J, Godeke J, Luiten PGM, Strubbe JH. Meal induced 
increases in parasympathetic and sympathetic activity elicit simultaneous rises in 
plasma insulin and free fatty acids. Physiol Behaviour 1986; 37:119-122.

Storlien LH. The role of the ventromedial hypothalamic area in periprandial 
glucoregulation. Life Sci 1984; 36:505-514.



278
Storlien LH. The ventromedial hypothalamic area and the vagus are neural 
substrates for anticipatory insulin release. J Auton Nerv Syst 1985; 13:303-310.

Storlien LH, Bellingham WP, Martin GM. Localization of CNS glucoregulatory 
insulin receptors within the ventromedial hypothalamus. Brain Res 1975; 96:156- 
160.

Storlien LH, Grunstein HS, Smythe GA. Guanethidine blocks the 2-deoxyglucose 
induced hypothalamic noradrenergic drive to hyperglycemia. Brain Res 1985; 
335:144-147.

Storlien LH, Smith DJ, Atrens DM, Lovibond PF. Development of hypoglycemia 
and hyperglycemia as a function of a number of trials in insulin conditioning.
Physiol Behaviour 1985; 35:603-606.

Strubbe JH, Steffens AB. Rapid insulin release after ingestion of a meal in the 
unanaesthetised rat. Am J Physiol 1975; 229:1019-1022.

Strubbe JH, Van Wachem P. Insulin secretion by the transplanted neonatal 
pancreas during food intake in fasted and fed rats. Diabetologia 1981; 20:228-236.

Surwit RS, Feinglos MN. Stress and diabetes. Behavioural Medicine Update 
1984; 6:8-11.

Surwit RS, Feinglos MN. Stress and autonomic nervous system in type II diabetes: 
a hypothesis. Diabetes Care 1988; 11:83-85.

Surwit RS, Feinglos MN. The effects of relaxation on glucose tolerance in non
insulin-dependent diabetes. Diabetes Care 1983; 6:176-179.

Surwit RS, Feinglos MN, Livingston EG, Kuhn CM, McCubbin JA. Behavioural 
manipulation of the diabetic phenotype in ob/ob mice. Diabetes 1984; 33:616-618.

Szabo O, Szabo AJ. Evidence for an insulin-sensitive receptor in the central 
nervous system. Am J Physiol 1972; 223:1349-1355.

Szabo O, Szabo AJ. Studies on the nature and mode of action of the insulin- 
sensitive glucoregulator receptor in the central nervous system. Diabetes 1975; 
24:2328-2332.

Takemura J, Seino J, Tsuda K, Seino S, Ikeda M, Sakurai H, Imura H. 
Hypersecretion of gastric inhibitory polypeptide induced by glucose ingestion in 
diabetes mellitus. Endocrinology 1981; 28:17-22.

Tallman JF, Saavedra JM, Axelrod J. A sensitive isotopic method for the analysis 
of tyramine in brain and other tissues. J Neurochem 1976; 27:465-470.

Taskinen MR, Bogardus C, Kennedy A, Howard B. Multiple disturbances of free 
fatty acid metabolism in noninsulin dependent diabetes: effect of oral hypoglycemic 
therapy. J Clin Invest 1985; 76:637-644.



Taylor IL, Feldman M. Effect of cephalic-vagal stimulation on insulin, gastric 
inhibitory polypeptide and pancreatic polypeptide release in humans. J Clin 
Endocrinol Metab 1982; 55:1114-1117.

279

Ter Horst GJ, Luiten PGM, Kuipers F. Descending pathways from hypothalamus to 
dorsal motor vagus and ambiguus nuclei in the rat.
J Auton Nerv Syst 1984; 11:59-75.

Terrettaz J, Jeanrenaud B. In vivo hepatic and peripheral insulin resistance in 
genetically obese (fa/fa) rats. Endocrinology 1983; 112:1346-1351.

Texeira VL, Atunes-Rodriguez J, Migliorini RH. Evidence for centers in the central 
nervous system that selectively regulate fat mobilisation in the rat. J Lipid Res 
1975; 14:672-677.

Thiebaud D, DeFronzo RA, Jacot E, Golay A, Acheson K, Maeder E, Jequier E, 
Felber JP. Effect of long-chain triglyceride infusion on glucose metabolism in man. 
Metabolism 1982; 31:1128-1136.

Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, Felber JP. The effect of 
graded doses of insulin on total glucose uptake, glucose oxidation, and glucose 
storage in man. Diabetes 1982; 31:957-963.

Tipton KF. Biochemical aspects of monoamine oxidase. Br Med Bull 1973; 
29:116-119.

Tokunaga K, Fukushima M, Kemnitz JW, Bray GA. Effect of vagotomy on serum 
insulin in rats with paraventricular or ventromedial hypothalamic lesions. 
Endocrinology 1986; 119:1708-1711.

Trimble ER, Siegel EG, Berthoud HR, Renold AE. Intraportal islet transplantation: 
Functional assessment in conscious unrestrained rats. -Endocrinology 1980; 
106:791-797.

Trunet P, Lhoste F, Ansquer J-C, Kestenbaum S, Sabatier C, Tillement J-P, Rapin 
M. Decreased plasma epinephrine concentrations after glucose ingestion in 
humans. Metabolism 1984;33:101-108.

Tse Tf, Clutter WE, Shah SD, Cryer PE. Mechanisms of postprandial glucose 
counterregulation in man. Physiological roles of glucagon and epinephrine vis-a- 
vis insulin in the prevention of hypoglycemia late after glucose ingestion. J Clin 
Invest 1983; 72:278-286.

Tuck ML. The sympathetic nervous system in essential hypertension. Am Heart J 
1986; 112:877-886.

Turner RC, Holman RR, Matthews D, Hockaday TDR. Insulin deficiency and insulin 
resistance interaction in diabetes: estimation of their relative contribution by



280
feedback analysis from basal plasma insulin and glucose concentrations.
Metabolism 1979; 28:1086-1096.

Turner RC, McCarthy ST, Holman RR, Harris E. Beta-cell function improved by 
supplementing basal insulin secretion in mild diabetes. Br Med J 1976; 1:1252- 
1254.

Unger RH, Aydin I, Nakabayashi H, Srikant CB, Raskin P. The effects of glucagon 
administration to nondiabetics and diabetics. Metabolism 1976; 25:1523-1526.

Unger RH, Grundy S. Hyperglycaemia as an inducer as well as a consequence of 
impaired islet cell function and insulin resistance: implications for the management 
of diabetes. Diabetologia 1985; 28:119-121.

Unger RH, Orci L. Glucagon and the A-cell. Physiology and pathophysiology. N 
Engl J Med 1981; 304:1518-1524.

Uvnas-Wallensten K. Peptides in metabolic autonomic nerves. Diabetologia 
1981; 20:337-341.

Vale W, Vaughan J, Smith M, Yamamoto G, Rivier J, Rivier C. Effects of synthetic 
ovine CRF, glucocorticoids, catecholamines, neurohypophyseal peptides and other 
substances on cultured corticotrophic cells. Endocrinology 1983; 113:1121 -1129.

Vandenbergh R, Sussman K, Titus C. Effects of hypnotically induced acute 
emotional stress on carbohydrate and lipid metabolism in patients with diabetes 
mellitus. Psychosom Med 1966; 28:382-390.

Van Haeften TW, Heiling VJ, Gerich JE. Adverse effects of insulin antibodies on 
postprandial plasma glucose and insulin profiles in diabetic patients without 
immune insulin resistance: implications for intensive insulin regimes. Diabetes 
1987; 36:305-309.

Van Houten M, Posner Bl. Cellular basis of indirect insulin action in the central 
nervous system. Diabetologia 1981; 20:255-267.

Van Houten M, Posner Bl, Kopriwa BM, Brawer JR. Insulin binding sites in the rat 
brain: in vivo localisation to the circumventricular organs by quantitative 
radiography. Endocrinology 1979; 105:666.

Van Loon GR, Scapagnini U, Cohen R, Ganong WF. Effect of intraventricular 
administration of adrenergic drugs on the adrenal venous 17-hydroxycorticosteroid 
response to surgical stress in the dog. Neuroendocrinology 1971; 8:257-272.

Van Voigtlander PF, Moore KE. Involvement of nigrostriatal neurons in the in vivo 
release of dopamine by amphetamine, amantadine and tyramine. J Pharmacol 
Exp Ther 1973; 184:542-547.



281
Vander Tuig JG, Knehans AW, Romsos DR. Reduced sympathetic nervous system 
activity in rats with ventromedial hypothalamic lesions. Life Sciences 1982; 
30:913-920.

Vinik Al, Kalk WJ, Botha JL, Jackson WP, Blake KC. The inexhaustible beta cell. 
Diabetes 1976; 25:11-15.

Vranic M, Berger M. Exercise and diabetes mellitus. Diabetes 1979; 28:147-163.

Wahren J. Influence of somatostatin on carbohydrate disposal and absorption in 
diabetes mellitus. Lancet 1976 ; ii :1213-1216.

Wahren J, Felig P, Cerasi E, Luft R. Splanchnic and peripheral glucose and amino 
acid metabolism in diabetes mellitus. J Clin Invest 1972; 51:1870-1878.

Ward WK, Beard JC, Halter JB, Pfeifer MA, Porte D Jr. Pathophysiology of insulin 
secretion in non-insulin-dependent diabetes mellitus. Diabetes Care 1984; 7:491- 
502.

Ward Wk, Golgiano DC, McKnight B, Halter JB, Porte D Jr. Diminished 8-cell 
secretory capacity in patients with noninsulin dependent diabetes mellitus. J Clin 
Invest 1984; 74:1318-1328.

Ward Wk, Johnston CLW, Beard JC, Benedetti TJ, Halter JB, Porte D Jr. Insulin 
resistance and impaired insulin secretion in subjects with histories of gestational 
diabetes mellitus. Diabetes 1985; 34:861-869.

Weekley LB. A mechanism by which primary or secondary hypothalamic 
involvement results in the development of insulin-dependent diabetes mellitus 
(IDDM). J Theor Biol 1984; 111:171-182.

Weidmann P, Beretta-Piccoli C, Keusch G, Gluck Z, Mujagic M, Grimm M, Meier A, 
Ziegler WH. Sodium-volume factor, cardiovascular reactivity and hypotensive 
mechanism of diuretic therapy in mild hypertension associated with diabetes 
mellitus. Am J Med 1979; 67:779-784.

Weingarten HP, Chang P, McDonald TJ. Comparison of the metabolic and 
behavioural disturbances following paraventricular and ventromedial-hypothalamic 
lesions. Brain Res Bull 1985; 14:551-559.

Weir GC. Non-insulin-dependent diabetes mellitus: interplay between 3-cell 
inadequacy and insulin resistance. Am J Med 1982; 73:461-464.

Wessels F, Zumkley H. Electrolytes in blood cells. Sodium metabolism of RBC in 
hypertensive patients. In Intracellular Electrolytes and Arterial Hypertension. 1980 
(pp 56-68) Stuttgart; Georg Thieme Verlag.

Westermark P, Wilander E. The influence of amyloid deposits on the islet volume 
in maturity onset diabetes mellitus. Diabetologia 1978; 15:417-421.



282
Westfall TC. Neuroeffector mechanisms. Ann Rev Physiol 1980; 42:383-397.

Wing RR, Epstein LH, Blair EH, Nowalk MP. Psychological stress and blood 
glucose levels in nondiabetic subjects. Psychosom Med 1985; 47:558-564.

Wing RR, Blair EH. Psychological stressor impairs glucose metabolism in lean 
nondiabetics but not in overweight nondiabetics or NIDDMs. Diabetes 1987 
Abstract 36(suppl 1):68.

Woebber KA, Arky R, Braverman LE. Reversal by guanethidine of abnormal oral 
glucose tolerance in thyrotoxicosis. Lancet 1966; i:895-897.

Woods SC, Porte D Jr. Neural control of the endocrine pancreas. Physiol Rev 
1974; 54:596-619.

Yalow RS, Berson SA. Plasma insulin concentrations in nondiabetic and early 
diabetic subjects. Determinations by a new sensitive immuno-assay technique. 
Diabetes 1960; 9:254-260.

Yamamoto H, Nagai K, Nakagawa H. Bilateral lesions involving the 
suprachiasmatic nucleus suppress hyperglycemia due to peripheral administration 
of 2-deoxy-D-glucose. Horm Metab Res 1986; 18:788-789.

Yoshimatsu H, Niijima A, Oomura Y, Yamabe K, Katafuchi T. Effects of 
hypothalamic lesion on pancreatic autonomic nerve activity in the rat. Brain Res 
1984; 303:147-152.

Young JB, Rowe JW, Palotta JH. Enhanced plasma norepinephrine responses to 
upright posture and oral glucose administration in elderly human subjects. 
Metabolism 1980; 29:532-539.

Zeigler MG, Lake CR, Wood JH, Brook BR, Ebert MH. Relationship between 
norepinephrine in blood and cerebrospinal fluid in the presence of a blood- 
cerebrospinal barrier for norepinephrine. J Neurochem 1977; 28:677-679.

Zimmet P. Type 2 (non-insulin-dependent) diabetes - an epidemiological 
overview. Diabetologia 1982; 22:399-411.


	Title Page : The Autonomic Nervous System and Glucose Metabolism with Reference to Noninsulin Dependent Diabetes Mellitus
	Acknowledgements
	Abbreviations used in this thesis
	Contents
	Summary

	CHAPTER ONE : General Introduction
	CHAPTER TWO : Materials and methods
	CHAPTER THREE : Cephalic phase insulin secretion and glucose homeostasis
	CHAPTER FOUR : Prandial insulin secretion in noninsulin dependent diabetes mellitus
	CHAPTER FIVE : Prandial insulin secretion in NIDDM: pilot study utilising a dual isotope technique and respirometry
	CHAPTER SIX : Sympathetic nervous system and glucoregulation
	CHAPTER SEVEN : Conclusions
	REFERENCES



