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HYPOTHALAMIC NEUROPEPTIDEY IN THECONTROL OFNORMAL AND 
ABNQRMALEOOIIINIAKE^

byJohnPaulHoward Wilding

I have investigated the role of hypothalamic peptides, with particular emphasis on 
neuropeptide Y (NPY), in the regulation of food intake and metabolism. NPY is a peptide 
neurotransmitter found in several hypothalamic regions involved in the control of food 
intake. It is the most powerful appetite stimulant known, and its concentration and mRNA 
rise in food deprived animals, suggesting a physiological role.

In rats with acquired obesity, produced by feeding a palatable diet, I found increased 
hypothalamic NPY concentrations, but unchanged NPY mRNA, suggesting increased 
storage and reduced release. Reduced NPY release would be expected to increase 
thermogenesis, a recognised change in this model of obesity. The NPY levels in these 
animals were not altered by administration of the anorectic drug, dexfenfluramine. In 
contrast, the ob/ob mouse, which has obesity and insulin resistance inherited as an 
autosomal recessive trait, was found to have a three-fbld increase in hypothalamic NPY 
mRNA, which may be a factor in the development of the obese phenotype.
Hypothalamic NPY is regulated by several hormones and I have demonstrated a reciprocal 

relationship between stimulation by glucocorticoids, and suppression by insulin. This may 
be relevant to genetic obesity, where the combination of generalised insulin resistance and 
high corticosterone levels may explain the observed changes in NPY mRNA. NPY 
mRNA is increased in the hyperphagia associated with lactation in rodents, and a further 
increase was found with food deprivation, suggesting a separate population of neurones may 
be involved in lactation and food deprivation. Given that NPY suppresses LH secretion, it 
seems likely that reduced LH secretion observed in lactation and food deprivation is related 
to increased hypothalamic NPY activity.

I have found that NPY monoclonal antibodies injected into the third cerebral ventricle in 
rats fasted for 24h reduces their feeding in a dose-dependent manner by up to 30%, 
demonstrating the importance of endogenous NPY in deprivation-induced feeding. I have 
found interactions between NPY and catecholaminergic and opioid feeding systems. 
Diabetic animals have an attenuated food intake response to NPY, perhaps because of 
alterations in receptors or other appetite regulating neurotransmitters.
Finally, I have investigated the acute effects of centrally administered NPY on glucose 

metabolism in rats, using a hypeiinsulinaemic euglycaemic clamp to assess insulin 
resistance, and a tracer technique to measure hepatic glucose output NPY enhances 
peripheral insulin sensitivity, increases hepatic glucose output and stimulates the release of 
insulin and glucagon from the endocrine pancreas, suggesting complex, neurally mediated 
effects on carbohydrate metabolism.

Thus NPY in the hypothalamus has potent effects on food intake and metabolism; its 
physiological role may be to coordinate the metabolic and behavioral responses to food 
deprivation. Altered hypothalamic NPY production and action in obesity and diabetes 
suggest that inappropriate adaptive responses of the hypothalamic NPY system may play a 
role in the pathophysiology of these conditions.
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"The body has a head."

The central nervous system is essential to the normal control of metabolic 

processes. This was recognised by the French physiologist Claude Bernard (1813-1878), 

when he produced diabetes in dogs by puncturing the floor of the fourth cerebral ventricle 

(piqure diabetes) [1]. Maintenance of energy balance is an important part of this 

regulation, and this involves the control of input (food intake) and output (energy 

expenditure). Loss of this homeostatic regulation results in either obesity or cachexia.

Understanding the role of the central nervous system in the regulation of body 

weight has important implications for human disease. It may provide insight into eating 

disorders such as anorexia and bulimia. Obesity is becoming increasingly prevalent in the 

Western World and is an important risk factor for the development of non insulin- 

dependent diabetes and ischaemic heart disease. Knowledge of the CNS mechanisms 

Involved may lead to the development of new therapeutic approaches directed towards the 

prevention of these conditions.

A. The hypothalamus and its role in the control of food intake and peripheral 

metabolism.

The hypothalamus is the region of the brain situated at the anterior region of the 

diencephalon. It is an integrating centre for the control of many homeostatic processes, 

and influences pituitary hormone secretion, body temperature, sexual behaviour, 

autonomic responses to changes in emotion, plasma osmolarity and energy balance.

Regulation of body weight is simply a balance between intake and expenditure. 

Energy may be expended as work or dissipated as excess heat in 'futile' metabolic cycles 

(thermogenesis). In most animals, this balance is tightly regulated throughout adult life, 

and body mass remains constant. There is considerable evidence that the hypothalamus 

plays a critical role in the coordination of food intake and subsequent metabolic responses 

necessary to maintain energy homeostasis. Control of food intake and peripheral energy 

expenditure are closely linked, but will be dealt with separately initially for the purposes 

of this introduction.
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Control of food intake

Anatomical Pathways

Experiments earned out in the 194O's and 195O's first identified the hypothalamus 

as an important brain region concerned with the control of food intake. Lesions of the 

ventromedial hypothalamus were found to produce uncontrolled hyperphagia and obesity 

[2] and lesions of the lateral hypothalamic area, aphagia and weight loss [3], This led to 

the development of the concept of feeding being controlled by two opposing areas in the 

hypothalamus, a lateral hypothalamic ‘feeding centre’ and a ventromedial ‘satiety 

centre’(Fig 1.1a). This simplistic model is now outdated for several reasons. It has 

become clear that several extrahypothalamic brain regions are also important in 

controlling food intake, for example the nucleus of the tractus solitarius and the area 

postrema in the brainstem [4]. Diencephalic structures such as the amygdala are also 

involved [5]. Within the hypothalamus other important structures include the 

paraventricular nucleus (PVN), which is the site of action of several appetite stimulating 

neurotransmitters, and the arcuate nucleus (ARC), their site of synthesis [6] (Fig 1.1b).

Figure 1.1

Schematic coronal sections through 

the rat hypothalamus. Early studies 

concentrated on the (%pojmg 

Z»^Z/g?ZCgS of r/zg VgTZ/rOTMgz/zoZ 

/%?0fWa7nzc satiety gg/i/rg, aw/ o 

/afgraZ /%oof/zaZamzc ^gz/mg centre 

(o[). 7fzjnowhzow7zf/zaf7na?^ofAgr 

rggzozM arg znvo/vg^/ z/zcZzz^Zzzzg z/zg 

paravgWrzezz/ar mze/gzt; (PFA9, aw/ 

f/zg dorsomedial wzc/gzzs (DA/A^ w/zzcA 

rggg/vg ^6rg.$ )^ozM f/ze arezzafg 

nzzc/gzzs azzz/))-077z f/zg 6razzzsfgz?z (Z^.
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The suprachiasmatic nuclei may also be involved, perhaps as part of the diurnal 

control of feeding. Early lesion experiments may have interfered with fibres passing 

through the ventromedial nucleus from the brainstem to the PVN. PVN lesions may also 

produce obesity, but this depends on the extent of the lesion [7]. Further evidence against 

the theory of two opposing centres is the fact that in animals with ventromedial lesions 

producing obesity, food intake initially rises and obesity develops, but after some time 

body weight reaches a plateau, suggesting that there is another level of control [8,9]. 

Similarly, animals with lateral hypothalamic lesions maintained on tube feeding for some 

months eventually escape from their initial anorexia, and again eat spontaneously, 

although at a lower level than previously [10]. This redundancy is important to remember 

when studying appetite control, as it means that any intervention may be rapidly 

compensated for by a change in the activity of other components of the system. 

TZwnggr aw/ fatzg/y - appofmg zz^wgncgs m tAg con^a/ a/}ba^ mtaJlg

Although the anatomical concept of feeding and satiety centres is now outdated, it 

is still useful to consider feeding as being controlled by the two opposing influences, 

hunger and satiety; this has the advantage that it does not presuppose particular pathways. 

Hunger is only satisfied when sufficient food is eaten, producing satiety. One can 

envisage a system which is permanently set to stimulate food intake. This is only inhibited 

following a meal. The degree and duration of inhibition will vary according to the 

calorific content and macronutrient composition of the meal consumed, and the overall 

nutritional status of the animal before the meal. This process of satiation probably 

involves many factors including circulating metabolites, hormones and neural 

transmission via the autonomic nervous system (Fig 1.2). This has been termed the 

peripheral satiety system.

Gm? lYbr/MOMgs

Following ingestion of a meal, several signals are activated which produce satiety. 

Gastric distension increases vagal activity. Nutrients promote the release of numerous 

gastrointestinal hormones and neurotransmitters, notably cholecystokinin (CCK) and 

bombesin [11]. Both of these peptides have been shown to produce satiety following 

peripheral injection in experimental ammals [12,13]. These act on receptors which convey 

information to the brain via afferent parasyinpathetic fibres. In the case of CCK, these 

fibres have been traced from the GI tract via the vagus to the nucleus tractus solitarius in 

the brainstem and hence to the PVN [14]. This has been demonstrated by abolishing CCK 

15



induced satiety by truncal vagotomy, and with selective lesions in the brainstem and PVN 

More recently specific CCK antagonists have been developed and suggest that a peripheral 

CCK-A receptor and possibly a central CCK-B receptor may be involved [15,16]. The 

effect of bombesin is also neurally mediated, but complete spinal and vagal denervation is 

required to block bombesin induced satiety [17]. Pancreatic hormones may also be 

important, particularly glucagon, which stimulates receptors in the liver, information again 

being conveyed via afferent vagal fibres [18].

Figure 1.2

7%e peripheral satiety 

.^j'tgTM. &zffg(yjzg7znZr 
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ZVzztrzents

Nutrients may themselves serve as a satiety signal, and these effects may be 

mediated peripherally, from the liver, or centrally. The liver may convey information 

about the rate of fatty acid oxidation [19]. Examples of central signals are glucose, which 

may act on specific glucoreceptors in the VMH [19], and the amino acids tryptophan and 

tyrosine which are precursors for monoamine neurotransmitters known to be involved in 

appetite control [20]. The sugar acids 3,4-dihydroxybutanoic acid-y-lactone, 2-buten-4- 

olide and 2,4,5-tribydroxypentanoic acid-y-lactone have also been proposed as possible 

satiety signals [21]. Satietins are circulating glycoproteins which appear to have an 

anorexic effect, but these have not yet been fully characterised [22].
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Figurel.3
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wAgM azk/ Aaw /wacA ^^oz^ fa ga/ aw/ fa cawfra/ pgrzpAgra/ /MgfaAa/MZM za a way 

ap!praprzafg fa fAg /zafrzfzaaa/ status a/fAg argazzM/M.

Neural Influences

Food Intake (behaviour) 
Thermogenesis 

Metabolism
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Insulin

Insulin deserves a special mention here. It is important to distinguish between 

peripheral and central effects. Peripheral insulin injection produces an increase in food 

intake, probably secondary to the resultant hypoglycaemia, and promotion of fat synthesis 

which together increase body weight [23]. Several studies have demonstrated the presence 

of insulin binding sites and insulin receptor mRNA at various sites in the CNS, notably in 

the hypothalamic arcuate nucleus [24,25]. Although insulin may be synthesised locally in 

the brain [26], the majority of brain insulin is probably derived from the circulation, 

mainly from receptor mediated uptake across the blood brain barrier [27]. Chronic 

administration of insulin into the CNS of baboons and rats produces a fall in food intake 

and body weight [28,29]. Whether or not this is physiologically important remains 

uncertain, but the fact that insulin antibodies increase food intake when injected 

chronically would support the notion that it is [29]. Brain insulin may therefore be an 

important signal of medium to long term body energy stores.

AAacroMW/rzgMf sg/gchoM

The control of food intake does not only relate to quantity or calorific content, 

other important influences include hedonic aspects such as the sight, smell or taste of food 

and the proportion of macronutrients (carbohydrate, fat and protein) it contains. These 

may have modulatory influences on the central pathways involved in appetite control. 

Diurnal variation

In both rodents and humans, the time of day is important in determining eating 

behaviour. Rodents are predominantly nocturnal feeders, and it is interesting that the 

pattern of food intake in rats given pure macronutrient diets varies according to the time of 

night. The first meal is typically rich in carbohydrate, with an increase in the proportion 

of protein and fat as the night progresses [30]. This raises the possibility that specific 

neurochemical signals may determine which nutrients are selected if a choice is available. 

Ngurotm/WTMzYZgM r/wzr zM^wcMcg /bog/ mtaAg

A very large number of neurotransmitters may be involved in the control of food 

intake. Some may play a purely central role, whereas others are also involved in 

peripheral satiety signals as discussed above. Most of the experiments that have looked at 

the effects of various neurotransmitters on feeding involve the injection of the compound 

into the CSF or localised brain areas via stereotactically implanted cannulae. Effects on 

feeding in satiated animals may assess stimulatory effects, and effects in food deprived 
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animals inhibitory effects. Pure macronutrients can be given to study food preference. A 

large number of substances can be shown to inhibit food intake, whereas relatively few are 

stimulatory (Tables 1.1 and 1.2).

One of the problems associated with studying the inhibitory transmitters is that the 

effect may not be behaviour specific. The animal may not eat because it is doing 

something else, or because it is unwell. Behavioural studies go some way towards 

controlling for these phenomena, but the true physiological role of a putative appetite 

inhibiting transmitter cannot be established without the use of specific antagonists. For 

many of the peptides studied, these antagonists are not available. The known effects of the 

various transmitters are shown in the tables.

Table 1.1 - JVewo/raTMTMzrrgrf rW ftimM/nre /bo^f mrajke

Transmitter Main Site of

Action
Macronutrient
Preference

Main Receptor
Subtype 
Involved

Reference

Nor-adrenaline PVN

VMH
Carbohydrate «2 [31,32]

GABA PVN Carbohydrate GABAA [33]
Dynorphin PVN

Amygdala
Globus
Paliidus

Fat Kappa [34]

Neuropeptide Y PVN Carbohydrate Subtype ofY, [35]
Galanin PVN Fat Unknown [36]
Growth Hormone
Releasing Hormone

MPO

SCN
Unknown Unknown [37]
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Table 1.2 - Endogenous substances that inhibit food zM/aJke

Transmitter Main site of 
effect

Macronutrient 
preference

Receptor 
subtype

Reference

Serotonin____ PVN Carbohydrate 5HTla [38]
Dopamine Lateral Fat, Protein D2 [39]

hypothalamus

CCK Peripheral Fat, carbohydrate CCK-A [12,16]
NTS, PVN 7CCK-B

Bombesin Peripheral Unknown [40]
Various
hypothalamic
sites, NTS
Amygdala

CRF________ PVN Unknown [41]
Neurotensin NTS Unknown [42]

PVN,VMH, [43]
DMN

Somatostatin ICV Unknown [44][45]
Calcitonin PVN, NTS Unknown [42][46]
Amylin ICV Unknown [47]
Glucagon Lateral Unknown [48]

Hypothalamus

Glucagon-like ICV Unknown [49]
peptide 1(7-

36) amide

TRH ICV Unknown [33]__________
Prostaglandins ICV Unknown [50]__________
Interleukins ICV Unknown [51]__________
PACAP ICV Unknown [52]
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Corticosteroids appear to play an important role in the development of obesity in 

experimental animals and are likely to be important in the control of body weight by the 

hypothalamus. Adrenalectomy prevents weight gain in rats with lesions of the VMH or 

PVN [53], and attenuates it in animals with genetic obesity [54,55]. Neurones in the PVN 

are rich in glucocorticoid receptors, and concentrations of circulating glucocorticoids peak 

during the dark phase in rats, at the time when food intake is greatest [56]. PVN implants 

of various steroid hormones have demonstrated a stimulatory effect on carbohydrate intake 

with corticosterone, and a lesser effect with aldosterone [57]. The PVN is also the site of 

most CRF synthesis in the hypothalamus, an important inhibitor of feeding [58,59].

Hypothalamic control of peripheral metabolism

As well as the control of food intake, maintenance of energy balance is also 

dependent on the control of energy expenditure. Many of the transmitters described above 

have significant effects on the hormonal and autonomic output which influence energy 

expenditure.

Thermogenesis

As already mentioned, excess energy may be expended in the form of work as 

useful muscular or metabolic activity, or dissipated as heat. The concept of diet-induced- 

thermogenesis describes the adaptive phenomenon whereby ‘waste’ energy can be 

dissipated as heat in a regulated manner. Studies in laboratory animals fed different diets 

(particularly cafeteria diets) have demonstrated that as body weight rises there is a 

compensatory increase in thermogenesis, particularly in brown adipose tissue, which 

serves to limit the weight gain [60]. Conversely genetically obese animals and those with 

hypothalamic (VMH or PVN) lesions appear to have a reduction in thermogenesis [61]. 

Studies of autonomic nervous system activity support the idea that this phenomenon is 

under nervous control, with the integrating centre of that control being in the appetite 

regulating areas of the hypothalamus [62]. Stimulation of the ventromedial hypothalamus 

increases sympathetic activity to brown adipose tissue, whereas its destruction causes the 

reverse [63,64]. Lesions of the lateral hypothalamus, which cause anorexia and weight 

loss, are associated with increased sympathetic activity to brown adipose tissue and thus a 

higher rate of thermogenesis [65].
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Glucose metabolism

Since the early experiments of Claude Bernard, it has been recognised that the 

brain may play a role in the regulation of glucose metabolism [1]. This occurs through a 

number of mechanisms, including direct effects via the autonomic nervous system on the 

release of pancreatic hormones, particularly insulin, and the regulation of hepatic glucose 

metabolism. Effects may also be mediated via alterations in the release of the pituitary 

hormones ACTH, TSH and GH, which indirectly influence tissue insulin sensitivity or 

insulin release.

Animal models of obesity and altered food intake
The study of experimental models of obesity is necessary as a means of studying 

the aetiology of the condition, and to provide insight into the normal control of food intake 

and metabolism. The models of interest are genetic models of obesity (Zucker rat, ob/ob 

mouse), acquired obesity (animals fed cafeteria or palatable diets). Models of anorexia 

due to tumours or endotoxin are also of interest, as is the physiological hyperphagia that 

occurs during pregnancy and lactation.

B. Neuropeptide Y: Structure, synthesis, tissue distribution, receptors and effects on 

food intake and metabolism

Structure, synthesis and tissue distribution

Structure and Biosynthesis

Neuropeptide Y (NPY) is a 36 amino-acid peptide Erst isolated Eom porcine brain 

by Tatemoto in 1982 [66]. It is a member of the pancreatic polypepEde family of 

peptides, which includes pancreaEc polypepEde (PP) and pepEde YY (PYY), with which 

it shares up to 50% homology, a common feature is the presence of a carboxy-terminal 

tyrosine amide group (Egure 1.4).

The structural similariEes between the various members of the pancreaEc 

polypepEde family of pepEdes appear to be related to a common geneEc ancestry. The 

genomic organisaEon of the three genes is very similar, with all having four exons and 

three introns (Egure 1.5). The rat gene for NPY encodes a 98 amino acid precursor which 

consists of a 29 amino-acid signal pepEde, the mature NPY pepEde, a Gly-Lys-Arg 

processing site and a carboxyl-terminal Eanking pepEde of 30 amino acids. NPY mRNA 

is detectable in the 16 day old rat foetus, and levels rapidly increase to adult levels. The 

rat and human NPY pepEde sequences are idenEcal, with only one change in the carboxyl 
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terminal peptide, whereas the porcine NPY has a conservative methionine to leucine 

amino-acid substitution [67] (figure 1.4). More recent studies show strong evolutionary 

conservation across a wide variety of species [68].

Figurel.4

/fmmo-ac/r/ fg^wewef ofngwropgphWe 7 aM<y fAe re/atecfp^tzckj: f 77 nntf ff (Ze/rgrs^ we 

r/ze mrgrnarfoMn/ fing/e letter codes^r JTMZMO-acfds)).

Porcine NPY

1 10 20 30 36 

Y-P-S-K-P-D-N-P-G-E-D-A-P-A-E-D-L-A-R-Y-Y-S-A-L-R-H-Y-I-N-L-I-T-R-Q-R-Y-NH^ 

Rat / Euman NPY

Y-P-S-K-P-D-N-P-G-E-D-A-P-A-E-D-M-A-R-Y-Y-S-A-L-R-H-Y-I-N-L-I-T-R-O-R-Y-NHa 

Porcine PYY

Y-P-A-K-P-E-A-P-G-E-D-A-S-P-E-E-L-S-R-Y-Y-A-S-L-R-H-Y-L-N-L-V-T-R-O-R-Y-NH: 

Numan PYY

Y-P-l-K-P-E-A-P-G-E-D-A-S-P-E-E-L-N-R-Y-Y-A-S-L-R-H-Y-L-N-L-V-T-R-O-R-Y-NH; 

Rat PP

A-P-L-E-P-M-Y-P-G-D-Y-A-T-H-E-O-R-A-O-Y-E-T-O-L-R-R-Y-I-N-T-L-T-R-P-R-Y-NH) 

Numan PP

A-P-L-E-P-y-Y-P-G-D-N-A-T-P-E-O-M-A-O-Y-A-A-D-L-R-R-Y-T-N-M-T.-T-R-P-R-Y-Nn.

Figure 1.5

Gew sfrucfure <^rof JWy a»d reZofedpepddcs. 7%e gcMc sZn/c/we )br f77 awf ff is 

fdcMdcaZ, wftA 4 exo/zs and J zM/roMs, SNggcsdMg a co/N7Mo» oncesira/ gCMc.

36 AA 24 AA 7 AA

5" UT Signal NPY C-flankIng peptide 3'UT

TissNC distribution

The search which culminated in the discovery of NPY was suggested by the 

finding of PP-like immunoreactivity in the brain by immunocytochemistry, but little by 

radioimmunoassay, suggesting the presence of a PP-like molecule in the brain. NPY was 

found to be widely distributed in the central and peripheral nervous system of mammals, 

including man [69,70]. Pancreatic polypeptide is not found in the brain, and only small 

amounts of PYY are present in the brain, with the m^ority of the latter hormone being 

23



present in endocrine cells in the gastrointestinal tract [71]. In the peripheral nervous 

system NPY is frequently co-localised with catecholamines, as demonstrated by its 

depletion following 6-hydroxydopamine lesions [72]. Other sites where there are 

significant quantities of NPY include the adrenal glands, spleen and pancreatic islets 

[73,74].

NPY immunoreactivity is present in many brain regions, including the cortex, but 

is particularly abundant in the hypothalamus, which has the greatest concentration of any 

brain region [69]. Within the hypothalamus NPY perikarya are concentrated in the arcuate 

nucleus. Fibres are present in the PVN and dorsomedial nucleus (DMN) projecting both 

from the ARC and from the brainstem, notably from the Cl, Al catecholaminergic cell 

groups and from the C2 (NTS) [72]. Other projections from the ARC are to the medial 

preoptic area and to the mesencephalic central grey. An anatomically and functionally 

distinct NPY system projects from the ventrolateral geniculate nucleus of the thalamus to 

the suprachiasmatic nucleus of the hypothalamus [75] and has been postulated as being 

involved in the regulation of circadian rhythms [76]. In the CNS, NPY is not only co

localised with catecholamines, as in the peripheral nervous system, but also with many 

other neurotransmitters, including somatostatin, enkephalin, GABA, vasopressin and 

FMRFamide [77-79].

Thus NPY is one of the most abundant brain peptides, and concentrations are 

particularly high in brain regions known to be important in the regulation of food intake 

and energy balance.

Peripheral Actions of NPY

NPY has numerous actions in both the peripheral and central nervous systems. 

The actions of NPY present in peripheral nerves are often similar to those of the frequently 

co-localised nor-adrenaline. NPY is a powerful vasoconstrictor. Release of NPY from 

sympathetic nerve terminals appears to occur in similar circumstances to noradrenaline, 

particularly stress, exercise, and insulin-induced hypoglycaemia in both rodents and 

humans [80,81]. The effects are mediated via distinct receptors, which appear to act in 

three main ways: f rstly a direct posfjunctional vasoconstrictor effect, a post-junctional 

potentiation of nor-adrenaline induced vasoconstriction, and finally a prejunctional 

suppression of noradrenaline release [82]. NPY is present io high concentrations in tissue 
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and plasma &om subjects with phaeochromocytomas, and may be important in the 

development of the associated syndrome [83,84]. NPY inhibits insulin release from the 

pancreatic islets, and is present both in nerves supplying the islets and in the islets 

themselves. Within the islets it is regulated by treatments that alter insulin production and 

secretion and may therefore be both a neurotransmitter and a paracrine or autocrine factor 

involved in the control of islet hormone secretion [74,85].

Central Nervous System

Elets' on hZoo^wre

NPY is present in many areas of the central nervous system involved in blood 

pressure regulation. This includes some areas of the hypothalamus, such as the posterior 

hypothalamic nucleus, certain brainstem regions and the spinal cord. The effects of 

exogenously administered NPY on blood pressure depend on the site of injection. 

Intracistemal administration of NPY results in hypotension whereas its administration into 

the third ventricle increases blood pressure [86,87]. Microinjection studies, iiyecting NPY 

into the nucleus tractus solitanus, result in a fall in blood pressure, whereas its vasopressor 

effects are mediated in the hypothalamus, possibly in the posterior hypothalamic nucleus 

[86,88]. These effects seem to be related to a general increase in sympathetic nervous 

system activity [89]. One suggested mechanism is a neuromodulatory effect via inhibition 

of stimulation evoked nor-adrenaline release [90]. Studies of NPY in the spontaneously 

hypertensive rat have suggested that central NPY dysregulation may be involved in the 

pathogenesis of hypertension in this syndrome [91], although it is possible that observed 

effects are secondary to changes in blood pressure [92].

Apart from the potent effects of NPY on food intake, which are discussed below, 

central injection of NPY has a number of other behavioural effects. Observations (which 

have mainly been earned out in rodents) include a general reduction in locomotor activity, 

although grooming may be increased if food is present. In the absence of food, food 

seeking behaviour is increased. Muscle tone is increased and there is hypokinesia, 

suggesting a role in the nigro-striatial system [93]. NPY may also be involved in memory 

[94], NPY and its receptors in the brain appear to be altered by the administration of some 

antidepressant drugs, which led to the suggestion that NPY could be involved in the 
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development of depression [95,96]. In humans, NPY concentrations have been found to 

be reduced in the CSF of patients with depressive illness and in patients with depression 

who committed suicide, however the functional relevance of these findings is not known 

[97].

Effects on pituitary hormone release

NPY administered icv influences the release of a number of pituitary hormones, 

notably luteinizing hormone (LH), growth hormone (GH), thyroid stimulating hormone 

(TSH) and prolactin. The secretion of the latter three are all inhibited by NPY [98]. LH 

secretion is also inhibited under most circumstances, although secretion is increased in 

oestrogen primed ovariectomised females [99, 100]

NPY and food intake

One of the most striking effects observed after administration of NPY into the 

central nervous System of mammals is a dramatic increase in food intake. This was first 

observed by Clark in 1984, shortly after the demonstration of NPY in the hypothalamus 

[101], and has since been conhrmed by many laboratories, and in many species [102-104]. 

Water intake is also increased, but to a lesser extent. Cannula mapping studies have found 

the PVN and the perifbmical area to be one of the most sensitive sites for this effect, 

although injection into many other hypothalamic sites or into the fourth ventricle or frontal 

cortex also results in increased food intake [35,105]. Repeated injection of NPY into the 

PVN of the hypothalamus results in a sustained increase in food intake, and ultimately 

obesity [106]. The magnitude of the feeding response to NPY is greater on a molar basis 

than that for any other known appetite stimulant. A single injection of NPY of 0.25 nmol, 

into the PVN causes satiated rats to eat as much as 15g of food in one hour, which is more 

than 50% of a rat's normal 24 hour food intake [35]. The food intake produced by NPY 

has been compared to that produced by other appetite stimulating neurotransmitters, 

notably noradrenaline. The latency to onset of feeding (ie the time from injection to when 

the animal begins to eat) is notably longer for NPY (10 minutes), as opposed to less than a 

minute for noradrenaline. The NPY response is longer lasting however, and effects are 

observed for up to four hours following injection [35]. Like noradrenaline, the feeding 

response produced by NPY is predominantly for carbohydrate [107,108]. Rats are most 
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sensitive to the feeding stimulatory effects of NPY at the beginning of the dark phase, a 

time of day when their food intake is normally at its greatest [109], 

Interactions between other (%pg^/g s^fi/Mw/ar/Mg MCwo/raw/Mz/fgrs aw/ A(Py

A number of studies have addressed the effects of other known appetite regulating 

neurotransmitters on feeding stimulated by NPY. These have at times produced 

conflicting results, but the main findings will be elucidated here. Of the stimulatory 

neurotransmitters, the most studied in relation to NPY induced feeding is nor-adrenaline. 

Feeding induced by NPY does not appear to be blocked by the administration of the a- 

adrenergic blocker phentolamine, although in this study the phentolamine was given after 

the NPY, which may explain the lack of effect [110]. Phentolamine administered into the 

PVN does not influence NPY-induced feeding. Yohimbine has been found to inhibit NPY 

induced feeding by some workers, but this remains to be confirmed [111]. However the 

effects of noradrenaline and NPY administered together are neither synergistic nor 

additive, suggesting a common effector pathway [112]. The non-specific opioid 

antagonist naloxone, administered either peripherally or centrally inhibits NPY-induced 

feeding, however it is not known whether this is a non-specific effect, as at the doses used, 

most opioid systems would be inhibited [113].

.E^c/f o/ hzowM fuhefy yhctOM on iVPy-/w/ucg6//ecc/mg

Centrally administered CCK did not inhibit NPY induced feeding in one study 

[112], however other workers have found that peripherally administered CCK significantly 

attenuated NPY induced feeding [114]. The reasons for this discrepancy remain 

unexplained. Bombesin, calcitonin, corticotropin releasing factor (CRF) and pituitary 

adenylate cyclase activating peptide (PACAP) have all been shown to decrease NPY 

induced feeding after intracerebroventricular administration [52,112]. A study 

demonstrating that the antagonist a-helical CRF enhances NPY-induced feeding suggests 

that endogenous CRF may be important in modulating the feeding response to NPY [115]. 

Serotonin is thought to be an important regulator of feeding, and the serotonin agonist 

fenfluramine decreases feeding induced by NPY [116].

E^c/f of o/Aer mtcrvcMhow on AIR y-;w/ucg(//ee^/mg

A number of other local and systemic treatments appear to alter the feeding 

response to centrally administered NPY. Adrenalectomy results hi a loss of NPY-induced 

feeding, and this effect can be reversed by corticosteroid replacement [117]. Bilateral 

mesencephalic lesions, which mterrupt the pathways fom midbrain nuclei to the PVN, 
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result in decreases in NP Y concentration in the PVN, and an increase in the feeding 

responseto NPY,withareductioninfeeding latency [118]. Neonatal administrationof 

monosodium glutamate results in destruction of NPY producing cells in the arcuate 

nucleus with the expected reduction in NPY content in the arcuate nucleus, the PVN and 

medial preoptic area, and produces hypophagia [119,120]. NPY induced feeding is 

attenuated by intra-arterial infusion of glucose, hut not fructose, suggesting inhibition via 

hypothalamic glucoregulatory centres [114].

Effects on pancreatic hormone release and glucose metabolism

The effects of central NPY injection on peripheral metabolism have also been 

investigated. NPY increases CRF immunoreactivity in the PVN, release of CRF from 

hypothalamic slices, and increases circulating corticosterone concentrations [121-124]. 

This is not associated with any change in circulating glucose, but there is an increase in 

insulin, which may be due to a change in hepatic glucose production, or evidence of 

regulation of peripheral insulin sensitivity by hypothalamic NPY [125]. Other important 

metabolic effects observed after central administration of NPY include a reduction in 

activity in sympathetic nerves innervating brown adipose tissue [126] and alterations in 

the respiratory quotient favouring metabolism of carbohydrate [127].

NPY Receptors

Receptor heterogeneity

The effects of NPY described above ate mediated by specific receptors of which 

there appear to be at least three pharmacologically distinct subtypes. This classification is 

based on the different affinities of NPY, PYY and C-terminal fragments of NPY for 

binding in various tissues, together with different pharmacological specificity. The Y, 

receptor subtype requires the entire NPY molecule for bioactivity and is responsible for 

NPY-mediated vasoconstriction; selective analogues for this receptor type include 

{Pro^}NPY and {Leu^'Pro^^jNPY. In contrast the Y; receptor binds the long C- 

terminal fragments of NPY, such as NPY,3,36 and NPY,6,36 and appears to be a presynaptic 

receptor. This receptor was first postulated following the demonstration that electrically 

stimulated contraction of rat vas deferens could be inhibited by NPY,3.3g with equal 
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potency to the intact molecule, whereas this fragment was inactive in other preparations 

[82]. Both these receptor subtypes can be classified as PYY preferring, as receptor 

binding studies suggest a higher affinity for PYY than for NPY. A third, NPY preferring 

NPY receptor has been postulated to be present in rabbit kidney, and has recently been 

cloned [128], although the specificity of this receptor for NPY has been questioned [129]. 

YPy rgc^mr.9 w /Ag CAS

NPY binding sites are present throughout the CNS. Using selective ligands the Y, 

and Y2 receptors appear to be differentially distributed. The highest concentrations of 

NPY binding sites are found in the cortex, hippocampus, olfactory bulb and lateral 

septum. Moderate levels of binding are found in the thalamus, hypothalamus and 

brainstem [130]. In the cortex binding sites are predominantly of the Y, type, with higher 

amounts of Y; binding found in the hippocampus. In the hypothalamus the majority of 

NPY-binding sites are of the Y; type. However studies of the various NPY analogues and 

fragments on feeding behaviour support the hypothesis that feeding is mediated by a 

receptor of the Y, class, which may be atypical, as feeding is stimulated by NP Y^.^, which 

is inactive in most other Y, -like systems [131]. This receptor is unlikely to be NPY- 

preferring (Yg), as PYY is equipotent at stimulating food intake [107].

Sacowf AfgssgMgg/'A'

NPY YI receptors appear to belong to the class of G-protein coupled receptors as 

the biological effects of NPY, such as vasoconstriction and food intake, can be blocked 

with pertussis toxin [132]. They appear to be linked to both a pertussis toxin sensitive 

inhibitory G-protein and to the elevation of intracellular calcium [133].

How is hypothalamic NPY regulated?

The presence of NPY and its receptors in the hypothalamus, and the demonstration 

of its potent effects on food intake and metabolism is suggestive of an important role in 

the regulation of energy homeostasis. This can only be fully understood when the factors 

regulating its expression and release in the hypothalamus are known, and its physiological 

role established using specific antagonists. At the time of starting work on this thesis, two 

major observations regarding the regulation of hypothalamic NPY had been made. The 

first, made in Professor Bloom's laboratory, was that of a wide range of neuropeptides 

studied, NPY content was specifically increased in the hypothalamus in animals with 
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diabetes [134,135], and that these changes were mainly conGned to known appetite 

regulating areas, including the arcuate nucleus and the PVN [136]. This increase in NPY 

content was accompanied by increased NPY mRNA in the whole hypothalamus, and in 

the arcuate nucleus, suggesting that increased synthesis, rather than increased storage of 

NPY was occurring in this situation [137]. The second observation was that similar 

changes were observed following food deprivation, and that the increase in NPY was 

rapidly reversed by refeeding, suggesting that NPY synthesis was determined by 

nutritional state [138,139].

Aims

The aims of this research were to identify dietary and metabolic factors involved in 

the regulation of hypothalamic NPY in the rat and to investigate the importance of NPY in 

controlling food intake and metabolism under different physiological and pathological 

conditions. These objectives were achieved by performing various dietary, endocrine and 

pharmacological manipulations and measuring NPY concentration by radioimmunoassay 

in microdissected hypothalamic nuclei along with total hypothalamic NPY roRNA (which 

largely reflects synthesis in the arcuate nucleus). The physiological importance of NPY in 

the control of food intake was investigated using immunoneutralization of endogenous 

NPY, with a monoclonal antibody administered into the third cerebral ventricle. 

Interactions with other appetite regulating neurotransmitters were investigated using 

speciGc antagonists. Finally, the role of NPY in the regulation of glucose metabolism was 

explored Using the hyperinsulinaemic euglycaemic clamp and tracer infusions after central 

injection of NPY.
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Materials and Methods
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Introduction

This chapter describes in detail the methodology used for each of the major 

techniques employed in this thesis. Where variations on technique are used, these will be 

described in the chapters concerned, as will any techniques unique to a particular series of 

experiments.

Use of experimental animals

All animal work undertaken was carried out in accordance with procedures 

described in the Animals (Scientific Procedures) Act 1978, and for which I currently hold 

a Home Office Personal Licence and, together with Professor Bloom, a Project Licence, 

for the investigation of the role of regulatory peptides in the control of food intake and 

metabolism.

Brain Dissection

Where preparations of whole hypothalamus are required, such as for the 

preparation of messenger ribonucleic acid (mRNA), the dissection technique is relatively 

straightforward. Rats were killed by carbon dioxide inhalation, mice by cervical 

dislocation. Where blood samples were required, these were taken by direct cardiac 

puncture immediately after the ammal was killed. The animal was then decapitated and 

the brain carefully removed and placed on its ventral surface, the optic nerves and any 

blood vessels were dissected away. The hypothalamus was dissected out under a 

binocular dissecting microscope, using coronal incisions at the optic chiasm anteriorly and 

the mammillary bodies posteriorly, followed by incisions along the perihypothalamic sulci 

and the anterior commissure. In some experiments the hypothalamus was then divided 

into two halves by a further vertical cut; one half was kept at -70°C for later measurement 

of NPY mRNA, the other was divided into medial and lateral parts using vertical cuts 

through the fomix and the mammillohypothalamic bundle. This separates the 

hypothalamus into a nucleus rich medial part (including the paraventricular nucleus, 

arcuate nucleus and ventromedial nucleus) and a nucleus poor lateral part.
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FigureZ.l
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Bregma -].3mm

Bregma - 2.3mm

Bregma - 1.8mm

Bregma - 2.8nim

3V = Third Ventricle
f= fornix
MPO = Medial Preoptic Area
LPO = Lateral Preoptic Area
SO = Supraoptic nucleus
OX = Optic Chiasm
Pe = Periventricular nucleus
SCh = Suprachiasmatic nucleus
AHy = Anterior Hypothalamus 
PaMC = Magnocellular paraventricular nucleus 
PaPC = Parvocellular paraventricular nucleus 
VMIT = ventromedial nucleus
DM = Dorsomedial nucleus
ARC = Arcuate nucleus
ME = Median Eminence
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Hypothalamic microdissection

For most of the studies employing radioimmunoassay, individual hypothalamic 

nuclei and regions were dissected out using a modification of the method described by 

Jacobowitz [141]. The brain was rapidly removed, as described above, and the 6ontal 

cortex and cerebellum were separated by vertical slices in front of the optic chiasm and 

behind the mammillary bodies, aided by the use of a special slotted perspex box to ensure 

consistency in the plane of slicing. The resulting brain slice was attached to a cold-stage 

using cyanoacrylate adhesive (Superglue 3, Loctite, Welwyn Garden City, Hertfordshire, 

UK), with the anterior surface uppermost and placed in a vibrating microtome containing 

ice-cold saline. Cuts of 100pm were then made until the anterior commissure was clearly 

visible at an equivalent level to the illustration in a rat brain atlas [140]. From this 

reference point serial slices were obtained through the brain at 500pm intervals. These 

were examined under a binocular dissecting microscope and hypothalamic nuclei were 

punched, using a blunt 19g needle attached to a 1ml syringe, using a rat brain atlas [140] 

as a reference. The medial preoptic area was carefully dissected using a small scalpel. 

Samples were expelled into acetic acid ( 500pl of 0.5mol/l) by gentle pressure on the 

syringe plunger and boiled for 10 minutes to extract the peptides. All samples were then 

frozen at -20°C until assay. The nuclei sampled were the medial preoptic area (MPO), 

anterior hypothalamic area (AHA), lateral hypothalamic area (LHA), suprachiasmatic 

nucleus (SCN), paraventricular nucleus (PVN), ventromedial nucleus (VMH), arcuate 

nucleus (ARC) and the dorsomedial nucleus (DMN) (Fig 2.1).

Radioimmunoassay of NPY and other peptides

Introduction

Radioimmunoassay is an invaluable technique for measuring the content of 

biological substances in tissue and plasma. It has gained widespread use since its first 

description by Yalow and Berson in 1958 [142]. Radioimmunoassay is based upon the 

binding of antigen (Ag) to a specific antibody (Ab). At equilibrium, the amount of 

antibody bound to antigen and the amount of 6*66 antigen and antibody are constant:

_ [^g46] 
" [^^[^6]
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K, is the association constant, and describes the avidity of the antibody for the antigen and 

is in the order of 10^ to 10'^ M'' for a typical radioimmunoassay antibody.

Radioimmunoassay depends upon the incubation of a constant amount of radiolabelled 

antigen, a constant (and limiting) amount of antibody with a sample containing an 

unknown amount of antigen. At equilibrium, the proportion of antibody-bound to free 

labelled antigen is proportional to the amount of unlabelled antigen present. A standard 

curve is constructed using known quantities of unlabelled antigen, and unknown samples 

can then be compared to the standard curve.

The requirements for a radioimmunoassay are therefore an appropriate specific 

antibody with a high binding avidity (which will be a determinant of assay sensitivity), a 

quantity of radiolabelled antigen ('^I is most commonly used, but ^H is an alternative), 

and known quantities of antigen from which a standard curve can be constructed. Other 

conditions such as pH and temperature should also be controlled, and ideal conditions may 

vary for each assay. Most antibodies are obtained from rabbit immunization with peptide 

+ adjuvant, although monoclonal antibodies can also be used.

Separation of free and bound fractions is necessary after incubation. This may be 

achieved in several ways. Immunoprecipitation involves the addition of a second antibody 

which reacts with the first (eg a goat anti-rabbit antibody). Chemical separation involves 

the use of alcohol, polyethylene glycol or ammonium sulphate. The method used in these 

studies was physical separation using dextran-coated charcoal.

Once the free and bound fractions have been separated, radioactivity is counted in 

all the fractions. Although it is possible to then calculate the results by hand (ie ratio of 

free and bound antibody for each tube), this is quickly and conveniently carried out by a 

microcomputer linked to the gamma counter.

Quality Control

Quality control is an essential aspect of any assay system. Throughout these 

studies all assays for a particular experiment were carried out in a single assay to remove 

any possibility of interassay variation. Systematic errors due to intraassay variation do 

occur, and one of the commonest is ‘assay drift’, which may occur due to systematic 

errors, particularly in the timing of assay separation. These errors were avoided by 1) 

placing samples where direct comparisons were to be made (eg all samples from a 

particular nucleus) close together in the assay, and 2) Alternating tubes from different 

limbs of the study. Intraassay variation was also checked for by the use of zero tubes at 
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regularmtervals duringthe assay. Counting error is kept to a minimum b]/ (Counting; j^xr at 

least 4000 counts, giving a counting error of about 1.3%.

Radioimmunoassay of neuropeptide 7

I willdesciibe the assay procedureusedfbr the nKasunanentofbn^Y in detail, and 

then note briefly any variations in procedure used in the measurement of other peptides in 

these studies.

All assay measurements were carried out in duplicate. Numbered plastic tubes 

were filled with 600pl of 60mM phosphate buffer pH 7.4 (containing EDTA and 0.3% 

bovine serum albumin). For microdissected hypothalamic nuclei, the optimum sample 

volume addition was 20pl, for whole hypothalami 0.2pl additions were needed, which 

were obtained by dilution of a lOpl aliquot. As the samples were extracted into 0.5M 

acetic acid, 20pl of this was added to all non-sample tubes to maintain constant pH. Two 

standard curves were constructed for each assay, along with blank and excess antibody 

tubes. Zero tubes were inserted every 20-30 assay tubes as internal quality controls. 

Standard curves used porcine NPY (Bachem), calculated as being 80% pure, made up to a 

nominal concentration of 0.5pmol/ml in assay buffer and added in duplicate in volumes of 

1,2,3,5,10,15,20,30,50 and lOOpl using glass micropipettes to ensure accuracy. Volumes 

of 20pl and above were corrected by removal of buffer from the appropriate tubes. The 

antibody used (NPY YNIO) was developed by rabbit immunisation [143], and used at a 

final titre of 1:120000. There was a preincubation period of 24hrs at 4° C before the 

addition of Bolton-Hunter labelled porcine NPY at approximately 300 counts per assay 

tube. The assay was then incubated for a further 4 days before separation using 250pl of 

dextran-charcoal slurry (0.6mg:6mg w/w) suspended in 60mM phosphate buffer 

containing EDTA and 0.3% gelatine. Tubes were then centrifuged at 4°C at 2500 rpm. 

The supernatant was removed to fresh tubes by hand using glass pipettes. The 

radioactivity was counted in the free (pellet) and bound (supernatant) fractions using four 

16 well gamma counters (NE1600, Nuclear Enterprises, Scotland) linked to a 

microcomputer. The computer calculated free and bound fractions and was then able to 

produce a standard curve and compute sample concentrations for the unknowns. This data 

could then be imported into a spreadsheet for further analysis.

The detection limit for this assay, calculated as the smallest standard curve value 

measured, which is 2 SD from the zero standard (ie at the 95% confidence interval) was 
0.6 fmol / assay tube.
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Measurement of protein content of tissue samples

Measurement of peptide content alone may give an incorrect or variable answer if 

the original amount of tissue added is not taken into consideration. For large samples this 

can easily be accomplished by weighing the tissue, but this is impractical for small 

samples such as microdissected hypothalamic nuclei. The amount of protein or DNA 

present in a sample is usually proportional to the amount of tissue present, and for these 

studies I chose to measure protein content as there is a sensitive and rapid assay available.

Protein content was measured in a 50pl aliquot of the sample, diluted in 60mM 

phosphate buffer to a volume of 500pl, using the Coomasie Blue Micromethod (Pierce, 

Chester, UK). Standard curves were constructed using bovine serum albumin supplied in 

the kit, diluted with phosphate buffer to a volume of 500pl. The addition of 500pl of the 

Coomassie Blue reagent produces a colour change proportional to the amount of protein 

present The absorbance at 595nM was then read in a spectrophotometer (Shimadzu, 

Kyoto, Japan), which automatically calculates a standard curve. The final results for the 

unknowns were then calculated from this curve by the machine. These were then 

combined with the results produced from the radioimmunoassay on a spreadsheet, and the 

frnal results calculated and expressed as frnol/pg protein.

Extraction of RNA and Northern Blotting

For the semiquantitative measurement of NPY mKNA in hypothalamus, total 

hypothalamic RNA was extracted, size separated on agarose-formaldehyde gels, 

transferred to nylon membranes by capillary blotting, and then probed using a specific 

cDNA probe. The amount of radioactivity present was determined using a surface p- 

counter and compared to the total amount of poly A+ RNA present by repeating the 

probing procedure using an oligo dT probe.

RYzl Extraction

Total RNA was extracted from individual hypothalami using acid guanidinium 

thiocyanate-phenol-chlorofbrm extraction [144]. This method relies on guanidinium 

thiocyanate to lyse cells and inactivate RNAse enzymes. Each hypothalamus was 

homogenised in 2mls of Solution D (4M guanidinium thiocyanate, 25mM sodium citrate, 

pH 7;0.5% sarcosyl, O.IM 2-mercaptoethanol), and transferred to a sterile glass tube to 

which 0.2mls sodium acetate (pH5.2), 2mls phenol and 1ml chloroform in lAA were 

added. This was mixed well and left on ice for 15 minutes. Following this the lysate was 
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centrifuged at 10000g for 20 minutes, with the brake off to avoid disturbing the interface 

The supernatant was then transferred to a fresh siliconised tube and the RNA precipitated 

by the addition of 2mls isopropanol, and left for one hour. Sedimentation was then carried 

out at 15000g for 20 minutes, and the resulting pellet resuspended in 0.4ml solution D, 

precipitated again with 0.4ml isopropanol for Ihour, centrifuged again, the supernatant 

removed, and washed in 1ml 70% ethanol to remove any traces of phenol or salt 

contamination, centrifuged and the resulting pellet dissolved in autoclaved, glass distilled 

water. The amount of KN A was determined by reading the absorbance at 260nM in a 

spectrophotometer. This yielded approximately 50pg KNA per hypothalamus. The KNA 

was again precipitated, by the addition of 2.5ml absolute ethanol, left for 1 hour, 

centrifuged and the pellet vacuum dried for 15 minutes. The pellet was then resuspended 

in autoclaved, distilled water at a final concentration of 5mg/ml. Integrity of the KNA was 

confirmed by separating 5 pg of KNA on a 1% agarose formaldehyde gel, staining with 

ethidium bromide (stained for 20 minutes in lOOmls of IX TE, to which lOpl ethidium 

bromide had been added, and destained for 16 hours in IX TE, then visualised under UV 
light.

Northern Blotting

40-50pg of KNA was separated by electrophoresis on a 1% agarose-fbrmaldehyde 

gel and transferred to a Hybond nylon membrane (Amersham International, Amersham, 

Bucks., UK). The Elter was baked for 2 h at 80C be6)re being probed for NPY mKNA. A 

marker track was run on the same gel, and stained with ethidium bromide as described 
above.

Erohg o^nrAgfif a/^/ /^Ari^/ffarioM

Prehybridization was for 2 h at 42C in 50 mmol sodium phosphate bufkr/1 (pH 

6.8)/50^ formamide/5x SSC (lx SSC = O.lSmol NaCl/l/0.015mol sodium citrate/l, pH 

7.0)/lx Denhardt's solution (0.02% polyvinylpynolidone/0.02% Ficoll/0.02% bovine 

serum albumin)/! 00 pg denatured sonicated herring sperm DNA/ml. An NPY probe was 

prepared with (^^P)-dCTP by random primer labelling of a 490 base pair rat NPY cDNA 

6agment (provided by Dr J.E. Dixon) to a specific activity of 1.5 x 10^ dpm/pg. The filter 

was then hybridized for 24 h at 42C in the prehybridization solution to which had been 

added dextran sulphate (lOOpg/ml) and labelled probe at a concentration of 1 ng/ml. 

Finally the Alter was washed in a solution of 2x SSC/0.2% sodium dodecyl sulphate 

(SDS) at 60C for 1 hour, followed by a further wash in 0.1% SSC/0.1% SDS for 1 hour.
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Quantitative estimates of relative levels of specific peptide mKNA were made 

using a two-dimensional surface p-counter and computer based image capture system and 

image analysis software (Autograph, Positron Systems Ltd, Oxford, UK). This has a 

resolution of 1mm, and provides an accurate estimate of disintegrations from a defined 

area. Because it measures actual radioactive counts, the results produced are more linear, 

and obtained more rapidly than with conventional densitometry. After counting, the filter 

was exposed to film for 48 hrs to obtain high definition pictures of the blot. The counts 

obtained were then normalized to the amount of total mRNA present by stripping the filter 

in 0.5% SDS, 1% TE at 80C for 30 minutes and then re-probing with oligo(dT), and again 

counting using the Autograph software. Final results are therefore expressed as the ratio 

of counts of NPY mRNA and polyA+RNA/10. Between four and six replicates from each 

experimental group were used. These were all extracted at the same time and where 

possible probed on the same filter, to minimise experimental variation.

CNS cannulation and injection

Rats were anaesthetized (Hypnorm 8mg/kg i.p. Janssen Pharmaceutical Ltd, 

Oxford, UK. Hypnovel 4mg/kg i.p. Roche Products Ltd, Welwyn, UK.) and placed in a 

Kopf stereotaxic frame. Permanent 23 gauge stainless steel cannulae (Plastics One inc. 

Roanoke, VA, USA) were stereotactically placed 0.8mm posterior to bregma on the mid- 

line and implanted 6.5mm below the outer surface of the skull into the third cerebral 

ventricle. After surgery an obturator was inserted into each cannulae to prevent blockage. 

All annuals were allowed a period of seven days to recover, following surgery, before 

being used in any study.

The hgection of substances was by a stainless steel injector placed in, and 

projecting 0.5mm below, the tip of the cannulae. The injector was connected by polythene 

tubing (id 0.5mm, od 1mm) to a Hamilton (Reno, NV) syringe in a Harvard IV syringe 

pump (model 2681, Harvard Apparatus, Natick, MA, USA) set to dispense 1 Opl of 

solution per minute. All compounds were dissolved in 0.9% saline. The placement of 

cannulae were verified at the end of each study by the injection of lOpl of ink, removal of 

the brain, snap freezing and visual examination of coronal brain slices.
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Chapters

Hypothalamic NPY in dietary obesity and the effects of

dexfenfluramine
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A. Hypothalamic NPY and Diet Induced Obesity

Introduction

The synthesis and release of any neurotransmitter which is concerned with the 

regulation of food intake may alter in response to a change either in diet composition, or in 

the amount of energy consumed. Animals fed either a varied 'cafeteria diet' or a highly 

palatable diet, are characterized by hyperphagia, and develop obesity, although this may 

be less than expected from the additional calories consumed due to a compensatory 

increase in diet-induced thermogenesis [145]. This is an attractive model for the study of 

human obesity, as it seems to reflect the ejects of easy availability of highly palatable 

food which is the case in much of Western society. The mechanisms underlying the 

changes in food intake and thermogenesis are not understood, but probably involve an 

increased drive to eat, perhaps triggered by the high variety and palatability of the foods 

offered. A number of neurotransmitter systems are altered in this model of obesity 

including opiates [146], and serotonin [147].

This study was designed to investigate a possible role for NPY in the development 

of obesity in animals fed a highly palatable diet, which was of similar macronutrient 

composition to the control diet.

Materials and Methods

Animals

Two groups of fourteen male Wistar rats (A. Tuck and Sons Ltd, Battlesbridge, 

Essex, UK), initially weighing 234 ± 3g, were studied. They were kept in a temperature- 

controUed environment (21-23%) with a 13h light: 11 hour darkness cycle. They had hee 

access to food and water throughout the study.
Dzar

One group of animals was fed a palatable diet which consisted of 33% chow, 33% 

Nestle condensed milk, and 7% sucrose by weight, with the remainder being water. This 

provided 68% energy as carbohydrate, 16% as protein and 13% as fat. This diet is a 

modification of a similar diet [148], and produces reliable weight gain over controls. The 

remaming animals had free access to standard pelleted chow (Labsure, Poole, Dorset, UK) 

throughout the study, which provides 66% of energy as carbohydrate, 25% as protein and 

9% as fat. All animals were weighed weekly for the seven weeks of the study. Weight 
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changes were analysed at the start of the study and immediately before the rats were killed

At the end of the study period, animals were killed by CO; inhalation and blood 

collected by cardiac puncture; blood was centrifuged immediately and the plasma 

separated and stored at -20“C until the assay of glucose and insulin.

Brain microdissection

Ten animals from each group were used for measurement of NPY. Nuclei were 

microdissected as described in chapter 2. The nuclei sampled were the medial preoptic 

area (MPO), anterior hypothalamic area (AHA), lateral hypothalamic area (LHA), 

suprachiasmatic nucleus (SCN), paraventricular nucleus (PVN), ventromedial nucleus 

(VMH), arcuate nucleus (ARC) and the dorsomedial nucleus (DMN). Samples were 

immediately placed in 500pl acetic acid (0.5mol/l) and boiled for 10 minutes to extract the 

peptides. The remaining four hypothalami were dissected en bloc, snap-frozen in liquid 

nitrogen and stored at -70°C until RNA extraction and Northern blotting for NPY mRNA. 

Jfsqy q/g/ucosc, im-w/m and ATT

Plasma glucose was measured in a Beckman glucose analyser. Insulin was 

measured by radioimmunoassay using porcine insulin standard, '^I-labelled porcine 

insulin (Amersham International, Amersham, Buckinghamshire, UK) and guinea-pig anti- 

insulin serum (Wellcome, Beckenham, UK). The detection limit of this assay was 

5pmol/tube (95% confidence interval). Inter- and intra-assay coefficients of variation were 

6.8 and 3.5% respectively NPY was assayed in the extracts by radioimmunoassay as 

described earlier. Inter- and intra-assay coefficients of variation were 10.4 and 5.1% 

respectively. Protein was measured in all samples using the Coomassie Blue micromethod 

(Pierce, Rockford, USA), final peptide concentrations being expressed as finol/pg protein. 

Afgaswg/Mgn/ q/TVPT /wRA/X 6y TVorfAem 6Zo/ awafysM

The remaining four hypothalami from each group were used for Northern blot 

analysis of NPY mRNA as described in Chapter 2.

All results are given as mean ± SEM. Metabolic and weight data were compared 

using repeated measures analysis of variance (ANOVA), or Student's t-test, as 

appropriate. Comparison between the groups for the effects of diet was made by ANOVA, 

followed by Student's t-test to compare concentrations in individual hypothalamic nuclei. 

AU analysis was done using the Systat (Systat, Evanston, IL, USA) package running on an 

IBM personal computer. Statistical significance was taken at p<0.05.

42



Results

Animals fed the palatable diet gained weight more rapidly than controls, and 

despite starting at similar weights were 14% heavier than controls at the end of the study 

(461 ± 11 g vs 405 ± 5g; p<0.001); the pattern of weight gain can be seen in Fig 3.1. 

Plasma concentrations of glucose were similar in the two groups (5.4 ± 0.25mmol/l, for 

rats on the palatable diet vs 5.3 ± 0.26mmol/l, for the controls), but insulin concentrations 

were higher in animals fed the palatable diet (637 ± 63pmol/l vs 448 ± 41pmol/l; p<0.05). 

There were no significant differences between those animals used for RIA measurement 

and those used for mRNA measurement for any of these parameters.

Figure 3.1

IFgfgAr changes wpo/afaAZe dfer;&</mwMaZr (%roA%M Zm^ cowyare^Zfo confroZr ^g/ 

MO/TuaZ cAow (foZfg/

—»- chow - » " palatable diet

Weeks

*p<0.0/, *^<0.007, ShrckM/'f f-Zgf/; M=74

NPY jRadmzwuMUMoafj^grp

Protein concentrations in individual hypothalamic nuclei were similar in control 

and palatable diet treated groups. ANOVA revealed a significant difference between 

groups for NPY concentration (p<0.001). In animals fed the palatable diet NPY 

concentrations were increased in the PVN, ARC, MPO and AHA. There were no 

significant differences for any of the other nuclei studied (Fig 3.2).
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Figure 3.2

?V?y coMcewfro/io/M zm mzcrodzjjgcfg  ̂/%pofWa7Mzc »uc/gz in cAow^/^cf coM/ro/s (soZ/z/ 

6ar.^ awZpaZa/dr^/g-z/zgf J^z/ aMf/oa/s fTzafcAgzZ bars).

Ayym2U\M

In contrast to the RIA data there were no differences between the groups in total 

hypothalamic NPY mRNA as measured by Northern Blot analysis (controls 2.4 ± 0.3; diet 

2.1 ±0.16).

Discussion

NPY appears to be a physiological mediator of feeding, and chronic administration 

h^ad^I^n^ofdK hypothalamus causesincreases incarbohydrateandikt intakewhich 

result in an increase in body fat stores and obesity [106,149], Conversely, hypothalamic, 

concentrations of NPY are raised in starvation, diabetes and glucocorticoid administration, 

all catabolic states [134,150,151], Thus peripheral metabolic status appears to regulate 

hypothalamic NPY concentrations, although it is not known what afferent signals regulate 

NPY release and gene expression in the hypothalamus. Although food intake was not 

measured in this study, it is recognised that ammals with diet-induced obesity are 

hyperphagic [152], Several possible explanations have been put forward to explain this, 

including changes in brain serotonin and opiates [146,147], This study was undertaken to 

test the hypothesis that increased activity of NPY within speciGc hypothalamic nuclei 
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might be responsible for the hyperphagia and weight gain associated with administration 

of a palatable diet.

The results demonstrate that while there was no overall change in hypothalamic 

NPY mRNA concentrations a significant increase in NPY concentrations occurred in 

important appetite-regulating areas of the hypothalamus. Although regional changes in 

NPY synthesis are possible, the majority of hypothalamic NPY mKNA is found in the 

arcuate nucleus [137], and it is likely that the results represent unchanged synthesis at this 

site. Neuropeptide Y synthesis also occurs in the brainstem, in fibres which project to the 

PVN, and transection of these fibres leads to increased sensitivity to exogenous NPY 

[118,153]; however increases also occurred in the arcuate nucleus, suggesting that the 

arcuate nucleus / PVN circuit is the main circuit disturbed in this model. However the 

possibility that some of the increased NPY found in the PVN originated in the brainstem 

cannot be excluded. These results may be explained in two possible ways. First, there 

could be an increased rate of translation of NPY associated with increased release and 

higher turnover of NPY mKNA, perhaps as an effect of the increased food palatability. 

However in other experimental situations where NPY concentrations are raised there is a 

concomitant increase io NPY mKNA, suggesting that regulation is more likely to occur at 

the level of transcription [137,150,154]. The second and more probable explanation is that 

in these obese, satiated animals the NPY drive to eat is attenuated. This would result in 

reduced release and, if NPY synthesis were not also down-regulated, increased storage of 

hypothalamic NPY. It is possible that differences in diet composition are responsible for 

this effect, however there was little difference in the fat and carbohydrate content of the 

diets in our study, the main variable being the palatability of the food offered. Other 

workers have shown that two weeks of a high fat diet (resulting in increased weight) 

caused a small reduction in NPY concentration in the LHA and high carbohydrate feeding 

(resulting in reduced weight gain compared to controls) produced a reduction in NPY in 

the PVN [155]. In contrast, in the fasting state or in experimental diabetes both NPY 

concentrations and mKNA ate increased [134,137,150,156], presumably reflecting 

undemutrition in these animals.

Several hormonal systems have been found to be altered in diet-induced obesity, 

including a reduction in basal growth hormone (GH) and growth hormone releasing-factor 

stimulated GH release [157], increases in serum tri-iodothyronine concentrations [60] and 

in female animals prolonged dioestrus [158]. NPY within the PVN has been implicated in 
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the control of secretion of GH [159] and thyrotrophin releasing hormone [160] and there is 

evidence for the involvement of hypothalamic NP Y in the release of luteinizing hormone 

(LH)[161]. Thus changes in hypothalamic NPY, including those in the MPO, which is 

involved in the control of pituitary LH release, may be involved in these endocrine 

changes.

Paraventricular injection of NPY has been demonstrated to cause an increase in the 

respiratory quotient, without changing overall energy expenditure, suggesting that it may 

control peripheral metabolism by favouring the metabolism of carbohydrate and 

promoting fat synthesis from carbohydrate [127]. It has also been suggested that NPY 

may act to decrease thermogenesis, as the weight gain seen after chronic NPY 

administration is disproportionate to food intake [106]. Furthermore, NPY injected into 

the third ventricle or the PVN has been shown to inhibit sympathetic nerve activity to 

interscapular brown adipose tissue, and thermogenic activity assessed by GDP-binding 

[126,162]. A reduction in the activity of the NPYergic system in diet-induced obesity 

might contribute to increased thermogenesis, a phenomenon well recognized in animals 

fed cafeteria or palatable diets [60]. The apparent underactivity of the NPY system in 

these obese animals may thus represent an attempt to decrease fat synthesis and increase 

thermogenesis in response to a rise in body fat content.

The peripheral metabolic signals regulating hypothalamic NPY synthesis and 

release remain unknown. It has been suggested that, as NPY preferentially stimulates 

carbohydrate ingestion and hypothalamic NPY is increased in diabetes, peripheral insulin 

or glucose concentrations may play a role [137]. The animals fed the palatable diet in this 

study had similar glucose concentrations compared with controls, so it is unlikely that 

glucose alone was the signal. However levels of plasma insulin were higher, possibly 

reflecting a degree of insulin resistance in this model of obesity. It has been reported that 

there is no effect of acute or chronic peripheral insulin administration on hypothalamic 

NPY in individual hypothalamic nuclei [163], but more recently it has been found that 

central insulin administration reverses the increases in NPY mRNA seen in food deprived 

animals, and peripheral insulin administration prevents corticosteroid induced changes in 

NPY synthesis ([164] Chapter 5). Higher levels of insulin might therefore be expected to 

reduce NPY synthesis, this was not observed in this study, but it remains possible that 

insulin may regulate NPY release under some circumstances or that the ratio of glucose to 

insulin may be important in the control of hypothalamic NPY.
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In conclusion, this data would support the hypothesis that hypothalamic NPY 

release reflects nutritional status and suggest that increased hypothalamic NPY activity 

does not mediate the hyperphagia that is a feature of diet-induced obesity. A reduction in 

NPY release would be expected to facilitate thermogenesis, an important effect seen in 

animals fed cafeteria or palatable diets. Finally, changes in hypothalamic NPY may 

explain some of the other neuroendocrine abnormalities seen in this model of obesity.

B. Effect of the serotonin re-uptake inhibitor, dexfenfluramine on hypothalamic 

NPY in diet-induced obesity

Introduction

A further study was undertaken with the aim of looking at possible changes in 

other hypothalamic peptides in dietary obesity and to investigate the effect of intervention 

with a serotoninergic drug, dexfenfluramine, which is known to be effective at attenuating 

obesity in this model, both via a reduction in food intake and via effects on diet-induced 

thermogenesis, as it prevents the reduction in thermogenesis seen when animals are pair- 

fed with chow controls in diet-induced obesity [148]. Furthermore, serotonin has been 

suggested to interact with NPY in the hypothalamus in the control of food intake [165], 

and it would be interesting to know if drugs which acted via the serotoninergic system 

influenced the synthesis of hypothalamic NPY, or other appetite regulating peptides.

The other hypothalamic neuropeptides investigated in this study were galanin, 

somatostatin and neurotensin. Galanin produces feeding with a preference for fat when 

injected into the PVN [36]. Low doses of somatostatin appear to increase food intake 

when administered centrally, although a reduction in food intake may occur when higher 

doses are used [45]. Neurotensin has the opposite effect in that local injection into the 

hypothalamus produces a reduction in food intake [43]. Hypothalamic neurotensin 

concentrations are decreased in the obese Zucker rat, a model in which NPY is increased 

[37].

It has been suggested that serotonin and its agonists act in part by influencing 

orexigenic peptide hormones such as NPY and galanin. There is some evidence that this 

may be the case, as dexfenfluramine inhibits NPY induced feeding in rats [116], and NPY 

and galanin reduce turnover of hypothalamic serotonin [166]. Another study has suggested 

that NPY concentrations may be reduced in some hypothalamic nuclei following acute 
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a±nuu^ndonoffM^kmMnuK[l^^h

TTheaimcdFthisstudy wastoassess the egectsoffeedingapalatable diet and 

dexfenflniamine treatment onbody weightandhypothalamic neuropeptides important in 

appetite control.

Methods

Eighty-five male Wistar rats weighing 230-250g (A. Tuck and Sons Ltd, 

Battlesbridge, ]Ek«)ex„UK)rwerec{^ged in groupsoffive witha 1 l/131ionrliglib'clarkc)fcle 

and&eeaccesstofbodandwater. Theanimals were kept inthe animal6cility fbr2 

weeks acclimatization before starting the study.

Ammals were initially divided into two groups, sixty-five animals were fed a 

palatable diet which consisted of 33% chow, 33% Nestle condensed milk, 7% sucrose by 

weight with the remainder being water. This provided 68% energy as carbohydrate, 17% 

as protein and 13% as fat The remaining animals had free access to standard pelleted 

chow (PRD pellets, Labsure, Poole, Dorset UK) throughout the study, which provides 

66% of energy as carbohydrate, 25% as protein and 9% as fat.

Study Design

Rats were kept on the diet for 6 weeks at which time they were randomly divided 

into two groups to assess the effect of 7 days and 28 days treatment with dexfenfluramine 

respectively. The twenty chow-fed animals were treated and analyzed with the 28 day 

group. All animals were weighed weekly throughout the study.

Each group of rats was divided into two, receiving either active treatment or saline. 

Dexfenfluramine (Servier, Iris, Nevilly-sur-Seine, France), was given at a dose of 

1.8mg?^g/day, via a mim-osmotic pump (Alza, Palo Alto, Ca.) implanted intraperitoneally 

under ether anaesthesia. For the 7 day study Alzet 2001 pumps were used each containing 

dexfenfluramine 5.7mg in 200pl 0.9% saline. For the 28 day study, starting a week later, 

2ML4 pumps were used contaimng 22.8mg in 2mls 0.9% saline. Diet-control animals 

were treated with the 28 day group and received saline alone, again via mini-osmotic 

pumps.
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7wsue Co//ec//on

At the end of the study period animals were sacrificed by CO; inhalation and 

exsanguinated b]/ (cardiac pMirK^hare:l)locKl was taken into lithium-heparintubes containing 

200pl aprotinin, which were spun immediately and the plasma separated and stored at - 

20°C until theassayofglucose and insulin. The animalwas dien dec^ipitatexiimcl lire brain 

removedandplaced onits ventralsurface. The hypothalamus wasdissected outunder a 

binocular dissectingmictoscope, using coronal incisions at the opdcchiasmanteriorly and 

the mammillary bodies posteriorly and then removing it by incisions along the 

perihypothalamic sulci and the anterior commissure. The hypothalamus was then divided 

into two halves by a further vertical cut; one half was kept at -70°C for later measurement 

of NPY rtiRNA, the other was divided into medial and lateral parts using vertical cuts 

through the fornix and the mammillohypothalamic bundle. A sample of dontal cortex was 

also taken and frozen at -70°C until measurement of brain dexfenfluramine and d- 

norfenfluramine levels.

/4ffoy p/g/wcofg, fWu/zM aw/ Mewrpp6^ti^gf

Plasma glucose and insulin were measured as described in section A. above. NPY, 

galanin, somatostatin, neurotensin were assayed by sensitive and specific 

radioimmunoassays described in Chapter 2. Details of the assays used are given in table 

3.1. Brain dexfenfluramine and d-norfenfluramine concentrations were measured using 

gas chromatography by Servier Laboratories (UK) [168].

Table 3.1 - Details of pgprick ra6//o;/M7»wMo<irs(:^j^

Antibody

Specificity
Antibody

Dilution

Label Assay 

Sensitivity 

ftnol/tube
NPY COOH-terminal 1:120000 Porcine NPY 0.6
Neurotensin COOH-term inal 1:80000 Bovine 0.4

neurotensin
Galanin NH2-terminal 1:480000 Porcine galanin 1.0
Somatostatin Entire 1:240000 [Tyr"] 0.4

somatostatin
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In order to confirm the identity of immunoreactivity detected by 

radioimmunoassay, the relevant standards and pooled hypothalamic extract from control 

and treated groups were subjected to fast protein liquid chromatography using a high 

resolution reverse phase 5/5 (Pep Rpc HR 5/5) C-18 column (Pharmacia, Uppsala, 

Sweden). The column was equilibrated with 15% (v/v) acetonitrile in water and the 

samples were eluted using a linear gradient of 15 to 45% acetonitrile in water over 1 hour. 

Fractions of 1ml were collected at 1-minute intervals and assayed for the relevant peptides 
as described above.

Afga9wrgzM6»r q/ATy /nRACf 6y TVorr/zarM A/of a/za/y^M

Hypothalamic blocks were pooled in groups of three to five for measurement of 

NPY mRNA. RNA extraction and Northern Blotting procedures were as described in 

Chapter 2.

Aafzsfzca/ ^zza/ysM

All results are given as mean ± SEM. Comparisons between groups for the effects 

of treatment and diet were made using analysis of variance (ANOVA). Individual 

differences were then assessed using linear contrasts. When two groups were compared 

Student's t-test was used. Comparisons of changes in body weight were made using 

repeated measures ANOVA. Statistical significance was taken at P<0.05. All analysis 

was done using Systat (Systat, Evanston, IL, USA) software on an IBM PC.

Results

Weight changes

Animals fed the palatable diet gained significantly more weight over the 6 week 

pre-study period than controls (145.1 ± 2.3g vs 113.4 ± 3.2g, F(l,82)=13.05, p<0.001, 

figure 3.3). In the 7 day study animals treated with dexfenfluramine lost weight whereas 

those given saline continued to gain weight (-4.0 ± 1.6g vs 11.1 ± 1.8g, p<0.01, figure 

3.4). One animal in the 7 day study control group died following insertion of the mini- 

osmotic pump and has been excluded from the subsequent analysis.

In the 28 day study the dexfenfluramine group lost weight for the first week. 

Following this both groups continued to gain weight but the net weight gain over four 

weeks was much less in the group which received dexfenfluramine (33.2 ± 2.9g vs 52.5 ± 

4.8g, F(l,33)=9.86 p<0.01, figure 3.4).
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Figure 3.3 E^c/ o/pa/afaA/e (Yze/ on wezgA/ ga/w over 6 weeA rwn %» period^ (Uzow, 

M=20; Z)zef M=6'^. Difference Aghvee/i groz^s; p<0.007 Zi}) r^eofezZ measures /7\rOK4.

—chow " palatable diet

Figure 3.4 f^g^cf <^7 dhy; fkow/roZ /z=/^, ckx/ku/ZurornzMe M=7:^ owf 26 d^f (to/zfroZ

M=/j^, ok^/^zzro/MZMg 71=/^ Zreo/TMeM/ wzfA dexfenfluramine OM wezgAf gaz« ZM onz/TZo/s 

)&dfAepaZafa6/edzeA j4//vu/u&;argMe^±&E^ '*^<0.05, *"^<0.07

Weeks
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GZuC0S6a7%/zWw/zM

Plasma glucose concentrations were similar in all groups of animals in both 

studies. Inthe28 day study insuUnt^orucerdiadicms were higher in the Unimak fedthe 

palatable diet, ANOVA: F(2,52)=:6.34, pcO.Ol), table 3.2.

Brain digx^/^wrwMmg /eve/s^

Animals treated with dexfenfluramine all had detectable levels of dexfenfluramine 

and d-norfenf[uramine in the 6ontal cortex, which were within the expected range for the 

dose given (table 3.2).

Neuropeptides

Medial and lateral hypothalamic weights were consistent across all the groups 

examined (table 3.2).

Table 3.2 - A6ra6o/zc dhr^ 6ram dKi^/^wra/Mme Zeve/f awZ /^ofWaMzc we/gAZf/hr 

aMZTMaZf m r/ze 2& ddy a/Kf 7 dky s^rwdzcf. /(ZZ vaZwej- are /Mean ± SEAf *;7<0.07, dZ/^renZ 

j^-o/M dZeZ-conZroZ groz^.

28 Day Study 7 Day Study

CHOW

(n=20)

DIET

(n=18)

DIETfDFEN

(0=17)

DIET 

(n=14)

DIETfDFEN (n=l 5)

Initial

Weight (g)

30g.2±2.5 316.4±3.9 316.8±5.4 305.0±3.5 304.3±4.7

Weight end run-in 

period (g)

421.6±5.1 457.2±6.5' 462.9±9.5' 450.7±7.2' 452±7.5'

Glucose mM 8.6 ±0.6 9.4 ±0.8 8.3 ±0.6 9.9 ±0.6 IO.9±1.1

Insulin pM 515 ±53 802 ±70" 801 ±78" 625 ± 47 564±60

Brain 

dexfenfluramine

Pg/g

HD ND 0.77 ±0.1 ND 0.46 ±0.1

Brain

d-norfenfluramine

Pg/g

ND ND 1.57±0.2 ND 2.15±0.1

Medial

Hypothalamic

Weight mg

13.7 ±0.9 11.9 ±0.9 12.4 ±0.9 12.3 ± 1.3 11.6±1.0

Lateral

Hypothalamic

Weight mg

8.2 ±0.7 8.0 ±0.7 7.4 ±0.7 8.7 ±0.8 9.0 ±0.8
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FPLC confinnedthatAeimmunoreactivity dk^Xx^kxiijiliypKiUialatnicextracts 

eluted in the same position as the relevant standards (Fig 3.5).
Figure 3.5

Peptide Changes

Inthe28 day study theaisi^^sre signiGcant digerencesonlyfbrNPY,2-way 

ANOVA: F(2,107)=6.51, P<0.01. When individual differences were examined by linear 

contrasts, NPY concentration was higher in both the saline and dexfenfluramine treated 

palatable diet-fed animals than in the chow-fed controls in both the central (p<0.02 vs 

saline treated, p<0.05 vs dexfenfluramine treated) and lateral (p<0.05) hypothalamns 

When comparing animals fed the palatable diet, there were no differences between the 

groups given dexfenfluramine and those given saline for any of the peptides studied in 

either the 28 day or the 7 day study. Graphs in figure 3.6 show hypothalamic 

concentrations of NPY, galanin, somatostatin and neurotensin in central and medial 

hypothalamic blocks in animals in the 28 day and 7 day studies.
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Figure 3.6 CowcgM/ra/zow of fAe/bur/x^jiw meafurg^/ /« fAg cg»rra/ awf ZofgroZ 

Z%7ofZwzZo/Mus offAg 2& dkg, owZ 7 dkg, fAz6^ groz^pf. JZZ voZugf org Mgow ± &EM
^<0.05, *:^<0.02

] chow
diet

palatable diet 
kzZd +dexfenfluramine

ZYPy%RA(/j

Measurement of NPY mRNA revealed no signihcant differences between any of 

the groups studied; 28 day study ANOVA: F(2,9)=0.72, p>0.05; 7 day study, p>0.05, in 

particular there was no difference between diet controls and animals fed the palatable diet 

where there were differences in NPY concentration detected by radioimmunoassay (figure 

3.7).
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Figure 3.7

Relative concentrations of

mRNA ZM 2& dlory wiz/ 7 6&^ 

s/zz6^ grozzpf. /f//i%z7w(Mr(zrg 

zMgaM ± SEM.

Discussion

The results 6om this study confirm ±ose in section A, with increases in 

neuropeptide Y content but not mRNA in the hypothalamus of rats made obese by feeding 

them a highly palatable diet. These results have been extended to show that NPY, but not 

galanin, neurotensin or somatostatin was altered in this model of obesity. It is possible 

that localised changes occurred in some hypothalamic areas, or that mRNA for these 

peptides was altered, but these were not measured in this study.

The anorectic drug dexfenfluramine, admimstered via mini-osmotic pumps in 

doses sufficient to produce initial weight loss and in rats with diet-induced obesity 
reduce long-term weight gain 

does not appear to have effects on the concentrations of the hypothalamic neuropeptides 

NP Y, galanin, somatostatin or neurotensin. In addition there were no changes in 

hypothalamic NPY mRNA with this treatment. These results are tn contrast to those of 

Rogers et al who demonstrated small decreases in hypothalamic NPY in several 

hypothalamic areas following the administration of a single, large dose of fenfluramine 

(lOmg/kg) [167], There are several possible reasons for this. A lower dose of the drug 

was used in this study, in order to minimize non-specific (ie behavioural) ejects. This 

dose reduced weight gain, most effectively during the first week and attenuated by a 

longer period of administration. Although food intake was not measured in this study, this 
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dose of dexfenfluramine is recognized to act mainly by reducing caloric intake [148]. The 

active isomer of the drug (dexfenfluramine) used in this study may have different effects 

from the racemic mixture used in Rogers' study. In this study, because of the large 

number of animals used, neuropeptide concentrations were measured in central and lateral 

hypothalamic blocks and it is possible that small changes in some nuclei were not detected 

by this technique. However the confirmation of the previous results, demonstrating 

increases in NPY immunoreactivity in the hypothalamus, but no change in NPY mRNA in 

animals with diet-induced obesity suggests that the technique of measuring peptide 

concentrations in the central and lateral hypothalamus is sensitive enough to detect a 

change in NPY concentration. If dexfenfluramine were acting in part by affecting this 

system, we might expect to see this change reversed.

Other workers have found that the administration of dexfenfluramine or 

amphetamines inhibits NPY induced feeding in rats [116]. A reduction in endogenous 

NPY alone as an effect of dexfenfluramine would be unlikely to produce the dramatic 

reduction in responsiveness to pharmacological doses of NPY seen in that study and 

suggests that this reduction may be occurring post-synaptically. It would be interesting to 

quantify the dose response of obese animals to exogenous NPY.

Connections between NPY containing and serotoninergic nerves in the 

hypothalamus [169], and co-localization of these neurotransmitters have also been 

demonstrated [170]. There is evidence to suggest that NPY affects serotonin by reducing 

its metabolism [171]. Thus it has been suggested that a modulatory effect of NPY on the 

serotoninergic feeding system may exist [165]. This study is not in conflict with this data, 

but would suggest that hypothalamic NPY concentrations and synthesis are not affected by 

serotonin.

In summary, there was no significant effects of dexfenfluramine on any of the 

hypothalamic neuropeptides studied in rats fed a palatable diet, although NPY content is 

increased in animals fed this diet. This would suggest that serotonin agonists such as 

dexfenfluramine may act independently of the NPYergic system, and raises the possibility 

that drugs designed to inhibit the action of hypothalamic NPY could have an additive 

effect in the treatment of obesity.
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Chapter 4

Hypothalamic neuropeptides in a genetic model of 

obesity - the ob/ob mouse

57



Introduction

Abnormalities of hypothalamic peptides have been implicated in the aetiology of 

both acquired and genetic obesity. In the previous chapter I have demonstrated increases 

in NPY content, but not NPY mRNA in the hypothalamus of rats made obese by feeding a 

palatable diet [172]. Other workers have shown regional changes in hypothalamic NPY 

concentrations in rats fed high-fat or high-carbohydrate diets [155]. The obese fa/fa 

Zucker rat shows both increased NPY and decreased neurotensin content and mRNA, both 

of which could be contributing to obesity [37,154,173,174].

The ob/ob mouse has an autosomal recessive defect, features of which include 

hyperphagia, obesity, defective thermogenesis, insulin resistance and abnormal 

gonadotropin secretion. It has been suggested that the primary abnormality m this disease 

model is expressed as a hypothalamic defect [175]. A previous study, carried out in 

Professor Bloom's laboratory found decreased hypothalamic neurotensin concentration, 

measured by radioimmunoassay, in the genetically obese ob/ob mouse, but unchanged 

hypothalamic NPY, suggesting that changes io hypothalamic neurotensin, but not NPY, 

could be implicated in the development of obesity in this model [173]. Given that it has 

been proposed that hypothalamic NPY mRNA is regulated by insulin, and that conditions 

associated with insulin resistance may increase hypothalamic NPY expression [176], it 

was thought important to re-examine NPY in this insulin resistant model of obesity in a 

different way, by measuring mRNA levels in addition to peptide content.

The aim of this study was to extend the previous observations in the ob/ob mouse . 

by examining both hypothalamic peptide content and mRNA for NPY, neurotensin, 

galanin and somatostatin in obese animals compared to lean controls.
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Materials and methods

jMf/MaZs^

Thirty-two male obese (ob/ob) mice (Aston strain) and their lean (+/+) littermates 

were obtained hrom colonies at The Royal Veterinary College, London, UK and Aston 

University, Birmingham, UK. The Aston strain of ob/ob mice has been previously 

described [177]. In brief, C57BL/6J ob/+ breeding pairs were outcrossed with JH and 

CRL strains for higher litter size and faster growth rate, and the mice are maintained as a 

closed non-inbred colony. They were caged in groups of four to six in a temperature 

controlled environment (22 ± 2°C), with a 12:12 h light:dark cycle and were Ireely fed 

standard pelleted chow bom weaning. They were between 14 and 30 weeks of age when 

killed. An age related decline in hypothalamic NPY concentrations has been observed in 

the rat, but this only occurred when the animals were several months of age [178]. The 

previous work did not find differences in NPY content in the hypothalamus of the ob/ob 

mouse at 4, 16 or 28 weeks of age, and the reduction in neurotensin content was seen at all 

three ages [173]. Hence the possibility of age related changes was not addressed in this 

study.

Tissue and plasma collection

The mice were killed by cervical dislocation and blood obtained by cardiac 

puncture. They were killed in random order in the fed state between 1000 and 1300 hrs. 

The blood was taken into lithium heparin tubes and centrifuged immediately. An aliquot 

of plasma was analysed for glucose using a glucose oxidase based autoanalyzer 

(Beckman) and the remainder was stored at -20° C until assay of insulin.

The brain was rapidly removed and placed on its ventral surface. The 

hypothalamus was dissected en bloc as described in Chapter 2. For peptide estimation (8 

animals in each group) the tissue was weighed and then boiled for 10 minutes in 0.5M 

acetic acid to extract the peptides. The extract was frozen at -20°C until the peptides were 

assayed. For mRNA estimation the hypothalamus, (24 animals in each group) was 

collected into sterile polypropylene tubes and snap-frozen in liquid nitrogen. These 

samples were stored at -70°C until KNA extraction.

Radioimmunoassays

Plasma insulin, and hypothalamic concentrations of the neuropeptides NPY, 

galanin, somatostatin and neurotensin were assayed in duplicate using radioimmunoassays 

described in chapter 2 (methods).
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Inorderto conGrrn ±eidentity and integrity oftheNlP^r like immunoreactivity, 

hypothalamic extract from lean and obese mice was subjected separately to fast protein

liquid chromatography using a high resolution reverse phase 5/5 (Pep Rpc HR 5/5) CIS 

column (Pharmacia, Uppsala, Sweden). The column was equilibrated with 15% (v/v) 

acetonitrile in water and the samples and human/mouse NPY standard were eluted using a 

linear gradient of 15-45% acetonitrile in water over 70 minutes. Fractions of 0.5ml were 

collected at 1-min intervals, vacuum dried, reconstituted in assay huger and assayed for 

NPY.

Afeaywe/MgM/ of zM/ZACf 6y TVorrAern 6/o/ nnn/yfw

Hypothalami were pooled in groups of three for measurement of mRNA. This 

gave samples of 41 ± 1.5mg (mean ± SEM) tissue, n=S for each group. Total RNA was 

extracted as described in Chapter 2. Approximately 50p.g of RNA was obtained from each 

sample. RNA was then size separated on 1% agarose-fbrmaldehyde gels. Four lanes from 

each of the lean and obese groups were probed sequentially for NPY and neurotensin and 

four for somatostatin and galamn. Probes for NPY, neurotensin and somatostatin were 

prepared with ^^P-dCTP by random primer extension of the relevant rat cDNA to a specific 

activity of 1.5 x 10^ dpm/pg and hybridised as described in Chapter 2 for NPY mRNA.

The galamn probe was a rat cRNA probe prepared by in vitro transcription using 

T7 RNA polymerase to a specifrc activity of 1.2 x 10' dpm/pg. Hybridization was carried 

out at 55°C in a solution of 50% formamide, 5x Denhardt's solution, 5x SSC, 50mmol 

sodium phosphate pH 6.8, 200pg/ml yeast RNA, lOOpg/ml dextran sulphate and lOng/ml 

RNA probe. Filters were washed twice at 65% in a solution of O.lx SSC/0.1%SDS. 

(Quantitative estimates of relative levels of mRNA were made using a two-dimensional 

surface counter and computer-based image capture system and image-analysis software 

(Autograph, Positron Systems Ltd, Oxford, UK) running on an AST 386 PC. The filter 

was then stripped in 0.5% SDS, 1% triethanolamine (TE) at 80°C for 30 minutes and 

reprobed for the second mRNA.

All results were normalized to the amount of mRNA loaded by stripping the filter 

in 0.5% SDS, 1% TE at 80°C for 30 minutes and then re-probing with oligo dT, and again 

counting using the Autograph software. Final results are expressed as a ratio of specific 

counts for each peptide mRNA / {oligo(dT)/10}.
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All results are given as mean ± SEM. Comparisons between groups were made 

using Student's t-test. A p value <0.05 was taken to be statistically signbGcant.

Results

Metabolic data

Obese mice werecharacteristicallyheavierthan thelean controls.Plasmainsulin 

concentrations were increased 20-fbld. The obese mice were not hyperglycaemic relative 

to controls in this study. This observation has been made previously in ob/ob mice of this 

age from this background [173], although the glucose levels were relatively high in lean 

mice, this may reflect the fact that they had free access to food (Table 4.1).

Table 4.1

CAarocterWcs of/euM (+/+) awf oAefg (b6/b6) mice wse^f m fA» f^p

Body weight Plasma glucose Plasma insulin

(g)______________ (mmol/1)_____________(pmol/I)_________  

Lean______________ 3 7±0.9__________ 9.1 ±0.3_____________207±29 

Obese_____________ 90±2.3'__________ 10.1 ±1.8____________ 5948± 802' 

fzgMrgf we TMew ± SE% n=S2 mzce/^m^p 

*p<0.07 verfzz; /ean controls

Hypothalarmc concentrations of NPY, galanm and somatostatin were similar in 

lean and obese mice (table 4.2). However neurotensin was decreased by approximately 

25% in the obese mice (p<0.01).
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Table4.2

/(adfof/M/MUMoa^ff^ (^(^/((/g coMcgM/raffOTty m fAg AxpofAa/a/Mz/f of/gam (^+/+) a/%t7 
o6gfg (1)6/b!^ m/cg

Neurotensin NPY Galanin Somatostatin
Lean 220 ±13.8 251.6 ± 15.2 39.0 ±1.9 1529 ±103
Obese 167 ±9.7' 239.8 ±29.6 38.9 ± 1.8 1647 ±157

Fzgwgf arg pmoj%g fzf^wg, mgam ± &EA( n=^ wfcg/^o*^ 

'p<0.07 vgrsT/^ Zgon coM/ro/s^

CAromaZogr^Azc aMaZp^Mc/TYPy

FPLC conSrmed that ±e NPY immunoreactivity eluted as a single peak in 

hypothalamic extracts from both lean and obese mice, and in the same position as ±e NPY 

standard, thus confinning the integrity and identity of the immunoreactivity measured 

(hgure4.1).

Figure 4.1

P&yr profgm Zzgaz^ cAramarogrzg)^ 

dkmaw/ra/gs rAar rAg zmzManorgacrzvg 

ZYPy dgrggfgd^OTM Zgaa az^Z aAgjg 

m/cg Ivas' z»rag( anzZ g/argzZ zn rAg 

sazMg poszZzoM as zAg parczng TYPy 

sZazzdaraf
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TVorz'AgrM 6/0/ ana^su

There was no evidence of RNA degradation in any of the samples. There was a 

threefold increase in NPY muRNA in the obese mice (p<0.01). Neurotensin mRNA was 

decreased in the obese mice by 30% (p<0.05), in accord with the decrease in neurotensin 

concentration. There was no difference between the groups for either galanin or 

somatostatin mRNA (fig. 4.2). Northern blots for NPY and neurotensin are illustrated in 

figure 4.3.

F:gure4.2

/;g76^i^^<>)fk;e/w^v3t^)rur(^r7MiR7V/(j^%rji6izro/e/t9iM! (?/2), wwop^tWk 7(3^}^, goZanw 

(Cn4J^)(ZMK/f()n*ofo^^^hi^(Z^RJ7^r»/^^;g^9or/KzAzniu^q/VAM%(4/4;<zw/6^Nwe (bA/b^!) wke 

*p<0.02;**p<0.0/
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Figure 4.3

Northern blots (48h exposure) showing ZMcreoiyg^Z TVPF 7Mj(A&4 jow/ decreased neurotensin 

7M/(A&4 fM fAg /rKpofAaZoTTZMS qfZgOM f^Z+J (^ o6gfe (b6/b6J 7»zcg. jEhcA /ane represents 

7;A&4)9'07M f/ygg pooZg(f AxpofWmMz. 7%g JVPy mRNA is approx O.g JkiZotosgs OM^Z fAg 

neurotensin 72A&4 u sAowM (xp/caZZp as Zwo 6aw6 p/ppproxi/waZgZp 7 owZ 7.5 kilobases 
rgspggffvgZy.

Discussion

The results indicate increased NPY mJRNA as well as decreased neurotensin 

content and niRNA in the hypothalamus of the obese ob/ob mouse. It is interesting to 

compare these results with those reported in other genetic models of obesity and insulin 

resistance. In the fa/fa Zucker rat increases in NPY concentration have been foxmd in 

several hypothalamic nuclei and NPY mRNA is increased in whole hypothalamus and 

arcuate nucleus [154,174,179]. The Zucker rat also has very similar changes in 

hypothalamic neurotensin to those found in the ob/ob mouse [37,180]. In contrast, NPY 

mRNA is increased in db/db mice when the mutation is expressed in the C57BL/KsJ 

strain, which exhibits a form of insulin deficient diabetes, but not when expressed on the 

C57BL/6J strain, which show p-cell hypertrophy and hyperinsulinaemia [181]. As the 

primary mutations resulting in these syndromes are not known, it is difficult to speculate 
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as to the reasons for the differences in NPY between ob/ob and db/db mice.

The lack of change in NPY concentration in the ob/ob mouse, despite increased 

mRNA, could be due to regional increases in peptide concentration which are not detected 

when the whole hypothalamus is examined (although changes were not detected in central 

and lateral hypothalamic NPY in the earlier study [173]), or factors increasing NPY 

degradation in the obese animals, although FPLC suggested that intact NPY was being 

measured in both phenotypes. Alternatively there may be a reduced NPY mRNA 

translation rate in the obese animals with reduced or unchanged release. However the 

most likely explanation is an increase in the synthesis and release of NPY but no change in 

net neuronal stores. Some evidence for this in relation to NPY comes from the work of 

Kalra et al who have, using push-pull cannulae, demonstrated increased release of 

hypothalamic NPY in rats deprived of food for three days, a situation known to be 

associated with increases in NPY mRNA [150,182]. Further studies would however be 

necessary to establish whether this was indeed the case in these genetically obese animals.

NPY has several important effects when administered centrally, including 

increased appetite [93], insulin release [125], release of CRF, ACTH and corticosterone 

[122,124] and modulation of LH release [183]. NPY injected into the third ventricle 

inhibits sympathetic activity to brown adipose tissue and thermogenic activity as assessed 

by GDP-binding [126,162]. Chronic administration of NPY produces weight gain and 

obesity [106]. It is of interest to note that the genetically obese ob/ob mouse responds to 

exogenously administered NPY with increased food intake in a similar way to lean 

controls [102]. Thus many of the features of the obesity and insulin resistance seen in the 

ob/ob mouse might be explained by increased hypothalamic NPYergic activity.

NPY induced feeding is dependent on corticosterone [184], and it is of interest that 

the ob/ob mouse has high circulating levels of corticosterone, and that obesity in the ob/ob 

mouse can be attenuated by adrenalectomy [185]. NPY release in vitro can be stimulated 

by dexamethasone and total hypothalamic NPY is increased by dexamethasone 

administration [151]. An increase in circulating corticosteroids is therefore one possible 

explanation for the increased NPY mRNA expression in the ob/ob mouse.

NPY in the hypothalamus may also be regulated by insulin. Situations in which 

NPY concentration and synthesis are increased are either associated with low circulating 

insulin levels (starvation, diabetes [136,137]) or peripheral (and, perhaps, central) insulin 

resistance (fa/fa Zucker rat, ob/ob mouse). Insulin administration reverses the changes in 
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hypothalamic NPY seen in experimental insulinopenic diabetes [186], and, in addition, 

intracerebroventricular insulin administration reduces NPY mRNA in the arcuate nucleus 

of the lean, but not the fa/fa Zucker rat following food deprivation [176], suggesting a 

reduced central sensitivity to insulin in the latter model. It is therefore possible that the 

increases in NPY mRNA in the ob/ob mouse are as a result of insulin resistance in the 

central nervous system.

The results of this study extend previous reports of reduced neurotensin in the 

brain [187] and, more specifically, the hypothalamus [173] of ob/ob mice, by indicating 

that these changes may be due to a reduction in neurotensin gene expression. The 

anorectic effect of peripherally administered neurotensin is similar in lean and obese ob/ob 

mice [188], suggesting that the reduction in hypothalamic neurotensin could contribute to 

the decreased satiety seen in the obese animals. However it remains to be seen whether 

these animals have normal responses to centrally administered neurotensin. Also the net 

effect on appetite of reduced hypothalamic neurotensin and increased hypothalamic NP Y 

mRNA remains to be clarified. Central injection of neurotensin stimulates insulin release 

[189], which in the context of these findings suggests the possibility that the reduction in 

neurotensin may be a feedback response to increased circulating insulin. Neurotensin 

stimulates LH release when injected into the medial pre-optic area of the hypothalamus in 

rats [190], soft is possible that reductions in neurotensin may also contribute to the 

reduced LH release seen in the ob/ob mouse.

Neither galanin or somatostatin content or mRNA were altered in this model of 

obesity. These results are in accord with previous data on galanin and somatostatin 

content in the hypothalamus of the ob/ob mouse [173]. Galanin mRNA, in contrast to 

NPY, appears to be decreased in the arcuate nucleus following food restriction, and it is 

therefore likely to play a different role in the regulation of appetite, and to be differently 

regulated [156].

In summary, I have found increased neuropeptide Y gene expression and decreased 

neurotensin gene expression, along with decreased neurotensin content in the 

hypothalamus of the ob/ob mouse. It is possible that the combination of abnormal 

regulation of these two hypothalamic appetite regulating peptides may be of importance in 

the development of obesity in this model.
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Chapter 5

Hormonal factors influencing hypothalamic NPY 
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Introduction

Identification of the peripheral metabolic and hormonal factors which regulate 

hypothalamic NPY may provide wider insight into the control of food intake, and the 

mechanisms which may lead to its alteration in disease.

Hypothalamic NPY may be regulated by insulin. NPY concentration and mRNA 

in the hypothalamus are increased in diabetes and starvation [136-139], both situations 

where there is a low circulating concentration of insulin. In diabetes the increase in NPY 

concentration can be reversed by insulin administration [186]. Hypothalamic NPY mRNA 

is increased in some animal models of obesity associated with insulin resistance, such as 

the ob/ob mouse [191], and the fa/fa Zucker rat [154]. Intracerebroventricular insulin 

reduces hypothalamic NPY mRNA in the ARC [192]. In the food-deprived Zucker rat 

central insulin administration reduces NPY mRNA in the ARC in lean but not obese 

phenotypes, suggesting hypothalamic insensitivity to insulin in the obese rat [176]. 

Insulin, which may act in the CNS as a long-term satiety factor [193], and has receptors in 

theARC [25] maytherefbrereduceappetiteviaareductioninNPYmRNA.

NPY induced feeding is corticosteroid dependent [117]. Adrenalectomy may 

reduce NPY mRNA in the ARC [194], although this has been disputed [195]. NPY 

content of the hypothalamus is increased by dexamethasone administration in vivo [151] 

and in rat fetal hypothalamic cells in culture [196]. NPY mRNA expression is increased 

in rat neuronal cell lines exposed to dexamethasone [197]. It is not known whether the 

changes in NPY content observed in vivo are associated with an increase in mRNA, or in 

which nuclei of the hypothalamus these changes occur.

The aim of this study was to investigate control of hypothalamic NPY by 

corticosteroids and insulin by measuring changes in NPY content in microdissected 

hypothalamic nuclei, and in total hypothalamic NPY mRNA m rats treated with 

dexamethasone and to establish whether this could be modulated in rats treated with 

exogenous insulin.

Methods

Animals

Seventy-five male Wistar rats (Tuck and Sons Ltd, Essex, UK) were used for these 

studies. They were caged in groups of five (except for ten animals in each group during 

food intake measurement, who were caged individually for three days), and housed in a 
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temperature controlled environment (22±2°C) with a 13/11 hour light/dark cycle. They 

had free access to pelleted chow and water throughout the study.

Experimental design

Animals were divided into five groups of fifteen animals. Two groups were given 

daily subcutaneous injections of dexamethasone (0.4mg/kg/day, D. Bull Laboratories, 

Warwick, UK), for 28 days with one group killed on the last day of treatment and the other 

5 days after treatmenthadstopped. Controlgroups were treatedwithsalinefbrthesame 

time periods. The final group received dexamethasone for 28 days in the same dose, with 

the addition of Ultratard insulin 60 Units/kg/day (Novo-Nordisk). The dose of insulin was 

chosen from a pilot study (results not shown), as the highest dose that could be given to 

dexamethasone treated rats without producing hypoglycemia. It was originally planned to 

include a group of rats treated with insulin alone, however these high doses of exogenous 

insulin produced severe hypoglycaemia in normal rats, and therefore this group was not 

included in the final study. The final group were given saline injections only. Animats 

were weighed at the start and end of the study. Because of the impracticalities of housing 

this number of animals individually food intake was accurately measured in 10 animals, 

randomly selected from each group for a three day period after two weeks treatment. This 

was done at this stage to avoid disturbing the animals at a later stage of the study. A crude 

measurement of food intake (total food consumed per cage / day) was made throughout the 

study.

At the end of the study period, blood glucose was estimated from a tail vein sample 

using a glucose-oxidase based reflectance meter (Glucometer 2, Ames). Animals were 

then killed in random order between 1000 and ISOOhrs by COj inhalation and 

exsanguinated by cardiac puncture; blood was centrifuged immediately and the plasma 

separated and stored at -20®C until the assay of insulin.

Brain microdissection

Ten animals from each group were used for peptide extraction. Hypothalamic 

nuclei were microdissected as described in Chapter 2. The nuclei sampled were the 

medial preoptic area (MPO), anterior hypothalamic area (AHA), lateral hypothalamic area 

(LHA), PVN, ventromedial nucleus (VMH) and the ARC. Samples were immediately 

placed in 500^1 acetic acid (0.5M) and boiled for 10 minutes to extract the peptides. The 

remaining five hypothalami were dissected en bloc, snap-frozen in liquid nitrogen and 
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stored at -70°C until RNA extraction.

Assay of ins uZzM ow/ Mgwop^rfdief

Plasma insulin and NPY content in microdissected nuclei were measured as 
described in Chapter 2.

A/eof wrgTMgnr <^JVPy 7MjU\&4 6y TVbrrAgrn A/o/ awz/ysis

The RNA extraction and Northern blotting procedure was as described in Chapter 
2.

Comparisons between the groups was made using ANOVA, specihc digerences 

were then compared using Tuke/s test. Plasma insulin data, which was not normally 

distributed, was log-transformed prior to statistical analysis. Statistical significance was 

taken at p<0.05.

Results

Weight, ^O(f fnmAe, ««</ /Mefaho/zc dkzra

All the treatment groups failed to gain weight at the same rate as controls (F=230, 

P<0.001), although weight gain did resume after dexamethasone was stopped (p<0.01), 

table 1. There was a significant reduction in food intake in the dexamethasone treated 

groups compared to controls, including the insulin treated group (P<0.01). Based on the 

cage by cage measurement of food intake, this pattern was evident throughout the study 

(results not shown). The insulin treated group had a tendency to eat less food than those 

treated with dexamethasone alone, but this failed to reach statistical significance. Blood 

glucose was similar in all groups (F=2.5, NS), but plasma insulin was 5-fold higher than 

controls in the dexamethasone treated animals and 10-fold higher in the group treated with 

insulin in addition to dexamethasone (F=22.9, P<0.001). Plasma insulin levels were 

similar to controls 5 days following the withdrawal of dexamethasone (table 1), suggesting 

that the effects of dexamethasone on insulin sensitivity were rapidly reversed.

70



Table 5.1 - Metabolic data and body weight

28 day study 33 day study

CONTROL DEX DEX + INS CONTROL RECOVERY

Initial weight (g) 227t2 231±3' 221±3 227±3 22213
Final weight (g) 372±6 232±5" 216±4" 36915 24214"
Mean daily food 

intake (g)

24.9±1.0 19.2±0.57" 17.0±1.6" 23.811J 19.510.7"

Blood glucose

mM

5.4±0.2 6.0±0.6 4.5±0.4 5.210J 5.410.3

Plasma insulin 601±75 2049±243" 5440±1424+ 7361212 6631176

pM

Inffio/ am/final 6o</p we/gAf; mgoM (Az/^/)o</ m/ote meastired over J </(ys; g/wcofe OTw/ insulin 
a/ flK gm/ <y/rgaA7*g»/ m animals /rgaZg</ wfZA fo/mg (ICCWTROZ^, (/gxamg/AoyoMg f2)E^, 
dexamethasone p/wa zww/m fZ)jE% + /7\^ ^r 2& c&yj; am/ m arnzmoZ; l///g</ 5 </ayj; ^gr 
</g%amgfAa;o»g frgoAMgn/ woa f^oppgz/ (RECOVERY), a/oMg wzfA //K rgj^ggf/vg gamfra/ group. 

^<0.0j^m CO/VTROA **))<0.00/CO/VTROA "/XO.O/^am D.EYgro*<p

JVPF COM/gM/

In the 28-day study analysis by ANOVA demonstrated a significant difference 

between groups (F=5.4, p=0.006). Tukey's test revealed significant differences between 

thedexamethasone treated group whencomparedtoeithercontrolsorinsulintreated 

animals (both p<0.02). When differences were examined for individual nuclei, NPY 

concentration was significantly increased in animals treated with dexamethasone alone in 

the paraventricular (p<0.05) and arcuate nuclei (p<0.001) (Figure 5.1a). In the animals 

given dexamethasoneinwhom the treatment wasstopped,overallANOVAsuggested a 

difierence between groups (F=3.3 p<0.05). ARC NPY remained increased relative to 

controls (p<0.05), whereas changes in the PVN were close to the normal value (Figure 

5.1b).
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Figure 5,1

(a) NPY concentrations in microdissected /%po/Wa7Mzc /zuc/ei ZM cozz/ro/if, ra/s /rgolez/ 

wzf/z 6k%a77zgf/zayozzg azzz/ rafs /reafez^ wzVA <^g%a/MgfAz%yoMg p/zzs zwzzZzM ^r 2^ z&zys aw/ (&) 

zM ra/s frgafggfybr 25 z&g/s wzfA z/gxozMgf/zafozzg, Az/Zez/ j dzzps q/Zer ZrgaZzMgMZ wa$ fZqppg<y 

wzZA correspow/zTzg controls aZ 55 days.

*^<0.05, *^<0.00/

I I Control Dex+Ins

I I Control ^^ Recovery
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Northern blot analysis revealed a single messenger RNA of approximately 700 

bases as expected for NPY mRNA. The changes for total hypothalamic NPY mRNA were 

similar to those found for NPY peptide concentration (ANOVA, F=4.7, P<0.05); there 

was a 38% increase in NPY expression in dexamethasone treated animals (p<0.05) which 

was not seen in those treated concurrently with insulin (figures 5.2 and 5.3). In the group 

in whom treatment was stopped NPY mRNA was similar to untreated controls.

Figures.!

Relative levels of/%70tAa/mMic ^f mRNA ea^refsion m con/roZ, daxa/merMsow Zreofg6( 

6kxo7»gr/Kzsone pZ^s Z/trwZZn /reote^Z owZ roTs Zn wAoot ^xo/Mer/zasoMg way yZo^:pe^/or 5
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Figure 5.3

Representative Northern blots 

from the AreoAMg/zf groupf. C = 

controls; DEA^ = f/gxoTngf/KMO/zg 

A-gjfgg^ DEAT+jDVS = 

dexaathasone p7zz:s z/zsuZzM 

A-ggAMgM/; TZf^C = 5 d^f 

^ZZowzMg jigraTMgfAayoMg

A-gaAng/zf.

Discussion

This study has extended previous findings of decreased preproNPY mRNA in the 

ARC following adrenalectomy [194], and increased NPY release in the presence of 

dexamethasone in vitro [151], by demonstrating that chronic dexamethasone treatment in 

vivo results in increased NPY mRNA in the hypothalamus and increased NPY content in 

the ARC and PVN. Although brainstem NPY concentrations and mRNA were not 

measured in this study, it seems likely that the increase in NPY in the PVN was largely 

due to increased synthesis in the ARC, as White and colleagues found no change in 

brainstem NPY mRNA in response to adrenalectomy [194]. Furthermore, the 

dexamethasone induced increase in NPY mRNA is rapidly reversed by stopping the 

treatment, although NPY concentrations in the ARC remained elevated, possibly due to 

residual stores of NPY. Finally, the effect of dexamethasone to increase hypothalamic 

NPY was completely prevented by high dose insulin administration.

The results of this study raise several important points in relation to the regulation 

of NPY by corticosteroids and insulin, with possible relevance to the appetite stimulating 

effect of NPY. In the dexamethasone treated animals there was an increase in 

hypothalamic NPY content and mRNA, despite a decrease in food intake and failure to 

gain weight. The mechamsms whereby dexamethasone decreases food intake are not 

known. This may be an indirect consequence of the peripheral catabolic effects of 
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corticosteroids. In addition dexamethasone may have a direct effect on the hypothalamic 

control of food intake by mechanisms other than those involving NPY. It is also possible 

that changes in macronutrient selection, which may be regulated by NPY and 

corticosteroids [57], did occur, but this question was not addressed in this study. There is 

a diurnal rhythm in the sensitivity to NPY induced feeding in rats, and endogenous NPY 

varies according to the time of day, with levels and sensitivity being greatest at the start of 

the dark phase, at the time when feeding is greatest [109,198]. These data would support 

the hypothesis that these changes are mediated by endogenous corticosteroids, which are 

at their highest level at the start of the dark phase [199].

The fact that the increased NPY mRNA was reversed rapidly following withdrawal 

of dexamethasone, despite only a small increase in body weight, and the prevention of the 

NPY changes with insulin administration, despite no significant change in food intake or 

body weight, suggests that the changes in NPY observed in this study were likely to be the 

result of specific hormonal effects, rather than due to a non-specific effect of weight loss. 

The increases in plasma insulin observed with dexamethasone are likely to be related to 

the well recognized insulin resistance produced by corticosteroids; the mechanisms 

underlying this are unclear, but increases in hepatic glucose output, and effects on the 

insulin receptor and post-receptor mechanisms have been implicated [200]. High levels of 

plasma insulin may therefore not affect hypothalamic NPY in this situation as they are 

"appropriate" to the level of insulin sensitivity.

In contrast to animals treated with dexamethasone alone, animals supplemented 

with insulin did not show increases in hypothalamic NPY content or mRNA over controls. 

In situations where the circulating insulin concentration is decreased, such as in starvation 

and experimental diabetes, or where there is insulin resistance, such as in genetically obese 

rodents, hypothalamic NPY mRNA and content are increased [136,137,150,176,201], 

providing indirect evidence that insulin may be involved in the regulation of hypothalamic 

NPY. The higher concentrations of insulin observed in these animals may therefore have 

directly reduced NPY mRNA and content in the hypothalamus. As already discussed, it 

was not possible to treat a group with insulin alone in this study, but recently published 

work has found an effect of intracerebroventricular insulin to modulate hypothalamic NPY 

mRNA [139,176]. If insulin is administered peripherally this results in hypoglycemia and 

subsequent hyperphagia [163], whereas centrally administered insulin reduces food intake 

and causes weight loss [193]. Perhaps because of the insulin resistance of the 
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dexamethasone treated animals, it was posssible to administer higher doses of insulin 

peripherally without producing hypoglycemia. If, as would be expected, the high 

peripheral insulin concentrations in the plasma of these animals resulted in raised CSF 

insulin concentrations, these might have then acted to decrease hypothalamic NPY 

mRNA. Insulin treatment did not significantly decrease food intake in the dexamethasone 

treated animals; this may be because dexamethasone has a powerful independent anorectic 

effect. In contrast, peripheral insulin administration producing hypoglycemia and 

hyperphagia has not been shown to affect hypothalamic NPY concentrations following 

either acute or chronic administration, although NPY mRNA was not examined in that 

study [163], Acute or recurrent hypoglycemia, perhaps through direct effects on 

hypothalamic glucosensors, may override the more chronic mechanisms of NPY-insulin 

interaction in the CNS explored in this study. It therefore seems plausible that insulin is 

involved in the regulation of hypothalamic NPY, and that this is one possible mechanism 

whereby insulin may act in the CNS to regulate food intake.

In summary, hypothalamic NPY content and mRNA are increased by chronic 

administration of the synthetic glucocorticoid, dexamethasone, these changes are reversed 

following cessation of this treatment and prevented by concomitant insulin administration. 

This provides evidence that corticosteroids and insulin may be involved in the regulation 

of hypothalamic NPY, which may be of particular relevance to the possible function of 

insulin as a satiety factor. Reduced hypothalamic sensitivity to insulin, leading to 

increased corticosteroid dependent NPY gene expression could result in hyperphagia and 

obesity.
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Chapter 6

Hypothalamic NPY in the hyperphagia of pregnancy

and lactation
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Introduction

Pregnancy and lactation are associated with considerable metabolic demands. 

These are met by a number of homeostatic mechanisms. During pregnancy in the rat food 

intake increases to approximately 50% more than controls. In lactation, the excess 

demand is even greater, and food intake may rise by as much as 400%. There is marked 

gut hypertrophy during lactation, presumably in response to the massive increases in 

ingested nutrients [202]. Changes also occur in maternal metabolism, including a marked 

reduction in thermogenesis during lactation [203]. Glucose metabolism is also altered, 

with increased insulin resistance, and raised insulin, during pregnancy, but decreased 

insulin concentrations and increased sensitivity to insulin, particularly in the mammary 

gland, during lactation [204-206]. The mechanisms involved in the regulation of food 

intake in lactation are poorly understood, although some satiety factors, for example CCK 

may play a role [207,208].

One study previously investigated NPY in lactating rats, this immunohistochemical 

study suggested increased NPY-like immunoreactivity in the median eminence when 

compared to controls [209]. No study of NPY mRNA was made. Another study suggests 

that NPY may be involved in the control of oxytocin release [210].

This experiment was designed to investigate the possible role of NPY in the 

hyperphagia and altered metabolism which occurs during pregnancy and lactation.

Methods

Animals

Timed mated pregnant and non-pregnant (virgin) female rats (B & K Universal, 

Hull, UK), were obtained at 15 days gestation. All the animals had free access to standard 

laboratory chow and water initially. They were kept under controlled temperature (21- 

23°C) and light (1 Ihr light/13hr darkness). Daily food intake was measured from the day 

after arrival in the animal facility.

Experiment 1

Twenty-six female rats in mid-gestation, and seven virgin rats were used for this 

pilot study. Cohorts of five or six rats were killed in late pregnancy, in early lactation (5 

days after delivery of the pups), and m late lactation (14 days after delivery). The control 

rats were killed at the same time as those in late pregnancy. Additional controls for the 

lactating rats (who had their litters adjusted to 8 by culling and fostering) were dams who 
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had all their young removed within 48 hours of delivery. The hypothalamus was dissected 

as previously described and stored at -70°C until measurement of NPY RNA. Blood 

glucose was measured from a tail vein sample using a reflectance meter. Plasma was 

taken for measurement of insulin.

Experiment 2

Thirty-two pregnant and virgin female Wistar rats were used for this part of the 

study. Twenty-four hours after delivery of the pups, the number of pups was adjusted by 

culling and fostering to 8 per dam. Half the lactating females were food restricted to 80% 

of control lactating females intake on the previous day. Likewise control animals were 

either fed ad lib, or food restricted to 80% of control food intake. Each rat was paired with 

a control of similar weight for this purpose. All rats were killed on the 14th day of 

lactation for this part of the study

Tiss ue and plasma collection

Blood glucose was measured on a tail vein sample as described above. Plasma 

samples were obtained from all animals for estimation of insulin and LH. Six animals in 

each group were used for measurement of total hypothalamic NPY mRNA, and ten for 

radioimmunoassay of NPY in microdissected nuclei as described in Chapter 2.

Results

Experiment 1

Food intake was increased by 20% over controls in late pregnancy (controls: 15.6 ± 0.6g, 

pregnant: 19.8 ± 1.1g, p<0.01), and dramatically to 215% of control levels at 5 days 

lactation and to 355% of control levels in late lactation. There was no significant 

difference in randomly measured glucose levels between control, pregnant and lactating 

females (table 6.1). Hypothalamic NPY mRNA was unchanged in pregnancy, moderately 

increased after 5 days lactation (130 ± 6.2 % of control, p<0.01) and increased further at 

14 days lactation (179 ± 14%, p<0.001).
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Table 6.1

5/ooc/g/%^ofg a/%//7/ay/Ma zMsw/zM /eveZ; z» cowfroZ prggwzMf awZ/acfayMg/&wa/e raff

(TMgaM ± SEA^. TVoMg (^fAe 6/z^rg»cgf are statistically fi^/^caMf

Study group Blood glucose (mmoI/1) Plasma insulin (pmol/I)

Control 5.9 ±0.9 567 ±65

Pregnant 5.6 ±0.6 640 ±73

Lactation stopped 6.5 ± 0.5 453 ± 45

Lactation day 5 6.5 ±0.5 546 ±54

Lactation day 14 6.4 ±0.5 515±43

Exygrz/MgMf 2

fbozZ TnfaAg onz/ ^oafx ITezgAf

The food intake and body weight changes in control and unrestricted lactating 

animals were similar to those seen in the pilot study. Thus food-restricted lactating rats 

were still consuming over 300% of non-lactating levels of food intake. At this level of 

food restriction the animals lost weight, but did not harm any of the pups. Changes in 

body weight in the four groups are shown in table 6.2 

Plas ma glucose and insulin

Food restricted females had significantly lower glucose levels (3.7 ± 0.2mmol/l 

compared to 5.1 ± 0.2 in lactating controls, p<0.05). Insulin levels were similar in control 

and lactating females. Food restricted females had significantly lower insulin levels (49.5 

± 18.4pmol/l compared to lactating controls 215 ± 55pmol/l (p<0.01) Results are shown in 

table 6.2.

Plasma LH levels

Plasma levels of LH were decreased in lactation and in food deprived animals, 

however there was no additive effect of food deprivation and lactation over and above the 

effect seen with food deprivation alone (Table 6.2).
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Table 6 J

Weight changes, blood glucose aM<^pZay/Mai z7iyz//fM a»^/ 1/7/gvg/s zn co»/ro/ a/it/ /acfa^Mg 

^/TKz/g ra^s wz^A or wz/Aow//bo^f rgj'/rzo^ozz fo &0% o/oozz^o/ /eve/s z/zzrzzzg /aoz'a^oM 

^gaM±&EA<0.

Control Control

Restricted

Lactating Lactating 

Restricted

Initial Weight 206.7 ±5.6 202 ±5.4 248.6 ±16 249.3 ± 16

(g)
Final weight (g) 217.3 ±16 191 ±3' 275.7 ±15.5 240.7 ±15*
Weight Gain f 10.6 ±2.7 -11 ±2.6' ±27.1 ±3.7 -8.6 ± 4*

(g)

Blood Glucose 4.7 ± 0.2 3.9 ±0.2* 5.1 ±0.2 3.7 ±0.2*
(nunol/1)

Log plasma 2.5 ± 0.5 2.0 ± 0.3 2.4 ±0.4 1.3 ±0.4*
Insulin
(pmol/1)

Plasma LH 1.97 ±0.3 1.1 ±0.2* 0.73 ±0.3** 0.65 ±0.4**
(ng/ml)

*p<0.0j», *"^<0.0/ cozz^org^f ro cozz/roZ

^ p<0.07 gozz^wgzy 7o zzzzrgfZrzcZezZ ZacZaZzzzg

TYPy ZZZJRAG4

Results in the lactating animals were similar to those seen in the pilot study. Food 

restricted animals had the expected increase in NPY mRNA (p<0.05). The greatest 

changes occurred in the animals who were food deprived during lactation, when 

hypothalamic NPY mRNA levels reached 324 ± 44% (p<0.001) of control levels (Fig 6.1).
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Figure6.1

Hypothalamic NPY mRNA in coM/ro/, /bod' rgf/rzcfe(7 0/%/ Zoofoff/ig rofs^ (mean ± &EAA 

*p<0.05, C=:ooM^o/, CjR=ooMfro/ restricted; Z=/oofofz/2g; ZJ?=/oc/od/7zg rgf/r/ofg^Z

^y z» mzcrozfzj-sgc/gd ^ofWo/nzc nwoZez

NPY content was signiGcantly increased in the arcuate nucleus of food deprived 

lactating rats, but not in the food restricted females or in lactating females compared to 

controls (Fig 6.2).
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Restncte<^^3
Lacatating

Figure 6.2 Ti^of/zaZa/Mzc WX coMfe/z/ zM /Mzcrogfzffgc^gz^ /^o^/z^z/aznzc nzzc/gz z/z con/roZ, 

food rgs/rzcfez;^ Zac/zzz'zMg a»zZyboz/ rgs/rzc/ezZ Zac^afzng ra/s.

*p<0.0j

Discussion

NPY mRNA was increased in the hypothalamus of female rats during lactation, but 

not during pregnancy. The increases in lactation were most marked in the later stages, 

when food intake was greatest. Of particular interest is the apparent additive effect of food 

deprivation on these hypothalamic NPY mKNA changes in lactation. Recently published 

work has found a similar increase in NPY mRNA in lactation using in-situ hybridisation, 

and localised this change to the arcuate nucleus [206], so it is likely that the changes in 

total hypothalamic NPY mRNA reflect changes in this nucleus. It is not possible to tell 

from this study whether the changes in expression in lactation and food deprivation occur 

in the same subset of arcuate neurons, or whether there is recruitment of neurons from 

different populations which subserve the two functions. However a previous study found 

increased NPY immunoreactivity in the median eminence in lactation, a site not normally 

associated with increases in NPY during food restriction, which would support the 

hypothesis that different subsets of neurons are involved [209].

The increase in NPY mRNA in the hypothalamus in lactr.tion may be concerned 

with the suppression of LH secretion observed in this study, either directly, or via 

suppression of gonadotrophin-releasing hormone secretion into the hypophyseal portal 
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system. It is interesting to note that food restriction also reduced plasma LH 

concentrations, and that the effects of lactation and food restriction were not additive in 

this respect. Secretion of LH is suppressed by fasting and exercise, and rapidly restored 

by intragastric infusion of nutrients, suggesting that specific nutritional signals are 

involved [211,212]. These findings would be consistent with a role for NPY in the 

suppression of LH secretion during fasting.

The reduction in plasma insulin levels in the food restricted animals was expected, 

and is in accord with previous observations suggesting an inverse relationship between 

insulin levels and hypothalamic NPY expression [213]. In this study however the insulin 

levels were unchanged during lactation, so it is difficult to ascribe the changes in NPY 

mRNA during lactation to alterations in insulin concentration. This could be because the 

changes in lactation are unrelated to the increased food intake, and are perhaps involved in 

other aspects of reproductive function or in the control of lactation itself. Alternatively 

there may be altered sensitivity to insulin in lactation; this is observed to occur in the 

mammaiy gland, which becomes very insulin sensitive during lactation, and total glucose 

turnover is markedly increased. Despite this the plasma glucose and insulin levels are 

unchanged after a meal during lactation, because of Increased clearance from the 

mammary gland. Hence there is no evidence that total body insulin sensitivity is altered. 

Another possibility is that changes in steroid hormones, particularly progesterone, may be 

responsible for the increase in NPY mRNA which was seen in lactation.

The changes in peptide content in microdissected hypothalamic nuclei in this study 

were not as expected. The lack of changes in food deprivation may be due to the protocol 

used, which resulted in only small changes in body weight and indicates the increased 

sensitivity of mRNA levels over peptide content when looking for changes in activity.

In summary NPY expression in the hypothalamus is increased in lactation, and 

may be partly responsible for the massive hyperphagia seen in lactating rats. NPY is 

apparently not involved in the increased food intake seen in pregnancy. The increase in 

NPY mRNA in lactation and food deprivation may explain the reductions in LH secretion 

seen in these circumstances, although other neurotransmitter systems are also likely to be 

involved. The factors involved in stimulating the increase in NPY synthesis were not 

identified in this study, but unlike in food deprivation, insulin is less likely to be a factor in 

the hyperphagia of lactation. Other nutritional factors, altered gut hormone secretion or 

other hormones such as progesterone may all be involved.
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Chapter 7

Neuropeptide Y A physiological regulator of food

intake
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Introduction

Hypothalamic NPY may have an important physiological role in appetite control. 

The concentration of NPY, and its mRNA, are increased in the hypothalamus of rats 

following food deprivation and these changes are rapidly reversed by re-feeding [138,150] 

Locally inserted push-pull cannulae have demonstrated that NPY is released episodically 

in the PVN prior to and during feeding in rats [182],

Central infection of opioid agonists stimulates feeding, while central opioid 

receptor blockade reduces food intake [214,215]. Stimulation of feeding in the rat occurs 

after activation of p, 8 or K opioid receptors. Opioid agonists which act primarily at the 

K-opioid receptor, such as dynorphin, are the most potent opioid inducers of feeding after 

central inj ection [216]. The 17-amino-acid form of dynorphin has been identified as the 

putative endogenous ligand for the K-opioid receptor [217], and, therefore may be 

important in the regulation of feeding. Dynorphin is widely distributed in the 

hypothalamus and is found in relatively high concentrations in the PVN [218]. 

Immunoreactive dynorphin concentrations are increased in the hypothalamus of rats after 

food deprivation and in the dark phase [219]. Blockade of kappa receptors with the 

selective kappa antagonist norbinaltorphamine (norBNI) reduced deprivation induced 

feeding. Together these findings suggest a physiological role for the kappa opioid system 

in the regulation of food intake.

Noradrenaline (NA) also stimulates feeding when injected into the CNS [124], and 

this effect can be blocked by the a-adrenergic antagonist phentolamine [220]. NPY is co- 

localised with NA in neurones projecting to the PVN fom the brainstem. Using 

microdialysis, the extracellular level of NA within the PVN of the rat has been shown to 

gradually increase during a period of food deprivation [221]. This pattern of release 

suggests that endogenous NA plays a role in the maintenance of fast-induced feeding.

Hypothalamic NPY content and mRNA are increased in animal models of diabetes 

[136,137]. Diabetic animals are hyperphagic and it has been suggested that this effect may 

be partly mediated through hypothalamic NPY [136]. The effect of exogenously 

administered NPY on feeding responses in diabetic animals has not been investigated. It 

was therefore decided to investigate the possibility that these changes may be due to 

changes in the sensitivity to hypothalamic neuropeptide Y.

In the absence of a high potency NPY antagonist, the aim of this study was to 

immunoneutralise endogenous NPY in the CNS to further examine the role of endogenous
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NPY in deprivation induced feeding. The role of NPY in the regulation of feeding in 

experimental diabetes was also investigated. Possible interactions in the CNS with other 

known appetitestimulating neurotransmittersinthecontrolofdeprivationinducedfeeding 

were explored using the non-selective a-adrenoceptor antagonist phentolamine, and the 

kappa antagonist norbinaltorphamine (nor BNI).

Methods

Animals

Adult male Wistar rats (250g) were maintained in individual cages under 

controlled temperature (21-23'C) and light (1 Ihr light, 13hr dark) with ad libitum access 

to food and water.

Experimental protocol

Rats were implanted with chronic indwelling cannulae in the third ventricle as 

described in chapter 2. All animals were allowed a period of seven days to recover from 

surgery before being used in the study. The placement of cannulae were verified at the 

end of the study by the injection of lOpl of ink, removal of the brain, snap feezing and 

visual examination of coronal brain slices.

The injection of substances was by a stainless steel injector, placed in, and 

projecting 0.5mm below the tip of the cannulae. The injector was connected by a 

polythene tubing (id 0.5mm, od 1mm) to a Hamilton (Reno, NV) syringe in a Harvard IV 

syringe pump (model 2681, Harvard Apparatus, Natick, MA, USA) set to dispense lOpl of 

solution per minute. All compounds were dissolved in 0.9% saline. Immediately after the 

ICV injections rats were placed into cages containing a single pre-weighed bowl of chow, 

with fi'ee access to water, and observed for two hours. At the end of the two hour period, 

the remaining food was carefully collected and weighed and the total food intake for each 

rat was calculated. All treatments were given at least 48 hours apart, between 9 am and 11 

am, and were of crossover design.

Antibodies

Monoclonal antibodies were produced using the procedure described by Bidart et 

al [222] and their binding profiles were examined by radioimmunoassay NPYAb 

showed good afftnity for NPY such that 5pl diluted antibody (1:100000) incubated with 
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I'^ labelled porcine NPY showed a 75% binding of labeUed peptide. The antibody shows 

very weakcross-ieactivity withPYY (IC3o,2pM) [223].A control atrdtx»d[]^ik)chlcMX)qiiuie 

prepared byexactlythe sarneirK^dio(l(<:X;vlt))slio\vtxi noNPY binding, even when 

undiluted.

Food intake after central injection of NPY (2.4nmoles/5pl) was investigated. 

Satiated rats were administered ICV injections of NPYAb (5pl), saline (5pl) or CQAb ten 

minutes before injection of NPY (n=9). Food intake was recorded over the next two 

hours.

Erpen/MgMt 2 - 24A /b<%f d^nvat/oM

Animals were fasted for 24 hours, following which their food intake was 

monitored for 2 hours. Immediately prior to feeding, animals were iigected ICV with 

saline, 1,3, 5, 7.5 or 10|il NPYAb or CQAb. An additional experiment was carried out 

using norBNI with or without the 5pl dose of NPYAb and CQAb.

Possible effects of phentolamine (180nmol in 5pl) plus CQAb or phentolamine 

plus 5 pl NPYAb on fast-induced feeding were investigated in a separate experiment in 6 

rats.

Exygri/MgMt 3 - jExpgrzTMgnmZ ^/mAg/gf

Six rats were made diabetic by an intravenous injection of streptozotocin 

(55mg/kg) and their blood glucose levels measured using an Ames glucometer. At the 

time of the study every ammal had a blood glucose greater than 16 mmol/1. Two weeks 

after the streptozotocin iigection animals were injected centrally with either NPY, saline 

or, following an overnight fast, with NPYAb or CQAb. These studies were carried out in 

parallel with those in normal animals (blood glucose = 5.8 ± 0.6 mmol/1), so that a direct 

comparison between groups could be made.

Statistical A nalysis

All results are given as mean ± SEM. Comparisons between groups of data for 

effects of NPY, fasting, antibody and phentolamine were made using ANOVA. Post-hoc 

comparisons were made using Tukey's test. In the case of the dose response data in 

normal and diabetic ammals, repeat measures ANOVA was used. Statistical significance 

was taken at p < 0.05.
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Results

Experiment 1 - in vivo a/%/76o6^ tef^

Injection of NPY (2.4nmol) produced an increase in food intake (5.5 ± 0.5 vs 0.9 ± 

0.6g for saline treated controls). The response to NPY began approximately 20 minutes 

after injection and was complete within two hours. Pretreatment with CQAb (5pl) had no 

effect on the feeding response to NPY (6.0 ± 0.7g). Pretreatment with 5 pl of the 

monoclonal antibody to NPY reduced the feeding response to a level which was similar to 

saline injected controls (1.4 ± 0.6g). Animals were viewed throughout the experiments, 

and the general behaviour of rats treated with NP YAb or CQAb was not observably 

different from that of saline treated controls.

&y7erz/Mgnt 2-24 Aour /bog/ g/^rfrofron

Rats exhibited a robust feeding response immediately they were introduced to food 

after a 24 hour fast. ICV injection of NPYAb 10 minutes before fasted animals were fed 

dose dependently reduced their feeding response over a two hour period compared to 

animals treated with CQAb (figure 7.1). The maximal reduction in feeding of 30 ± 6% 

{F(l,20)=4.8; p<0.01} was seen after injection of 5 pl NPYAb, and therefore this volume 

was used for all subsequent studies. There was no difference in the fast-induced Ceding 

response after injection of 5 pl CQAb compared to saline. ICV injection of norBNI 10 

min before fasted animals were presented with food reduced their 2-hour feeding by 34 ± 

10 % {F(l,20) =4.9 ; p<0.05} compared to that of animals treated with saline . A 

significantly greater reduction in feeding of 51 ± 8 %; p<0.05 than observed with NPYAb 

alone was seen after injection of norBNI 10 min before injection of antibody (figure 7.2). 

Injection of phentolamine alone reduced fast-induced feeding by 39% {F(I,20) = 5.4; 

p<0.05}, but addition of NPYAb was not additive.
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Figure 7.1 Dose responjg curve/or TVf 7 ^6. Ernyf-z/z^g^fybozf znAzk z^gr zcv zzyecrzozz 

z^zTzcrezMzMg voZu/Mes o/7VPL46 70 /Mzn 6e/bre /)refeMfzz/zoM q//bozZ 7%e)()ozZ eaZezz zf 

eapre^sezZ os a percemfage z^/bo<7 zMfzzAe a/?gr zM/ecfzoM z/f/zg fame volume zzf CgXA.

Szg?zz/?ezzMZz7zZyergMcef/rz)mCQ/(6zzrez»zZzczzfgz/. *p<0.05;*''7)<0.07.

Figure 7 J

Effects z^p/zeMZz)/zzmzMe 

zmzZ wrjB  ̂OM ^zfZ 

z»z7uz;ezZ)^ez7z7zg.

^<0.0j; *^<0.07

** p<0.0I
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The expected dose dependent feeding response to NPY was seen in normal 

animals. There was no significant difference in the 2 hour food intake of diabetic and 

control animals after ICV injection of 1.2 nmoles of NPY. However, the feeding response 

in diabetic animals failed to increase with dose and was significantly reduced compared to 

normal animals at both the higher doses of NPY (p<0.04) (figure 7.3). Administration of 

NPYAb (5 pl) 10 minutes before presentation of food after a 24 hour fast did not alter food 

intake in diabetic rats (figure 7.4).

Figure 73

Dose rgspowerg/uhonsA^ 6gfwggM APT <7ose arw/ 2 Aour 7^g<fmg in confroZ anr/ (fmAe/ic

L_, j control ^^^ diabetic

^<0.0J; *^<o.o;
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Figure7.4

^^cf <^A?y ^6 owTaj-/ f?z<A/cg</)&g<A»g m co»/roZ ow/jza6g/zc raff.

Discussion

This study supports a physiological role for endogenous NPY in inducing food 

intakeaAer a 24hourfast Theresultsshow that; 1) erhic^gerhOiislSrPirinthecxaatral 

nervous system is required for the full feeding response to occur after food deprivation; 2) 

interactions exist between NPY and the noradrenergic and kappa-opioid systems in the 

control of Ceding and 3) central sensitivity to the effect of NPY on 6)od intake is reduced 

in experimental diabetes.

Immunoneutralization of endogenous NPY reduced Ceding in the fasted rat by 

30%. This would support the hypothesis that NPY is an important component of the 

neural signals involved in deprivation induced Ceding. The results of this study are 

supported by other published studies, using either polyclonal NPY antibodies or weak 

NPY antagonists [131*224], although the magnitude of the effect appears to vary. One 

possible reason for the larger (70%) reduction in feeding in the study by Stanley et al [13 i] 

is the lack of a specific control antibody, which may have resulted in an overestimation of 

the inhibitory effect Another is the Act that they used a palatable milk mash diet when 

testing their Ceding responses, the consumption of which may have been more sensitive to 
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NPY inhibition.

Dynorphin also appears to have a role in the central control of food intake. This 

data is in agreement with other published data, showing that blockade of dynorphin with 

nor BNI decreases deprivation induced feeding [225]. The additive effect of norBNI and 

NPYAb on fast-induced feeding would suggest that the action of dynorphin may be 

through a separate mechanism from that of endogenous NPY. This effect (52% reduction 

in food intake) is not as great as would be expected from the sum of the individual 

reductions (64%). This could be due to experimental variation or may indicate that the 

action of dynorphin is partly through the same mechanism as NPY.

Central adrenergic pathways are also important mediators of food intake in the 

fasted rat [220], and would seem to interact with NPY. Thus phentolamine reduces 24-h 

fast induced feeding, and the effects of central m-adrenergic blockade and 

immunoneutralization of NPY on the feeding response are not additive. This finding is in 

accordance with a study by Morley et al [93], who found that NPY and NA did not have 

additive effects on food intake. Therefore, NPY and NA both appear to have a role in 

controlling food intake after a period of food deprivation. Although this data suggests that 

their actions may be mediated through a common pathway, further dose-response studies 

need to be carried out to confirm this.

Finally, the feeding response to central injection of NPY in diabetic rats is greatly 

reduced and fails to increase with dose. The same volume of NPYAb that reduced feeding 

in fasted control rats had no effect on fast-induced feeding responses in diabetic animals. 

One explanation for the lack of changes in food intake, is that central NPY levels are so 

elevated in diabetes that relatively small variations, produced by ICV injection of NPY or 

NPYAb, exert no measurable physiological effect. There is one report suggesting that 

NPY receptor downregulation may occur in experimental diabetes [226]. However 

recently completed work in Professor Bloom's laboratory, and carried out under my 

supervision (D. Morgan, personal communication) has been unable to reproduce this 

result, using either total NPY binding, or binding of any of the specific ligands for NPY 

receptor subtypes (NPY 13-36 ArY; or NPY (Leu 31, Pro 34) for YJ, either in 

hypothalamic membrane preparations or by semi-quantitative autoradiography from 

hypothalamic slices. An alternative hypothesis is that there are changes in other 

neurotransmitters 'downstream' of NPY which act to reduce its effectiveness. One 

possibility is CRF, which inhibits NPY-induced Ceding [115,227] and which may be 
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increased in diabetic animals, who have elevated concentrations of circulating 

corticosteroids [226].

These fuidings support a physiological role for NPY in the central control of 

feeding after food deprivation. There appear to be interactions between NPY and the 

noradrenergic and opioid systems in the control of appetite and the mechanism of action to 

cause fast-induced feeding may involve the action of noradrenaline and NPY through a 

common mechanism, whereas dynorphin, at least in part, may act independently of NPY. 

In diabetes, central sensitivity to the effects of NPY on food intake is markedly reduced, 

giving further direct evidence for changes in the central NPY system in streptozotocin- 

induced diabetes. Clearly these results are only the first step in fully defining the 

physiological role of NPY in the control of food intake. The precise sites of inhibition 

will have to be located, although microinjection studies suggest multiple hypothalamic and 

extrahypothalamic sites [105]. The clarification of the role of NPY in day to day feeding 

may only be made when specific longer-acting antagonists are available.
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Chapter 8

Effects of centrally injected NPY on peripheral glucose 

metabolism
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Introduction

Many appetite regulating neurotransmitters exert acute effects on glucose 

metabolism and energy balance when injected into various sites in the central nervous 

system. The main sites in the CNS mediating these effects are the paraventricular and 

ventromedial hypothalamic nuclei (PVN and VMH), and the nucleus of the tractus 

solitanus in the brainstem (NTS) [124,189,228-230], These effects may be mediated by 

changes in the activity of the autonomic nervous system, which may influence glucose 

metabolism in a number of ways, for example by influencing secretion of islet 

glucoregulatory hormones, hepatic glucose production, or sensitivity to insulin in 

peripheral tissues.

The increased food intake produced by central injection of NPY is mediated in 

several hypothalamic and extrahypothalamic sites, including the perifbmical 

hypothalamus, the PVN and other medial hypothalamic nuclei [105]. A number of studies 

have suggested that NPY stimulates insulin release when injected into the third cerebral 

ventricle or into the NTS [125,231-233]. In those studies where food was not available, 

and the plasma glucose concentrations were measured, it was not altered despite the rise in 

insulin, suggesting that NPY was acting via the nervous system to directly increase insulin 

secretion. The lack of change in glucose in these studies suggests that hepatic glucose 

output and / or peripheral insulm sensitivity are also altered by centrally-injected NPY.

The aim of this study was to investigate the effects of centrally injected NPY on 

glucose metabolism in more detail. Thus hepatic glucose output and peripheral insulin 

sensitivity were measured following central iiy ection of NPY.

Methods

Animals

Male syngeneic Ludwig Wistar rats (250-300g) were used throughout the study. 

They were kept in conditions of controlled temperature and light (12h light, 12 h dark, 

lights off at 18.00hrs, 22°C) and had free access to pelleted chow and water except where 

indicated. They were housed individually from the time of implantation of the icv 
cannulae.
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ICV and peripheral venous cannulation

Rats were anaesthetized withKetamine (45 mg/kg ip)and Xylazine (21 mg/kg ip) 

andpermanent23 gauge stainless steelguide cannulae (Plastics One, Roanoke, VA, USA) 

were stereotacdcally placed (Kopf) 0.8mm posterior to the bregma on the mid-line and 

implanted 6.5mm below the outer surface of the skull into the third cerebral ventricle. The 

injection of substances into the CSF was by a stainless steel injector (27 gauge) which 

projected 1mm below the tip of the guide cannulae. The injector was connected by a 

polythene tubing to a Hamilton syringe in a syringe pump (Harvard Apparatus Ltd, 

Edenbridge, Kent, UK) set to dispense lOpl of solution per minute. All icy ections were 

given in a volume of 5pl. Seven days after stereotactic surgery (24h before study) rats 

were briefly anaesthetized with ether and 19g cannulae (Bard-I-Cash, Bard International, 

Sunderland, UK) inserted into a femoral vein, with its tip in the inferior vena cava (for 

sampling of venous blood) and the superior vena cava, with its tip in the right atrium (for 

infusions). The cannulae were tunnelled to emerge h-om the back ofthe animal and 

sutured in place. Cannulae were filled with 0.154 mol/1 saline and stoppered until required. 

All studies were undertaken in conscious, unrestrained rats taking care not to disturb the 

animals during icv injection or blood sampling. The femoral venous cannula was flushed 

with 200 pl 0.154 mol/l saline after each blood sample.

7^penAM//znagmzc-gMg(ycaemk c/a/np

Rats were fasted for 10 hours before study. NPY (2.4 nmol) was injected into the 

third ventricle in 2 doses of 1.2 nmol each at -30 and 0 min as described above. Basal 

blood samples were taken at -30, -20 and -10 min for measurement of plasma insulin and 

blood glucose levels. At 0 min an infusion of insulin (Actrapid, Novo Industri, Bagsvaerd, 

Denmark) diluted in polygeline (Hoechst, Frankfurt am Main, Germany) at a rate of 100 

mU/h was begun and continued for 90 min. Blood glucose was measured every 5 min 

using a glucose-oxidase based autoanalyser (Yellow Springs Instruments, Clandon 

Scientific, London, UK). An infusion of 50 % dextrose was adjusted to keep blood glucose 

at 4.0 mmol/1. Steady state blood glucose and glucose infusion rates were attained by 60 

min. The means of the blood glucose concentrations and glucose infusion rates during the 

last 30 min of the clamp were used for comparison of the 2 groups. Blood samples (200 

pl) were taken at 75 and 90 min for measurement of steady-state plasma insulin levels; 

blood was centrifuged immediately and the plasma stored at -40°C until assayed.
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Effects of NPY on glucose ^nefzcs /«^^^e^/ ra^^y

Rats were prepared as before. After a 10 h fast a 2.5h primed constant infusion of 
6-%-giucose (Amersham International, Amersham, UK) diluted in 0.154 mol/I saline 

(14.4pCi/ml)was begunat arateof0.12pCi/min. Inrats steadystate glucose specific 

activity is attained within 40 min [234]. Blood samples were therefore taken 50 and 60 

min after the start of the 6-%-glucose infusion for measurement of basal plasma glucose 

concentration and specific activities and calculation of basal rates of glucose appearance 

(Ra) and disappearance (Rd). Rats were then injected (t=0 min) with a single dose of 

2.4nmol of NPY as described above. Blood samples were taken at +15, +30 min and then 

every 10 min until +90 min for measurement of plasma glucose concentration and specific 

activities, and every 30 min for measurement of insulin and glucagon levels. Note that 

plasma, as opposed to blood glucose (as measured during the clamp) was measured for 

this part of the study. Blood glucose is 35% lower than plasma glucose in rats due to the 

low numbers of erythrocyte glucose transporters.

To determine ^H glucose specific activity, 30 pl plasma was deproteinised with 

Ba(OH)2/ZnSO4 [235]. After centrifugation (15 min, 2000g, 4"€) an aliquot of the neutral 

supernatant was evaporated to remove ^gO and die residue dissolved in 1.0 ml water. 

After adding 10 ml of scintillation fluid (Cocktail T, BDH, Poole, UK) ^H dpm were 

counted in a PW4700 liquid scintillation counter (NV Phillips' Gloeilampenfabrieken, 

Lelyweg, Holland) using an external standard to correct for quenching. Quadruplicate 

aliquots of the mfusate were processed as for the plasma samples to allow calculation of 

the 6-^H-gIucose infusion rate. Minimum recovery after deproteinisation, neutralisation 

and evaporation was 94%.

Calculations

Basal glucose Ra (and hence Rd) was calculated from the formula:

tracer infused (dpm/min) 
(jlucose turnover — —

glucose specific activity (dpm/pmol)

After NPY injection glucose Ra and glucose Rd were calculated from the 6-^H- 

glucose data using the non-steady state equations of Steele et al [236]. A glucose 
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distribution volume of 0.261/kg was used in the calculation [237]. Glucose metabolic 

clearance rate (MCR) was calculated by dividing glucose Rd by the average plasma 

glucose concentration during each measurement interval.

Radioimmunoassays

Plasma insulin and pancreatic glucagon were measured by radioimmunoassay as 

described previously [191,238]. All samples were measured in duplicate in a single assay 

The insulin assay used rabbit anti-insulin serum and had an intraassay coefScient of 

variation of 6.7%. The glucagon assay used a rabbit anti-glucagon antibody (RCS5) 

which did not cross react significantly with any other proglucagon derived peptides and 

had an intraassay coefGcient of variation of 11.9% at 4.2 pmol/1 and 3.8% at 21pmol/l. 

Statistical analysis

Results are expressed as mean ± SEM. The areas under the glucose Ra and Rd 

curves were calculated using the trapezoidal rule. The significance of differences was 

tested using Students unpaired or paired t-test as appropriate. Statistical significance was 

taken at p<0.05.

Results

Effect of NPY on insulin sensitivity in vivo

Body weights, basal and clamp blood glucose concentrations were similar for the 

control and NPY-treated groups (Table 1). Steady-state plasma insulin levels were also 

similar in the two groups indicating that NPY administration had no effect on insulin 

MCR. The amount of glucose necessary to maintain the blood glucose level at 4.0 mmol/1 

during the last 30 min of the clamp was significantly higher in the NPY-treated rats (227 ± 

11) than in the controls (192 + 9 pmol/min/kg) (p<0.05). Fasting plasma glucagon levels 

were similar in both groups (Table 1). During the clamp glucagon levels fell in the control 

rats (P<0.05 vs basal) but not in the NPY treated rats, and were lower at the end of the 

clamp in the control than in the NPY treated rats (Table 1, p=0.06).
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Table 8.1

^oj-g/mg /gvg/s o/wg/g/zf, g/wcose aw/paacrga/ic Aor/MOMgf;» coM/ro/f aw/ ra/,9 /M/a^g(/ 

wz/A TV?y (2. V wzza^ zzz/a /Ag /Azr^/ vg/z/rzg/g. Clamp /gyg/^ arg /Aasg a6fa/»g</ a/ fAg gw/ c/ 

a/00zM///Ar/r%pgrzwa/zwzgzMzcgag/ygag7Mzgc/az7^.

Control (n=5) NPY infused (n=7)

Weight (g) 233 ±4 231 ±11

Blood glucose (mmoPl)
Basal 4.2 ±0.3 4.1 ±0.2
Clamp 4.0 ±0.1 3.8 ±0.1

Plasma insulin (pmoPl)
Basal 38 ±14 74 ±19
Clamp 519 ±62" 492 ±35"

Plasma glucagon(pmoPI)
Basal 5.6 ±0.9 7.1 ±1.1
Clamp 2.8±1.2' 7.3 ±1.2

^// d!a/a w sAawM as zzzgan ± &E%' 'p<0.0j vs Aasa/; "/7<0.00/ vs Aasa/

^^c/s afTVPy OM g/aaasg Az/zg^cs aw/ Aarwa/zg /gvg/s z/z /as^gg/ ra/s

Fasting plasma glucose levels were similar in the control (6.0 ± 0.1 mmol/1) and 

NPY treated rats (6.2 ± 0.2 mmol/l). After NPY injection into the 3rd ventricle there was a 

significant rise in the plasma glucose level to a peak of 6.9 ± 0.1 mmol/1 at 30 min (Figure 

8.1). Injection of diluent alone into the 3rd ventricle of control rats had no effect on 

plasma glucose concentration. The area under the 90 min plasma glucose concentration 

curve was significantly higher in the NPY treated rats (9.9 ± 0.2 mmol.l ' h) than in the 

control rats (9.1 ± 0.1 mmol.l ' h, p<0.01). Basal glucose Ra and Rd were similar in 

control and NPY treated rats (Figure 8.1).
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Figure 8.1

Effects of icv injection ofNPY 

(bpgM circ/g.^ a7k/saZz»g (c/ofg<^ 

circles) OM p/afTWz gZ%/cofe a/w/ 

iftn/ZzM /gvg/s m 70A y^Mfg^/ rais. 

Tn fAg upper j^ong/ lAg wga w»6/gr 

lAg g/wcosg concentration curvg 

if figMi/^coMf/y grgaigr _^7ZowiMg 

Ayyirgai7ng»f())<0.0// Peak 

z7iMf/fM /gvgi^ arg aZfa grgaigr

Results arg f AawM a; mgam ±

SFAf

After NPY iniection glucose Ra increased to a peak during the interval 20 to 30 

ruin when it was 30% higher than in the basal state (Figure 8.2). Glucose Ra then fell 

gradually and was not different from that of controls between 45 and 90 min after NPY. 

The initial rise in glucose Ra was entirely responsible for the increase in plasma glucose 

levels in the NPY treated rats. During the first 30 min 381 ± 12 pmoles of glucose entered 

the systemic circulation in the NPY rats compared to 281 ± 15 pmoles in the control rats 

(p<0.001). Glucose Rd was unchanged during the first 15 min after NPY; it then increased 

to a maximum level between 30 and 40 min (Figure 8.2). In control rats glucose Rd 

remained unchanged throughout the 90 min. Glucose MCR showed a similar pattern to 

glucose Rd in the two groups of rats (data not shown). Over the entire 90 min 

significantly more glucose entered the systemic circulation in the NPY-treated rats (1007 ± 
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28Mmol) than in control rats (844 ± 23|nnol, p<0.002), and the total quantity of glucose 

removed was also greater (986 ± 20 vs 848 ± npmol, pO.OOl).

Figure 8.2
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The increase in plasma glucose levels was accompanied by an increase in serum 

insulin levels; peak levels at 30 min after NPY were 3-fold higher than in control rats 

(Figure 8.1, p<0.02). Glucagon levels also rose in NPY treated rats and were .significantly 

higher 30 minutes after NPY treatment, (basal control 3.5 ± 0.6 pmol/l vs NPY 3.1 ± 0.3 

pmol /I, ns; post treatment: control 3.1 ± 0.3 vs NPY 5.5 ± 0.5 pmol/l, p<0.05). 
Discussion

These results indicate that NPY, injected into the central nervous system of rats, 

influences both hepatic and peripheral tissue glucose metabolism. Hepatic glucose output 

was increased by 30% after NPY. This confirms previous observations that centrally 
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injected NPY produces a rise in plasma insulin, and shows that this is not due to a 

decrease in insulin MCR, confirming that the increased insulin levels are likely to be due 

to increased pancreatic insulin secretion. However in this study plasma glucose was also 

increased after central NPY injection. This rise in plasma glucose was due to increased 

hepatic glucose output, suggesting that at least part of the observed increase in insulin 

release is glucose stimulated. The increase in hepatic glucose production may be 

occurring as a direct result of changes in autonomic nervous system input to the liver, but 

the small, but significant rise in pancreatic glucagon seen in both studies (which may be 

greater in the portal system) may also be contributing to this. It seems likely that the 

increase in glucose observed after injection of NPY would be even greater, were it not for 

the subsequent rise in insulin. In diabetic rats glucose levels were higher one hour after 

NPY injection into the CNS, which would support this hypothesis [239].

Altered glucose levels in non-diabetic animals have not been previously identified 

in studies where increases in insulin have been observed after acute icv injection of NPY. 

However, in one study glucose levels were not reported [125], and in two others they were 

measured at a single timepoint (15 minutes [124] or 120 minutes [162]), which may have 

been too early or too late for the time course of the glucose changes observed. In chicks 

injected with NPY or saline icv insulin, but not glucose, rose to a greater extent after NPY 

injection; however the animals were allowed to feed, making interpretation of these data 

difficult [231]. In another study when NPY was injected into the nucleus of the tractus 

solitarius (NTS), insulin rose, but no changes in glucose were seen at 30 minutes [232]. It 

is therefore possible that the NTS is a site where NPY acts directly to increase insulin 

secretion, but the sites mfluencing insulin sensitivity and hepatic glucose output may be 

elsewhere, possibly in the PVN or perifbmical areas of the hypothalamus.

Perhaps more surprising is that centrally injected NPY increased insulin sensitivity 

during the hyperinsulinaemic euglycaemic clamp. NPY was expected to produce insulin 

resistance, as suggested by other studies where the effect of centrally injected NPY on 

glucose and / or insulin has been measured. The observations made here would however 

be consistent with recent work suggesting that in animals chronically treated with icv 

NPY, there is a 4-fold increase in glucose uptake in white adipose tissue [240]. The 

mechanism of the effect on insulin sensitivity was not explored in this study. Centrally 

injected NPY is known to have effects on systemic blood pressure [241,242], and one 

possibility is an autonomic nervous system mediated change in muscle blood flow altering 
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insulin-mediated glucose uptake [243]. Alternatively there may be a direct neurally 

mediated effect on muscle sensitivity to insulin, which may occur via p-adrenergic 

stimulation [244],

In both studies there was a small increase in glucagon levels in NPY treated 

animals. The fact that glucagon secretion was not suppressed during the clamp after NPY 

treatment, despite hyperinsulinaemia (and without hypoglycaemia), suggests a direct effect 

of centrally injected NPY on glucagon secretion. Similar increases in glucagon secretion 

have been observed in rats following central injection of adrenaline and carbachol into the 

CNS, indicating that neural regulation of pancreatic glucagon secretion is not unique to 

NPY [245].

NPY has been shown to increase the respiratory quotient [127], and there is a well 

recognized increase in body fat in animals chronically treated with NPY [106,240]. 

Increased hepatic glucose output together with increased insulin-mediated glucose uptake 

and stimulation of insulin release would be consistent with the hypothesis that NPY in the 

central nervous system has a role in the metabolism of carbohydrate and the storage of 

energy as fat. Hypothalamic NPY is increased in a number of situations, including food 

restriction, exercise, insulin deficient diabetes and in genetically obese, insulin resistant 

animals [136,138,191,246]. The changes in glucose metabolism observed after NPY in 

this study would be consistent with NPY mediating some of the physiological changes in 

glucose metabolism seen during short-term food deprivation and after exercise, 

specifically mobilisation of hepatic glucose stores and utilisation of glucose as a metabolic 

fuel.

In conclusion, central injection of NPY has a number of effects on glucose 

metabolism, including the release of insulin and glucagon fi'om the endocrine pancreas, an 

increase in hepatic glucose output and improved peripheral insulin sensitivity. These 

changes are consistent with the proposed role for hypothalamic NPY as an important 

integrator of energy balance and carbohydrate metabolism.
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Chapter 9

General Discussion
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Overview!

The studies described in this thesis have explored the relationships between 

hypothalamic neuropeptide Y (and to a lesser extent some other hypothalamic peptides 

such as neurotensin and galanin), food intake and peripheral metabolism. Neuropeptide Y 

is recognized to be the most potent appetite stimulant known. I have demonstrated its 

importance in the normal control of food intake by using immunoneutralising antibodies to 

block the effect of the endogenous peptide in vivo, and used this technique to study its 

relationship with other neurotransmitters concerned with the regulation of food intake and 

peripheral metabolism. The finding of different changes in hypothalamic NPY in two 

models of obesity, one genetic, the other environmental, may explain some of the features 

of these conditions. The regulation of hypothalamic NPY expression by peripheral 

hormone levels and the modulation of hormone levels and glucose metabolism by NPY 

illustrates the presence of feedback signals between the CNS and the periphery, which 

may become disturbed in disease.

7%g pAysm/ogzcaZ rok of /%7orAo/o7Mfc AVT

The normal physiological role of NPY in the hypothalamus appears to be as a 

signal to search for food, particularly carbohydrate containing food. Background 

evidence for this comes from studies which have shown that increases in NPY mRNA, 

peptide content and release in the hypothalamus are increased after food deprivation 

[138,139,182,247]. This has recently been confirmed in continuing studies in Professor 

Bloom's laboratory, where increased NPY release 6om the PVN has been found in rats 

deprived of food for 48h, using a novel microdialysis procedure (Lambert, Wilding 

unpublished data). Furthermore, in animals on a scheduled feeding regimen, NPY release 

from the PVN declines as a meal progresses suggesting a rapid switch off, perhaps 

mediated by satiety Actors [182]. In food deprived animals the increased levels of NPY 

mRNA, and the content of NPY in the ARC and PVN decline more slowly, but return to 

normal after 72 hours refeeding [138]. In the food deprived situation I have demonstrated 

the physiological importance of NPY in mediating food intake, with the observation that 

the amount of food consumed is reduced by 30% after administration of NPY into the 

third ventricle. Other workers have suggested that this effect may also be observed after 

infusion of NPY antisera directly into the PVN, however I have not been able to reproduce 

this result (unpublished observations), and given the multiple sites at which NPY has been 

observed to act to stimulate food intake [105], it seems unlikely that immunoneutralisation 
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at one site would be effective.

NPY interacts in a complexway withthe many otherneurotransmitters involved in 

the control of food intake; as mentioned in the introduction, this complicates the study of 

such physiological systems, because of the multiple redundant pathways. The fact that 

blocking NPY can acutely decrease food intake in response to a strong stimulus 

(starvation) is further evidence of its physiological importance. I have made some 

observations regarding the interactions of NPY with other neurotransmitters, suggesting 

that the serotonin agonist dexfenfluramine does not act by altering NPY synthesis 

(although local effects on NPY release and eSects of NPY on serotonin were not studied). 

NPY induced feeding is closely related to the feeding produced by noradrenaline, and the 

ability of the a-adrenergic blocker phentolamine to inhibit NPY-induced feeding is further 

evidence for this. Interactions with opioid peptide systems are also of interest, as the 

results of current studies suggest the presence of opioid dependent and independent 

pathways for NPY-induced feeding.

As well as stimulating food intake NPY also has a number of metabolic effects, 

including inhibition of thermogenesis, stimulation of lipoprotein lipase, and the increase of 

insulin release [124,125,162,240]. The observed effects on the respiratory quotient 

suggest a shift towards the metabolism of carbohydrate under most circumstances, 

although the dose and time relationships are complex [127]. My own studies have 

concentrated on the effects on glucose metabolism and have found that NPY has 

stimulatory effects on hepatic glucose output and increases peripheral insulin sensitivity. 

Whilst these findings are consistent with other observations on insulin release and 

respiratory quotient, it is difficult to reconcile these findings with the fact that NPY release 

is increased during food deprivation and with the well known metabolic consequences of 

starvation. One possibility is that NPY may have different effects depending on the 

metabolic state of the ammal. In animals who are able to feed regularly (as was the case in 

the animals for the metabolic studies), NPY may have a purely anabolic effect. During 

food deprivation, the effects of NPY may be predominantly to increase food seeking 

behaviour, with little or no metabolic eflects. The effect of NPY may vary according to 

the dose used, possibly due to interactions with different receptors; for example NPY 

decreases the respiratory quotient at low doses, but increases it at higher doses, with an 

intermediate dose having no effect. Furthermore the stimulatory effects appeared to 

increase in latency depending on the dose used.
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I have studied some of the factors which may regulate hypothalamic NPY 

expression, in particular corticosteroids and insulin. The findings that dexamethasone 

increased hypothalamic NPY levels and expression are largely in accordance with other 

published work [151,196]. The observation that the dexamethasone induced increase in 

NPY could be prevented by concomitant insulin administration supports the concept that 

these two hormones regulate NPY in a reciprocal fashion. Defective regulation of NPY 

by insulin and corticosteroids may be a factor in the development of obesity in genetically 

obese rodents (see below).

The role of NPY in decreasing LH secretion, which has been observed in a number 

of studies [100,161,248], was highlighted in my study of NPY in the hyperphagia of 

lactation, and the demonstration that plasma LH levels varied inversely with hypothalamic 

NPY mRNA. It is well recognised that gonadal activity and thus the ability to reproduce 

are decreased in food deprived states, and increased levels of hypothalamic NPY release 

may be an important mediator of these effects. This may partially explain reduced fertility 

during lactation. This may have clinical relevance in disorders such as anorexia nervosa 

and bulimia, where CSF NPY levels have been found to be increased.

Hypothalamic NPY in disease

This work has established the alterations in hypothalamic NPY in two models of 

obesity, and these changes, taken together with the known physiology of NPY as 

summarised above may explain some of the features of these obese models. In genetically 

obese rodents, NPY expression and content are increased. Although in vivo release has 

not been measured using any of these models, it seems likely that this will also be 

increased, as release seems to be closely allied to synthesis and mRNA levels. Increased 

release of NPY will increase food intake, and the reduction in thermogenesis, the increase 

in hepatic glucose output and insulin release, along with direct effects on the activity of 

lipoprotein lipase will favour fat deposition. Genetically obese rodents are markedly 

insulin resistant and have high levels of corticosterone, and it seems possible that these 

two factors are contributing to the increased NPY synthesis in the hypothalamus in these 

ammals. Studies using chronic infusions of NPY into the hypothalamus of normal rats 

have demonstrated that this mimics many of the metabolic features seen in obese rodents. 

Another recent study has shown that the fa/fa Zucker rat is insensitive to the satiety effects 

of insulin infused into the CNS, and furthermore that whilst the increase in NPY observed 

in food deprivation can be reversed by central insulin administration in lean Zucker rats. 
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insulin has no effect on the central NPY mRNA level in obese Zucker rats, suggesting that 

their insensitivity to insulin extends to the CNS, and may, via NPY, be a fundamental 

factor in their development of obesity [176].

Acquired obesity in otherwise normal animals produced by feeding a cafeteria diet, 

also results in obesity, but NPY release may be decreased in this situation, as is suggested 

by increases in peptide levels in the PVN and ARC, but lack of change in mRNA. A 

reduction in NP Y release may explain some of the metabolic alterations seen in this 

situation, such as increases in thermogenesis and alterations in pituitary hormone 

secretion. It is interesting to note that the sensitivity of animals to diet-induced obesity 

varies greatly from strain to strain, and even from animal to animal, suggesting genetic 

and other factors may play a role in the development of obesity in this model [249]. This 

is perhaps the closest model to the development of obesity in humans, where the role of 

NPY is currently unclear, and must await the development of specific antagonists to the 

receptor(s) in the hypothalamus that are involved in the regulation of food intake.

Future studies

My work on hypothalamic NPY in the control of food intake and metabolism is 

continuing and a number of future studies are planned or ongoing. These include the use 

of the immediate early gene c-fos as a marker of neuronal activation to precisely identify 

those neurons which are activated in conditions of altered food intake and following the 

central injection of NPY and other neurotransmitters, Provisional data produced in 

collaboration with Dr J. Herbert (Dept of Anatomy, Cambridge University) has identified 

a population of neurones within the PVN which ate activated following lev injection of 

neuropeptide Y. Other collaborative work in Cambridge is with Professor C.N. Hales, 

investigating the role of NPY in the abnormalities seen in rats whose mothers are fed low 

protein diets. This was prompted by epidemiological studies indicating a high risk of 

obesity, hypertension and diabetes mellitus in people with low birth weight. It is possible 

that hypothalamic NPY is 'programmed' to a higher set point in the offspring of mothers 

fed low protein diets, and could be responsible for some of the metabolic abnormalities 

observed. I am extending the observations made in genetically obese mice by looking at 

the effects of pair feeding and adrenalectomy. The measurement of in-vivo release of 

NPY is now possible using microdialysis combined with a sensitive radioimmunoassay, 

and using an electrochemical detection system, monoamine neurotransmitters can be
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measured in the same samples, thus enabling the study of neurotransmitter release in 

different physiological and disease states. Studies investigating the physiological role of 

other neurotransmitters are also envisaged, using newly acquired antagonists to 

neurotensin, bombesin and CRF.
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