
UNIVCMSITY or SOUTHAMPTON.

REGULATION OF DIET INDUCED DROWN ADIPOSE 
TISSUE THERMOGENESIS IN THE GENETICALLY 

OBESE (fa/fa) ZUCKER RAT.

A thesis presented for the degree of 
Doctor of Philosophy 

by
dacqueline Mary Allars, B.Sc.

Department of Nutrition,
School of Biochemical & Physiological Sciences
Faculty of Medicine,
University of Southampton.

December, 1986



UNIVERSITY OF SOUTHAMPTON 
ABSTRACT

FACULTY OF MEDICINE 
DEPARTMENT OF NUTRITION 
Doctor of Philisophy

REGULATION OF DIET INDUCED BROWN ADIPOSE 
TISSUE THERMOGENESIS IN THE GENETICALLY 

OBESE (fa/fa) ZUCKER RAT.
by Oacqueline Mary Allars.

The obesity of the fa/fa rat is thought to result from an 
inability to activate the sympathetic drive to brown adipose 
tissue (BAT) in response to dietary signals, which may be 
related to an imbalance in the autonomic nervous system and a 
hypersensitivity to corticosterone. The role of central glucose 
metabolism in the control of diet induced BAT thermogenesis (as 
assessed by measurement of [^H]GDP binding to BAT mitochondria) 
was investigated in lean and obese Zucker rats by use of 
2 deoxy-D-glucose (2DG), an inhibitor of glucose metabolism.

2DG inhibited BAT GDP binding in lean, but not obese, Zucker 
rats. 2DG had no effect on GDP binding in animals of either 
phenotype exposed to cold, but decreased BAT function in lean 
overfed rats, suggesting that 2DG was preferentially inhibiting 
diet-induced thermogenesis. Adrenalectomy restored the ability of 
fa/fa rats to respond to 2DG with an inhibition of BAT GDP bind­
ing. This restoration was abolished by corticosterone replacement 
and lean animals treated with corticosterone were unable to 
respond to 2DG. BAT denervation, but not subdiaphragmatic vagotomy 
abolished the response of BAT to 2DG. Intracarotid infusion of 2DG 
depressed BAT and rectal temperatures and tended to reduce BAT GDP 
binding effects not seen after intrahepatic portal infusion of 2DG. 
It is suggested that 2DG acts centrally to inhibit BAT mitochond­
rial GDP binding through depression of efferent nerve activity to 
BAT, and the effects of 2DG on BAT are inhibited by corticosterone,

Adrenalectomy was shown to be equally effective at restoring 
energy balance and BAT function in obese rats fed either a high 
fat or high carbohydrate diet and normalised 32K protein levels 
in BAT mitochondria of obese animals. 32K protein concentration
in BAT mitochondria was unaffected by diet but the molar binding 
ratio of GDP:32K protein was consistently higher on the high
carbo-hydrate diet.

The role of brain opioids in the hyperphagia of obese rats
was examined by opiate blockade by naloxone. Acute naloxone 
injection depressed food intake in young obese, but not lean 
rats,and increased BAT GDP binding in lean but not obese animals. 
Adrenalectomy abolished this increase in GDP binding in lean 
rats. Chronic naloxone treatment of adult Zucker rats had no 
effects on food intake, body weight gain or BAT function in rats 
of either phenotype.

The hypothesis that the obesity of the fa/fa rat arises from 
an imbalance in the autonomic nervous system due to gluco­
corticoid hypersensitivity in the hypothalamic glucose sensing 
areas is discussed.
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NAD/H nicotine adenine dinucleotide/reduced form 
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NST non shivering thermogenesis
O.D. outer diameter
PRD purina rat diet
PNS parasympathetic nervous system
PVN paraventricular nucleus
RIA radioimmunoassay
s.c. subcutaneous
SDS sodium dodecyl sulphate
SNS sympathetic nervous system

triiodothyronine 
thyroxine

TAG 2-thiazoylazo-p-cresol
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TRH thyrotrophic releasing hormone
TRIS tris (hydroxymethyl) aminomethane
TSH thyroid stimulating hormone
VMM ventromedial hypothalamus
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Cl lAF'T C l( [ . [IITi;(H)UCT i()N

1 .1 {) b e s j t, y .

In Hrit^in j2-39% of tho odult. populnlion ore 
classified as 'overweight', that is they weigh in excess 
of ib% more than their ideal body weight for height, 
(dames,1/83). Ihe consequences of obesity in man are 
increased risks of developing coronary artery disease, 
hypertension, gall bladder disease and diabetes mellitus 
The 1983 Royal College of Physicians report on obesity 
indicated that even mild obesity increases the incidence 
of morbidity and mortality, especially in people with 
familial predisposition to any of the above diseases.

Obesity occurs when positive energy balance is
achieved, that is, where energy intake exceeds energy 
expenditure. Energy consumed as food in excess of 
expenditure will be stored in the body in the most 
economical form - fat. Positive energy balance could 
result from an increase in energy intake, a decrease in 
expenditure or a combination of both.

1.2.1 Control of Energy Intake.

Energy intake is determined by food intake which is 
dependent upon food availability and the type of diet.
The central control of food intake is integrated mainly 
in the hypothalamus, particularly the ventromedial (VMM) 
and lateral (LH) hypothalamic areas and the paraventricular 
nucleus (PVN). Destruction of the VMM leads to hyperphagia 
and obesity (Brooks et a 1., 1946) whereas electrical 
stimulation of this area produces anorexia (Wyrwicka and 
Dobrzecka,1960). Conversely, lesions of the LH give rise 
to anorexia (Anand and Drobeck,1951) and electrical 
stimulation, to hyperphagia (Delgado and Anand,1953) which 
can cause reversible obesity (Steinbaum and Miller,1965). 
These observations led to the formulation of the dual centre 
hypothesis for the control of food intake (Anand and Drobeck, 
1951; Stellar, 1954). This hypotlicsis postulated that the 
LH acted as a feeding centre, the VMM as a satiety centre



d n d I lie bald/ice between the two centres r e (| u late d food
intake and feeding behaviour. Albert et ai (1971) showed 
that there was interdependenec between the LH and VMH.
Knife cuts between the two centres caused overeating 
consistent with a tonic LH ('feeding centre') inhibition 
of the VMH ('satiety centre'). However, recent studies 
using retrograde tracing techniques to trace the path of 
hypothalamic projections have shown that there are no 
direct connections between the LH and VMH (Luiten et al 
1986) so balance appears not to be maintained by direct 
communication between the two centres. It may be that the 
PVN is involved in regulating the balance between these 
two centres, as knife cuts between the PVN and LH also 
result in hyperphagia (Gold 1970).

Electrical stimulation of the VMH leads to an inhibition
of ongoing feeding (Hoebel and Teitelbaum 1962) and an 
activation of catabolic responses such as increased glucose 
and fatty acid mobilisation, increased glucagon release and 
a depression of gastric acid secretion (Powley and Laughton 
1981). LH stimulation on the other hand initiates feeding 
activity, can increase gastric acid secretion (Carmona and 
Slagen 1973) and stimulates anabolic responses (Shimazu 
and Ogasawara-1975, Powley and Laughton 1981). The responses 
elicited by VMH and LH stimulation are caused by opposing 
effects on the autonomic nervous system. The LH is effective 
primarily through activation of the parasympathetic nervous 
system (PN5) and the VMH, through the sympathetic nervous 
system (SNS) (see Bray and York, 1979; and Section 1.4.1).

The dual centre hypothesis for the control of food intake 
proved to be an over-simplification, as it was shown that 
damage to certain nerve fibre tracts close to the VMH and LH 
could produce similar effects to lesions of the two nuclei.
The ventral noradrenergic bundle, a catecholaminergic tract 
arising in the preoptic and anterior hypothalamic areas, 
passes close to the VMH. Knife cuts in this region produced 
obesity in the absence of damage to the VMH itself (Gold 
1973). Similarly, the dopaminergic nigrostriatal bundle



is in close proximity to the LH and damaqc to tit is tract 
causes similar ettccts to LH lesions ( M a r s ti a 11 e t a J., 1 9 7 4 )
It had also been demonstrated by this time that hyper- 
phagia was not essential for the development of obesity 
caused by VMM lesions in weanling (Han and Liu,1966) or 
hypophysectomised (Han,1968) rats.

As previously mentioned, lesions of the PVN also cause 
hyperphagia and obesity in rats (Leibowitz et al^^981). 
However, whereas development of the VMH obesity syndrome 
is not dependent on increased food intake but a para- 
sympathetically mediated enhancement of anabolic responses, 
including hyperinsulinaemia (Powley and 0psahl,1974;
Powley and Laughton,1981), PVN obesity is dependent upon 
hyperphagia and the development of hyperinsulinaemia 
depends mainly upon increased food Intake (Leibowitz et al 
1981, Tokunaga et al 1986b). The PVN is the seat of an 

c^2"noradrenergic mediated feeding rhythm which correlates 
with the diurnal pattern of circulating corticosterone 
(Bhakthavatsalam and LeibowitZyl986). The activation of 
feeding in sated animals by noradrenaline injected into 
the PVN is dependent upon the presence of corticosterone 
and is abolished by hypophysectomy or adrenalectomy 
(Leibowitz et al^^984). Noradrenaline injected into the 
PVN in the presence of corticosterone is thought to 
disinhibit hypothalamic feeding centres normally held 
under tonic inhibition by the PVN (Leibowitz et al^l981).
The PVN thus acts as a 'satiety centre' and lesions in 
this area lead to hyperphagia and obesity.

The VMH and LH are thought to regulate food intake through 
a system of insulin sensitive glucoreceptor and gluco- 
sensitive cells. The LH and VMH contain glucosensitive and 
glucoreceptor neurones respectively (0omura,1976). Activity 
of th^ LH glucosensitivc ceils is inhibited by local applica­
tion of glucose and enhanced by insulin, free fatty acids and 
glucose antimetabolites. VHH glucoreceptors are stimulated by



clccLrophorcLicully applied glucose, an effect that is
enhanced by simultaneous insulin administration. These VMII 
neurones are inhibited by insulin alone, free fatty acids 
and glucose antimetaboiites (0omura,i978). in fed animals, 
liigh levels of glucose and insulin and low serum concentre - 
tlons of free fatty acids would be present, conditions which 
would stimulate VMM glucoreceptor neurones but inhibit LH 
glucosensitive cells,resulting in an inhibition of ongoing 
feeding activity. Conversely, starved animals would have 
low glucose and insulin levels and high free fatty acid 
concentrations, resulting in an inhibition of the VMM 
glucoreceptors and a stimulation of LH glucosensitive cells, 
resulting in the initiation of feeding. Glucagon has 
recently been demonstrated to act on the LH glucosensitive 
cells in a manner consistent with its suggested role as a 
satiety factor (Martin and Novin,1977; Geary and Smith,1983; 
Weick and Ritter,1986). LH glucose sensitive neurone 
activity is inhibited by electrophoretically applied glucagon 
at a dose which elicits no responses in VMH glucoreceptors 
(Inokuchi et al.,1986).

VMH glucoreceptor neurones are thought to have glucose 
receptor sites which trigger neuronal firing when glucose 
binds or is taken up. Insulin alone inhibits the activity 
of the neurones but activity is enhanced when glucose and 
insulin are applied simultaneously. Free fatty acids are 
thought to prevent glucose binding to its receptor,thus 
preventing the cell from firing (0omura,l976). The glucose 
sensitive cells of the LH have insulin receptor sites which 
probably hyperpolarisethe cell membrane (Oomura et al.,1974). 
Glucose inhibits and free fatty acids enhance firing rates 
by accelerating and slowing the ouabain-sensitive sodium 
pump respectively (Oomura,1976). The effects of glucagon 
are ouabain-sensitive,demonstrating that its effects are 
also mediated through sodium pump activity (Inokuchi et al., 
1986).

The peripheral inputs contributing to the information 
assimilated in the central areas controlling food intake arc



manifold. The naslrointcstinal tracL plays an ImportanL 
role in the modification of feeding behaviour. Some signals 
are generated via the vagus nerve from from the stomach, 
regulating gastric emptying (Hunt,1^80), gastric satiety 
signals (0cuLsh,lV78), intestinal stretch receptors and 
duodenal 'nutrient receptors' (see Sullivan et ai^l981). 
Non-vagal signals generated by the gastrointestinal tract 
are hormonal, namely cholecystokinin (CCK), bombesin and 
serotonin (5-hydroxytryptophan, 5-HT). CCK is thought to 
be a satiety factor that has physiological actions at 
the peripheral (Niljima,1981; Collins et al^^985) and 
central (Morley and Levine,1983) levels. Cut secretion of 
this peptide modifies hepatic and pancreatic vagal afferent 
activity (Niljima,1981),whereas central administration 
(Della-Fera and Baile,1979) significantly reduces food 
intake. Bombesin (Gibbs et al^l979) and serotonin (Niljima,
1981) also appear to be peripheral satiety factors.
Injections of bombesin in to the LH reduce food intake 
(Stuckey and Gibbs,1982). Serotonin is an important 
regulator of the VMM 'satiety' centre and intraventricular 
injections produce anorexia (Goldman et al^^971). Other 
peptides and neuropeptides involved in feeding are thyro­
tropin releasing factor, calcitonin, neurotensin and cortico- 
tropin releasing factor. Three recent reviews including 
sections on the neuroendocrine control of feeding behaviour 
are by Morley (1980), Morley and Levine (1983) and Bray 
(1985). All these peptides are present in the brain at 
various hypothalamic nuclei (see Morley and Levine,1983).

Another class of neuropeptides involved in the central 
regulation of food intake are the endogenous opioids. Unlike 
the other neuropeptides mentioned, the dynorphins, 
enkephalins and endorphins increase food intake. Central 
injection of ^-endorphin stimulates food intake (Grandison 
and Guidotti,1977) and injection of naloxone, a specific 
opiate receptor antagonist, suppresses food intake (Frenk 
and Rogers,1979; King et a 1,,1979). Peripheral injections of 
naloxone also suppress food and water intake and it has been 
suggested that this is a vaga) effect (Jones and Rich ter,1981)



Naloxone is also known lo vary macronutrionr selection in 
rats by selectively depressing fat intake (Marks-Kaufman 
and Kanarek,i981). both genetically obese (Margoies et ai^ 
19 78) and VMH-obese (Levine c L a 1., 198 1 ) rodents show 
enhanced responsiveness to the naloxone-induced reduction 
of food intake, suggesting that increased levels of 
p-endorphin arc present during hyperphagic situations. High 
levels of pituitary and plasma P-endorphin have indeed been 
discovered in genetically obese rodents (Margules et al., 
1978). Indirect evidence for the involvement of the 
endogenous opioids in appetite regulation is that food 
deprivation provokes sufficient endogenous opiate release in 
the rat to effect a significant analgesic state (McGivern 
et al.,1979). Analgesia is perhaps the most widely known 
function of opiates. Circadian increases in endorphin 
levels coincide with nocturnal feeding phases, providing 
further evidence for the involvement of opioids in feeding 
(Frederickson et al^l978). The role of the endogenous 
opioids in the regulation of appetite has been recently 
reviewed by Morley and Levine (1982).

Russek in 1963 first postulated a role for the liver
in the control of food intake. Based on observations of 
latency to eat after glucose injection, he hypothesised 
the existence of a hepatic receptor system feeding 
information to the central nervous system regarding the 
difference in arterio-portal glucose, or the hepatic 
Concentration of a related metabolite. This information 
subsequently affected the satiety of the animal and modified 
feeding behaviour.

Many studies on hepatic portal infusion of glucose, 
insulin, glucagon and glucose antimetabolites (primarily 
2-deoxy-D-glucose) have shown that the brain monitors hepatic 
glucose metabolism via the vagus nerve and alters feeding 
behaviour accordingly (Novin and VanderWeele,1977^ Niijima, 
1981, 1984; VanderWeeie;1985). Injections of glucose, CCK 
and serotonin caused a decrease in the afferent firing rate 
of the hepatic branch of the vagus nerve (Niijima,1981, 1983).



2-dcoxy-D-glucosc (2DG) when injecled into the hepatic 
portal vein causes an increase in fee dint) (Uovin et a 1., 19 73) 
wliich is attenuated by subdiaphraqmatic vagotomy. Hepatic 
portal glucose infusion decreases food intake (Russck,
1970 ; VanderWeelc et al^l97d) in food-deprived animals, an 
effect which is again abolished by subdiaphragmatic vagotomy 
(see Novin and VanderWecie,1977).

Duodenal infusions of carbohydrate, protein, fat and
fat metabolites will all suppress food intake in rats and 
rabbits, but after vagotomy only glucose infusion fails to
elicit a suppression in feeding (Rezek and Novin,1976),
implying that the hepatic vagal output is concerned primarily
with carbohydrate metabolism.

Having discussed the role of hepatic glucoreceptors 
in the control of food intake, it should be mentioned that 
lipostatic and aminostatic systems have been postulated for
the peripheral control of food intake as well as the 
glucostatic theory. The lipostatic theory is based on the 
premise that food intake is regulated in order to maintain 
body lipid stores (see LeMagnen,1976, 1983). The 'aminostat' 
monitors the proportions of amino acids in the diet and the 
protein content and alters food intake to maintain the intake 
of essential amino acids (Harper,1976). These two mechanisms 
would have a longer term control over food intake, whereas 
glucostatic effects have been reported as occurring within 
10 minutes of glucoprlvation (see VanderWeele,1985).

It is still unclear how the body monitors its energy 
stores as a regulatory factor for the control of food intake 
and energy balance. There have been suggestions that the 
fat depot status of an animal can be monitored by the hypo- 
thalamus either by sensitivity to hypothalamic lipid content 
(Vanitallie etal^^977) or by a steroidal (Hervey, 1969) or 
prostaglandin (Baile et al^^973) messenger quantitatively 
signalling the bodys fat depot status to the hypothalamus. 
There is also some evidence to indicate that liver glycogen 
status is communicated to the hypo thalamus,possibly via



vd(j<]J impulses ( S (I 1 I i. V <11« and T r i s c a r j , 1 y 7 d ; Novi n and 
Va n (1 c r Wool o, 19 7 7) .

The conLrnl oi energy in Lake is precise ly reguJated.
Normal animals will adjust tiieir gross intake of a 
calorlcally dll tiled diet in order to maintain their energy 
intake (Adolph,1947; Carlisle and Stellar,1969). The 
observations that hyperphagia is not necessary to the 
development of VMM or genetic obesity (Han,1968; Goldman et al., 
1974; Boulange et al.,1979) and that increased energy intake 
does not necessarily cause obesity (Rothwell and Stock,
1982), have led to the suggestion that the regulation of 
energy expenditure may be more important than the control 
of food intake in the development of obesity.

1.2.2 Energy Expenditure.
Energy Balance Equation.

Energy Storage = Energy Input - Energy Expenditure

-Basal Metabolic Rate (BMR) 
Physical Work 
Thermogenesis (adaptive) 
Heat

As can be seen from the above equation, energy 
expenditure can be divided into several components.
Resting metabolic rate (waking BMR) normally represents 
65-70% of total daily energy expenditure (0anforth^l985;
Owen et al^^986) and is the metabolic cost of keeping the 
body alive. The resting metabolic rate of obese subjects 
has been reported as similar or increased in some studies 
(Ravussin et al^^982; Schutz et al^^984) and decreased in 
others (Miller and Parsonage,1975). Work (exercise) 
accounts for 15-20% of daily expenditure in individuals 
not engaged in heavy labour (Dan forth, 1985; Owen et al.,1986 ) 
and is another factor which has been variously reported as 
either reduced (Bullen et al^^964) or unaffected (Stunkard 
and Postka,l962) in obese humans. It has also been
suggested that the energy cost of activity is greater in 
obese people (Miller and Parsonage,1975).



Thcrmo^cncsls can Uc divided into cold-induccd and 
diet-induced components. Cold induced thermogenesis can 
be further subdivided into shivering thermogenesis and 
non-shivering thermogenesis (N5T). During exposure to 
an environment below thermoneutrality (28°C for man) 
lieat is produced in acute situations by rapid asynchronous 
muscular contractions (shivering thermogenesis) and in 
longer term exposure this is gradually replaced by 
adaptive NST. Obese subjects seem less able to increase 
their metabolic rate (Quaade,l963) or maintain their body 
temperature (Andrews and ]ackson,1978) in response to a 
drop in environmental temperature, suggesting a blunted 
thermoregulatory response.

Diet-induced thermogenesis can also be further 
subdivided into obligatory and adaptive components. 
Obligatory thermogenesis is associated with the energy 
released during the breakdown and assimilation of 
nutrients after a meal and depends on the energy composition 
of that meal. The obligatory component of thermogenesis 
can be calculated from the composition of a meal, and it 
has been demonstrated that the actual thermic effect of 
feeding is greater than predicted by this method (see 
Danforth, 1985). This non-ob1igatory or adaptive component 
of thermogenesis, as assessed by the measurement of the 
thermic effect of a standard meal, has been observed to 
be depressed in obese humans (Schutz et al.,1984', Owen et 
al.,1986) and rodents (Rothwell et al.,1982 ), and is 
increased in lean,large eaters (Morgan et al^^982) or 
growing hyperphagic rats (Rothwell and Stock,1979).
Metabolic rate increases with long term overfeeding and 
decreases with starvation (see Carrow,1974). Genetic 
obesity in rodents is generally characterised by a 
depressed BMR, a lowered core temperature and sometimes 
a low level of spontaneous activity (see Bray and York,
1979; Bray,1984). These animals also exhibit a reduction 
in cold tolerance and their capacity for adaptive diet- 
induced thermogenesis(OIT) (Trayhurn and ]ames,1978;
Sclafani, 1984) . fnergy exp e n di t u r e in cj onet!ca 11y o b esc 
rodents is discussed at greater length in Section 1.5.
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VdrinLioMS iu Toud intake in experimentai animals can 
cause i a r (| c variations in energy expenditure without 
necessarily increasing body weight. Tills has been 
demonstrated in pigs (Gurr et a 1.^1980) and rats (Rotlnveii 
and Stock,1979 ,1982; Tulp,1981).

Increased energy intake is not essential to the 
development of obesity in man (Miller and Parsonage,1978) 
or rats (Han,1968; Boulange et al^^979) and an impairment 
in NST and the adaptive component of diet-induced thermo- 
genesis seems to exist in both man and some experimental 
animals when predisposed to obesity. Investigations into 
the development and maintenance of obesity have, therefore 
concentrated on the mechanism and regulation of NST and 
DIT

1 . 3 Brown Adipose Tissue
Smith, in 1961,first defined brown adipose tissue 

(BAT) as a thermogenic effector tissue. More recently, 
blood flow studies have established BAT as the main site 
of NST and DIT in the rat (Foster and Frydman,1978, 1979;
Rothweil and Stock,1979, 1980a, 1981c). BAT occurs in
many mammals and is most common in smaller animals (rodents), 
neonates (including humans - Aherne and Hull, 1966, harp seals 
Crav et al^^974), hibernators (bats, hedgehogs, squirrels) 
and cold-dwelling non-hibernators (wild rats and mice)
(see Smith and Horwitz,1969). The tissue is located in 
discrete depots around the body, such as the cervical, 
subscapular and interscapular depots. Deposits are also
found along the aorta, around the carotid artery and jugular 
veins, and around the kidneys and heart. BAT can account 
for up to 5% of body weight, depending on the species (see 
Smith and Horwitz,i969). The largest and most easily 
accessible depots are found in the inter scapular and dorso- 
cervical regions, therefore, most work has been carried 
out on BAT from these sites.

i.3.1 Morphoiogy of Brown Adipose Tissue.

BAT is visually identifiable as a brown coloured mass,



Ihe colour being attributed to the high proportion of 
haems present, From blood haemoglobin, haem porphyrins 
(mostly cytochromes) and From Flavin compounds. Incursion 
oF white adipocytes turns the colour towards beige (see 
Smith and H o r wit z,19 6 9) . Liectron micrographs o F HAT 
reveal cells with multi locular lipid droplets within the 
cytopiasm, which is itself densely packed with heavily 
invaginated mitochondria. This is in stark contrast to 
white adipose tissue (WAT) where there is one large lipid 
droplet occupying most of the cell and few mitochondria 
(see Girardier,1983). The nucleus of a BAT cell is round 
and centrally located, again in contrast to WAT, where the 
nucleus tends to get squashed against the cell membrane by 
the lipid droplets (Smith and Horwitz,1969) . Approximately 
80% of the tissue volume consists of brown adipocytes 
(Barnard , 1977).

1.3.2 Sympathetic Innervation of Brown Adipose Tissue.

i 1

BAT is innervated predominantly with fibres of the 
sympathetic nervous system. The interscapular BAT depot 
consists of two bilateral lobes, each having its own 
discrete nerve supply. Entering each lobe are five nerve 
fibre bundles containing morphologically heterogenous fibres, 
which arise through the intercostal muscles beneath the 
pad (Foster et al^^982). It is thought that the cervical 
and interscapular depots are innervated by the spinal nerves 
C2 to C^ plus the first five branches of the thoracic 
sympathetic chain (Smith and Horwitz,1969). The hetero- 
geneityof the fibres is probably due to their functional 
dissimilarity - innervation of adipocytes, blood vessels 
within the fat pad, and of overlying skin (Flaim et al 1976). 
The nerve fibres within a BAT pad innervate both adipocytes 
and arterioles. Fluoresence histochemistry has revealed that 
BAT adipocytes are covered with an intricate web of adren- 
ergic fibres (Cottle and Cottle,1970). There is no 
functional crossover between the sympathetic innervation 
of each lobe of interscapular BAT, despite an apparent 25% 
cross innervation and 15% non-intercostal innervation of 
the tissue (Foster et a 1., 1982).
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I. 3.3 The Vdscuitir Supply of Brown Adipose Tissue.

Tlic blood supply of BAT arises from the left and 
right thoracodorsal arteries, and d r a 1 n a (|e occurs through
their compleme ntary v e i n s a n d the u n paired Sulzer's v e i n .
The venous drainage system of BAT is often collectively
termed 'Sulzer's Vein' (Smith and Roberts,1964). Sulzer's
Vein drains into the precavai vein and thence directly 
into the vena cava and the heart, thus ensuring rapid 
distribution of warmed blood around the body. A dense 
capillary network covers up to a third of each BAT 
adipocyte's surface within a BAT pad (Aherne and Hull, 1966). 
Some of the most convincing evidence for the importance of 
BAT in NST came from the blood flow studies of Foster and 
Frydman ( 1978). Using radiolabel led microspheres, they 
measured the flow through interscapular BAT in cold 
acclimated rats after intravenous noradrenaline injection.
A 25 fold increase in blood flow through the tissue occured, 
accounting for 33% of the total cardiac output.

1.3.4 Mechanism of Heat Production in Brown Adipose Tissue

The dense invagination of BAT mitochondria is 
indicative of a high respitory capacity (Flatmark and 
Pederson,1975). Respiration in normal mitochondria is 
usually tightly coupled to the rate of ATP synthesis (see 
Nicholls,1982). The rate of ATP synthesis in BAT mito­
chondria is abnormally low and this is partially explained 
by a low activity (Lindberg et al.,1967) and concentration 
(Cannon and Vogel,1977) of ATP synthetase in the tissue. 
However, the rate of ATP synthesis which does occur is 
too low to account for the observed respiration rates 
(Bulychev et a 1., 1972) indicating that some unusual form of 
respiratory control is present (Flatmark and Pederson^1975; 
Nicholls,1976b, 1979). There exists in brown fat an 
unique proton conductance pathway which provides a means 
of re-entry of protons into the mitochondrion without 
the synthesis of ATP. The presence of purine nucleotides 
inhibits the uncoupling of ATP synthesis (Nicholls,1976b).
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The siLe oT uncoupling wus idenLiTleJ hy phoLoniriniLy 
Labelling with a purine nucleotide analogue, as a protein 
oT 32000 Daltons molecular weight (3?K protein) situated 
in the Inner mitochondrial membrane (Heaton et al^l978).
The nucleotide with the greatest aFflnlty for this protein 
was found to be COD, although ATP Is probably the physio- 
logical regulator. The GDP binding property has been 
exploited to give a method of measuring the thermogenic 
capacity of DAT by measurement of the specific binding 
of radiolabeiled GDP to BAT mitochondria (Nicholls,1976a). 
The level of GDP binding has been found to correspond to 
the thermogenic state of the animals (Heaton et al^l978, 
Desautels et a 1 1978), as has the mitochondrial concentra- 
tion of 32K protein (Ashwell et al^l983; Ricquier et al^l984; 
Ashwell et al.,1985 ). The 32K protein has been isolated 
(Lin and Klingenberg,1982) and there is evidence to suggest 
that it may be dimeric (Lin et al.,1980) and possess two 
nucleotide binding sites of high and low affinity (Bryant 
et al.j,1983; French et al.,1985). 32K protein has been found
to occur exclusively in BAT (Cannon et al.,1982; Lean et al.,
1983) and to be present in all thermogenically active 
BAT from the species investigated to this time.

The initial stimulus for BAT thermogenesis is the 
release of noradrenaline from sympathetic nerve endings 
within the tissue. Neural stimulation of BAT is followed 
by a small decrease in temperature which is thought to be 
due to an -mediated vasoconstriction. This is followed 
by a 6-induced vasodilation (Flaim et al.,1977). However, 
Foster and Depocas (1981) found that blood flow in thermo- 
genically active BAT was related to arterial oxygen tension 
rather than noradrenaline concentration and suggested that 
the production of a local vasodilator could be linked to 
the intracellular oxygen tension. It has since been 
suggested that histamine acting on H^ receptors could 
perform such a function (Rothwell et al.,1984a).
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The Ihcrmoycnic activation oT BAT by norabrcna]ine 
seems to occur mainly through ^-receptors. Tritiated 
(1 i h y d r oa 1 pr en o I o 1 b indint] studies characterised the /? 
receptors in BAT as mainly ^ (Bukowiecki ct a 1^^980) 
but additional studies using selective and non-selective 
^i-antagonists suggest a 60:40^.:/* mixed receptor 
population (Rothwell et al^l985 ). Recent work by Arch 
et a 1 ( 1984a)using novel ^-agonists suggests that the 
BAT P-receptor may be of an atypical subtype. Mohell 
et al. (1983) found that 20% of the noradrenaline induced 
increase in BAT adipocyte respiration can be attributed 
tocK -adrenoreceptor mediated effects. However, for the 
time being at least, it seems that the major thermogenic 
effects of noradrenaline are mediated through (i ^ receptors 
(Mohell et a 1., 1983 ; Skala,1984; Harris et a 1.,1986 ; Levin 
and Sullivan,1986).

Upon noradrenaline binding to the ^ ^ receptor 
intracellular cyclic AMP (cAMP) is produced through the 
activation of adenylate cyclase (Pettersson and Vallin,
1976) (see Figure 1.1). cAMP dependent protein kinases 
are then activated within the cell (Knight and Skala,1977) 
one of which activates hormone sensitive triacyIglycerol 
lipase by phosphorylation (Skala and Knight,1977).
The action of hormone sensitive triacylglycerol lipase 
is to hydrolyse triacylglycerol to diacylglycerol and 
free fatty acids. Other lipases hydrolyse diacylglycerol 
to free fatty acids and glycerol. Free fatty acids are 
transported into the mitochondrion after activation into 
fatty acyl CoA,across the acyl carnitine shuttle. Fatty 
acyl CoA then undergoes -oxidation yielding NADH ,
FADH. and acetyl CoA. Acetyl CoA enters the tricarboxylic 
acid cycle and produces further reducing equivalents in 
the form of NADH. Oxidation of NADH and FADH by the 
electron transport chain results in the translocation 
of protons out of the mitochondria to form a proton gradient 
(see Nicholis,1982). In normal mitochondria the proton 
gradient thus generated would be used to drive the 
energetically unfavourable formation of ATP. In stimulated
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HAT mitochondria, the T2K protein allows the protons 
to leak hack Into the mitochondrion and dissipate the 
gradient (Nlcholls,1976b). The nature of the 'proton 
leak' appears to be the simplest proton transporter 
yet known. Studies on ion fluxes through the protein 
reconstituted into phospholipid vesicles suggest that 
it is not a hydroxyl uniport, and that proton influx is 
mediated via a translocating, rather than a channel, 
mechanism (Klingenberg and Winkler,1985). Oxidation of 
substrates continues, and the rate of proton pumping is 
limited only by substrate supply. The enthalpy released 
as heat during substrate oxidation is conducted away from 
the tissue by the increased blood flow.

The intracellular mechanism controlling the state of 
the 32K protein uniport is not yet fully understood.
Upon acute stimulation of BAT by cold exposure or 
noradrenaline injection, isolated BAT mitochondria exhibit 
a large increase in GDP binding capacity. The increase 
in binding has been associated with an unmasking of binding 
sites already present in the membrane (Desautels and 
Himms-Hagen,1979; Gribskov et al^l986). This means that 
GDP binding gives a measure of the amount of unmasked 
protein in the membrane, rather than its concentration.
The unmasking of binding sites is thought to be accomplished 
by a noradrenaline stimulated intracellular messenger. 
Freshly isolated BAT mitochondria are usually uncoupled 
(Nicholls and Lindberg,1973). Respiratory control can be 
restored by the addition of purine dinucleotides (Nicholls, 
1976a) and removed by the addition of fatty acids (Heaton 
and Nicholls,1976). The concentration of adenine 
nucleotides in brown fat cytosol is in the millimolar range 
(Grav,1970) but micromolar additions to isolated mito- 
chondria are sufficient to inhibit proton conductance 
(Nicholls,1976 X ATP is probably the physiological agent 
by which the pathway is closed (see Rothwell and Stock, 
1984c). Fatty acids can stimulate BAT adipocyte 
respiration in the presence of millimolar concentratio n s 
of adenine nucleotides, and the concentration of free
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fatly acids required (0.2yM) is within the expected 
physiological range of concentration in the cytosol (Locke 
et ai^^982). latty acyl CoA's arc also known to inhibit 
purine nucleotide binding in isolated mitochondria 
(Cannon et al^^977). it is still unclear whether free 
fatty acids (Locke et al^J982; Cunningham and Nichoiis,
1985) or fatty acyl CoA (Cannon et ai^^977; Stricleman 
and 5hrago,i985) have a physiological role in the 
unmasking of GDP binding sites wfiich leads to the uncoupling 
of BAT mitochondria.

The primary substrate for BAT thermogenesis is thought 
to be fatty acids. BAT has a high capacity for fatty acid 
synthesis from carbohydrate which is associated with the 
in vivo stimulation by insulin of glucose transport, 
pyruvate dehydrogenase activity and acetyl CoA carboxylase 
activity (McCormack and Denton,1977; Agius and Williamson, 
1981). Ketone bodies may also provide an important substrate 
for lipogenesis, since the rate of incorporation of 
hydroxybutyrate into lipid is much greater in BAT than 
in WAT (Agius and Williamson,1981). Trayhurn (1980) 
reported that 50% of the lipids incorporated into BAT 
during cold acclimation are synthesised elsewhere in the 
body. The activity of BAT lipoprotein lipase is tissue- 
specifically induced by cold exposure (Radomski and Orme,
1971) through ^-mediated mechanisms (Carneheim et al^l984).

There is some recent evidence that glucose may be an 
important substrate for BAT metabolism. The activities 
of pyruvate dehydrogenase (McCormack and Denton,1977), 
hexokinase (Cooney and New5holme,1982; Young et al^^984), 
phosphofructokinase (Cooney and Newsholme,1984; Young et al.,
1984) and pyruvate kinase (see Cibbins et al^^985) are 
elevated in the cold exposed rat. Cibbins et al.(1985) 
report a 70% decrease in fatty acid synthesis in BAT of 
cold adapted rats after noradrenaline injection accompanied 
by a similar decrease in acetyl CoA carboxylase activity.
At the same time, the proportion of active (non-phosphoryl- 
ated) pyruvate dehydrogenase is increased. So, fatty acid 
synthesis is reduced and glycolysis is increased, leading
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to increased acetyl CoA metabolism through the 
tricarboxylic acid cycle, the activity oi which is reported 
as being increased in BAT (Cannon and Johansson,1980).
In this way, reducing equivalents are produced through 
glucose metabolism and are oxidised by the respiratory 
chain^ contributing to the net outflow of protons.

1.3.5 Evidence for Brown Adipose Tissue as an effector
of NST.

BAT blood flow measurements in cold adapted rats 
using radiolabelled microspheres demonstrated that the tissue 
could account for 60% of the increase in oxygen consumption 
observed after noradrenaline injection (Foster and Frydman,
1978) . The remaining 40% would be accounted for by the 
increased work rate of the heart and intercostal muscles 
and by the increase in general metabolism induced by the 
rise in temperature. The oxygen tension of blood leaving 
BAT is very nearly zero, so the tissue has the capacity to 
clear the oxygen from the blood in the face of a 25 fold 
increase in flow (Foster and Frydman,1978).

The thermogenic capacity of BAT is increased on cold 
exposure as demonstrated by measurements of BAT mito­
chondrial GDP binding (Desautels et al.,19785 Himms-Hagen,
1979) , 32K protein concentration (Ashwell et al,,1983,
Hansen et al.,1986), heat production (Hansen et al.,1986) 
and 32K mRNA concentration (Bouillaud et al,,1984-, Ricquier 
et al.,1984). Tissue wet weight and mitochondrial content 
also increase on adaptation to cold (see Smith and Horwitz, 
1969).

The surgical removal of BAT from newborn rabbits 
practically abolished the animals' capacity to increase 
its metabolic rate in response to cold (Dawkins and Hull,
1965). It was estimated that brown fat was responsible 
for 80% of the increased body heat produced by the cold 
exposed neonatal rabbit.

It has recently been shown that GDP binding in BAT 
mitochondria is reduced during hibernation in hamsters 
(Horwitz et al.,1985) and that BAT thermogenesis contributes



toward the iocreaso in temperature required for the arousal 
from hihernation (Nederqaard and Cannon,1984).

1-3.6 evidence for Drown Adipose Tissue as an effector
of DIT.

1 9

NST and DIT have synergistic effects. Rats exhibiting 
DIT induced by cafeteria feeding (see Section 1.4.2) 
adapt more quickly to cold exposure and show a larger 
metabolic response to noradrenaline under the combined 
stimulus of cold and overfeeding (Rothwell and Stock,1980a). 
Similarly, cold adapted rats show a more rapid increase in 
metabolic rate in response to cafeteria feeding (Rothwell 
et al.,1982b). Cafeteria feeding increases BAT blood flow 
(Rothwell and Stock,1981c), tissue wet weight (Rothwell and 
Stock,1979), GDP binding (Brooks et al^^980), 32K protein 
concentration (Nedergaard et al^l984; Falcou et al^^985) 
and 32K mRNA (Falcou et al.,1985). It has recently been 
shown that GDP binding is increased after a single meal 
(Lupien et al.,1985).

The surgical removal of BAT from animals maintained 
on a cafeteria diet would be expected to result in an 
increased adiposity due to an inability to effect DIT.
Such an experiment has been carried out by Stephens et a 1. 
(1981), with the result that no difference in weight gain 
was seen between adult or weanling cafeteria fed rats 
and those which had had their inter scapular BAT depot 
removed. As interscapular BAT represents 25% of the total 
body BAT content the finding that its removal had no effect 
upon weight gain could be taken to suggest that BAT has 
not as important a role in DIT as has been ascribed to it. 
However, both cafeteria feeding (Stephens et al^^981) and 
mild cold acclimation (Horwitz et al^l985) of BAT lipecto- 
mised rats results in the hypertrophy of remaining depots 
which may compensate for the BAT removed. It has also been 
reported that the denervation of interscapular and subscapular 
BAT depots had no effect on the development of obesity in 
adult Sprague-Dawley rats maintained on a cafeteria diet 
(Cox and Lordcn,1986). It has, however, been previously 
demonstrated that in animals of this age and strain the



dctivdLion of BAT t It e r mo (j on c s i s in response to cafeteria
feeding is reduced (Rothwcli et al^^984b) which perhaps
accounts for the failure of BAT denervation to affect dietary 
obesity in this case.

It should be noted that diet induced changes in BAT 
function are not as great as those induced by cold.

1.3.7 Evidence for the Sympathetic Regulation of BAT.

BAT possesses arich sympathetic innervation as described 
in Section 1.3.2. A generally accepted method for the 
estimation of sympathetic nervous system (SNS) activity is 
the measurement of the rate of noradrenaline turnover within 
a tissue. This is accomplished by the measurement of the 
rate of disappearance of an intravenously injected tracer dose 
of tritiated noradrenaline which equilibrates with nora­
drenaline in the nerve terminals in the tissue (see York 
et al.,1985b). The activation of BAT in NST and DIT is 
prevented by the administration of antisympathetic drugs. 
Propranolol, a 0-adrenoreceptor antagonist, prevents the 
increase in metabolic rate normally seen during cold 
exposure and overfeeding (Rothwell and Stock,1980a).
Ganglionic blockade with hexamethonium prevented the rise 
in metabolic rate due to cold exposure (Hsieh et al.,1957). 
Ganglionic blockade with chlorisondamine caused greater 
retention of tritiated noradrenaline in BAT of overfed 
rats than in controls (Young et al.,1982, Marchington , 1985) . 
Both NST and DIT are accompanied by a tissue specific rise 
in BAT noradrenaline turnover, that is to say sympathetic 
activity (NST - Cottle et al.,1967-, Young et al.,1982:
DIT - Young et al^^982; Schwartz et al^l983; Kevonian et al., 
1984).

Circulating noradrenaline released from the adrenal 
medulla is probably not important in BAT regulation, as 
Seydoux and Cirardier (1977) have shown that the apparent 
concentration of noradrenaline required at the synapse for 
half maximal stimulation of BAT (calculated from electrical 
and chemical dose response curves) is 30-150 times greater 
than circulating levels (6 x 10 Dcpocas and Behrens,
1977). Also, adrenal demedullation has little effect on



NST although there may be a role for circulating 
catecholamines in the acute response to severe cold (H imms-
Hagen^1975).

Sympathetic denervation of HAT causes a slight increase 
in tissue weight, mainly due to an increase in triacyl- 
glyceride content. Fatty acid synthesis is decreased in
denervated OAT, and the tissue takes on the morphological 
characteristics of WAT as seen under the light microscope 
(Minokoshi et al.,1986). Noradrenaline content drops by 
90% and the protein and DNA content of the tissue is 
reduced (Granneman and Campbell,1984). The normal effects 
of cold acclimation and cafeteria feeding (increases in 
tissue wet weight, protein content and GDP binding) are 
abolished by sympathetic denervation, but denervated BAT 
still responds to subcutaneously injected noradrenaline 
by increasing GDP binding (Rothwell and Stock,1984b).
Emery et al.(1985) reported similar increases in tissue 
wet weight and protein synthesis rate in intact and 
denervated BAT of cafeteria fed animals. However, the 
weight increase in denervated BAT was due only to lipid gain, 
and they proposed that the increase in protein synthesis rate 
was due to hormonal influences, but the rate of protein break­
down was determined by SNS activity allowing a net increase 
in the amount of metabo 1 i-ca 1 ly active proteins. Increases 
in BAT lipogenesis induced by sucrose overfeeding are 
reduced by 75% in denervated animals (Granneman and Campbell^ 
1984).

These findings indicate that the effects of cold 
adaptation and overfeeding depend on an intact sympathetic 
innervation of DAT.

1 . 3 The Adaptive Response of BAT.

Prolonged stimulation of BAT by either cold or hyper- 
phagia provokes many changes in the tissue. Interscapular 
BAT weight can increase 5 fold during chronic cold exposure 
and 2-3 fold during prolonged cafeteria feeding (Hukowiecki 
ct al^^982). The number of cells, total cytochrome oxidase 
activity, total tissue protein content and the calorigenlc 
response to noradrenaline double in interscapular BAT



dfLer two weeks or more of cafe ter io feedifuj (II i mm s - H a <j c n 
et al.,198i; Bukovviecki et al.,1982). Cold adaptation
doubles the calorigenic response to noradrenaline and 
increases 6 fold total cytochrome oxidase activity and 
cell number (liukowiecki et ai.,i982). CDP bindiru] is 
increased 7 fold in cold adapted rats and 2-3 fold in 
cafeteria fed rats (Desautels and H i m m s - H a g e n , 19 7 9 Himms- 
Hagen et al^^98i). These changes in binding are paralleled 
by increases in 32K protein content In both NST (Ashwell 
et al.,1983; Hansen et al.,i986) and DIT (Ashwell et al.,1984-, 
Nedergaard et a 1., 19 84 • F a Icon et al.,1985). The growth of 
BAT during prolonged stimulation is accompanied by an 
increase in vascularisation and innervation (Bukowiecki 
et al.,1982-, Barnard et al,,1980). The increase in SNS 
activity in BAT seen on acute cold exposure and sucrose 
feeding is maintained during chronic cold adaptation and 
prolonged overfeeding (Young et al.,1982', Marchington,1985). 
Chronic administration of catecholamines to warm acclimated 
rats mimic the effects of cold acclimation on BAT (Barnard 
et al^l980), decrease the rate of weight gain relative to 
control animals at the same level of food intake and 
increase body temperature (Racotta et al.,1986). Such 
infusions also increase the concentration of 32K protein in 
BAT mitochondria (Mory et al^l984). (Xand ^-receptor 
populations in BAT change on chronic stimulation . oC ^ 
receptor number is increased and receptors decreased 
during cold acclimation or cafeteria feeding (Bukowiecki 
et al^^978; Mohell,1984; Raasmaja et al^^984). It has 
recently been demonstrated that in cold acclimated rats 
^^^-agonists potentiate the effects of ^^-mediated events 
in BAT. The thermogenic response of BAT to sub- optimal 
doses of noradrenaline were enhanced in the presence of 
^.-agonists, although thecK^-agonists had no independent 
effects on BAT (Foster,1986). It could be that the increase 
inreceptors that occurs on chronic BAT stimulation is 
responsible for an enhanced sensitivity of the tissue to 
neurally released noradrenaline, which suggests that ^ 
receptors may be important in the chronic regulation of 
BAT (Moheil,i984; Foster,1986).



i.j.v T li e CcitiLrdl Control of DAT T h c r niofj en c s i

The liy[)o tiui lamus Is known to have an important role i n 
the control of food intake (see Section l.?.l) and of 
thermoregulation (Jansky,1973). The VMII is closely involvc'd 
vvitii the activation of DAT thermogenesis. LIcctrical 
stimulation of the VM11 gives rise to an increase in DAT 
temperature which can be abolished by the administration 
of propranolol or by severing the sympathetic nerves to DAT 
(Perkins et al., 19 81-, Holt et al.,1986). Electrical stimula­
tion of this area causes an increase in metabolic rate 
(Atrens et al.,1985; Morimoto et al.,1986) in tissue specific 
fatty acid synthesis (Shimazu and Takas hi,1980), BAT 
lipolysis (Kumon et al.,i976) and other 'cold defence 
responses' such as shivering, reduction of skin temperature, 
and reduction of surface area by huddling (Morimoto et al., 
1986). The physiological responses to VMM stimulation 
described by Morimoto et al (1986) are blockable with 
propranolol but are unaffected by cK-blockade. Metabolic 
activity, as assessed by [ -deoxyglucose uptake, is
elevated by cold exposure in several specific brain sites, 
especially the VMM (Morimoto and Murakami,1985). The tonic 
firing rate of the sympathetic nerves to BAT is increased 
by cold stimulation, an effect which is abolished by VMM 
lesion (Niijima et al.jl984). VMM lesions decrease DAT 
mitochondrial GDP binding (Seydoux et al^^982), DAT noradren­
aline turnover (Vander Tuig et al^^982) and leads to 
degeneration of the tissue (Saito et al^^985). VMM lesioned 
rats still respond normally to cold (Seydoux et al^^982;
Hogan et al^^982; Luboshitsky et al^l984), but not to over­
feeding (Hogan et al^^982; Seydoux et al^l982) implying that 
the sites within the VMH controlling DIT and NST are distinct

Stimulation of the LH increases oxygen consumption in 
rats, an effect which is partially blocked by propranolol 
(Atrens et al^^9853 Corbett et al^^982) but no functional 
connection between the LH and DAT has been demonstrated 
(Holt et al^^986). Dlatteis and Danet (1986) have 
demonstrated that the preoptic area is not essential for the 
autonomic regulation of thermogenesis. Stimulation of the 
supraoptic nucleus elicits an increase in DAT temperature
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possibly through stimulation of the 'supraoptic decwssations' 
which arc known to project into the VMM (Holt ct al^^986).

1.3.10 The Endocrine Control of HAT Tliermogenesls.

The sympathetic nervous system is the primary 
activator of HAT, hut hormones can play a moduiating role 
in the regulation of the tissue.

a. Insulin and Glucagon.

Insulin has been found to oppose many of the effects 
of catecholamines, such as the noradrenaline induced 
increase in intracellular cAMP, adrenaline stimulated fatty 
acid and glycerol release and noradrenaline stimulated 
oxygen consumption (see Begin-Heick and Heick,1984).
Insulin promotes the uptake of glucose and the rate of 
lipogenesis in brown fat (McCormack and Denton,1977; Agius 
and Williamson,1980), and can stimulate metabolic rate in 
fasted and cafeteria fed rats - an effect that is blockable 
with propranolol but not 2DG,implying that this effect is 
due to insulin stimulation of SNS activity rather than 
promotion of glucose metabolism (Rothwell and Stock,1983b). 
Insulin seems to have a permissive role in thermogenesis, 
as diabetic rats fail to exhibit either NST or DIT (Rothwell 
and Stock,1981b). It is possible that insulin acts centrally 
to activate BAT thermogenesis as injections of insulin into 
the VMM enhance the glucoreceptor neuronal firing rate 
(Oomura et al.,1978), and it is known that VMM excitation 
stimulates BAT efferent nerve activity (Niijima et al.,1984) 
and elevates BAT temperature (Holt et al^l986).

Heim and Hull in 1966 and more recently Kuroshima et 
al.(1977) have demonstrated that glucagon also has a role 
in the regulation of BAT thermogenesis. The hormone 
stimulates metabolic rate, BAT blood flow, temperature and 
lipolysis. Glucagon also depresses the activity of gluco- 
sensitive neurones when electrophoretically applied to the 
LH (Inokuehi et al.,i986) which may reduce reciprocal 
inhibition of the VMM and increase efferent activity to HAT. 
Propranolol docs not affect the actions of peripherally 
injected glucagon (Heim and Hull, 1966; Kuroshima et a 1.,1977) 
implying that the SNS does not control these responses.



1) . 1 liyroi (i Hormones .

The thyroid hormones thyroxine (T^) and triiodothyronine 
( T ) are permissive to HAT L li e r mo (j en es i s . Thyroideetomised 
rats do not respond to eold exposure with an increase in HAT 
mitochondrial GDP binding, but low replacement doses of 
T ^ to tit esc rats normalises their thermogenic response 
(TriandaTillou ct al^l982). and T levels in the blood
are increased in rats exhibiting N5T and HIT (Seammel et al^
19 81 ; Tulp et al., 19 82) and are depressed in heat acclimated
or 40-hour starved animals (Ariel! and Chinet,1986; Click 
et al.,1985). These observations suggest that thyroid 
hormone levels are increased and reduced in parallel to the 
activity of BAT. Thyroid hormones are known to have a 
stimulating effect on BMR (Ismail-Beigi and Edelman,19 70).
The increased metabolic rate in hyperthyroid rats seems 
to reduce the requirement for BAT thermogenesis since 
basal GDP binding levels are depressed and are not stimulated 
by mild cold exposure (Sundin,1981) or cafeteria feeding 
(Rothwell et al.,19 83c), but more severe cold exposure (5°C) 
does increase GDP binding (Sundin,1981), Hyperthyroid rats 
exhibit a potentiated response to cafeteria feeding (increased 
oxygen consumption) in the absence of any increase in GDP 
binding and it is thought that this is due to activiation 
of the ouabain-sensitive sodium-potassium dependent ATPase 
(Rothwell et al.,1982e, 1983c). A ouabain-sensitive component 
of BAT thermogenesis does exist (Horvvitz,19 73) but direct 
microcalorimetric measurements on BAT from normal rats 
housed at 23°C revealed that the energy cost of sodium 
pumping represented only 5-6% of the total metabolism of 
the brown fat cell (Chinet et al.,1977), so its contribution 
toward BAT thermogenesis is normally discounted. It has been 
suggested that while thyroid hormones may be permissive to 
NST, they play a more direct role in DIT (Rothwell et al., 
1962a: Rothwell and Stock 1984c).

T^ is converted to the more potent T, by the action 
of 5 ' - mon od e i od i n a se (Schimmei and U t i ger., 19 7 7 ) an enzyme 
which is under the control of the oC. component of the SNS 
Therefore, In sympathetically activated BAT the activity 
of the enzyme is high leading to high local production of
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T. (Sijvd uud Larsen,1963). Thyroid Hormonos polenLiate 
the t tier mo genic effects of noradrenaline (Leblanc and 
Vi11cmaire, 1 y70) , and the enhanced sympathetic activity in 
hAT during cold or diet stimulation leads to an increase in 
c<j receptor number (Moheli,jy84- Haasmaja et 81^^964) 
which would further increase T ^ production. Thus thyroid 
hormones and the SNS act syncrgistically to amplify the 
thermogenic response to endogenous noradrenaline release.

c . Pituitary-Adrenal Hormones.

Like thyroid hormones, glucocorticoids are permissive 
to the response of BAT to cold exposure (Deavers and 
Mu s sa ch ia , 19 79 ; Fellenz et al.,1982 ). However, chronic 
corticosterone treatment depresses the thermogenic response 
to overfeeding, but not to cold, in mice (Galpin et al.,1983) 
and rats (Holt et al.,1983) . Adren a iectomi sed rats cannot 
tolerate cold exposure but respond normally to cafeteria 
feeding with an increase in metabolic rate, BAT GDP binding 
and noradrenaline turnover (Rothwell et a 1., 1984a, b-, 
Marchington , 1985 ; Marchington et al.,1986). The enhanced 
thermic effect of feeding and BAT thermogenesis seen in 
adult adrenalectomised cafeteria-fed rats can be prevented 
by replacement corticosterone injections at physiological 
concentrations and by sympathetic denervation of BAT. 
Sympathetic denervation has similar effects on BAT function 
as high doses of corticosterone (Rothwell et al.,1984a).
The effects of adrenalectomy on improving the response of 
BAT to cafeteria feeding require an intact sympathetic 
innervation and, therefore, may be mediated at a central 
level. The differential responses of NST and DIT to 
glucocorticoids suggest that the hormones' effects are not 
mediated at a tissue level (Rothwell and Stock,1984a; York 
et al^^985a) despite the fact that BAT possesses functional 
glucocorticoid receptors (Feldman,1978).

ACTH has an independent stimulatory effect on BAT 
thermogenesis separate from its control of glucocorticoid 
secretion. Clironic treatment with ACTH (10 days) causes 
a 20% rise in BMR and enhances the thermogenic and lipolytic 
effects of noradrenaline in warm acclimated rats without 
increasing plasma corticosterone levels (Laury and



PurLcL,1977, 1980). ACTH trealmcuL sLimujaLcs OAT blood 
flow (Kuro5hima,1968). Increases in mebabolic rate and 
OAT Temperature caused by ACTH treatment arc not blocked 
by propranolol (Helm and Hull,1966) and are not associated 
with an increase in OAT noradrenaline turnover (Harehinpton, 
1988) Indicating that ACTH may exert a direct cTTect on OAT. 
The mechanism of this effect is as yet unclear. ACTH may 
independently activate the ad/enyi cyclase cascade system 
in OAT (Dertinand Portet,1976). Alternatively, it might 
increasereceptor number in BAT, potentiating the effect 
of the SN5 without increasing tissue noradrenaline turnover, 
or may act directly on BAT through similar mechanisms to 

receptors to potentiate 5NS effects. The thermogenic 
effects of exogenous noradrenaline are attenuated by chronic 
ACTH treatment in cold acclimated rats (Laury and Portet,1977) 
which suggests that a physiological role for ACTH in the 
response to cold is unlikely. Hypophysectomised rats can 
gradually adapt to mild cold exposure (15°C) but show a 
reduced calorigenic response to noradrenaline, although the 
response was significantly greater at 15°C than at 28°C 
(Laury et al.,1984). It is thought that the thermoneutral zone 
shifts upwards in hypophysectomised rats, hence 28°C is 
effectively still mild cold exposure (Laury et al.,1984).
For survival of more severe cold exposure (4°C) corticosterone 
replacement is required (Fellenz et al^l982).

? 7

Hypophysectomy increases the thermic response to a meal, 
BAT mass, BAT protein content and thermogenic activity 
(Rothwell and Stock,1985 a, c). These effects are restored 
to normal (thermic effects of feeding) or markedly reduced 
(BAT thermogenesis) by ACTH replacement, indicating that the 
stimulatory effects of hypophysectomy on BAT are probably 
due to decreased adrenal steroid release. There remains, 
however, a small stimulatory component after ACTH replacement 
to hypophysectomised rats which could be due to a direct 
effect of ACTH on BAT (Rothwell and Stock,1985a) or to the 
effects of another pituitary hormone, possibly corticotropin 
releasing factor (CRF), as recent experiments suggest that 
CRF stimulates BAT mitochondrial GDP binding and depresses 
food i n take (Arose, York and 13 r a y , unpublished observation).



i.J.ii Brown Adipose Tissue in Man.

AlLhougl) BAT can account for of body weight in
the human neonate ( Alicrne a n d 11 u I J , 1 966) there is .1. i 111 e 
evidence for a significant role for BAT in adult man. BAT 
in man atrophies wiLit age, a change which parallels the 
decline of the capacity for N5T (Trayhurn and Games,1983).
In patients with phaeochromocytoma BAT has been identified 
histologically. GDP binding and GDP-sensitive mitochondrial 
respiration have been demonstrated in isolated human 
perirenal BAT (Ricquier et al.,1982, Cunningham et ai.,1985), 
as well as the presence of uncoupling protein (Bouillaud 
et al.,1983,‘ Lean and Games, 1983 ; Lean et al.,1986). BAT 
has also been histologically identified in larger quantities 
in individuals exposed to the cold (Huttenhen et al.,i981) 
but no differences have been demonstrated as yet in either 
the amount or activity of BAT in lean and obese humans. 
Increases in skin temperature in the neck and suprascapular 
regions have been demonstrated in adult man after ephedrine 
administration (Rothwell and Stock,1979), although these 
changes in skin temperature may be due to changes in 
subcutaneous blood flow (Astrup et al.,1980). It has recently 
been calculated that only 25% of the thermic effect of 
ephedrine in man can be attributed to BAT, therefore, it is 
thought that BAT has no physiological role in DIT in adult 
man and that muscle is the main site of ephedrine stimulated 
thermogenesis (Astrup et al.,i985). Regardless of this lack 
of data on the activity of BAT in human obesity, much interest 
is currently centred on the investigation of pharmacological 
agents which may stimulate BAT activity (Arch et al.,1984b).
Due to the impracticalities of working with human subjects 
most work has centred on the use of animal models of obesity.

1.4 Animal Models of Obesity

Sclafani, in his review of animal models of obesity
in 1984, listed 50 or so experimental models available to 
the researcher. None of these animal models are precisely 
representative of human obesity, but taken together they



c a II fi c i f) to cl II c i (I ate t h e c a u s e s , c o n s e (| u c n c c s a n d
potential cures oT tMe obese condition. The types oT 
experimental obesity best cbaracteriscd in animais are those 
produced by hypothalamic injury, dietary manipulation or 
gene tic inheritance.

1.4.1 Hypothalamic Obesity.

Damage to the VMM by electrolytic lesion or gold- 
thioglucose (GTG) injection produces hyper-insu1inaemia 
and hyperphagia in rats. Electrolytic lesions of the 
paraventricular nucleus (PVN) also produce hyperphagia and 
obesity (Leibowitz et ai.,1981) and induce hyperinsulinaemia 
only on a low-fat, high carbohydrate diet (Aravich and 
Sclafan 1,1984). Parasaggital knife cuts or electrolytic 
lesions which do not destroy the ventromedial nucleus but 
interrupt the ventral noradrenegic bundle give rise to a 
simple model of obesity where hyperinsulinaemia develops 
only in the presence of hyperphagia (Bray et al^^982). If 
the ventromedial nucleus is also destroyed, the result is 
severe hypoactivity, retarded growth, finickiness, disruption 
of ovarian function, increased meal size and frequency of 
hyperinsulinaemia which is independent of the increase in 
food intake (Bray and York,1979). Other methods of producing 
hypothalamic lesions are radiofrequency lesions, or injections 
of gold-thioglucose, monosodium glutamate, bipiperidyl mustard 
and 5,7 dihydroxytryptamine (see Sclafanl,1984). Injections 
of 6-hydroxydopamine disrupt ventral noradrenergic bundle 
function and result in an obesity which is dependent upon 
the presence of an intact hypophysis (Ahlskog et al^i977).
This suggests that obesity arising from such damage may be 
dependent upon activation (disinhibition) of thec< 
noradrenergic corticosterone dependent feeding drive seated 
in the PVN.

VMH-lesioned rats have a lowered metabolic rate 
(Hustvedt et ai.,1984), and spontaneous activity is reduced 
(Cladfelter and Brobcck,1962) both contributing to a reduction 
in energy expenditure. Noradrenaline turnover in BAT is 
reduced in VHH-lesioned animals (Vander Tuig et al^l982)
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js is BAT m i L oc luj n d r i ti i GDP bincJiny (Scydoux ct si.,1982 ) , 
implying that the sympathetic activation of the tissue is 
depressed in hypothalamic obesity. Noradrenaline turnover 
is also depressed in the heart, liver and pancreas of 
VMH-obese rats (Vander Tuiy e t a 1.,1982 ) . Lipo genes is and 
fatty acid synthesis are botti increased in BAT of VMH-obese 
rats (Luboshitsky e t a 1., 1983), brown adipocyte si/e 
is increased and these cells become unilocular in 
appearance (Saito et al.,1985), changes consistent with an 
involution of the tissue. Hypothalamic obesity can be 
prevented by subdiaphragmatic vagotomy prior to lesioning 
(Powley and 0psahl,1974; Inoue and Bray,1977), which 
abolishes the hyperinsulinaemia that normally develops in 
these animals. The development of VMH-obesity requires 
active innervation of the pancreas, as diabetic rats with 
islet transplants do not develop hyperphagia or obesity 
after lesioning (inoue et al.,1978). Increased food intake 
and hyperinsulinaemia in VMH-obese rats accompanied by 
reduced BMR and reduced capacity for BIT lead to increased 
lipid synthesis and storage, and a hypertrophy of WAT. It 
is currently thought that VMH lesion depresses efferent 
sympathetic activity and removes the tonic inhibition of 
vagal tone and the LH feeding centre normally exerted 
by the VMH, resulting in increased PNS and decreased SNS 
activities. Increased food intake and anabolic (para­
sympathetic) activity coupled with reduced catabolic 
(sympathetic) activity result in gross obesity which is 
insulin dependent in the VMH-lesioned rat. Adrenalectomy 
reverses VMH-obesity, but the obese state can be restored 
by peripheral or central administration of glucocorticoids 
(Bruce et al^^982; Debons et al^^982, 1986). The formation
of gold-thioglucose lesions in the VMH of mice can be 
prevented by pretreatment with either glucose analogues 
(Likuski et al^l967) or glucocorticoids (Brown,1986) 
which suggests that there is a hypothalamic site at which 
both glucose and glucocorticoids act, which has a role 
in the development of VMH-obesity. PVN-lesioned obese rats 
also exhibit enhanced PNS activity although hyperinsulin- 
aemia develops only as a result of the increased food intake 
(Leibowitz et al^^981; Tokunaga et al.^986b). Under normal



conUiLions it is Lhouqht that the PVN ho)c^ (ho dorsal 
motor nucicus (DMN) oT Lho vagus under tonic inhibition, 
so PVN lesion may remove the inhibition and increase vagal 
activity (Tokunaga et al^^986a). PVN lesions which also 
damage the DMN result in an animal with no apparent 
liyperphagia or obesity, implying that damage to the DMN 
overrides PVN lesion induced hyperphagia (Tokunaga et al-, 
i986a).

Obesity associated with the VMM and PVN can also be 
produced by chronic infusion of noradrenaline into either 
of these hypothalamic sites (Lichtenstein et al^l985,
Shimazu et al., 1985). Disinhibition of the ^-noradrenergic 
feeding drive is thought to be the mechanism responsible 
for PVN noradrenaline-induced obesity (Lichtenstein et al.,
1985). Continuous infusion of noradrenaline into the VMM 
is thought to cause, either desensitisation of VMM neurones, 
leading to local inactivity, or inhibition of neuronal 
activity (Shimazu et al^l985).Obesity induced by noradrenaline 
infusion into the VMM is still characterised by hyperinsulin- 
aemia and hyperphagia (increased PNS activity), and by 
degeneration of BAT (decreased SN5 output) (Shimazu et al^ 
1985). It thus seems possible that noradrenaline induced 
VMH-obesity is due to a decreased energy expenditure and an 
increased energy intake in a similar manner to VMM-lesion 
obesity .

BAT of VMH-lesioned rats responds normally to cold 
stimulus (Seydoux et al^l982; Luboshitsky et al^l984) 
but shows a reduced thermogenic response to overfeeding 
(Seydoux et al^l982; Hogan et al^^985), suggesting that 
the hypothalamic areas controlling diet-induced activation 
of BAT are anatomically distinct from those controlling 
temperature (Rothwcll and Stock^l984c).

1.4.2 Diet Induced Obesity.

3 I

Obesity can be induced in experimental animals by 
enticing them to overeat an energy dense (e.g. high fat) 
or highly palatable ('cafeteria' or 'supermarket') diet. 
High fat diets increase weight gain and iipid deposition 
as long as protein intake is maintained (Miller,i979).
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items in uddiLion Ln luUoruLory chow ond is n very eTreclive 

way of i n c re,! s i n (] tlie volimLary en c r (| y intake of I tie rat 

(Sclarani and 5prinyer,jV76 ; Rothweil and Stock,198^).

On this reedinp regime, rats TaiJ to reguiatc their dietary 
intake and obesity results, due to a comhination oT a 
hi(|tier food intake (by weight) and the increased ener(;y 
density of the foocj eaten. Over 90% of the excess weicjht 
gain on this diet is thought to be due to Tat deposition 
MothweiJ and Stock,1979). Another method of increasing 
caloric intake in rats is the provision of additional sucrose 
in the diet, either mixed with chow or as a drinking solution 
(Kanarek and Hirsch,1977). Energy intake is increased on 
ttiis diet, and although body weight may not necessarily 
increase there is a significant increase in body fat in rats 
on a supplementary sucrose diet (Kanarek and Marks-Kaufman, 
1979). Lipogenesis is enhanced by sucrose feeding due to 
increased fructose metabolism in the liver, making more 
acetyl CoA available for fatty acid synthesis, accompanied 
by elevated intestinal glucose and fructose transport rates. 
Insulin secretion is also increased, possibly due to the 
elevated glucose and fructose transport rates, leading to a 
further induction of iipogenic enzyme activity (see York, 
1983). Sucrose feeding tends to enhance hepatic,rather than 
WAT, lipogenesis (Kornacker and Lowenstein,1965) leading to 
increased hepatic lipid levels, especially in young rats 
(Waddell and Fallon,1973).

High fat diets are another well established method of 
producing dietary obesity. Hickleson et al.in 1955 
observed an excessive weight gain in rats fed a high fat 
diet ( 60% by energy) which was amongst the first observa­
tions of such an effect. The weight gained by high fat fed 
animals is mainly due to fat deposition, although a small 
Increase in body protein may also occur. Although rats find 
High fat diets tiicjhly palatable, they tend to decrease the 
weight of food eaten on these diets. This reduction in food 
intake is not, however, sufficient to compensate for the 
higher energy density of the diet, so there is an increase 
in daily energy intake (Schcmmel ct al^^970). VMH-icsioned 
rats do not reduce their food intake on a high fat diet



and su maiMluin an even higher ievei oT energy intake (hray 
and York,197?). This observation suggests that the normal 
reduction in Food intake is a hypothaiamically mediated 
response. When the energy intake oF high Fat Fed rats is 
restricted to normal levels by pair-Feeding the high Fat 
rats still become obese, vvliich indicates that there is an 
increase in metabolic cFFicieney associated with such diets 
(Lemmonier,i972).

The effectiveness of dietary methods to produce obestity
varies with the age and strain of the rat used. High fat 
diets are more effective at inducing obesity when animals 
are weaned directly onto them (Peckham et al^^962).
Osborne-Mendel rats are particularly susceptible and the 
S 5B/PI strain (derived from a Sprague-Dawley/Black NIH 
cross) is very resistant to obesity induced by high fat 
feeding from weaning (Schemmel et al^^970). Cafeteria 
feeding is more effective in older animals, and again shows 
a difference in effectiveness in different strains of rat 
(Rothwell and Stock,1982; Rothwell et al^^982c). Young (up 
to about 10 weeks of age) rats exhibit virtually no increase 
in body weight despite a doubling of energy intake on a 
cafeteria diet (Rothwell and Stock,1980c, 1982). This 
resistance to obesity in young cafeteria fed animals is 
thought to be due to the activation of BAT leading to 
increased energy expenditure and a reduction in metabolic 
efficiency (Rothwell and Stock,1980c, 1982, 1983a). 
Adrenalectomy of older rats increases their capacity for 
DIT which results in a reduced weight gain, in comparison 
to intact rats of the same age, when fed a cafeteria diet 
(Rothwell et al.,1984b).

Returning high fat fed or cafeteria fed rats to a 
normai chow diet results in hypophagia until normal body 
weight is regained (Peckham et.al^^962; Rothweil and Stock, 
1979; Rogers,1988), although one report maintains that the 
obesity due to cafeteria feeding persists after transfer to 
chow feeding (Rolls et a 1 1980).
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High fat, cafeteria and sucrose-suppicmcntcd diets 
all induce an increase in general SNS activity (Young and



LdMdsUcry^jV77; YuuuQ ct Schwartz et ai_J98j;
Kaufman ct aI^J986). This increase in SN5 activity is 
thought to he responsible for the activation of UAT thermo- 
genesis in overfed animals, but in animals which develop 
dietary obesity it is thought that the increased energy 
expenditure, caused by 5NS induction of DIT, is not 
sufficient to overcome the increase in energy intake or 
the reduced energy cost of fat deposition. The development 
of chronic diet-induced obesity is associated with a return 
to normal sympathetic activity in BAT (Levin et al^^983a, c, 
1985).

1.4.3 Genetic Obesity.

There exist several types of obese animals which
inherit their obesity as a genetic trait. More than one 
type of genetic model exists. Polygenic inbred strains such 
as the New Zealand obese mouse (NZO) and the Oapanese KK mouse 
are spontaneously obese. Obesity prone polygenic hybrids
such as the Osborne-Mendel rat and the spiny mouse (Acomys 
cahirinus) also provide useful models. These polygenic 
strains probably provide a better model of the complex 
human condition. Single gene dominant mutants include the 
Yellow mouse (A^^) and the adipose mouse (Ad), but most 
research has utilised the single gene recessive mutants 
such as the obese (ob/ob) and diabetic (db/db) mouse and 
the Zucker fatty (fa/fa) rat.
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1. 5 The Zucker Fatty (fa/fa) Rat.

The Zucker fatty rat was reported by Zucker and Zucker 
in 1961 as a spontaneous mutation in the 13M strain of rat. 
Obesity is inherited in these mutants as a single autosomal 
recessive gene designated 'fa' for the obese allele and 'Fa' 
for the wild type. Hetrozygotes are phenotypically lean, 
so obese animals arise in a 1 in 4 frequency from hetero­
zygote matings, indicating simple Mendelian inheritance 
(Zucker and Zucker,1963).

Obese female Zucker rats are infertile (Saiduddin et al., 
1973) and obese males only fertile when their food intake 
is restricted to 50% of their ad lib.intake (Yen et ai^^977,



Ldmonds and Wi11> y a c h u nn n a r n k ei, I"8 0) , so breeding n o r m a 11y 
takes place from hetero/yg o t e par e nIs .

1.5.1 Energy balance in the Zucker (fa/fa) Rat.

Obese Zucker rats eat 40% more than their lean litter- 
mates (Haberey ct al 1980), although when food intake is 
calculated on a body weight basis hyperphagia only persists
from 3-10 weeks of age (Dilettuso and Wangsness,1977). 
Hyperphagia is not present before weaning (Stern and 
Johnson)1977; Boulange et al.,1979). Many abnormalities 
are present in the control of food intake in the fa/fa rat. 
The normal diurnal feeding pattern is lost in obese rats 
although the major proportion of their daily food intake 
is still consumed at night (Haberey et al.,i980). Obese 
rats tend to eat larger, fewer meals (Becker and Grinker
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1977) and nibble constantly (Castonguay et al.,1982b) 50(
dilution of the diet with cellulose causes lean rats to 
increase their food intake to maintain their caloric intake, 
but obese rats appear to be less sensitive and only adjust 
their food intake at a lower dilution (20%)(Bray and York, 
1972). Lean Zucker rats will also increase food intake 
in response to a low protein diet in order to maintain 
dietary protein intake (Young et al.,1980),an adaptive 
response that is lacking in the fatty rat. Normal rats tend 
to select diets for protein and energy intake (Musten et 
al.,1974) whereas obese (fa/fa) rats will self-select a 
diet high in fat when given the opportunity (Castonguay 
et al^l982a). Lean and obese Zucker rats show differing 
responses to a variety of feeding stimuli. Central 
administration of 2DC normally causes hypergiycaemia and 
hyperphagia in lean rats but not in obese where only 
hyperglycaemla is observed (Ikeda et al.,1980). Peripherally 
administered insuLui exerts a greater stimulus to increase 
food intake in obese rats (Ikcda et al^l980) and centrally 
infused insulin does not reduce food intake in fa/fa rats 
as it does in lean (Ikeda et al^^983). These data imply 
that the obese rat has an impaired insulin mediated gluco- 
sensitive site regulating food intake (Ikeda ct al^l980). 
Obese Zucker rats decrease food intake less than lean 
controls after periplieral injections of CCK (McLaughlin



unU UuL have elevated levels of this putative
satiety peptide in the hypothalamus (McLauphlln et a 1^^985), 
therefore, it seems unlikely that increased food intake in 
obese rats is due to the effects of CCK. A-endorphin is 
an endogenous opioid the action of which, when centrally 
administered, is to increase food Intake (sec Section 1.2.1) 
Pituitary and hypothalamic concentrations of opioids in 
general (Recant ct a 1., 1983 ) and -endorphin in particular 
(Margules et ai,,1978) are found to be increased in obese 
rats. Naloxone, an opiate antagonist, suppresses feeding 
in obese rats when given peripherally (Margules et al^^978) 
or centrally (Thornhill et al^l982). In contrast, auto- 
immunisation against^-endorphin increases food intake in 
obese rats more than in lean, and it has been suggested that 
^ -endorphin acts peripherally as a satiety signal and 
centrally as a hunger signal (McLaughlin and Baile,1985). 
This would suggest that the effect of peripherally injected 
naloxone on food intake, seen by Margules et al.(1978), 
was a centrally mediated effect of the drug. The evidence 
overall suggests a role for ^-endorphins in the control of 
food intake, and it seems likely that the altered central 
concentration and increased responsiveness of the fa/fa rat 
to this opioid may be involved in the development or 
maintenance of hyperphagia in these animals (Thornhill et 
al^l982; McLaughlin and Baile,1985).

Hyperphagia is contributary towards, but not essential 
for, the development of obesity in the Zucker fatty rat.
Pair feeding obese rats to the ad lib, intake of their 
lean littermates results in a decrease in weight gain in 
the obese animal of 40%. However, protein deposition drops 
under these conditions, and fat storage is increased (Pullar 
and Webster,1974; Deb and Mar tin,1975; Zucker, 1975). Even 
when restricted to two thirds of the caloric Intake of lean 
rats, body composition remains unaltered in obese rats 
(Bray et al^^983). Abnormalities in body composition are 
not, therefore, solely due to food intake. Muscle protein 
deposition is reduced in the obese rat over the last stages 
of suckling (days 16-21; Reeds ct a 1., 1982), but recovers 
as hyperphagia develops after weaning. By 34 days of age, 
the abnormal partitioning of energy into fat and protein
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sLures in Lhc ubcsc ruL is apparent (RadcliCfc and Webster, 
1978). Hyperphapic obese rats deposit protein at the same 
rate as ape matched lean rats, and most of the difference in 
body weiqht can be ascribed to fat deposition . The 
pcrccntape of protein per carcass is reduced in the obese 
rat, but ti\c weight of protein in the fat-free mass is 
similar for lean and obese siblings of the same age (bell 
and Stern,1977). These observations led Radcliffe and 
Webster (1978) to suggest that the hyperphagia of the obese 
rat was geared towards the maintenance of lean body mass.
It seems unlikely, however, that defence of lean body mass 
is a stimulus for the hyperphagia of the obese rat, as 
these animals do not adjust their dietary intake on a low 
protein diet to maintain dietary protein levels (Young et al., 
1980) and will self-select a diet high in fat when given 
free choice of macronutrients (Castonguay et al^^982a).
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Obese rats are more energetically efficient than their 
lean littermates. The amount of energy stored for a given 
energy intake is greater in the obese mutant (Deb et al.,
1976; Pullar and Webster,1979). The ability to store a 
greater proportion of the dietary intake as fat has been 
attributed to a reduced energy expenditure in the fatty 
rat. The energy requirement for the maintenance of body 
weight of the obese rat has been variously reported as 
lower than (Haberey et al^l980), or similar to (Deb et al^ 
1976) lean controls, and metabolic rate is similar or slightly 
lower (Rothwell et al.,1981; Rothwell and Stock, 1983). 
Spontaneous activity is reduced in the adult obese rat, 
but the decrease in activity occurs after weaning and follows 
the onset of hyperphagia and obesity (Stern and Johnson,1977). 
Thus, there seems to be no significant decrease in physical 
energy expenditure until after obesity has begun to develop. 
Forced exercise delays, but does not prevent, the obesity

, ratof the fa/fa((Deb and Martin,1975; Walberg et al^l982).
The effect of exercise in obese animals seems to be to 
reduce WAT cell number (Walberg et al^^983; Seelbach et al., 
1985), but the decreased WAT adipocyte population persists 
after the cessation of exercise only in obese animals that 
are pair-fed to the ad lib, food intake of age matched lean 
animals (Walberg e t a 1., 19 8 3.)
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The reduced energy expend!lure oT Ihe obese Zuckcr 
rat appears to he due to a defect in adaptive thermo- 
gencsis. Oxygen consumption has been shown to be r e d u c e (j 
in preobese pups as early as ?-7 days of age. (I^lanche 
el ai.,i78 3; Moore cl a l.,i96 3) . As muscle oxygen consumption 
is normal in 6 week old obese animals, it seems likely that 
otliei tissues are responsible for the increased metabolic 
efficiency of the young obese rat (Wardlaw and Kaplan,1984). 
BAT thermogenic capacity, as measured by GDP binding, is 
decreased in the fa/fa rat by 50% (Holt and York,1982).
This depression in BAT thermogenesis is detectable at 2 
days of age and persists throughout life (Bazin et al^l984, 
York et al^^984; Ashwell et al^l985). The depressed BAT 
mitochondrial GDP binding is due to a decreased number of 
binding sites (Holt and York,1982; Bazin et al^l984; French 
et al.,1985 ), rather than a lower amount of 32K protein.
The levels of this protein in the obese rat are still 
comparable to lean levels until 5 weeks of age and have 
been shown to be depressed at 12 weeks (Ashwell et al^l985). 
The low BAT mitochondrial GDP binding capacity of obese rats 
in the presence of normal 32K protein levels suggests that 
there is a greater proportion of masked GDP binding sites 
in these animals. A lower population of exposed GDP binding 
sites would be consistent with the reduced sympathetic tone 
to BAT that has been observed in obese Zucker rats (see 
Section 1.5.2, York et al.,1985b) , as unmasking of BAT 
mitochondrial GDP binding sites is thought to be accomplished 
through 5N5 activated mechanisms (see Section 1.3.4).

Unlike the obese mouse, young obese rats can respond 
normally to cold exposure and noradrenaline administration 
with increases in mitochondrial GDP binding (Levin et al^l980; 
Triandafiliou and Himms-Hagen,1983; Holt et al^^983) and 
noradrenaline turnover (Marching ton, 1985 ; York et al^^985b) 
in DAT. The ability to withstand cold exposure decreases 
with age in the obese animal, and cold-induced increases in 
GDP binding, oxygen consumption and BAT blood flow are not 
as great in older fa/fa rats (Wickler et al^^982; Holt et 
al.,1983; Levin e t a 1., 1984). T li e reduced capacity of BAT 
to respond to cold may be a reflection of the reduced amount 
of 32K protein in older animals (Ashwell et al^^985).



A1 llioiKjh y()uii(| obese f<i Ls <j r e ol) I e Lo fcspood [lornially 
Lo cold exposure, Llicy do ool increase BAT liter mop ones is 
i n response Lo d i e L a r y s L j m u I i . N e i I, h c r a s i n c] 1 e m e a 1 
(RoLhweii el Marehinplon el ai^^UHT), nor prolonged
o V c r r e e d i n (j (II o I I c I <1 I.I 9 8 3 ; T r i a n d a T i J Ion and 11 imms - IT a g e n , 
198 3; York el a I., 198 81)) evoke Lite a e u I e Increases in oxygen 
con sump Lion or long term ch.inges in GDP binding and nor.idren- 
a 11 tie turnover in BAT of obese rats that are seen in their 
lean siblings.
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Adrenalectomy of obese rats restores basal BAT mito­
chondrial GDP binding and noradrenaline turnover to normal, 
lean levels (Holt and York,1982; York et a 1., 1985b). Many 
other defects of the obese rat are also alleviated by 
adrenalectomy. Diurnal feeding rhythm is improved (Freedman 
et al^^985), and there is a large decrease Ln energy intake 
that is not accompanied by a change in energy expenditure 
which results in a large overall decrease in energetic 
efficiency towards a level seen in lean rats (Marchington 
et al.,1983). The increase in oxygen consumption seen in 
response to a single meal in lean animals is also restored 
in adrenalectomised obese Zucker rats (Marchington et al., 
1983) and they are able to respond to sucrose feeding with 
an increase in BAT mitochondrial GDP binding (Holt et al., 
1983). It is possible that adrenal glucorticoids may be 
suppressing BIT in the obese rat. Glucocorticoids are 
normally permissive to NST (Fellenz et al., 1982), so it seems 
unlikely that the hormone is suppressing BAT thermogenesis 
by a direct effect on the tissue, even though gluco- 
corticoid receptors are present in BAT (Feldman,i978). 
Corticosterone administration is known to inhibit DIT , 
but not NST (Galpin et al^^983). Knowing that young obese 
rats respond normally to cold acclimation and noradrenaline 
injections, but only respond to dietary stimuli after 
adrenalectomy, it seems likely that the regulation of DIT 
in the obese animal is defective rather than BAT itself 
and that the expression of the defect reguires the presence 
of adrenal glucocorticoids (Holt et a 1^1983 ; York et al., 
1985a; Freedman cl al^l986a).



J /

4 0

Ihc Sympd Llic L ic l{ c (j u 1 a L 1 o ti o I liAI in the Obese
(ra/ra) Rat.

As described in SeeLion 1.3.7, the SNS is thought to 
b e the principal recju Later of HAT L h e r nio p cui c s I s . Moradren- 
alinc turnover, an index of sympathetic activity vviLhirt a
tissue, is very low in RAT of younp obese rats housed at 
normal temperature (?4"c) and fed laboratory ehow, despite 
a normal turnover rate in heart (York et ai., 198^b).
Cold acclimation of 5-6 week old obese rats increases 
noradrenaline turnover in RAT to an equivalent rate to that 
seen in cold-stimulated lean animals of the same age.
7-day sucrose overfeeding has no such stimulatory effect on 
noradrenaline turnover in DAT of fa/fa rats, although lean 
rat BAT noradrenaline turnover rates are increased by 
2^ fold after the same stimulus (York et al., 1985b). The 
noradrenaline turnover rate in heart in both lean and obese 
Zucker rats is not affected by cold and is stimulated by 
sucrose feeding in obese, but not lean rats (York et al., 
1985b). Sprague-Dawley rats show an increase in cardiac 
noradrenaline turnover after sucrose or cafeteria feeding 
(Young et al., 1982; Marchington et al., 1986) and also 
after cold acclimation (Young et al., 1979, 1982). It is 
possible that these different responses of cardiac noradren­
aline turnover in the Zucker rat may reflect a strain 
difference.

The reduced noradrenaline turnover rate in BAT of obese 
rats is indicative of reduced nerve stimulated noradrenaline 
release (Landsberg and Young, 1978). This is associated with 
reduced neuronal synthesis of noradrenaline from tyrosine 
(Marchington, 1985). Activity of tyrosine hydroxylase, the 
rate limiting enzyme of noradrenaline synthesis,is normal in 
DAT of young obese rats (Marchington, 1985) but activity of 
dopamine B -hydroxylase is reduced (Levin et al., 1983) so 
dopamine ^ -hydroxylase may be the rate limiting enzyme in DAT 
of fa/fa rats. Aithougti noradrenaline synthesis is reduced, 
extrancuronal uptake and the activity of catcchol-O-mcthyi 
transferase, the enzyme primarily responsible for degradation 
of neuronal 1y released nora drena11ne, are normal. Thus reduced 
turnover must result from severely limited tonic and nerve 
stimulated noradrenaline release. The synthesis rates of



no r dd r CM a J i nc in lioart, brain anti adrenal yJands were found
Lo be normal in the obese rat (Marehineton, i98b) suq^estinq 
that the reduced noradrenaline metabolism is BAT speciTle.

Cold exposure and sucrose Teedlnp both stimulate 
noradrenaline turnover in BAT of the lean rat , but onL cold 
exposure does so in obese animals. Sucrose Teedinp Fails to 
elicit increases in noradrenaline turnover in BAT oF the 
obese rat (Marching Lon, 1985). These data suggest that 
although the basal level oF sympathetic activity is low in 
BAT oF the obese rat, these animals are capable oF 
sympathetically activating BAT in response to cold, but not 
to dietary stimuli such as sucrose feeding.

Adrenalectomy normalises the rates oF noradrenaline
turnover in BAT of obese rats (York et al., 1985a). However, 
although the sucrose feeding of both lean and obese 
adrenalectomised rats increased BAT mitochondrial GDP binding 
(Holt et al., 1983), no further increase in BAT noradrenaline 
turnover was seen (York et al., 1985b). This implies the 
existence of a further regulatory mechanism by which BAT can 
be activated in the absence of an increase in sympathetic 
stimulation.

Abnormally low levels of ^ -adrenergic receptors have 
been reported in heart (Bass and Ritter, 1985) and BAT 
(Levin et al., 1982a) of older genetically obese rats, but 
the affinity for agonist and the concentration of agonist 
required for half-maximal stimulation of lipolysis in BAT
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of lean and obese rats are idential (Levin et al 1982a)
Normally, decreased sympathetic activity would be expected 
to be associated with an increase in receptor number and 
receptor hypersensitivity (Sporn et al., 1976). The similarity 
in receptor number between obese rat BAT and WAT in animals 
of the same age (5-6 months old) led Levin et al., (1982a) 
to suggest that excessive infiltration by white adipocytes 
of BAT depots occurs, and that this is at least partially 
responsible for the reduction in overall thermogenic capacity 
of BAT from obese Zucker rats of this age. Recent observa- 
lions in young (5 week old) obese rats suggest that the 
^-receptor population is normal in BAT adipocytes but that



(y_-rccc^Lor number is depressed (Raesmaje end York - 
unpublished observations). The reducedc^^-rcceptor number 
is corrected after adrenalectomy which suppests that the 
increased sympathetic tone to OAT may cause an increase in 
the number of -receptors. As-mediated effects arc 
known to potentiate the thermogenic effects of noradrenaline 
working throurjti 8 -receptors in BAT (Foster, 1986) it is 
possible that adrenalectomised-sucrose fed animals can 
increase their capacity for GDP binding through an oC 
potentiation of 6 -mediated effects with no further increase 
in sympathetic tone.

1.5.3 The Endocrine Status of the Obese (fa/fa) Rat.

4?

a . Insulin and Glucaaon .

Hyperinsulinaemia is characteristic of many forms of 
obesity, including that of the Zucker rat (see Sclafani,
1984). Although adult obese Zucker rats are markedly 
hyperinsulinaemic (Zucker and Antoniades,1972', York et al., 
1972b;Bazin and Lavau,1982) the condition is probably not 
instrumental in the onset of obesity as the obese state 
begins to develop before hyperinsulinaemia is apparent 
(Turkenkopf et al.,1982). Abnormal glucose responses are 
apparent before hyperinsulinaemia develops, as an exaggerated 
insulin response to a glucose load is exhibited by fa/fa rats 
at 18 days of age (York et al^^981; Blonz et alMl985;
Fletcher et al^^986). Intolerance to an oral glucose load 
is present in 6 week old obese rats (after hyperinsulinaemia 
has developed) and the condition worsens with age (lonescu et 
al^^985). Severe food restriction or starvation will reduce 
adult obese insulin levels to normal (Zucker and Anton lades, 
1972) and adrenalectomy will reduce (Holt,1984) or abolish 
(Freedman et al.,1986b)hyperinsulinaemia and the exaggerated 
insulin response to a glucose load (Marchington, 1985) in 
young obese rats. Alloxan diabetic or streptozotocin diabetic 
lean and obese rats on similar levels of insulin replacement 
gain the same amount of weight, eat similar amounts of food 
on a body weight basis, and deposit similar amounts of protein 
However, hepatic lipogenesis and fat deposition are still 
clcvalcd in Lhesc animals (Chan et al., J982; Stolz and Martin
1982).
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This d (;moii s Lr d t cs IhdL the enhanced lipid deposition of
the fd/fd rat is not entirely dependent on insulin and food
intake.

The insulin secretory ^eel is of the pancreas are under 
the neural control of the parasympathetic nervous system
(Mayhew ct a 1^^969) The isolated panercata of obese rats 
secrete elevated amounts of insulin compared to lean 
animals at normogiycaemic and hypoglycaemic levels, suggest­
ing that the obese Zucker rat pancreas is extremely responsive 
to glucose (Curry and Stern, 1985). Obese rats are not 
hyperglycaemic (Bray and York,1979) so an increased vagal 
stimulation of the pancreas, combined with a hyper­
reactivity to glucose, may account for the hyperinsulinaemia. 
There is considerable evidence to suggest that enhanced 
PNS activity may be a major factor in the hyperinsulinaemia 
and obesity of the fa/fa rat. The treatment of obese 
Zucker rats with atropine restores the increase in oxygen 
consumption seen in response to a 40k] meal, and increases 
the response normally seen in lean rats (Rothwell et al., 
1982d). This suggests that the PNS may normally inhibit 
the thermic effect of feeding, and that the inhibitory 
effect is much larger in the obese rat. Atropine injection 
also prevents the exaggerated insulin secretory response to 
a glucose load in fa/fa rats (Rohner-Oeanrenaud et al^l983; 
Rohner-Oeanrenaud and ]eanrenaud,1985a; b). Priming of the 
vagus nerve by acute electrical stimulation potentiates 
glucose stimulated insulin secretion to a greater extent in 
obese Zucker rats than lean (Rohner-Oeanrenaud and 
Oeanrenaud,1985a). Subdiaphragmatic vagotomy reduces the 
hyperinsulinaemia of older rats (Rohner-Oeanrenaud et al.,
1983) but does not abolish their obesity (Opsahl and Powley, 
1974), as it does in VMH-lesioncd rats (Powley and Opsahl, 
1974). These observations arc suggestive of an enhanced 
parasympathatic activity to the pancreas in obese animals.
The vagus nerve also stimulates pancreatic occells to 
secrete glucagon, the actions of which would be opposite 
to those of insulin. Preobese Zuckcr pups show an elevated 
glucagon secretory response to arginine and glucose (Rohner- 
Oeanrenaud and ]eanrenaud,1965a,b), however, serum levels



uT ^jucaqon in Lhc uUnsc rnL nrc normui (Luton et uj^^V76) 
Ol^er rats show a depressed secretory response to arpinine 
and hypothalamic stimulation (L^yec et al^^970; Eaton et 
ai^^976).
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As mentioned in Section i.S, Zucker fa/La rats have 
a reduced hrain insulin content (Baskin et al^^9S5;
Figiewicz ct ai^i^SS), and elevated CSF insulin (Stein ct 
al^^98j). It has been suggested that a central defect in 
insulin binding may contribute towards inadequate perception 
of a central insulin feedback signal and to the hyperphagia 
observed in the obese rat (Figlewicz et al^^98S). In 
contrast, Ikeda et a 1. (1983) found no differences in brain 
insulin levels between lean and obese rats, but found that 
intracerebroventricular infusion of insulin reduced food 
intake and body weight gain of lean but not obese rats.
The suggestion from this work was that the obese rat has 
a reduced central nervous system sensitivity to insulin and 
that the phenomenon may participate in the development of 
hyperphagia and obesity, possibly due to a decreased 
sensitivity of the hypothalamic glucoreceptor system.

b. Pituitary-Thyroid Hormones.

The reduced metabolic rate seen in obese rats (Bray, 
1969) initially led to the investigation of the pituitary- 
thyroid system in these animals as a possible cause for 
reduced energy expenditure. The uptake and release of 
l^^^iodine by the thyroid gland, the concentration of serum 
protein-bound iodine and of thyroxine (T ) are all depressed 
in the obese rat (Bray and York,1971; Autissier et al^l980; 
Young ct al^l988). Normal (Martin et al^^978; Autissier et 
al^^980) or depressed (Young et al^^985) serum levels of T_ 
are seen in older obese rats. Young obese rats have also 
been reported as having similar (Fletcher et al^^986) or 
depressed (Holt et al^^983) serum T^ levels compared to 
lean animals. As the thermogenic effects of noradrenaline 
are reduced in hypothyroid animals (Frcgly,1979) it was 
suggested that the depressed thyroid function in young obese 
rats may be an important factor in the impairment of BAT 
thermogenesis (Holt et a 1^^983). Serum and pituitary levels
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of thyroid s 11 mu L <j L I m (j hormooe (1511) ore normal in obese 
rats, os is the thyroid response to TSH injection. 
Injections of thyro tropin relcosinp hormone (Thil) produce 
0 normal increase in clrculatinq levels of TSll in fo/fa 
rats (hray and York,iV71; York cL ai^i972a). However, 
propy lthiou racil treated obese rats do not show the 1 ar ge 
increases in TSH seen in lean rats treated the same way 
suggesting that there is a fi y p o t It a 1 a m i c defect in the 
regulation of TSH secretion, possibly due to an impairment 
in the formation or release of TRH (York et al.,T972) .

When obese rats are given thyroid powder in their food 
excess weight gain is prevented (Levin et al.,1982b). 
Similarly, adrenalectomy (which also corrects the obesity) 
of young rats increases the low serum T^ levels to normal 
(Holt et al.,1983 ). Adrenalectomy also normalises the c< . - 
receptor population of BAT (Raasmaja and York, unpublished 
observations), an effect which would increase the activity 
of 5'-monodeiodinase - the enzyme which is responsible for 
the conversion of T to the more potent T^ (Schimmel and 
Utigeryl977). The activity of this enzyme is increased 
by -mediated mechanisms in BAT (Silva and Larsen,1983), 
so it is possible the elevated BAT sympathetic activity 
in obese rats, in combination with the increase in - 
receptor number in BAT, could result in a significant 
increase in serum T^ levels. Adrenal glucocorticoids are 
known to inhibit thyroid function (Chopra et al.,1975',
Famenter and Hedge, I960), so it is possible that gluco- 
corticoid inhibition of thyroid hormones has a role in 
the development of obesity in the fa/fa rat and is one of 
the defects corrected by adrenalectomy.

c. Pituitary-Adrenal Hormones.

Adrenal glucocorticoids seem to be intimately involved 
in the obesity of the Zuckcr rat. Serum levels of corti­
costerone in the obese rat are mainly found to be similar to 
lean (Yukimura et al^^978; Holt ct al^^983^ York and Al-Baker
1984), although two groups have found an increased level 
(Martin et al^^978; Fletcher et al^^986) and the diurnal 
rhytiim is abnormal (Fletcher et al.,1986 ). It is thought



that ohesc rats may he more seositive to the cFrects of 
corticosterone than their lean littermates, as the same 
replacement dose of the steroid to adrenalectomiscd lean 
and ohese rats causes greater increases in food intake in 
the ohese animals (Yukimura ct a 1^^978; Freedman et al_^986a) 
Adrenalectomy restores body weight, food intake and meal 
patterns, lipogenesis, fat deposition and insulin levels 
to normal in the obese rat (Yukimura et a 1., 19 78; York and 
Codboie,1979; Freedman et al^^988). The decreases in food 
intake seen in obese rats after adrenalectomy consists 
mainly of a fall in fat intake when macronutrient choice 
is offered (Castonguay and Stern,1983). Energy balance 
in obese rats and BAT thermogenic defects are also corrected 
by adrenalectomy. BAT mitchondrial GDP binding and the 
thermic response to a meal are restored to lean levels 
(Holt and York, 1982; Marchington et al.,1983), as is the 
decreased sympathetic drive to BAT (Marchington,1985; York 
et al.,1985a). Treatment of adrenalectomised fatty rats 
with corticosterone restores the obesity, hyperphagia, 
deranged meal patterns, defective BAT thermogenesis and 
noradrenaline turnover rate to normal obese levels (Yukimura 
et al.,1978; Holt et al.,1983; Freedman et al.,1985, 1986a;
York et al.,1985a, b). These observations suggest that the 
presence of corticosterone is required for the expression of 
the defect in DIT in these animals.

4 6

The endocrine consequences of adrenalectomy are the 
removal of glucocorticoids and mineralocorticoids from the 
circulation, an increase in the secretion of corticotropin 
(ACTH) from the pituitary and corticotropin releasing factor 
(CRF) from the hypothalamus, due to the removal of negative 
feedback by corticosterone on ACTH secretion. The capacity 
for ACTH secretion seems to be normal in the obese rat 
and there is a normal change in secretion in response to 
adrenalectomy and corticosterone replacement (Yukimura et 
al 1978). Treatment of obese rats with ACTH mimics the 
effects of adrenalectomy on BAT thermogenes is and food 
intake in the short term, but chronic ACTH injection 
eventually increases serum corticosterone levels and BAT 
thermogenesis (measured by BAT mitochondrial GDP binding)
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depressed (York and Ai-Uaker, 1984). CorLieusberone replaced 
adrenalectomlscd animals have decreased ACTII levels (Yuklmura 
cL a 1^^978) and ACTH injccLlon can aeulely counteract the 
detrimental effects of steroid replacement on the improved 
UAT thermogenesis normally seen in obese adrenaiectomised 
animals (York and Ai-liakcr, 1984) . Hypophysectomy, whicti 
results in the removal of ACTH and, therefore, the suppression 
of glucocorticoid secretion, also prevents the excessive 
weight gain of the obese Zucker rat (Powley and Morton,1976).
Although much work has recently been centred on the 
involvement of the hypophysis in the control of BAT thermo­
genesis (Rothweil and Stock,1985 a, b, c), these investiga­
tions have not yet been undertaken in the Zucker rat, so 
the significance of the pituitary-adrenal system in the 
obesity of these animals remains unclear .

1.5.4 The Development of Obesity in the Zucker Rat.

Obese Zucker rats can be visually distinguished from
their lean littermates at 3-4 weeks of age (Bray,1977), 
however, differences between lean and preobese pups have 
been detected before this. 25% of 21 day old foetuses of 
hetrozygote parents have increased serum and decreased 
pancreatic insulin levels (Turkenkopf et al.,1982).
Hyperinsulinaemia is not apparent during suckling when the 
animals are on an effectively high fat diet, but reappears 
on weaning on to the high carbohydrate chow diet 
(Turkenkopf et al.,i982 ). The earliest detectable post-natal 
defects to date in the preobese pup are reduced oxygen 
consumption at thermoneutral (33°) or cool (26°C) 
temperatures (Moor^et al^l985) and depressed BAT mitochondrial 
GDP binding (Bazin et a 1^^984) at 2 days of age. 10 day 
and older animals have also been demonstrated to have 
depressed BAT mitochondrial GDP binding levels (York et al., 
1984; Ashwcll et a 1^1985). This depressed GDP binding is 
associated with a reduced number of binding sites (Bazin 
ct al_^984) rather than a reduction in the mitochondrial 
concentration of 32K protein. The earliest investigated age 
with depressed 12K protein levels is 12 weeks (Ashwell et 
al_^985).
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7 (lay old obese pups exhibit reduced ()xy<)en consumption, 
lower core temperature, increased inejujnal fat pad weight 
and cell si/c, and high li[)oproLcin lipase activity (Boulange 
el a 1.^157 79; Plane he cL a].,]'7S'3). la tty acid synthetase 
activity is also increased from this a g e (11a/in and Lavau,
198 2; Lavdu et a 1., 1988), and takc'n together with the high 
lipoprotein lipase activity (lloul an gc et a 1., 19 79 ; Greenwood 
et al.,J98 1) it seems that preobese Zuckcr rats have a high 
capacity for lipid synthesis and storage. In fact, high 
lipoprotein lipase activity persists in the obese rat 
throughout life. Animals up to 20 weeks of age still maintain 
higher lipoprotein lipase activity compared to their lean 
littermates and the increase in activity in fa/fa rats is 
due to a greater lipoprotein lipase activity per cell and 
so is not wholely attributable to increased WAT cell number 
(Gruen et al,,1978). Increased inguinal fat cell size at 
7 days, and reduced core temperature at 14-16 days, are 
commonly used criteria for the identification of preobese 
pups (Boulange et al.,1979; Godbole et al.,1978, respectively). 
17-18 day old preobese pups show an exaggerated insulin 
response to a glucose load in the absence of basal hyper- 
insulinaemia (York et al,,19 81; Rohner-Oenrenaud and 
Oeanrenaud,1985a). With the onset of weaning at about 17 
days, pups begin to eat the high carbohydrate laboratory 
chow and several more of the defects of the obese rat 
become apparent. Hyperinsulinaemia reappears and is 
associated with the hypertrophy and hyperplasia of the 

-cells of the pancreas (York et a 1 1972, Bazin and 
Lavau 1982). Hyperphagia, which is absent during suckling, 
deveiops with the availabiiity of solid food (Boulange et 
a 1 19 79). Lipogenesis is increased in white adipose tissue 
and liver and the activities of the llpogenie enzymes 
giucose-6-pho5phate dehydrogenase and acetyl CoA carboxylase 
are stimulated (York et al^^971; Codbole et al^^978).
Delaying weaning (usually day 21) prevents the rise in 
hepatic lipogenesis and giucose-6-phosphate dehydrogenase 
activity, and in serum insulin (Godbo 1 c et al.,1978 ) and 
early access to laboratory chow induces earlier increases 
in serum insulin, WAT lipogenesis and food intake (York et 
a 1., 198 1 ; Bazin and Lavau, 1982 ). At weaning WAT hypertrophy
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Incrcdscs, u process wMich is occomponicH by o proJireroLion 
or while obipoeyles which coolioues io the To/To rol pesl 
the normal a^e oT 14 weeks a I which lean ral WAT cell numbers 
plaleau (Johnson el ai^^97i). Il appears lhal Ihe Increased 
eapaclly for fal synlhesls and deposillon, accompanied by 
Ifu; (ic fee Li VC I) 1T in brown Pal, leads to Increased adiposity 
and obesity in Lhe fatty rat. It has been s u (j g c s t c d 111 <i t 
ttic h y p e r i n s u J. 1 n a c m 1 a that occurs at weaninej causes an 
overstimulation of target organs (Codbole and York.1978). 
followed by the development of peripheral insulin resistance 
in muscle (Crettaz et al^l981), WAT (Cushman et al^l978) 
and later in the liver (Terretaz et al^l986a, b). It appears 
that WAT in the adult obese rat serves mainly as a storage 
site (Turkenkopf et al^l980) with the main site of lipogenesis 
In the liver (Godbole and York,1978).

A gene dosage effect has been demonstrated in fa/fa 
and Fa/fa rats with regard to subcutaneous fat pad weight 
and t11e susceptibility to gain weight on a high fat diet 
(Zucker and Zucker;1963). UAT mitochondrial GDP binding 
and the metabolic response to a standard meal also show 
a gene dosage effect (York et al^^984). Cerebrospinal 
fluid insulin content (Figlewicz et al^^985), insulin 
binding to certain brain areas (Baskin et al^^985,
Figlewicz et al^^985), insulin binding to liver in adult 
obese Zucker rats (Figlewicz et al^^985) and the in vitro 
pancreatic insulin release in response to glucose perfusion 
(Bionz et al.,i985) all exhibit a proportional relationship 
to 'fa' gene concentration. These observations suggest 
til at the regulation of DIT through BAT thermogenesis and 
the binding of insulin to the brain and peripheral organs 
may be closely linked to the primary gene defect in the 
Zuckcr rat.

1 . 6 Aims of the Project

The obesity of the Zuckcr rat arises from a defect 
in energy expenditure associated with an inability to
sympathetically activate BAT in response to dietary signals 
al tliougli Lhe response to cold is normal in young <i n ima Is
Adrenalectomy prevents the development of obesity
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in Lite t'.iL, dl)ol is lies Lite (lefet;l:s in bnsdi liAT
sy m()ci Lhe t i c; Lone cind t it or mo (j e n i e function, cind res Lores liAT 
Lit ermoy on I c responses Lo diet.try sLImuii. These impro vemen Ls 
in BAT mcLaltollsm arc thouylit Lo be dependent on Lite removal 
of c o r L i c o s L c r 0 tt . T It e c o n t r o 1 o f foo d i n t, a k e in Lite o I) e s c 
rat is also altnormal. Uni ike their Jean I ittermates, obese 
rats do not become hyperphayic or reduce their metabolic 
rate after inhibition of central yiucose metabolism wit It 
2DC. The defect in DIT and food intake control could 
involve a lack of dietary signals generated to the central 
nervous system (CNS), a failure of the CNS to recognise 
such signals or the inability to couple the signals to 
effector mechanisms (i.e. BAT) via the CNS (sympathetic) 
outflow.

This project was designed to investigate the hypothesis 
that variations in glucose metabolism act as an important 
signal involved in the activation of BAT thermogenenesis in 
response to diet, and that this system is disturbed in the 
obese (fa/fa) Zucker rat, as a result of their apparent 

to adrenal glucocorticoids.

The aim of this project was, therefore:

a )

b)

and
c)

to determine whether BAT thermogenesis in lean rats 
was sensitive to variations in glucose metabolism;
to determine whether obese (fa/fa) rats lack this
sensitivity;

wJictiier this postulated insensitivity of BAT to
glucose metabolism in the obese (fa/fa) rat was 
mediated by adrenal glucocorticoids.

This was investigated by examining the responses of 
BAT of lean and obese (fa/fa) Zucker rats to thermogenic 
stimuli (cold, diet, etc.), as determined by the adrenal 
status of the animal, under manipulation of glucose 
metabolism. Variations in glucose metabolism or avalJability 
were induced experimentally with ?DC or changes in the 
c o n s t j. L u L 1 on of the d i c t .

A furttier line of study was undertaken to investigate
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Lhc role oT the brain opiaLc sysiem in the aberrant 
feeding behaviour of the obese (fa/fa) Zueker rat. The 
suggestion has been made that the hyperphagia of the obese 
(fa/fa) rat is dependent upon the presenee of high Jevels 
of the endogenous opioid 6-endorphin in the brain. The 
effect of the opiate antogonist naloxone on food intake 
and 13 AT thermogen csis in lean and obese (fa/fa) Zueker 
rats was investigated.
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.1 Reagents
Unless indicated below, chemicals used were of 

r e a () e n t (j r a cl e and were obtaine cl From U D H Chemicals,
Poole, Dorset, UK or S i rj m a Chemicals, Poole, Dorset,
UK .
ACTS - Boehrinqer Corporation Ltd., Lewes, Last

Sussex, UK.
Acrylamide - Koch-Light Ltd., Haverhill, Suffolk, England 
ACTH (Synacthen Depot) - CIBA Laboratories, Horsham,

West Sussex, UK,
Anti-Rabbit Ig biotinylated whole antibody (from 

Donkey) - Amersham International PLC, Amersham,
Bucks, UK.

Bio-Beads SM2 - BioRad Laboratories, Watford, Herts, UK. 
Oextran T- Pharmacia Fine Chemicals Ltd., Milton 

Keynes, UK.
Dimethyl Bis-phenyl Oxazoyl Benzene (POPOP) - G. & G.

Chemicals Ltd., Berks., UK.
Dlphenyloxazole (PPO-Scintillation grade) G. & G.

Chemicals Ltd., Berks., UK,
Ensure - Abbot Laboratories Ltd., Queenborough, Kent, UK. 
Glucose oxidase (sp.act 200 U.mg"^), - Boehringer 

Corporation Ltd., Lewes, East Sussex, UK.
Glycine - Koch-Light Ltd., Haverhill, Suffolk, UK.
HRP Enzyme substrate (4 -chloro-l-napthol) - BioRad 

Laboratories, Watford, Herts. UK. -1Horseradish peroxidase (sp.act. 200 U.mg ) - Boehringer 
Corporation Ltd., Le^es, East Sussex, UK. 

Hydroxylapetite (Biogel HTP) - BioRad Laboratories, 
Watford, Herts., UK.

Hypnorm (fentanyl-fluanisone) - Southern Vetinary 
Supplies Ltd., Lewes, East Sussex, UK.

Insulin Binding Reagent - Wellcome Reagents Ltd., 
Beckenham, Kent, UK.

Insulin Standard (Rat) - Novo Laboratories, Denmark.
N,N' - Methylenebisacrylamide - Koch-Light Ltd., 

Haverhill, Suffolk, England.
Naloxone - DuPont Pharmaceuticals, Carden City,

New York, USA.



NCS Tissue Solubiliser - Amersham International PLC, 
Amersham, bucks, UK.

Non-[sterified Tatty Acids Kit - Boehringcr Corporation 
Ltd., Lewes, Last Sussex, UK.

Palmitic Acid (Puriss.) - Koch-Li^ht Ltd., Haverhill, 
Suffolk, England.

Readysolv NA - Heckman RIIC Ltd., High Wycombe, 
bucks, UK.

Streptavidin-Biotinylated Horseradish peroxide complex 
Amersham International PLC, Amersham, Bucks, UK.

Radiochemicals.
All radiochemicals were obtained from Amersham 

International PLC, Amersham, Bucks, UK.
1,2,6,7-pH]-corticosterone ; 75-105pCi.mmol ^ 
(ImCi.ml"^)
8_pH] -Guanosine 5' diphosphate; 10-15}J C i . mmo 1
(ImCi.ml )

-insulin;
-protein A, labelled with Bolton & Hunter reagent;

50^Ci. g ^ ( l^Ci.ml

u-rc]
30mCi.mg ^ (lOOpCi.ml ) 

sucrose; 5-15 mCi.mmol ^ (200^Ci.ml )
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2.2 Animals.
Lean (Fa/?) and obese (fa/fa) Zucker rats bred

in the University animal house from heterozyqote 
parents were used in all experiments. All animals 
were 4-6 weeks old at the start of each experiment 
unless otherwise stated In the text. All animals 
within an experimental group were of the same sex.

2.3.1 Animal Maintenance.
Rats were housed in wire mesh bottomed cages 

and maintained on a 14-10 hour light dark cycle 
(lights on 0600-2000 hrs), at an ambient temperature 
of 22-24^0. Animals were routinely fed laboratory 
chow (PRD, Labsure, Minea, Cambridgeshire) (table 
2.1) and given tap water for drinking.

2.3.2 Temperature Measurement.
Rectal temperature in conscious rats was 

measured using an electric thermometer (Light 
Laboratories, Brighton, England) with a flexible probe 
inserted 2cm into the rectum.

In anaesthetised animals, thermocouples were 
placed 2cm into the rectum and beneath the 
interscapular brown adipose tissue depot and held in 
place with clips. These thermocouples were attached 
to a Comark microprocessor scanning thermometer 
(Comark Electronics Ltd., Rustington, West Sussex, 
England) programmed to read temperatures and print­
out at five minute intervals.

2.4 Experimental Diets.

2.4.1 Sucrose Fceding .
Rats were given a drinking solution of 35%

(w/v) sucrose in tap water in addition to chow and 
instead of drinking water.

2.4.2 High Fat and High Carbohydrate Diets.
These diets were prepared in pellet form to the 

compositions shown in tables 2.2 and 2.3. AIN-76 
mineral and vitamin mix compositions are shown in
tables 2.4 and 2.5



TIk; lil()h fdt (licL wds dcsicjncci Lo have a 
comparal)le protein, fibre ,ind mineral conl(;nt Lo
PRD, but to have an increased fat content, at the 
expense of carbohydrate. The hiph carbohydrate diet 
was designed to be as close as possible in 
composition to PRD, but the carbohydrate component 
had the same ratios of simple to complex carbo­
hydrates as the hiyh Tat diets.

Tlie values used to calculate the energy density 
of the diets were Tykd.g"' for fat, i7k].g"^ for 
protein and 16k3.g ^ for carbohydrate.



Table P.l

Composition of PRD iood Pellets (Manufacturer's data)

Protein

Fat

Carbohydrate

Fibre

Minerals ) 
Vitamins )

% by weight

19.7

2.7

53.5

5 . 3

1.8

% by energy

25.8

8.1

66.1

Metabolisable Energy content 10.79 M3,kg
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Composilion oT Lxpcrjmenial Diel

% by weight

Casein 
Corn Oil 
Bran
Minerals (AIN-76) 
Vitamins (AIN-76) 
Cornstarch 
Sucrose
D-L Methionine

H igh Fat

22

16
9
4

2

26
20
0.6

High Carbohydrate

20
3 

9

4 

2

34

27
0.6

plus water, to mix. Dried overnight at 65"c 
after pelleting.
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T a b 1 e 2.4

Mineral mix recommended by the American JnsLituke of
NII t r i t i on 19 7 6 (AIN-76).

g.kg mixture

Dicaicium Phosphate 
Sodium Chloride 
Potassium Chloride 
Potassium Sulphate 
Magnesium Hydroxide 
Manganous Carbonate 
Ferric Citrate 
Zinc Carbonate 
Cupric Carbonate 
Potassium Iodide 
Sodium Selenate 
Chromic Potassium Sulphate 
Sodium Molybdate 
Starch

500 
74 
42 
52 
35 
3 . 5 
6.0 
1.6 
0.3 
0.01 
0.01 
0.55 
0.01 

285
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Table

Vitamins mix Lure recommended by Ihe American iristitnte 
of Nutrition 1V76 (AJN-76).

Thiamine 
Riboflavin 
Vitamin B,
Nicotinic Acid 
Calcium Pantothenate 
Biotin 
Folic Acid 
Vitamin 
Vitamin A 
Vitamin 
Vitamin E 
Vitamin K 
Inositol 
Choline

Starch Supplement

(400,000 lU) 
(10,000 lU) 
(5,000 lU)

(Mena pthone)

- jmg.kg mixture 
600 
600 
700 

3,000 
1,600 

20 
200 

1

800
20

20,000
5

10,000

10,000
952,454
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Table 2.6
{a) Composition o T CRM(X ) food Pellets an d F n s u r e

{ Man u f a c; t u r er's da ta )

CRM(X) Insure
% weight % energy % weight % energy

Protein 18.5 23.1 3.4 14
f’ d L 3.1 8.9 3.4 33
Carbohydrate 65.9 13.3 53
Fibre 3.4
Minerals/vitamins 3.2 1.8
Water - 77.2 -

Metabolisible energy 13.59 M].kg"^ 4.45 MO .dm ^

(b) Compositions of mix fed to vaaotomised animals.
% weight % energy

Protein 7.1 22.5
Fat 1 . 7 11.9
Carbohydrate 22.0 65.5
Fibre 1 . 2 _

Minerals/vitamins 1.4 .

Water 60.1 -

Theoretical Energy Content 5.37 M]. kg"^

Mix 3 5.5% CRM(X ) , 48.4% water, 16.1% Insure by weight



62

2.4.j ^ceding After Vagotomy.
All vaqotomised and sham-vat]otonnised animals 

were fed on CRM(X) laboratory chow (Labsure, Minea, 
Cambridneshire) soaked in water and Cnsurc to the 
composition shown in table 2.6 (b).

Vagotomised animals had free access to food, 
sham-vagotomised animals were restricted to the 
mean daily food intake of the vagotomised group.

2.5 Dose and Site of Injections

2.5.1 ACTH.
Synacthen Depot was injected intramuscularly

(i.m.)at a dose of 50^jg.l00g ^ bodyweight 
(0.05mi.l00g bodyweight) 24 hours and 3 hours
before sacrifice.

2.5.2 Cortices ter one.
Corticosterone in 0.1ml 1:2:7 (v/v/v) dimethyl- 

formamide:ethanol:0.9% (w/v) sodium chloride vehicle 
was injected subcutaneously (s.c.)at a dose of 
Img.lOOg ^ bodyweight per day for 7 days.

2.5.3 2-deoxy-D-glucose (2DG).
(i)

( i i)

(ill)

2DG was normally administered in two doses of 
360mg.kg ^ bodyweight in 0.2ml 0.9% (w/v) 
sodium chloride intraperitoneally (i.p.) 
Injections were given 3 hours and 1 hour before 
sacrifice.
Where stated, 2DC was administered in a single _ 1360mg.kg bodyweight dose in 0.2ml 0.9% (w/v) 
sodium chloride i.p.,1 hour before sacrifice. 
2DC was infused into the Hepatic portal vein
or carotid artery of anaesthetised animals at_ 1a dose of 6mg.l00g bodyweight in 0.2ml 0.9% 
(w/v) sodium chloride (sterile) via infusion 
pump, over a 5 minute period.
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2.5.4 Naloxone.
Naloxone hydroehlorlUe was InjerleN s.e. in

0.1 tn J, of an 0.9% ( w / v ) so d 1 o m c li J o r i. d c v c h 1 a 1 c; 
a L a d o se of ] nu] . k (j ^ b o d y vv e j q I'l t a t. L li e
frequency or limes shown in the texl.

2.5.3 Noradrenaline.
(-) Arterenoi bitartrate in 0.9% (w/v) sodium 

chloride was injected s.c. at a dose of 50^g.l00g"^ 
bodyweight in an 0.1ml volume 30 minutes before

2.5.6 Propranolol.
Injection of 2mg.l00g ^ bodyweight in 0.1ml 

0.9% (w/v) sodium chloride was given s.c. 24, 16, 
8 and 1 hour before sacrifice.

All control animals received vehicle only a.t 
the same site and volume as experimental groups.

2.6

2.6.1

Surgical Procedures.

Anaesthesia
All surgery was performed under neuralept- 

analgesia using O.OSml.lOOg ^ bodyweight Hypnorm,
i.m., (fentanyl citrate, 0.315mg.ml"^ and 
fiuanisone iOmg.ml"^) and 0.05ml.lOOg"^ bodyweight 
diazepam, i.p. (4mg.ml ^ in 13:12 (v/v) ethanol: 
water) (Green, 1975). Righting reflex was lost 
within 5 minutes and animals were completely 
immobilised for 45-75 minutes. Recovery was 
effected within 2-5 hours.

2.6.2 Adrenalectomy.
bilateral adrenalectomies were performed from 

the dorsal approach. After anaesthesia, adrenal 
glands were removed through two dorsal incisions with 
minimal damage to the capsule. Wounds were closed 
with thread, and the animals left to recover in a 
warm (24-26°C) quiet room.



All adrcnalectomised animals were maintained
on 0.9% (w / V) sodium chloride instead of drinking 
water and had free access to chow. Animals were 
allowed to recover for 5-7 days before experimenta­
tion. Success of adrenalectomy was verified by 
inspection upon sacrifice and by serum corticosterone 
assay.

2.6.3 Unilateral Sympathectomy of Drown Adipose Tissue.
A 2 cm dorsal incision was made in the skin of 

anaesthetised animals across the middle of the 
scapulae. Brown adipose tissue (BAT) was carefully 
separated from the scapular muscle along the long 
side of the scapula by blunt dissection and the 5 
nerves supplying one side of the pad were isolated.
A 2.3 mm section of each nerve was removed. The 
nerves on the other side were also exposed and 
isolated, but not severed. Care was taken not to 
disturb the integrity of the BAT pad more than 
absolutely necessary. Wounds were stitched with 
thread and the animals were left to recover in a 
warm quiet room. Animals were used 48 hours after 
denervation.

2.6.4 Subdiaphragmatic Vagotomy.
The procedure used was essentially that outlined 

by Snowden and Epstein (1970). Animals were fasted 
overnight to reduce the size of the stomach. After 
anaesthesia a 4 cm midline incision was made, the 
stomach was gently lifted out of the body cavity and 
the liver deflected to one side. The caudate lobe 
of the liver was gently detached from the stomach 
and deflected aside, and the animal was placed 
beneath a dissecting microscope. The oesophagus was 
lifted up from the body cavity and the right branch 
of the vagus dissected away using watchmakers forceps. 
Two silk ligatures were tied around the nerve about 
5 mm apart and the nerve was cut between them. The 
lower section was pulled downwards,peeling away the 
nerve branches down towards the stomach. The top



section was also peeled upwards and the hepatic
branches oT the vagus nerve were cut. The same 
procedure was then Followed for the left vagus 
nerve. Any liver-stomach nerves visible were also 
cut. Vagotomy was taken to be complete if no fibres 
could be seen between the liver and the oesophagus 
under ]5.75x magnification.

The stomach was returned to the body cavity 
and all liver lobes were returned to as close as 
their original position as possible. The wound was 
closed with thread after ensuring the body cavity 
was free of fur. Sham-operated animals were treated 
in the same way, except the caudate lobe of the 
liver remained attached to the stomach and the nerves 
were neither separated from the oesophagus nor cut, 
during gentle oesophagal manipulation.

Animals were allowed to recover in a warm, quiet 
room at 24-26°C. All animals were used 3 days after 
surgery, during which time they were fed as described 
in Section 2.4.3.

2.6.5 Hepatic Portal Vein Infusions.
Rats were anaesthetised as described in Section 

2.6.1. A repeat dose of anaesthetic was given to 
both animals after approximately 1 hour, if necessary 

166U of heparin in 0.1 ml 0.9% (v/v) sodium 
chloride (sterile) was injected into a femoral vein 
and the vein tied off. Thermocouples were placed 
2 cm into the rectum and under the interscapular 
BAT pad. A second weight matched animal was prepared 
in the same way, and both animals were placed ventral 
surface uppermost on a thermostatically controlled 
heating pad, the activity of which was regulated by 
a second rectal probe placed in the control animal 
to keep its body temperature at 36-37°C.

A 4 cm midline incision was made, the liver was 
gently deflected upwards and held back with softnet 
swabs. The pancreas and viscera were spread to the 
right to expose the hepatic portal vein. The vein
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2.6.6

was Freed From surrounding tissue by blunt 
dissection until a length o F approximately 1-2 cm 
was clear. A 2lg teflon cannula (H. C. Walker Ltd., 
Colchester, C n t] 1 a n d) was inserted into the posterior 
end oF the exposed vein, the insertion needle with- 
drawn and the cannula pushed approximately 1 cm 
into the vein. Blood was drawn into the cannula 
line to ensure Free Flow and to eliminate air bubbles 
Blood Flow to the liver was not totally occluded.
The viscera pancreas and liver were then returned as
close to their original positions as possible and 
the wound closed with a single stitch through the body
wall, which also held the cannula in place. The 
entire wound was covered with a softnet swab soaked 
in warm 0.9% (w/v) sodium chloride and a layer of 
dry cotton wool. The other animal was operated on 
in the same way. The cannula lines were attached to 
syringes containing either sterile 0.9% (w/v) sodium 
chloride (control) or 2DG (30mg.ml"^ in sterile 0.9% 
(w/v) sodium chloride. After an initial 5-10 minute 
temperature stabilisation period, a 0.2 ml volume 
(per lOOg bodyweight) was administered via infusion 
pump over a 5 minute period. Rectal and BAT tempera­
tures were monitored for a further 50-60 minutes 
after initiation of the infusion. All animals were 
killed by cervical dislocation 1 hour after the 
infusion began. No animal was permitted to recover 
consciousness at any time during these experiments.

Carotid Artery Infusions.
Animals anaesthetised as described in Section 

2.6.1 were used in these experiments.
166U of heparin in 0.1 ml sterile 0.9%(w/v) 

sodium chloride was injected into a femoral vein 
and the vein tied off. A patch of skin 2 cm square 
was removed from the ventral surface of the neck.
The muscles on the right side of the trachea were 
dissected to expose the right carotid artery. The 
vessel was carefully separated from the right vagus 
nerve and internal jugular vein. Two ligatures were 
placed under the artery at the upper and lower ends
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uT LMu exposed vessel. The lower lipabure was tied 

oTT, oeelodloq Turther blood Flow Lhrouph the vessel 

A small loeisiOM was made just above the ligature 

and a polythene tube (bortex Ltd., Hythe, Kent.

ID. 0.4mm, OD. l.dmm pulled to the same ID as the 
artery) inserted Into the artery. This cannula 
was tied in place using the second ligature. Care 
was taken to ensure that this ligature did not slip 
off the cannula and tie off the artery. The cannula 
was then taped to the chest, the animal placed 
ventral surface downwards on a thermostatically 
controlled heating pad, being careful not to disturb 
the cannula. A second, weight matched animal was 
prepared in an identical manner. Thermocouples were 
placed 2cm into the rectum and under the inter­
scapular OAT pad. A second rectal probe was placed 
in the control animal to regulate the activity of 
the heating pad to maintain the body temperature of 
the control rate at 36-37°C.

The cannulae were attached to syringes contain- 
ing either sterile 0.9% (w/v) sodium chloride 
(control) or 2DC (30mg.ml"^ in sterile 0.9% (w/v) 
sodium chloride). After an initial 5-10 minutes 
temperature stabilisation period, a 0.2ml volume 
(per lOOg bodyweight) was administered via infusion 
pump over a 5 minute period. Rectal and BAT 
temperatures were monitored for a further 50-60 
minute period after initiation of the infusion. 
Animals were killed by cervical dislocation 60 
minutes after the infusion began. No animal was 
permitted to recover consciousness at any time 
during these experiments.
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2.7 Determination of Compositions.

2.7.1 Water Content oT C^reass^^^
[viscerated carcasses were weighed in Toil boats 

and placed in a Dolling oven at 78-H6"c Tor 3-b days 
11 n til constant we i q h t was re a c li e d . f! o d y water was 
measured as the weight difference between wet and

2.7.2 ^arcass Homogenisation.
Dried individual carcasses were chopped and 

ground with 2-2|x their dry weight of anhydrous
sodium sulphate. The first homogenisation was 
through a Kenwood Chefette electric mincer, and the 
second through a finer hand-grinder. Ground 
carcasses were weighed (inclusive of sodium sulphate) 
and stored in plastic bags at 4°C until required.

2.7.3 Total Fat Extraction.
The total fat content of dried carcasses was 

estimated by lipid extraction by the method of Folch 
et al (1977).

Ground tissue samples containing Ig of dried 
tissue were extracted in chloroform-methanol
(2:1, v/v) in a ratio of 20ml per gram homogenate. 
After thoroughly shaking, the extract was filtered 
through Whatman No. 1 (qualitative) filter paper 
which had been presoaked in chloroform. The extract 
was washed with 0.2 volumes of 0.02% Calcium chloride 
solution. This was mixed by gentle swirling (more 
vigorous shaking led to emulsification) and aqueous 
and non- aqueous layers were allowed to separate out.
A 20ml aliquot of the non-aqueous layer was taken 
into a weighed vessel and the contents dried down 
to constant weight under a stream of compressed air. 
Fat content was determined by weighing and multi­
plying back up to wet weight. Fat content was 
determined on duplicate samples for each carcass.
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2.7.4 Carcass 14 i t r o g e n Delermina t ion .
Body nitroqen was measured by the method of 

K je1d h a I (Bradstrect 1 9 6 3) us i n g the m tcro - 
distillation apparatus developed by Marktiam (1942 ).

Heating a sample with concentrated sulphuric 
acid and a catalyst oxidises the carbon and 
converts any nitrogen present to ammonium sulphate. 
Ammonium sulphate in alkaline solution yields 
ammonia gas which can be distilled into acid for 
subsequent titration.

Samples of ground tissue containing approximately 
50mg nitrogen were taken, weighed accurately and 
placed in a 100ml Kjeldhal flask with 2 copper 
and 1 selenium Kjeldhal catalyst tablets. 20-30ml 
concentrated sulphuric acid was added to each flask 
along with 2 or 3 glass anti-bumping granules.
Samples were heated gently in a fume cupboard with 
the flasks slanted at approximately 30° from the 
horizontal until white fumes began to appear.
Heating was regulated to keep the white fumes 
refluxing down the neck of the flast without 
escaping. The samples were heated until the solution 
turned green, whereupon heating was continued for 
a further 20 minutes. After cooling, distilled 
water was added carefully, to make a final volume 
of 250ml. Duplicate samples of each carcass were 
digested.
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Distillation Reagents.
Doric Acid 2% (w/v)
Hydrochtoric acid 0.01 M 
Sodium hydroxide 40% (w/v)
Indicator: 1 part 0.1% (w/v) methyl red

in ethanol plus
3 parts 0.1% (w/v) bromocresol 
green in ethanol 

Nitrogen Standard:
Ammonium sulphate 0.471g.100ml 
gives a solution containing 
1 mg nitrogen.ml ^.

At the beginning of each session, the distilla­
tion apparatus was cleaned by passing steam through 
it for 20 minutes. The first titration of each 
session was the standardisation of the hydrochloric 
acid, in triplicate. 2 ml of standard was added 
to the still, and the still repressurised. 8 ml 
of the 40% sodium hydroxide (w/v) was added through 
the funnel, washed through with a little distilled 
water and the funnel resealed with distilled water.
5 ml boric acid with 3 drops of indicator in a 50 ml 
conical flask was placed beneath the condenser with 
the condenser's tip below the surface of the liquid.
As distillation began the colour of the flask changed 
from pink to blue, and distillate was collected for 
2 minutes after the colour change. The contents of 
the flask were titrated against O.OIM hydrochloric 
acid to an end point of a blue to slate grey colour 
change. 1 ml of hydrochloric acid normally standard­
ised to 0.13-0.15mgN.ml . All standards and samples
were assayed in triplicate, 2 to 4 ml aliquots of sample 
were taken for analysis. After each titration the 
still was cleaned out with several washes of distilled 
water, and repressurised.

Total nitrogen content per carcass was calculated 
and converted to protein content by multiplying by 
6.25. This figure is based on the average nitrogen 
content of a protein being 16%.
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2.7.5 Calculations of Energy Balance.
Body composition was converted to energy 

composition by using the conversion factors 
3 9 k J.q for (at and 17 k 3.g ^ for protein. Initial 
eviscerated carcass composition was extrapolated from 
data from a control group and scaled to individual 
bodyweights after an allowance for gut weight had 
been made.

2.8 Cold Acclimation.
Rats were housed in pairs in wire mesh bottomed 

cages in a cold room maintained at 4°C. They were 
allowed free access to laboratory chow and drinking
water with lights on from 0830 hours to 1730 hours. 
Rats were maintained under these conditions for 7 
days before use.

2.9 Serum Assays.

2.9.1 Collection of Serum.
Where blood samples were required, animals were 

killed by decapitation and trunk blood collected. 
Blood was allowed to clot for 30 minutes on ice,
Centrifuged, the serum was drawn off and stored at 
-20°C. until required. When blood was not required 
rats were stunned and killed by cervical dislocation.

2.9.2 Serum Glucose Assay.
Serum glucose was assayed using a glucose 

oxidase-peroxidase method with ABTS (2.2'-azino-di- 
3[ethyl-benzthiazolin-sulfonate (6)]. disodium salt) 

as the chromogen.
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I' ring i p i e .
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2.9.3

+ dye PEROXIDASE
reduced > H^O+ dye ... ,2 ^ oxidised.

Reagents.
D-glucose standard Img.ml"^ in perchloric

acid
Perchloric acid 6% (w/v)

Glucose oxidase Reagent
Sodium Phosphate buffer O.IM pH7.4

-3Glucose oxidase SOOOU.dm
Horseradish Peroxidase SOOOU.dm

1g.dm ^
■3

ABTS

100^1 serum samples were added to 900^1 6% 
perchloric acid, mixed and centrifuged for 10 
minutes in a low speed bench centrifuge to 
precipitate plasma protein. 2.5ml glucose oxidase 
reagent was added to 100^1 aliquots of supernatant, 
or to lOOjjl volumes of a 0 - 30pg D-glucose standard 
curve. After a 15 minute incubation at 37°C assay 
tubes were allowed to cool and absorbance was 
determined at 620nm on a Pye-Unicam SP8-400 spectro­
photometer against a reagent blank. All samples and 
standards were prepared and assayed in duplicate.
A typical standard curve is shown in figure 2.1

Non-esterified Fatty Acid Determination.
Initially, free fatty acids were assayed using 

the Boehringer-Mannheim diagnostic kit, but this is 
no longer available. Subsequent assays were 
performed using a modification of the methods of 
Noma et al. (1973) and Chromy et al. (1977% which uses 
a similar principle to the Boehringer kit.
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r.iLLy (U;i(is arc extracted from scrum samples 
in a solvent system and are then reacted with a 
copper reacient resulting i n the formation of a 
stable, solvent soluble fatty acid-copper salt. 
The e on c cn t r a I. 1 on of co()per is detected usiiuj a 
copper sensitive dye, and is proportional, to the 
fatty acid concentration.

II e a (j e n L s
Extraction solvent chloroform:he p t ane:

methanol (28:21:1 
(v/v/v))

0.025M
0.45M
0.13M
0.94M in distilled water

Stable Copper Reagent
Sodium citrate 
Triethanolamine 
Cupric nitrate 
Sodium Chloride

Chromagen
2-thiazoiyiazo-p-cresol(TAC)
0.01% (w/v) in ethanol

Palmitic acid standard
4mM palmitic acid in extraction solvent.

200ul aliquots of serum or standards (O.SOnmols 
per 200ul) were added to 2ml extraction solvent in 
acid washed ground-glass stoppered tubes and mixed 
well. 1ml stable copper reagent was added to each 
tube, and the tubes shaken vigorously for 3 minutes. 
After centrifugation in a Beckman 06-B centrifuge 
at 200 rpm and 10°C for 10 minutes, 1ml aliquots of 
the non-aqueous (upper) layer were added to 2000ul TAC 
in acid washed glass tubes, mixed immediately and 
absorption measured at 578nm on a Pyc-Unicam 5P4-800 
spectrophotometer. Ali sampies and standards were 
prepared and assayed in dupiicate. A typical standard 
curve is shown in figure 2.2.

2.9.4 Insuiin Radioimmunoassay.
Scrum insulin concentrations were determined by 

the method of Bales and Randle (19d3) using the 
Wellcome RIA bitHlincj reagent. The principle is based 
on a fixed amount of anti-insulin serum reacting witli
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an unknown amount oT insulin in the sample, in the 
presence of a known amount of J -insulin. The
binding of radiolabelled insulin to the guinea pig 
anti-insulin antibody is inhibited in proportion to 
the unknown concentration of insulin in the sample. 
The soluble insulin-antibody complex is separated 
from free insulin by precipitation of the complex 
with a pre-precipitated rabbit-anti-guinea pig 
antibody.

Insulin Binding Reagent.
This consists of a freeze-dried mixture of 

guinea pig anti-insulin plus rabbit-anti-guinea 
pig globulin sera in 40mM sodium phosphate (pH7.4) 
containing 20mM EDTA, 0.1% (w/v) sodium azide and 
0.5% (w/v) Bovine serum albumin, fraction V (BSA). 
It was reconstituted by the addition of 8ml 
deionised water.
Buffers

phosphate buffer
BSA
Thiomersal
Phosphate buffer
BSA
T hiomersa1 
Sodium Chloride

5 OmM pH 7.4
0.5% (w/v) 
0.025% (w/v) 
50mM pH7.4
0.5% (w/v) 
0.025% (w/v) 
0.9% (w/v)

Standard Insulin
Rat insulin standard was serially diluted in 

buffer B to give a range of concentrations between 
0.25ng.ml ^ to 8ng.ml ^ (6.125-196 ^U.ml ^).

Radiolabelled Insulin
Stock l]- insulin at a concentration of

1luCi.ml " was diluted in buffer A to a final 
concentration of 0.125uCi.ml

lOO^jl serum samples or standards were added to 
lOOpl insulin binding reagent, mixed and incubated 
for 6 hours at 4°C. 100^1 ^-insulin was added
to all tubes which were ttien vortexed and incubated
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125
i n s ij I 1 n vv a :aL 4'' C for IS hours. (Sound [

scparaLod Irom free by centrirupation at 2000p and
4^^ tor 20 minutes in a Heckman eentrituqe.
The supernatants were decanted and each Lube was
counted in a Heckman X-counter (80% erricicney Tor 
12 5 1). for ] m1nute.

Also included in the assay were 3 tubes eontain-
In^ no binding reagent or unlabel led insulin (blanks)
for the measurement of radiolabel bound non-
specifically to the tubes; 3 tubes containing no
unlabelled insulin (zeros) as a zero point on the
standard curve; and 3 tubes containing no
un labelled insulin and from which the supernatant
was not decanted (totals) to ascertain the total
amount of radiolabel added to each tube. Volumes
were made up with buffer D in those 9 tubes. All
standards were assayed in triplicate and samples
in duplicate. Bound radioactivity was expressed as a

^^5percentage of total
of blank counts)

added (after subtraction

B sample-blank
total -blank xlOO

A standard curve was constructed (H^
[f

log

versus

10 concentration of standard insulin) and used to
determine the serum concentrations. A typical 
standard curve is shown in figure 2.3.

2.9.5 Corticosterone Radioimmunoassay.
The method used for the assay of corticosterone 

was based on that of Fahmy et al (1975) using a 
corticosterone antibody produced in rabbits. This 
antibody was produced within the department. It had 
no significant cross reactivity with cortisol, 
testosterone or oestradiol.

A fixed amount of antibody was added to the 
samples containing an unknown amount of corticosterone 
An excess of radiolabelled corticosterone was then 
added In order to saturate the antibody. Free
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corlicosterone in solution was precipitated with a 
mixture of dextran/chareoai and the soluble antibody- 
corticosterone complex was assayed for radioactivity. 
The amount of r a dio1 a h c1 present was inversely 
proportional to the concentration of corticosterone 
i n the sample.
Reagents.

Assay Buffer Sodium Phosphate Buffer 10mM pH7.4
Sodium chloride 150mM
Gelatin 0.1% (w/v)

Dextran/charcoal
Dextran 25^g.100ml ^
Charcoal(Nor it CSX) 25Ojjg.100m1" ^

in buffer
Stirred on ice for 1 hour before use.

1,2,6,7-[^h'] Corticosterone

A solution of 1,2,6,7-{^hJ corticosterone was 
prepared from stock to a concentration of lOjjCi.ml"^
in ethanol, and stored at 4°C. For each assay, a 
portion of this was dried down under a stream of 
nitrogen and redissolved in assay buffer to a final 
activity of approximately 2xl0^^^m.ml"^.
Corticosterone Standard.

lOOng.ml ^ corticosterone in ethanol, stored 
at 4°C.
Assay Procedure.

i00|jl serum samples were mixed with 500jul 
ethanol, vortexed and precipitated protein removed
by centrifugation in a Beckman microfuge for 2 
minutes. Duplicate 50jjl aliquots of supernatant 
were taken and dried down under nitrogen. A standard 
curve was prepared by diluting the lOOng.ml"^ 
corticosterone standard to give a series of duplicate 
tubes containing 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 
1.0 and 5.0 ng corticosterone, each in lOOpl ethanol. 
A similar volume of ethanol was added to a further
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six tubes; two For a zero standard, measuring the 
total amount of [_ HJ -corticosterone bound; two 
For the measurement oF the eFFiciency oF removal 
oF Free -corticosterone From solution by dextran/
charcoal in the absence oF antiserum (blank); and 
two for the measurement of total -corticosterone
added (in the absence oF antiserum and dextran/ 
charcoal). Standards, zeros, totals and blanks were 
also evaporated to dryness under nitrogen.

Antiserum of 1:1200 dilution (in assay buffer) 
was prepared and lOOpl was added to all tubes except 
blanks and totals, which received lOOpl of buffer. 
After brief vortexing, tubes were allowed to stand 
for 30 minutes at room temperature. lOOpl of

-corticosterone was then added to all tubes 
which were briefly vortexed and Incubated at 30°C 
for 1 hour. At the end of this period, the tubes 
were placed on ice for 15 minutes. 100^1 of 
dextran/charcoal was added to all tubes except totals, 
which received lOOpl buffer instead. These tubes 
were then vortexed and allowed to stand on ice for a 
further 15 minutes. All tubes were then centrifuged 
for 10 minutes at lOOOg and 4°C in a Beckman ]6-B 
centrifuge. 0.5ml aliquots of supernatant w<^e 
added to 5ml of Tritoscint and then counted for

in a Phillips PW4700 liquid scintillation 
counter for 1 minute.

Bound radioactivity was expressed as a percentage
of the total, after subtraction of the 'blank' counts.

B % Bo
sample-blank x 1 0 0 
total -blank

A standard curve of % bound versus log 10
corticosterone added was constructed and used to 
determine serum concentrations. A typical such curve 
is shown in figure 2.4
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2.10 P r o 11: i n Assays .
Protein concentrations were initially determined 

by the method of Bradford (1976) and latterly by that 
of Lowry et a 1 (1951). Protein standards were
routinely prepared in the medium in which the s a m p 1. e s
were suspended.

2.10.1 Protein Determination by the Bradford Method.
This assay works on the principle of protein- 

dye binding. The binding of Coomassie Blue G-250 
to protein causes a shift in the absorption 
maximum of the dye from 465 to 595 nm.

A standard curve of 0-70pg BSA was prepared 
using a Img.ml ^ BSA standard. Volumes were made 
up to 70ul with medium. 20^il samples plus 50^1 
medium were added to duplicate tubes. 2.5ml of dye 
(Coomassie Blue G-250, 0.01% (w/v) in ethanol:
85% phosphoric acid: water (v/v/v), filtered) were 
added to each tube. Tubes were mixed by gentle 
inversion and left for 10 minutes for colour to 
develop. Absorption at 595nm was measured on a 
Pye-Unicam SP8-400 spectrophotometer against a 
reagent blank.

2.10.2 The Lowry method for the Measurement of Protein.
Direct reduction by tyrosine and tryptophan 

and also by a preformed protein-copper complex of
phosphomolybdate present in Folin-Ciocalteau's
reagent leads to the formation of a blue colour
which is measured by its absorbance at 750nm.
Reagents.

2% sodium carbonate (w/v), in O.IM NaOH 
1% copper sulphate (w/v) alkaline
2% sodium potassium tartrate (w/v) reagent

10% sodium deoxycholate (w/v)
The above solutions were mixed in a 100:1:1:10 ratio 
by volume just prior to use.

20ul duplicate samples were taken, and 1^1 of 
the alkaline reagent added. All tubes were vortexed 
and left to stand at room temperature for 10 minutes.
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2.11

100^1 or Folln-Clocalteau's rcaqenk (diluted 1:1 
(v/v) with water just before use) was added to all 
tubes. Lach tube was vortaxed immediately upon 
addition of this reaocnt. All tubes were incubated 
at 37^'C for 10 minutes. After cooling, the 
absorption at 780nm was measured against a reagent 
blank on a Pye-Unicam SP8-400 spectrophotometer.

A standard curve of 0-7Opg was prepared using 
4mg.ml ^ BSA and included with each assay. All 
volumes were corrected to 20ul using medium.

A solution of 10% sodium dodecyl sulphate 
(w/v) was substituted for sodium deoxycholate for 
the assay of triton-solubilised proteins.

Preparation of Defatted Bovine Serum Albumin.
Albumin-bound fatty acids were removed from BSA 

(fraction V) by charcoal treatment as described by
Chen (1967).

35g charcoal (Davco G60, activated) was soaked 
overnight in distilled water (500ml) and the surface 
residue removed using a vacuum line. 70g of BSA 
was added slowly to the charcoal suspension, which 
was stirred continuously on ice, until dissolved, 
the pH of the protein solution was lowered to 3 by 
slow addition of 0.4M HCl (approximately 100ml over 
at least 1 hour), whereupon the suspension was left 
stirring on ice for 1 hour. The charcoal was then 
removed by centrifugation in an MSE-21 centrifuge 
at 30,000g for 1 hour at 4^C. Charcoal-free 
supernatants were pooled and filtered through a 
45pm Millipore filter. The pH of the solution was 
then raised to 7 by careful addition of 0.4M NaOH 
(approximately 100ml over at least 1 hour) while 
stirring continuously on ice. The resulting BSA 
solution was frozen in 10ml aliquots and stored at 
-20°C until required. The concentration of protein 
was determined by the Bradford method using a BSA 
standard, Img.ml ^ in distilled water.
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.12 Preparation of Urown Adipose Tissue Mitochondria
For the Measurement of Cuanosine Diphosphate (GDP)
13 1 n d 1 n g .

iPiFFer NSucrose 250mH
HLPtS jmH . pH7.2 0 4°C.
13 D T A (sodium suit) 0.2m f 1 ^

Mitochondria were prepared essentially by the 
method of Cannon and Lindberg (1979),

The interscapular brown adipose tissue (BAT) 
depot was removed from animals immediately upon 
sacrifice and placed in ice cold buffer. The BAT 
pad was trimmed free of contaminating white adipose 
tissue and muscle. It was then weighed, minced 
finely with scissors and homogenised in 5ml ice- 
cold buffer by 3-4 passes of a teflon pestle in a 
glass homogeniser, A 300ul sample of homogenate 
was taken for determination of succinate-cytochrome 
c oxidoreductase activity, if required.

The homogenate was centrifuged at 700g for 
10 minutes at 4°C in an MSE-21 centrifuge. The fat 
'cake' which formed at the surface was removed and 
the supernatant collected. The pellet was 
re-suspended in 5ml buffer, rehomogenised and centri 
fuged again as above. The supernatant was pooled 
with that from the first spin, and then centrifuged 
at 8500g for 15 minutes at 4°C.

The resultant mitochondrial pellet was then 
resuspended in lOmi buffer containing 2% (w/v) 
fatty-acid free B5A (to remove endogenous free fatty 
acids). Centrifugation at 8500g and 4°C for 20 
minutes yielded another mitochondrial pellet. BSA 
was removed by resuspension of this pellet in 10ml 
buffer and repeating the above spin for 15 minutes.

The final mitochondrial pellet was then 
resuspended in 1-2 ml 250mM sucrose solution to an 
approximate concentration of 2mg.ml ^ and kept on 
ice. Mitochondria were assayed for pti] -GDP binding 
w i t ti i n 4 5 minutes of preparation.
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This mcLIuul is l)<isic<ilJy I tic some ,i s I lid L 

developed by Uiebolis (IV76).
oliquoLs oT o Trcshly prepared MAT 

ni i ioeliond r i <j I suspension (prepared as in secLion 
^.ic) a I a concen tr a L ion of 1-2 mq.nil * were added 
Lo microruqe tubes conlaioinq 300ul uF the Followinq 
incubation medium.

Final concentration in 
500ul assay volume.

Sucrose lOO^M
TRIS 20pM
Choline Chloride lOpM
EDTA (disodium salt) imli
Rotenone 5|jM
Potassium Atractyloside 
w rl4_n ^ iOOpM
U [ Cj-Sucrose

pH 7.1 @ 25"C

and either 2 5jji 4mM GDP ojr 25ul distilled water.
After a 2 minute incubation period at 25°C, 

the assay was initiated by the addition of 5nmols 
CDP containing 0.625uCi 8-{^H]-CDP in a 28^1 volume, 
to give a final assay volume of 500ul. After mixing 
the assay tubes were incubated in a shaking water- 
bath at 25°C for 8 minutes. The reaction was 
terminated by centrifugation in a Beckman microfuge 
for 2 minutes.

The supernatant was removed with a Pasteur 
pipette attached to a vacuum line. NCS tissue 
solubiliser (0.8ml) was added to each assay tube, 
which was then placed in a 50°C water bath for 1 
hour or until solubilisation was complete. Lach 
solubilised mitochondrial pellet solution was then 
carefully transferred with a glass Pasteur pipette 
to a scintillation vial. NCS was neutralised by the 
addition of 18^1 glacial acetic acid to each vial.
7m1 of Beckman ReadysoJv NA scintillant was then 
added to each vial a n d [^li] a nc! j J a b c 1 i L n g was
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determined by dual label count itxj in a Phillips 
PW4700 liquid scintillation counter. [Sl]-CDP and
[ Cj -sucrose spcciTic activities were determined 
for each assay.

The volume of the extramitochondria 1 space was 
determined for each sampie from the [^^Cl-sucrose 
counts. [^h]-GDP trapped in the extramituchondriai 
space was calculated from this and subtracted from 
the tritium counts for that sample.

Non-specific binding was determined in the 
tubes containing the 200uM displacer dose of 
unlabelled GDP. Specific binding was calculated as 
the difference between the total binding, measured 
in the absence of unlabelled GDP, and non-specific 
binding. All assays were performed in duplicate.

Remaining mitochondria were assayed for protein 
content (using a BSA standard in 250mM sucrose), 
frozen and stored at -20°C for any further assays.

Assay of Succinate-cytochrome c Oxidoreductase
(Complex I-IIl) Activity.

The activity of this enzyme was assayed as 
described by Tisdale (1967).

COO"
CH

succinate 2

fumarate

ox

red
COO
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(-- II z y m c (1 c t i V i t y was assayed In a final v o I u m e
of 1ml of pMosphatc buffer (10mM,pH7.4) containinq 
iumolc sodium azide, 200nmoles LOTA (disodium salt), 
5mq B5A, Imq ferrieytochrome c, lO^moles sodium
succinate and 15 - 40^ q of protein, and the assay was 
performed at 17°C.

The reaction was started by the addition of the 
sodium succinate. The initial rate of reaction was 
followed using a Pye-Unicam 5P4-800 recording 
spectrophotometer, recording the rate of increase 
in optical density at 550nm.

The activity of the enzyme was calculated 
using an extinction coefficient of 18.5xl0^.M"^.cm'^ 
(at 550nm) and the activities were expressed as 
^imols cytochrome c reduced per minute per mg 
protein present, or per depot.

Preparation of Brown Adipose Tissue Mitochondria
for the Isolation of 32K protein.

This method is essentially that of Lin and 
Klingenberg (1982).

'Standard Buffer'
MOPS zOmM
Sodium Sulphate 20mM
EDTA (disodium salt) ImM

pH5.7 @ 4°C

Rats were killed by cervical dislocation. 
Interscapular BAT was removed, trimmed clean of 
contaminating white fat and muscle and placed in 
ice cold buffer. Depots were pooled from up to 20 
rats. The tissue was minced finely with scissors 
and homogenised in buffer (5ml/depot) by 4-5 passes 
of a loose fitting teflon pestle in a glass 
homogeniser.
The homogenised tissue was centrifuged at 700g 
and 4°C for 10 minutes. After removal of the fat 
'cake' the supernatant was collected and centri­
fuged at dOOOg for 10 minutes at 4°C. The 
resultant pellet was resuspended in a similar 
volume of buffer anii the spin repeated.
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This final pellet was resuspended 1n a small 
volume of buffer to give an estimated protein 
concentration of approximateiy bOmg.mi The
mitochondria were either used immediately fur 
protein preparation or frozen at -70^C or in 
1 i f] u id nitro g e n for f u turc use.

2.16 Preparation and Purification of 32K Protein.
This procedure was carried out as described 

by Lin and Klingenberg (1982).
Mitochondria prepared as in section 2.15 were 

diluted to an approximate concentration of 500mg 
protein in 18ml standard buffer (see section 2.15 
for standard buffer), containing 3.2% (w/v) lubrol 
WX. This suspension was incubated at 0°C for 30 
minutes, then centrifuged at 100,000g and 0°C for 
30 minutes in an MSE Pegasus 65 centrifuge. The 
supernatant containing lubrol-soiuble proteins was 
discarded (except for a 5 0jjl sample for the purifi­
cation gel). The pellet was resuspended in 0.3M 
sucrose containing 10mM TRIS and 2mM EDTA (disodium 
salt), pH7.2 @ 5°C to a similar concentration as 
before and centrifuged again under the same conditions 
This pellet was resuspended in standard buffer contain 
ing 5% (w/v) TritonX-100 to a concentration of 
approximately 25mg.ml ^ and kept at 0°C for 30 
minutes. The suspension was then centrifuged as 
before. This supernatant contained a mixture of 
triton-soluble proteins including the 32K protein.
The mixture was applied to a hydroxylapetite column 
which had been previously equilibrated with standard 
buffer. The 32K protein was eluted at room tempera­
ture with the same buffer. The first two 25ml 
fractions were collected and concentrated by pressure 
dialysis in a concentration cell to a final volume 
of 8-10ml each. The protein content for each 
concentrated fraction was determined by the Lowry 
method (with sodium dodecyi sulphate (SD5) replacing 
sodium deoxychoiatc). Tl^ purified protein was
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rru/cM i,, uliquoLs and stored in liquid oitroqoo
u n t i 1 r e c| 111 r c d .

T ti e purity o I t(u; ii’K [irotein vv.is checked by 
S I) S - p o I y <i 0 r y J a m i d e q e I electro p h o r e sis o n a I ? . h'» - 

16/11 qradi. ent slat) (jeJ. A typical such qcJ is sfiown
in Fiqurc 2.^
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.1 7 C lid r cl c I e r 1 sa t i oil of Antiserum to j2K I'r'o L('iti .
A n L i s e r u m t o p u r i f j. c d 3 ?. I< p r o t o in is o 1 a L c (i

from ral ^AT miloohoodrja was prepared in rabbits 
by Dr. D. H. I rono h.

blood collected from an ear vein of an 
Immunised rabbit was allowed to clot at room 
temperature for 2 hours. Serum was separated by 
low speed centrifugation, drawn off and clarified 
by centrifugation at 90,000g for 30 minutes at 4°C 
in an MSE Pegasus 65 centrifuge. Antibody 
specificity was checked by Western blotting (see 
section 2.20) against solubilised BAT and liver 
mitochondria from rats and rabbits, (figure 2.6). 
Optimum antiserum concentration was determined by 
a standard dilution curve against purified 32K 
protein (figure 2.7) by radioimmunoassay as 
outlined in section 2.18. The antiserum dilution 
which gave half maximal binding was used in 
subsequent assays. 1ml aliquots of antiserum were 
stored at -20°C until required.

2.18 Radioimmunoassay of 32K Protein in Solubilised
Mitochondria.

The concentration of 32K protein in triton- 
solubilised mitochondria samples was determined by 
solid-phase radioimmunoassay as described by Lean 
et al (1983).

The principle of the assay is based on the 
binding of l]-protein A to antibody-antigen
complexes which are bound to a solid matrix. After 
incubation with samples or standards in solution, 
any remaining free antibody is allowed to bind to 
matrix-bound antigen. Free antigen-antibody complex 
is washed away, and the immobilised complex is 
incubated with-protein A. The amount of radio­
activity present is inversely proportional to the 
amount of 32K protein in tlie sample or standard.



Figure 2.6
Western Blotting.
32K Antibody Characterisation using

The gel (a) and blot (b) of solubilised rat and
rabbit UAT and liver mitochondria are shown.

1. Molecular Weight Markers.

2. Purified 32K protein.

3. Rat BAT mitochondria.

Rat liver mitochondria.

Rabbit BAT mitochondria

Rabbit liver mitochondria

Only the rat BAT track of the blot developed 
a definite protein band. The antiserum cross reacts 
with no rat liver proteins. The bands on the two rabbit 
tracks at 38kDa molecular weight are probably the
atractyloside sensitive adenine nucleotide translocator.
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(Q)

78 k. 
66k.

45k.

25k.

17k.
12k.

1 2 3 4 5 6

(b)

2 3 4 5 6
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Phosphake UuFferJ^aline (POS) 
Sodium Chloride 
Potassium Chloride 
Disodium hydrogen phosphate

0.8% (w/v 
0.02% (w/v) 
7.8mH pH 7.

Potassium dihydrogen phosplwte i.5mH i .a RT
J

Triton X-iOO was removed From purified 32K
protein by passing through two biobead columns 
(DioRad). Triton-free protein was coated on to 
96-well microtitre plates (Linbro, Flow Laboratories, 
Rickmansworth, Herts), by adding 50ul of a 20^g.ml ^ 
protein solution to each well (Ipg 32K protein per 
well). Wells were left to coat for 1-2 hours at 
room temperature, after this time unbound 32K 
protein was washed from the plates by 3 washes of 
PBS containing 1% (w/v) BSA {RIA buffer). Wells 
were drained by shaking and left to dry for 10 
minutes.

Standard 32K protein (not Triton-free) was
serially diluted with PBS to give a range of 
standards from 0-30ng. Standards were incubated 
with antiserum at optimum dilution (1:1200-1:1600) 
at room temperature for 1 hour, mixing by gentle 
vortexing at 15 minute intervals. At the end of 
^his period, 50ul aliquots of standard-antiserum 
mixture were added to coated microtitre wells in 
triplicate.

Mitochondrial samples were diluted to Img.ml 
with PBS and solubilised by the addition of 10%
(w/v) of a 5% (w/v) Triton X-100 solution (final 
concentration of Triton in the samples was 0.5% 
(w/v)). After incubation at room temperature for 
30 minutes, samples were diluted by 5 with PBS 
and triton insoluble fragments were removed by 
centrifugation in a Beckman microfuge for 1 minute 
Aliquots of supernatant were taken for assay and 
were diluted with PBS if necessary. Samples were 
incubated with antiserum in the same manner as 
standards and were also added in triplicate 50pl

1
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dli^uoLs to ouoLcd microtitrc wells.
Samples and standards were lett overnlgMt at 

4"C to incubate. Lxeess liquid was removed From 
tbe plates by sbakioq Followed by 1 washes with hi A 
b u F F e r a n d a 11 o we d to dry .is i > e F o r c;, [ 1 ] - p r o L c 1 n A
was diluted to dOO.OQO epm.ml ^ with PUS aod added 
in bOul aliquots to each well (10,000 epm per well). 
Incubation took place at room temperature over 1 
hour. AFter washing 3 times with RIA buFFer and 
allowing to dry as before, individual wells were 
cut from the plates into ^-via Is and counted for 1 
minute on a Beckman Biogamma counter (80% efficiency 
For I). A standard curve of cpm bound versus
ng 32K protein added was constructed and used to 
determine the 32K protein content of the samples. 
Results were expressed as ng32K protein per mg 
mitochondrial protein. A standard curve is shown in 
figure 2.8.

Polyacrylamide Cel Electrophoresis.
12% polyacrylamide slab gels were usually used, 

except for the 32K protein purification gels which 
were 12.5%-16% gradient slab gels. All gels were 
run using the Laemmli system (Laemmli 1970).

Mitochondrial samples were prepared in 125mM 
Tris-HCi (pH8.8) containing 1% SDS (w/v) and 1% 
j^-mercaptoethanol (v / v) 6()jjg of mitochondria in a 
30-40ul volume containing 5^1 bromophenol blue 
(Img.ml"^ in ethanol) was loaded per track in all 
cases. All gels were run in the presence of purified 
32K protein and Electron molecular weight markers 
(BDH Kit No. 44264.2L. 12,800-78,000 M.W.).



liqure StdtKJdrcl Curve I or the Rad jo immunoassay o f
j ? K i’ r 0 t e i n in S o J u h 1 1 i s e (i M i t o c I, o n d r i a .

c.p.m.
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12% Polyacrylamide Cels.
Polyacrylamide 11.68% (w / V )
N,N'-methylenebisacrylamide 0.32% (w/v)
Ammonium Persulphate 0.025 (w/v)
5DS (10%(w/v) solution) 0.025% (v/v)
Tris-HCl 0.375M
TEMED 0.5% (v/v)

Stacking gel. J

Polyacrylamide 4.75% (w/v)
N,N'-methylenebisacrylamide 0.375% (w/v)
Ammonium Persulphate 0.075% (w/v)
SOS 0.1% (w/v)
Tris HCl 0.125M
TEMED 0.5% (w/v)

i6.6

pH6.8 
@ RT

12% gel cassettes were placed in an electro­
phoresis tank containing Laemmli buffer 
(25mM Tris-HCl,192mM glycine and 0.1% (w/v) SOS) 
and samples were loaded through a stacking gel. 
Current was passed at 30mA per gel for approximately
2 hours, until the dye front reached the bottom of 
the cassette. Gels were always run in pairs, one 
was stained up for total protein with Coomassie 
blue R (0.25% w/v in water) and its partner left 
unstained for Western blotting.

Preparation and Visualisation of Western Blots .
Unstained gels were washed in Laemmli buffer 

containing 20% (v/v) methanol and no SOS ('Transfer 
buffer'). They were then sandwiched against nitro­
cellulose paper between double layers of protective 
filter paper and clipped together between electric­
ally wired plastic sheets. This assembly was placed 
in ice-cold transfer buffer and connected to a power 
supply, nitrocellulose paper side positive, which 
delivered a 100mA current. Transfer took place over
3 hours.
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Aricr Ir^nsTcr was crFcclcU, Lhc nilrocrliulose 
paper was c x po s e d to rabbit anti-rat 3?K protein 
antiserum and tbe resullirHj i inmii n o p r e ('i p i t a t e was 
visualised, usitu) the b i, o t i n - S L r e p t <i v i d i n system 
as outlined in Sc It erne 2.1.
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Scheme ?.]

Visualisation of Antibody-Antigen complexes on 
Nitrocellulose I'a per using the hio tin-5 treptavidin
System.

1 . Wasii nitrocellulose pa per (NCR) either
{a ) overnight in PBS/1% USA {w / v) at 4"c

o r

(b) for 1 hour in PBS/1% BSA (w/v) at 37 C. 
Subsequent steps carried out at 37°C with shaking.

2. Incubate NCP for 1 hour with lOOul diluted 
32K antiserum in 10ml PBS/1% BSA (w/v).

3. Wash NCP 2 x 15 minutes in PBS/0.05% Tween 20
(w/v).

4. Incubate NCP for 1 hour with 1:500 dilution 
of anti-rabbit Ig, biotinylated whole Anti­
body (from donkey) in PBS/1% BSA (w/v).

5 . Repeat step 3.

6. Incubate NCP for 30 minutes with 1:400 dilution 
of Streptavidin-biotinylated Horseradish 
peroxidase complex in PBS/1% BSA (w/v).

7. Repeat step 3.

8. Develop by adding 6mg HRP Enzyme Substrate 
dissolved in 2ml cold ethanol :10ml PBS/1 % BSA
(w/v):6ul 30% H Og. When required colour density 
is reached, stop reaction by transfer to 
distilled water.
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2.21 D c t c r m 1 rui I L o n of H <i d 1 u a c 11 v i t y .
5c i n t j J l<itior\ cock Lai Is used were Deckman 

Rcddysolv IIA .ind TriLosciiit (0.0!>‘V, (w/v) I'OPOl’,
0.4% (w/v) 100), 33.3% Ti'lLoii X-JOO in xylene).
Samples were counted in a Phillips 4700 Llciuid 
Sc in ti 1 1,1 L i on counter w i Lh 00% cfricic. ncy for 
and 2 3% efriciency for in Ready solv and 35%
efficiency for ^ H in Tritoscint. Variations in 
quenching were corrected with external standards 
using preprogrammed (quench curves and the counts 
expressed as disintegrations per minute (dpm).

Y-radiation was measured in a Beckman Biogamma
1 2 Scounter with an 80% efficiency for I. Results 

were expressed as counts per minute (cpm).

2.22 Statistics .
Ail data was analysed by use of Students' 

Two-tailed t-test. Significant differences were 
considered to be observed at P<0.05.



CHArT[R j. THL IFTLCTS OF 2-DLOXY-n.CLUCOSI ON DAT
THERHOCLNC5IS IN LTAN AND OULSL /UCKLR RATS.

? - (I (; o X y -1) - (| 1 I) r 0 s c (2 DC) is a ri o n - m c L (j 1) o I i s a 1) i c (| 1 11 (' o s (; 
aMalnquc wRirh competitively inhibits cellular plucosc uptake 
aud metaRolism (^iek et al., 1957). Hexokinase
( L . C . 2 . 7 . 1. . J.) acts on both glucose and ?DC to form glucose- 
6-phosphatc and 2 DC - 6-pfiosphate . Phosphoglucose isomerasc 
(L.C.5.i.l.9.), tl^ second enzyme in the glycolytic pathway 
is competitively inhibited by 2DC-6-phosphate, levels of 
g1uco s e- 6 -phos ph a t e and 2DG- 6 -ph os pha t e build up within the 
ceil, and the accumulation of glucose-6-phosphate inhibits 

hexokinase activity (Drown, 1962) leading to a drastic 
reduction in glucose utilisation and uptake.

1 0 1

2DG administration has many varied physiological effects.
A rapid hyperglycaemia develops which is accompanied by 

enhanced catecholamine release (Brown and Bachrach, 1959; 

Hokfelt and Bydgeman, 1961), depression of insulin secretion 
In response to a glucose load (Frohman et al., 1973), and a 
mobilisation of fatty acids (Coimbra et al., 1979). The 
enhanced catecholamine release is thought to be due to 
2DC-induced stimulation of the adrenal sympathetic nerve 
(Niijima, 1975). 2DG is not a general sympathetic stimulator, 
as renal nerve activity is unaffected by 2DC administration 
(Niijima, 1975), and cardiac noradrenaline turnover is 
reduced in 2DC treated animals (Rappaport et ai., 1982). The 
elevated levels of catecholamines are thought to be responsible 
for the inhibition of insulin release in the presence of 
hyperglycaemia, as adrenalectomy or adrenal demedullation 
prevents the inhibitory 2DC effect on glucose-stimulated 
insulin secretion and reduces the hyperglycaemia (Brown and 
Bachrach, 1959; Frohman et al., 1973). Hyperglycacmia 
occurs as a result of reduced glucose uptake and utilisation 
caused by the metabolic effects of 2DG, a direct sympathetic 
stimulation of hepatic glucose output and a further stimulation 
of hepatic glucose release by circulating catecholamines 
(see Himms-Hagen, 1967). The catecholamine stimulated glucose 
release is mainly due to the effects of adrenaline rather than 
noradrenaline. Hokfelt and Bydgeman (1961) reported a 40 fold 
increase in urinary adrenaline output after 2DG administration 
but only a doubling of noradrenaline levels in the urine.
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roc treated auimaLs rxhibil hyprrpMaqia (Smith anU 
LpsLuin, 1V6/U, increased gastric acid secretion 
(Uirschowitz and Sachs, ]96S), hypothermia (Shiraishi and 
Hager, iVBOa) and reduced metaholic rate (Shiraishi and 
Haner, IVSOa, h; Rothwell et ai., IVSI, IVh/d). ?DC 
induced g a s t r i c acid secretion, hypothermia and reducecJ 
me La bo J 1 c rate ca n be a ho I i she d b y 1) i J a L e r a 1 c e r v i c a 1 
vagotomy or atropine injection ( ii i r s c h o\v i t z and Sachs, iV6S; 
Shiraishi and Hager, i980a, b; Rothwell et al., 1981, 1982d). 
2DG also increases the gastric vagal efferent discharge rate 
when injected into the carotid artery (Hirano and Niijima, 
1980) which suggests that a central mechanism exists for the 
stimulation of gastric acid secretion by 2DG. From these 
observations it can be seen that the PNS also plays a role 
in the physiological responses to 2DC. Other central effects 
of 2DG include an Inhibition of glucose effects upon the 
activities of glucose-sensitive and glucoreceptor neurones 
in the LH and VMM (Oomura et a 1. , 1978), regions of the 
hypothalamus which are closely associated with the regulation 
of food intake and energy balance (see Le Magnen, 1983; Bray, 
1984). The VMM has also been demonstrated as being of 
importance in the sympathetic activation of BAT (Perkins et 
al., 1981, a, b; Niijima et al., 1984; Holt et al., 1986).

Obese Zucker rats do not show the hyperphagic response
normally associated with intracerebroventricular 2DG injection 
(Ikeda et al., 1980), and the 2DG induced reduction in 
metabolic rate is attenuated in these animals (Rothwell et 
al., 1981, 1982d). It is known that the sympathetic drive 
to BAT is reduced in the obese animals and this is responsible 
for the lack of DIT which contributes to their obesity 
(Marchington, 1988; York et al., 1985b). Enhanced PNS 
activity is also thought to be important for the development 
of obesity in the Zuckcr rat with respect to modulating the 
increase in insulin secretion (Jeanrenaud et al., 1961; 
Rohner-Geanrenaud ct a]., 1983).

As 20C administration decreases body temperature and 
metabolic rate, effects that could be associated with 
depressed BAT activity, the followitu] experiments were under 
taken in order to investigate -
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a) bhc possible role lor UAT in the physiological 
responses to ?DC;

b) the roJe of piucosc metabolism In the control of
Lhcrmogcnesis;
a n d

c) the effect of the hormones of the pituitary-adrenal 
axis on the thermogenie responses of BAT to ?DC.
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Section j.l The LTfccts oT 2DC in Leon and Obese Zucker 
Hats.

3 . 1 . J The [frccts oF Varying Doses oF 2DC on Core 
Temperature and UAT Function in the Lean and Ohese
Z u c k e r Rat.

A single dose of 240, 360 or 480mg 2DC per kg body 
weight was injected i.p. to lean rats and 360, 430 or 630mg 
2DC per kg body weight to obese rats, and the animals 
sacrificed 1 hour later. All injections were in a 0.2ml 
volume of 0.9% (w/v) sodium chloride (hereafter referred 
to as saline). Control animals received a 0.2ml injection 
of saline only. Food was withdrawn from all animals at the 
beginning of the experimental period as differential effects 
of 2DC on food intake in lean and obese rats has previously 
been demonstrated (Ikeda et a 1., 1980). Rectal temperatures 
were measured as described in section 2.3.2 (conscious 
animals) just prior to 2DC or saline injection, and again 
just before sacrifice. Animals were sacrificed by cervical 
dislocation after stunning and BAT mitochondria prepared 
and GDP binding assays performed as described in sections
2.12 and 2.13 respectively.

Results .

Figure 3.1.1.1 shows the change in BAT mitochondrial 
GDP binding and rectal temperature in response to 2DG in 
lean rats. The minimum dose (240mg.kg"^) was sufficient to 
produce a maximal depression of both GDP binding and rectal 
temperature. Figure 3.1.1.2 illustrates the relationship 
between GDP binding and rectal temperature at each dose of 
2DG, and demonstrates a strong correlation (r-0.988, PCD.02) 
between these two factors. There were no significant 
changes in GDP binding or rectal temperature at any dose of 
2DG in obese rats (figure 3.1.1.3) and neither was there 
any dose-dependent correlation between them (r=0.203) as 
can be seen in figure 3.1.1.4.



Figure 3.1.1.i Changes in BAT Mitochondrial GDP Binding 
and Rectal Temperature in Response to 
Increasing Doses of ZDC in Lean Zucker
Rats .

A single dose of 2DC, as indicated, in 0.2ml saline 
was injected i.p. i hour before sacrifice. Food was 
withdrawn from all animals at the beginning of the 1 hour 
period. Rectal temperature was measured just prior to 
injection and again at the end of the experimental period 
BAT mitochondria were prepared and GDP binding assays 
performed as described in sections 2.12 and 2.13 
respectively .

The upper diagram shows the GDP binding values 1 
hour after injection. The lower diagram illustrates the 
change (A) in rectal temperature over the same period.

Each point represents the 
in each group.

S.E.M. for 3 animals

* P<0.05
** P<0.01
*** P<0.02

compared with saline injected 
animals.
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Figure 3.1.1.2 The Correlation Between Temperature Change
and GDP binding After Increasing Doses of
2DC in Lean Zucker Rats.

A single dose of 2DC (240, 360 or 480 mg.kg ^ body 
weight) in 0.2ml saline was injected i.p. 1 hour before
sacrifice. Food was withdrawn from all animals at the 
beginning of the experimental period. BAT mitochondria 
were prepared and GDP binding assays were performed as 
described in sections 2.12 and 2.13 respectively. The 
change in rectal temperature that occurred over 1 hour at a 
given dose of 2DG was plotted against the GDP binding 
level, at the end of the 1 hour period, of animals 
receiving the same 2DG dose.

0 0 mg.kg“^ (saline injected controls)
O 240 mg.kg 
B 360 mg.kg 
□ 480 mg.kg

The correlation coefficient, r, was calculated by 
linear regression and significance determined by the
comparison with the Product-Moment Correlation Coefficient 
Alpg denotes change in rectal temperature.
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Figure 3 . 1 . 1 . 3 Changes in OAT Mitochondrial GDP Binding
and Rectal Temperature in Response to 
Increasing Doses of 2DC in Obese Zucker
Rats .

A single dose of 2DC, as indicated, in 0.2mi saline 
was injected i.p. i hour before sacrifice. Food was 
withdrawn from all animals at the beginning of the i hour 
period. Rectal temperature was measured just prior to 
injection and again at the end of the experimental period 
BAT mitochondria were prepared and GDP binding assays 
performed as described in sections 2.12 and 2.13 
respectively .

The upper diagram shows the GDP binding values 1 
hour after injection. The lower diagram illustrates the 
change (A) in rectal temperature over the same period.

Each point represents the 
in each group.

5.E.M. for 3 anmials
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Leon and Ohese /ucker RaLs.
3,1.2 The; Time Course of the Responses L u 2 DC in

i rent llu' results of the previous sue el ion, it was
_ Idecided to routinely use a dose of iCOnuj . k() body vv(M(|ht 

2 DC in a 1J. following experiments as this dose produced 
maximal inhibition of DAT mitochondrial CD R l)indjn(j in 
lean animals and was low in the range of doses previously

1 S h i r a i s h iused by other workers with this drug (230mg.kg
and Mager, 1D 8 0 b ; 7 5 0 m g . k g \ Muller e t a 1. , 19 72 ). The

-1time course of the effects of a single 360mg.kg 2 DC i.p.
injection on DAT mitochondrial CDP binding, serum hormone 
and scrum metabolite concentrations was investigated over 
a 3 hour period. All injections were given in a 0.2ml 
volume, control animals were injected with 0.2ml saline.
Food was withdrawn from all animals at the time of injection 
to avoid differential variations in food intake caused by 
2DC in lean and obese animals (Ikeda et a 1., 19 80). Animals 
were sacrificed 1, 2 or 3 hours after injection, by 
decapitation. Trunk blood was collected and serum separated
as described in section 2.9.1. Serum assays were performed 
as described in sections 2.9.2 - 2.9.3. BAT mitochondria 
were prepared and GDP binding assays performed as outlined 
in sections 2.12 and 2.13 respectively.

Results

The time course of the changes in BAT mitochondrial 
GDP binding are shown in figure 3.1.2.1. CDP binding levels 
in obese rats were unaffected by 2DG at any time, as would 
be expected from the results in Section 3.1.1. CDP binding 
in lean rats was depressed after 1 hour to the levcJs observed 
in obese rats, and 111 e r e was no further significant changes 
throughout the remainder of the experimental period.

Scrum glucose and free fatty acid concentrations are 
shown in figure 3.1.2.2. Serum glucose was significantly 
increased in both groups, although the increase in obese 
animals was smaller and only significant at the 1 hour time 
point. Free fatty acids were increased in lean animals at 
2 hours post-inject ion, but no changes seen in obese rats.



Figure 3.1.2.1 The Time Course of the Change in GDP
Binding Due to 2DG in Lean and Obese 
Zucker Rats.

A single dose of 360 mg.kg ^ 2DG in 0.2ml saline was 
injected i.p. and animals saerified 1, 2 or 3 hours later 
Food was withdrawn from all animals 3 hours before
sacrifice. BAT mitochondria were prepared and CDF
binding assays performed as described in sections 2.12 
and 2.13 respectively.

Each point represents the mean 
in each group.

S.E.H. of 3 animals

Lean Obese

** Pc: 0.01 compared with zero time group of the same 
phenotype.

++ P <0.01 compared with lean group at the same time 
point.
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Glucose and Free Fatty Acid Concentrations 
Due to 2DG in Lean and Obese Zucker Rats.

Figure 3.i.2.2 The Time Course of the Changes in Scrum

Animals were injected with a single dose of 360 mg. kg 
in 0.2ml saline i.p., and sacrificed at the time indicated. 
Food was withdrawn from all animals 3 hours before 
sacrifice. Serum was collected as described in section
2.9.1 and assayed for glucose and free fatty acid 
concentration as described in sections 2.9.2 and 2.9.3 
respectively .

Each point represents mean 
each group.

S.E.M. of 3 animals in

Lean Obese

* P<0.05
** P<0.01

P <0.002
compared to zero time group of the 
same phenotype .

+ + + P<L0.002 compared to lean group at the same 
time point.
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Figure j.i.2.3 shows changes bhaL occurred in insulin and 
corticosterone levels. No significant changes occurred in 
insulin levels in either lean or ohesc animals, however, 
Insulin levels in ohese rats dropped dramatically at the 
i hour time point. The large individual variation in 
insulin concentrations may account for the lack of 
statistical significance attached to this observation. 
Corticosterone levels in lean rats doubled within i hour 
of 2DC administration and remained elevated throughout 
the experimental period. Obese rats' corticosterone 
levels were transiently increased at 2 hours, but had 
returned to normal at 3 hours.

In an attempt to synchronise as many of the effects of 
2DC as possible, it was decided to give 2DC in two doses
of 360mg.kg i.p., 3 hours and 1 hour before sacrifice
in all further experiments.

3.1.3 The Effect of 2DC on Food Intake in Lean and
Obese Zucker Rats.

2DC induces hyperphagia in normal rats (Smith and 
Epstein, 1969; Hiselis and Epstein, 1975). The feeding 
responses to 2DG in lean and obese Zucker rats after 
intracerebroventricular administration of the drug (Ikeda 
et al., 1980), but not peripheral administration, have been 
investigated.Ikeda et al., (1980) found that lean rats 
became hyperphagic after 2DC treatment, but obese animals' 
food intake was unaffected and suggested that the effect 
in lean animals was due to the inhibition of hypothalamic 
glucoreceptors and that the central hypothalamic gluco- 
sensitive site for food intake regulation was impaired j. n 
the obese rat. The experiment described here was designed 
to investigate the feeding responses elicited by peripheral 
2DC administration in lean and obese animals. Animals were 
individually caged and allowed ad lib, access to food and 
water throughout the experimental period. Injections of 
360mg.kg 2DC or saline (0.2ml) were given i.p. 3 hours and 
1 hour before sacrifice. Food intake was measured over the 
3 hour period by difference in weight of food in the hopper 
aftei spiiled food had been weighed and discounted from 
the total.



Figure 3U1.2.3 The Time Course of the Changes in Scrum
Insulin and Corticosterone Concentrations

Due to 2DC in Lean and Obese Zucker Rats.

Animals were injected with a single dose of 36Dmg.kg 
in 0.2ml saline i.p. and sacrified at the time indicated.
Food was withdrawn from all animals 3 hours before 
sacrifice. Serum was collected as described in section

2.9.1 and assayed for insulin and corticosterone 

concentrations as described in sections 2.9.4 and 2.9.5 

respectively.

Each point represents mean 

each group.

5.E.M. of 3 animals in

Lean Obese

P<0.05 compared to zero time groups of the 

same phenotype.

P <0.05 ) compared to lean groups at the same time

P <0.002)



1 1 J

Time (hours)



1 I 4

Results

Table 3.1.3.I shows the total food Intake of saline 
injected a n (] ? D C tree) ted t) n i m a 1 s over the 3 hour 

experimental period. The food intake of lean animals was 
doubled compared to their saline-injected controls. Obese 
animals ate twice as mucti as their lean counterparts, but 

their food intake was unaffected by 2DG. These results 

were similar to those obtained by Ikeda et a.l. (1980) 
after central administration of 2DC to young Zucker rats.
3.1.4 The Effect of ad lib. Food Intake on the Responses

of BAT and Core Temperature to 2DG in Lean and

Obese Zucker Rats.

In view of the differential effects of 2DC on food 
intake in lean and obese Zucker rats it was decided to
investigate BAT thermogenesis in free-feeding animals 
after 2DG injection. Individually caged animals were allowed 

ad lib . access to food, or food was withdrawn at the 

beginning of the experiment. Injections of 360mg.kg"^ 2DC 
or saline (0.2ml) were given 1 hour and 3 hours before 

sacrifice. Food intake over the entire 3 hour period was 
measured by difference in weight of food in the hopper, 

after spilled food had been collected and discounted from 

the total. Animals were sacrificed by stunning and cervical 
dislocation. BAT mitochondria were prepared and GDP binding 

assays performed as described in sections 2.12 and 2.13 
respectively.

Results .

The results are shown in table 3.1.4.1. Food deprivation 
per se had no significant effect on rectal temperature or DAT 
mitochondrial GDP binding in either saline injected or 2DC 
treated animals. The responses to 2DG, however, were 
affected by the feeding status of the animal. Food intake 
was increased in lean, but not obese, animals to a similar 
degree as in the previous section. Rectal temperature was 
not significantly depressed by 2DC in fed lean animals, but 
was reduced in lean foo(j- deprived animals. The obligatory 
component of DIT may partially account for this difference 
in the response to 2DC. In contrast, the fed obese group
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T cl 1)1 c 3 . J . 3 . J Ihc I. rfccl pr ?uc on the lond Intake of
L c a n a nd 0 b c s c Z u c k e r Rats.

lood Intake ( g/3 hours)

Saline 2DC
L ea n 1.2 t 0.1 + * It2.3 - 0.2

Obese 2.9 t 0.1 2.9 - 0.4

Animals were individually caged and injected with 
360mg.kg ^ 2DC 3 hours and 1 hour before sacrifice. Each 
injection was in a 0.2ml volume of saline. Control animals 
received 2 injections of 0.2ml saline at the same times as 
experimental rats. Food intake over the entire 3 hour 
period was measured by difference in food weight in the cage 
hopper at the beginning and the end of the experiment. 
Spilled food was collected on paper beneath the hopper and 
the food intake measurement adjusted accordingly.

Values represent the mean - S.E.M. of 4 animals in each 
group.

P<0.002 compared to saline injected group 
of the same phenotype;

+++ P<0.002 compared to equivalent lean group.
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uf ^nimuis' rectal temperature was sipniricantly depressed 
by ?DC, but not that of the deprived <)roup. However, the 
magnitude of depression was similar in both proups but the 
iarpe individual variability in the deprived /HC treated 
group masks any significance in the change. HAT mitochondria] 
CDP binding was unaffected by either ^DC treatment or food 
deprivation in these animals,as would be expected, as dietary 
stimuli do not affect obese rats and no inhibition of CDP 
binding after 2DC administration to obese rats in previous 
sections has been observed. Only the food-deprived lean 
animals showed a statistically significant inhibition of CDP 
binding in response to 2DC treatment (33%). The fed animals 
showed a small (13%) but insignificant inhibition of CDP 
binding, implying that the effects of 2DC as an inhibitor 
of BAT thermogenesis were attenuated by food.

The inhibition of BAT mitochondrial CDP binding also 
contributes towards the greater depression in rectal 
temperature seen in the lean food-deprived rats after 2DC, 
compared to their fed counterparts. The depression of rectal 
temperature seen in obese animals after 2DC administration 
in the absence of any alterations in BAT thermogenesis is 
probably due to general inhibition of cellular metabolism 
and therefore, a reduction in obligatory heat production.

In order to avoid the differential effects of 2DC 
treatment on food intake in lean and obese animals interfering 
with the effects of the drug on BAT thermogenic function, 
it was decided to withdraw food from all animals at the start 
of all subsequent experiments.

3.1.5 The Effect of 2DC on the BAT Thermogenic Response
to Noradrenaline Injection in Lean and Obese Zucker
Rats.

I 1 7

The depression of 15AT mitochondrial CDP binding in 
response to 2DC administration to lean animals may be due
to a direct inhibition of BAT adipocyte metabolism by 2DC. 
Although free fatty acids are thou(|h t to be the major fuel 
for BAT thermogenesis, it is possible that an inhibition 
of glycolysis within the cell could cause a significant
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rcUucLion in its Cdpaciiy ior Lhcrmo^cncsis (see Cihbins 
el ^1., 1985; McCormack el al., 1986). If UAT metabolic 
function was inhibited directly by 2 DC then it would not 
be possible to fully stimulate DAT tbermoyenesis with 
peripheral effectors, such as noradrenaline. To investigate 
this possibility, the DAT thermogenic response to an acute 
injection of noradrenaline was measured in 2DG treated lean 
and obese rats.

Lean and obese animals were treated with two doses of 
360mg.kg ^ 2DC or 0.2ml saline, i.p. , 3 hours and 1 hour
before sacrifice, as previously described. A single dose 
of 50jjg.l00g ^ body weight noradrenaline was given s.c. in 
a 0.1ml volume 30 minutes before sacrifice (i.e. 30 minutes 
after the second 2DG injection). Control animals received 
0.1ml saline, s.c., at this time. Food was withdrawn from 
all animals at the beginning of the 3 hour experimental 
period. Animals were stunned and killed by cervical 
dislocation. BAT mitochondria were isolated and GDP binding 
assays were performed as described in sections 2.12 and
2.13 respectively.

Results .

The results are shown in table 3.1.5.1. 2DG treatment 
of lean and obese rats had no effect on the BAT thermogenic 
response to noradrenaline injections. These results 
demonstrated that the inhibitory effects of 2DG on BAT 
mitochondrial GDP binding were not due to a direct effect 
on the tissue, as maximal activity could be induced by 
peripheral stimulation of BAT during 2DG treatment.

3.1.6 Discussion.

1

2DG treatment significantly inhibited DAT mitochondrial
GDP binding and rectal temperature after 1 hour in lean 
animals at all doses of 2DC used, and the degree of signifi-
cance increased in direct proportion to the dose (240mg.kg
P<0.05; 360mg.kg"^, P<0.0i; 630mg.kg'\ PCD.002). A linear 
dependence was observed in lean animaJs between GDP bindin(]
and rectal temperature in relation to the dose of 2DC given.



Table 3 . 1 . 5 . 1 The L T Tec Is of N o r a d r e o a 1 i n e o n 13 A T

Mitochondrial GDP Uindintj in Lean and Obese 
/ucker Rais Treated with TDC.

PAr [^H] GDP Hindinq. (pmoJs.mq protein ^)

No ra d re na1ine S a 1 in e 2DC
LEAN — 228 - 19 (4) ^ X- -K-139 t 11 (5)

-f 305 + 14^ (4) 332 + 22^^^(5)

OBESE “ 169 - 6 (4) 183 " 19 (5)

4 426 - 49^^ (4) 427 - 57^^ (5)

Values represent means - S.E.M. for the number of
animals shown in parenthesis.

** P <L0.01 compared to saline injected animals (for 2DC
treatment .

+ P <.0.05, ++ P<0.01, + + + P< 0.002, compared to saline 
injected animals of the same phenotype (for noradrenaline 
trea tment) .

Animals were injected with two doses of 2DG (360mg.kg 1

i.p.) 3 hours and 1 hour before sacrifice. Noradrenaline 
(SOpg.lOOg ^ s.c.) was injected 30 minutes before sacrifice. 
BAT mitochondria were prepared and GDP binding assays 
performed as described in sections 2.12 and 2^(3 respectively
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with the Qrcutest depression oT mitochondriai GDP binding 
and rectal temperature at the greatest PDC dose. A dose 
response effect of 2DC has been demonstrated on rectal 
temperature over a range of doses (250-562.5mg.kg ^ 2DG
i.p.), in Sprague-Oawley rats (Shiraishi and Mager, 1980b). 
The failure of 2DC to suppress BAT mitochondrial GDP binding 
in obese rats is consistent with the lack of depression of 
metabolic rate after [)eri[)heral 2DC administration in obese 
Zucker rats (Rothwell et ai., 1981, i982d). The dose of 
2DG used by these workers was 360mg.kg ^, equivalent to the 
lowest dose used here in obese rats. The depression in 
rectal temperature observed in 2DG treated obese rats was 
not correlated to GDP binding levels and did not show linear 
dose dependence (figure 3.1.1.4). This core temperature 
depression (which was observed as statistically significant 
in section 3.1.4 in fed animals) probably reflected the 
effects of the general inhibition of glucose metabolism 
and the reduction of obligatory heat production associated 
with this.

The time course of the BAT thermogenic response to 
2DG is similar to that described by Shiraishi and Mager 
(1980b), who observed maximal depression in rectal 
temperature by 1 hour post-injection, which then recovered 
throughout a 6 hour period, although temperature recovery 
was not complete at the end of this time (6 hours).
Previous investigations have shown that serum glucose 
concentration is increased 2-3 hours after peripheral 2DG 
injection, and free fatty acids, after 3 hours (Haito et al., 
1984; Weidenfeld et al., 1984). Serum levels of cortico- 
sterone have also been previously shown to peak 1 hour after 
2DG injection, and remain elevated for some time (Sun et ai., 
1979; Weidenfeld et al., 1984). These timings are similar 
to the time courses of the changes in serum glucose, free 
fatty acid and corticosterone levels observed here in lean 
rats. Central administration of 2DG to Wistar rats has no 
effect on insulin levels (Coimbra et al., 1979) but 
attenuates the insulin response to an i.p. glucose load 
(Frohman e t a 1 . , 19 7 3 ). Mo changes in insulin levels of 
lean rats were observed here, which is consistent witfi the
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observalinns of Coimbra eb al., (1979). The changes in 
serum metabolites and hormones which occurred in lean 
animals were attenuated, absent or delayed in obese rats.
The 2DG induced hyperglycaemia, Increase in free fatty acids 
and changes in hormone levels, are all thought to be due 
to the actions of 2DG at different brain regions. free 
fatty acid mobilisation In response to 2DG injection is 
inhibited by VMM lesion (Nishizawa and bray, 1978) and 
completely blocked by globus pallidus lesions (Grunion et 
ai., 1984), possibly through the inactivation of a pathway 
running through this area and into the lateral hypothalamus 
another area which, when lesioned, prevents fatty acid 
mobilisation in response to 2DG (Teixiera et al.,1973).
VMH lesion has no effect on 2DG-induced hyperglycaemia 
or suppression of insulin levels (Nishzawa and Bray, 1978). 
The 2DG stimulated hyperglycaemia and inhibition of insulin 
release are thought to be due to separate effects of 2DG 
acting at different brain regions, which elevate sympathetic 
activity to the liver, adrenal medulla and pancreas 
(Nishizawa and Bray, 1978; Le Magnen, 1983). The absence 
of responses in the obese rat is perhaps indicative of a 
general lack of sensitivity to glucose metabolism in these 
animals. Glucose metabolism was apparently inhibited by 
2DG in obese rats, to a sufficient extent to cause a decrease 
in body temperature, which suggests that the lack of 
physiological effects of 2DC in the obese rat was not due 
to an inability of the drug to alter cellular glucose 
metabolism in these animals. The apparent depression of 
insulin levels in the obese rat could be due to an imbalance 
in the autonomic responses to 2DC. Both Rothwell et al., 
(1981) and Shiraishi and Mager, (1980b), found their 2DC 
induced decreases in metabolic rate and rectal temperature 
respectively were blocked by atropine injection or cervical 
vagotomy, suggesting a vagal involvement in these responses.
If the parasympathetic nervous system was activated by 2DC, 
this might be expected to cause a mild hyperinsulinaemia. 
However, other effects of 2DC acting through the 5NS, 
specifically adrenaline release from the adrenal medulla, 
would result in an ctC-a d r en e r g i c inhibition of insulin release 
(Storlein et al., 1985). The reduced hyperglycaemia and



absence of free fatty acid release in obese animals could 
be accounted for by an impaired sympathetic drive to the

I??

an increase inliver and wfiite adipose tissue. However
adrenaline release from the adrenal medulla stimulating 
o<(,-adrenergic, mechanisms in WAT (in the presence of a 
reduced SNS activation of WAT lipolysis) might also account 
for the absence of free fatty acid release in these animals.

Corticosterone release after 2DC is thought to be due 
to a 2DC -stimulated ACTH secretion from the pituitary 
gland (Weidenfeld et al., 1984). Lean Zucker rats maintain 
elevated corticosterone levels throughout the experimental 
period, but obese animals show a delayed and attenuated 
increase in corticosterone levels in response to 2DG.
ACTH elicits corticosterone secretory responses in obese 
Zucker rats (Yukimura et al., 1978), so it is possible that 
ACTH release in response to central 2DG actions is impaired 
in obese rats.

The failure of 2DC to affect food intake in obese 
animals suggests that these animals are unresponsive to
glucosensitive Inputs involved in the control of food intake 
(Ikeda et al., 1980), however, whether the site of action 
of 2DC was peripherally or centrally located was impossible 
to ascertain from this study. Infusions of 2DC into the 
hepatic portal system can elicit feeding responses in 
conscious animals almost immediately (Novin and VanderWeele,
1977), as can intraperitoneally injected 2DG (Smith et al.,
1972). 2DG administered centrally at very low doses 
(3-6mg per 200g rat) which have no effects when peripherally 
injected, also increase food intake (Miselis and Epstein, 
1975; Ikeda et al., 1980). It is possible, therefore, that 
the feeding responses elicited in lean rats in this study 
were caused by 2DC acting at both peripheral and central 
sites.

The attenuation of the BAT thermogenic response to 2DC 
in lean animals given free access to food could simply be due
to increased availability of dietary glucose competing more 
effectively with 2DC to inhibit the analogue's uptake at



3

both the 1 n t e s 11 n e - b 1 0 0 (1 and blood-tissue levels . The 
smaller depression of rectal temperature which occurred in it4
animals treated with 2DG could he explained as a direct 
result o r an attenuated depression of GDP binding 1 BAT, 
and from the contribution of obligatory lu-at production 
due to the maintenance (and elevation) of food intake and 
absorption.

The observation that noradrenaline could fully stimulate 
BAT mitochondrial GDP binding in 2DG treated lean and obese 
rats seems to indicate that 2DG is not acting to inhibit 
BAT metabolism at the tissue level, by inhibiting the 
utilisation of glucose as a potential thermogenic substrate. 
It appears that the maximal capacity for noradrenaline 
stimulated BAT mitochondrial GDP binding still exists in 
2DC treated animals without the capacity to utilise glucose. 
This suggests that the inhibitory effects of 2DC on BAT 
mitochondrial GDP binding may be mediated at a central site. 
The recent observation that 2DC reduces blood flow through 
BAT in animals housed at normal temperatures supports the 
suggestion that a centrally mediated inhibition of BAT 
thermogenesis occurs in response to 2DG (Girardier and 
Benzi, 1986).

In summary, the results presented in this section 
demonstrate that 2DG inhibits BAT mitochondrial GDP binding 
in lean, but not obese, Zucker rats and that the inhibition 
of BAT function does not appear to be a direct effect of 
2DG at the tissue level. The varied physiological effects 
of 2DC that were measured were attenuated or absent in the 
obese rat, suggesting that the obese Zucker rat lacks 
sensitivity to many of the 2DC induced effects of glucoprivatlon
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Responses to Cold and DlcL in Lean and Obese
/lick c r IFaLs,

The resells presenLeR in Seel ion 3.1 showed Ihnl RAT 
of lean nnd obese /ucker r^ls responds differenlly lo 2DC 
udm inistro lion , and Ilia I I Tie eflecl is no I luediiiled a I I h e 
tissue level. ll is known lhat young obese rals can respond 
normally to cold acclimation (Holt et a 1. , 1983;
Triandafiliou and Himms-Hagen, 1983) with an increase in 
RAT thermogenic function, but not to dietary stimuli (Holt 
et al., 1983; Marchington et al., 1983). The experiments 
presented in this section were designed to investigate the 
effects of 2DC as a glucoprivic agent, on the responses of 
RAT to physiological thermogenic stimuli - cold and diet 
- to determine any differences in responsiveness in lean 
and obese rats.

3.2.1 The Effect of 2DC on BAT Mitochondrial GDP
Binding in Lean and Obese Zucker Rats 
Acclimated to 4°C.

Lean and obese Zucker rats were caged in pairs and 
maintained at 4°C, as described in Section 2.8, for 7 days. 
2DG (360mg.kg ^ i.p.) was administered in two doses 3 
hours and 1 hour before sacrifice, control animals were 
injected with 0.2mi saline i.p. at the same times. food 
was withdrawn from all animals at the beginning of the 
experiment. Animals were stunned and killed by cervical 
dislocation in the cold room. BAT mitochondria were isolated 
and GDP binding assays performed, as described in Sections 
2.12 and 2.13 respectively.

Results.

The effects of 2DC on BAT mitochondrial GDP binding in 
cold acclimated rats are shown in table 3.2.1.!. 2DC 
treatment had no effect on GDP binding in either lean or 
obese rats. Cold acclimation significantly increased GDP 
binding in both phenotypes (approximately 4 fold and 9 fold



GDI’ Uindirui in Lean and Obese 7uckcr Rat: 
Acclimated to 4^C.

[ <1 b 1 c 3 . ? . 1 . J The l..r feels of ? DC Ofi HAT Hi tochotuir i,j L

M i tochond r 1 a 1 [ ^11] GDP Hindi 11(1 ( pmo L s . m(] protein ^ )

S a J i n e 2DG (Warm Controls)

L ea n 831 - 752 - 21 (224 - 14)

Obese 1130 - 44 1219 t 40^^+ (129 t 10)

Values represent mean - S.E.M. for 5 animals in each 
group .

+ + P<0.01, + + + P<0.002 compared to equivalent
lean group.

'Warm control' values are shown for reference only.

Animals were maintained at 4^C for 7 days and treated
with 2DC as described in the text. BAT mitochondria were 
prepared and GDP binding assays performed as described in 
Sections 2.12 and 2.13 respectively.
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in lean and obese rats respectively), and the cold stimulated 
obese mitochondrial GDP binding value was signilicantly
greater in both saline treated and 2DC treated obese rats 
compared to the eguivaieni lean group.

3.2.? The bffect of 2DC on PAT Mitochondrial GDP binding
in Lean and Obese /ucker Rats fed wlt h S u p p 1 c mentary
Sucrose.

The previous section investigated the effects of 2DC 
on BAT thermogenic function in animals with thermogenically 
active BAT due to NST. This section was designed to 
investigate 2DG effects on DAT thermogenesis in animals with 
BAT activated by dietary means. The effects of 2DG on BAT 
mitochondrial GDP binding and rectal temperature were 
attenuated in free-feeding animals (section 3.1.4). 2DG 
glucoprivation mimics the effects of a physiological 
insufficiently of glucose, that is, the hungry state. Over­
feeding lean rats tends to increase the level of BAT thermo­
genesis in order to dissipate the excess caloric load 
(Holt et a 1., 1983), so it was of interest to determine the 
effects of glucoprivation in animals exhibiting DIT.

Lean and obese animals were caged individually and 
given ad lib, access to laboratory chow and 35% (w/v) sucrose 
drinking solution in place of water. This feeding regime 
was maintained for 24 hours or for 7 days, at the end of which 
animals were injected with two doses of 2DG (360mg.kg~^) 
or saline (0.2ml) 3 hours and 1 hour before sacrifice. Chow 
was withdrawn throughout the experimental period, and sucrose 
solutions were replaced with water for drinking. Animals 
were killed by stunning and cervical dislocation, BAT 
mitochondria were prepared and GDP binding assays performed 
as described in sections 2.12 and 2.13 respectively. Food 
intake in lean rats was monitored over the final 24 it our 
period of sucrose feeding. The amount of chow eaten was 
measured as previously described (section 3.1.3), and 
sucrose intake was measured by the weight difference of the 
feeding bottle. Food intake was not measured in detail in 
obese rats, as previous work in this laboratory has shown 
that the increased sucrose intake in obese rats has no
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effects on BAT mitochondrial GDP binding (Holt et a 1. , 
1983). The sucrose bottle in a cage housing 3 or 4 
animals was weighed to ensure that some sucrose had been
taken.

Results.

The energy Intake of lean rats is shown in table
3.2.2.1 for the entire 24 hour feeding period, or for the
final 24 hours of the 7 day period. Total energy intake 
was elevated in both 24 hour and 7 day fed groups due to
a slight decrease in chow intake and a consistent sucrose
intake. Table 3.2.2.2 shows the effects of acute (24 hour) 
or chronic (7 day) sucrose overfeeding on BAT of lean and 
obese rats. BAT mitochondrial GDP binding was elevated by 
both 24 hour and 7 day sucrose feeding in lean rats, although 
the increase appears to be somewhat larger after 7 days 
feeding. Obese rats' GDP binding levels were unaffected by 
acute sucrose feeding, but appeared to be significantly 
depressed after 7 days access to sucrose. Other parameters 
of BAT measured were largely unaffected by sucrose feeding; 
depot size was slightly increased in obese rats, but protein 
content was unaffected. Lean rats interscapular BAT depot 
size was not significantly affected by either acute or 
chronic sucrose feeding, but depot protein was slightly 
increased after 7 days of elevated energy intake. 2DG had 
no effect on either of these factors in either phenotype. 
Mitochondrial GDP binding was not affected by 2DC treatment 
in obese rats, but was significantly reduced in the 7 day 
sucrose fed lean group. The magnitude of the reduction in 
binding was similar to that seen in control animals,
(37% and 38% for control and 7 day sucrose fed animals 
respectively), although the basal level remained elevated.
In contrast, no effect of 2DC on BAT binding was seen in 
acutely sucrose fed lean animals. It would appear from these 
results that 2DC is capable of inhibiting the elevated levels 
of BAT mitochondrial GDP binding associated with diet, but 
only on prolonged dietary stimulation. To confirm the effects 
seen on 7 day sucrose feeding, the effects of 2DG on BAT 
of animals fed a high fat diet for 10 days, were investigated,



I /h

oD

d)
CD
4-J

C

CDL,d)
C
LiJ

CD
C
"-4"Oa
d)

u_

dJCO
o
uo3

CO

4_O
4->
od)
UJ

(U

r\j
ro
dj

,—I
_o
CO

44-0\ VD VC_J
< 4- 1 4- 1h-CD CO J- of— —1 O'—(

U (Ui ro00 r-4occ 1 4- I 4- 1oZ) VO rg00 GO

Co r-4 -—1
o 4- ( 4- f 4- 1mo GO GO VO,—! 0\ 00rH

CO
o
JZ

r\J TOd)ro u_ TOd)'— do u.cOUJ o do
'ZZ u COo ch“ 3 uCO o1-4 TO 3O u CO>- U- 3o 1 o >.cc s X noo TO21 J-UJ o rg r-'

O
O "C 

d) 4- C4-) no
C TO O •H
4->

TO
TO
ro

TO
Cno

o
d)
CO
noO

u C .
d) *H
u) 3
no TO O
5: O 0

• r4 CD
CD U
C do 0

•H Q. 0
CL

c u
•H 3 CO

o rH
-O sz noE
4- •0
o OG c

no
TO 4->
no CO -d- CL
d> no 3

4-> r-4 4- O
CO O 0
C 0 CD

•H *
4-) TO

TO 0
d) U LU 4-

d) -
r-4 > CO $a. c o
o_

4- i 0
CO 0

0 o
CO 3 U)
no CO no
S CO 0 TO

0 E 0
00 E 0
CO 4-J no
o to C Cd
u no 0 E
o g: cO o
3 0 o
CO 0 0

Ci: r-4
-r-N. T 0
> +-> 0

C o
• -H CO

0
TO
C V

lA o no
ro *



d)
O
0)c/)O
O'
~ac

CT;C
“Oc•HCD
Q.OO
ro•H
"Cco
oo
4-)

<CO
co
oQ
oc
inooo
4-
4-

T'J
r\J
fV
O
o-H-Oro

0)too
uoDCO
>%Dru
■PC (D E 0) 
r—IC-
DcO
JZ-p

LiJ
COo
QCo o.
CO

><Q

COocro
ID 
CO ,

O QC '
OO

y 4- +4: -+- Lt4: + o o VO
r\j H O o rA mcO 4- 1 4 1 4 1 4 1 4 1 P 1r. o lA Lt Lt LAG\ 'lA rc lAfVj rP VOO rA —
+ + H LA 4+ 4- o o rA VOHt •IP o o r^. rA
+ ! + 1 4- i 4- I P : p 1_J< VO OsJ Ov CO rP

CO r- O rv -d- • .--H • AJ VOO o r^,
++ 0-+ O o LA r—H-d- CO • . .,—1 o o r-, AJoo + f + ! + 1 + p 1 P 1C\J r-- Ov ro o PAo o —4 LA .
m rvj . . rA rAo o rv AJ

++ Aj
+ o o VO oo o • .

LU o o o 1

PH + 1 + 1 + I + p i p 1

< VO GO VO A-J
CO '—t ON r-H LA

m I—! rAo o AJ AJ
%
* OJ AJ
* o o <4 AJ
O Ov • • .
'—1 rP o o rPo

o + ! + \ P ! p 1 P I P t
VO LA o lA LtLO LA rc . .
rH '—( - • d- Ovo o AJ

AJ AJo AJ CO
<—4 .

LJ C\ O o r~i o
PH + 1 4- 1 P f 4 1 P 1 P i

o VO
CO vO AJ <}- .

r j ,—[ rA oo o AJ AJ
_J o _J o _P o

CO
1

p- P-
CO .H <C 4_) <
Cl D CD-
•H ^ cn

D c
c <—( 'd 0) ro •p .—V
•P CL <D
CD 3 D pH E

cn Cl ^ C_ O
— r m Q ro P
Q u s O Q_ PJ
CD to to to c

P 4-) P P d)
<—« D D O O O ■p

4-> Cl 4_) CL c
0_ c (U c d) c

-O -c o

\0

VC

00

VO

O

PHC rAG G ,_1CL E .>., P A4roO G ”Cc P CG P c
"C As.!

GE r-s.Gto CL to>. cG P oO4-J cG G4- Go CL 00 AJ"D G cC E •p oro roto TOG G AJE G jQ
•P _C •p CCT P P oG a ‘pP P to po G oCD "O GC to to.p p toro ro cG E •pG •P TOC G TOro E GG P JD' E %3 O •HCl ro G P PD to P P OO G toP G 5= P GCT) jz O TOpH P toP o >> toD c ro roCL o o top to TOto to ro Grp rp -O Pro ro G O'/ DE • E P c 00*P to •H <o •p roC rP C P TO Gro ro rO E c EE O •p•H "O O 00C C G roro pH AJ p SO o p4- G G o C3 PO to *A3 CG C o "C G• jD •P V c PO Cz ro C• G OLJ ! Z TO O•P p GCO o <—1 p PG p ro •P00 PP 1 G -PO - P oXH p P pto o pc “O • Gro G o P pP P V G oE ro p S pCl GPH 00 E ro PC O pD ro O p Pto E TO' .o •P A4 C >>p c O LA o ■—HCL ro o o JZ GG • o >P C o o o •Pro V V p Pto G CP p ‘ GG _J p E GD D P1 4- o P toro 4 p < GJ> _P 4 p CO P



3.2.3

3 0

The Lrrcct of 2DC on UAT Mitochondria] GDP binding 
in Lean Ohese Zuckcr Rats MainLainc^ on a Hiqh
Fal Diet.

Lean an^ obese Zucker raLs were housed in pairs and 
piven a^—lib, access Lo Ihe hiph Tab semisynLhelie dieL 
described in section 2.4 lor 10 days. lood intake was 
measured over the Final 24 hour period For individuai 
animals. AFter 10 days on the high Fat diet, animals were 
injected with two doses oF 20G (360mp.kg ) 3 hours and
1 hour beFore sacriFice. Control animals received saline 
injections (0.2ml) at the same time as 2DC-injected animals. 
Food was withdrawn From all animals at the beginning oF the 
experimental period. Animals were stunned and killed by 
cervical dislocation. Interscapular BAT was removed and 
mitochondria prepared and GDP binding assays perFormed as 
described in sections 2.12 and 2.13 respectively.
Results .

The control data shown in table 3.2.3.1 is the same 
as that in table 3.2.2.2 and is repeated For convenience. 
Table 3.2.3.1 shows the energy intake and the responses oF 
BAT to 2DC in high Fat Fed animals. Energy intake was 
signiFicantly increased in both lean and obese rats, but 
depot protein content was not signiFicantly aFFected by 
high Fat Feeding, so the increase in BAT mass was probably 
due to excess lipid deposition. BAT total protein content 
was increased in lean animals by high Fat Feeding, but 
depot weight was unaFFected. BAT mitochondrial GDP binding 
was neither increased by diet nor decreased by 2DG in obese 
animals, but lean GDP binding levels were elevated by high 
Fat Feeding and reduced by 2DG (25% reduction). These 
results are similar to those obtained in the previous section 
For chronically sucrosc-Fed animals.
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3.2.4 The Effect of Age on the Response of DAT
Mitochondrial CDP Binding to 2DC Treatment in
Intact and Adrenaiectomised Lean Zucker Rats.

It has been demonstrated that the capacity oT normal 
animals to resist dietary-induced obesity declines with age 
(RoLhvveJl ct a 1 . , 1984b), and can be restored by adrcnal-
ectomy. It was, therefore, of interest to investigate the 
effects of 2DG, as an inhibitor of dietary signals, in 
adult animals. Two groups of lean animals were taken at 
3 and 6 months of age, half of each group was adrenaiecto­
mised as described in section 2.6.2 and the responses of 
BAT to 2DC administration Investigated. Animals received 
two doses of 2DC ( 360mg.kg. ^) in a 0.3ml volume of saline 
3 hours and 1 hour before sacrifice. Control animals 
received two 0.3ml saline injections at the same times.
The larger volume was required due to the size of the 
animals. Animals were stunned and killed by cervical 
dislocation, BAT mitochondria were prepared and GDP binding 
assays performed as described in sections 2.12 and 2.13 
respectively.

Results.

Table 3.2.4.1 summarises the effects of 2DG in 3 and 6
month old rats. BAT mitochondrial GDP binding was inhibited 
in 3 month old rats by 45% in intact animals and by 42% in 
adrenaiectomised rats, with no significant effects of 
adrenalectomy on either control or 2DG inhibited binding 
levels. Similar effects were found in 6 month old animals 
with reductions of 40% in intact and 41% in adrenaiectomised 
groups' GDP binding levels after 2DG. Again, no effects of 
adrenalectomy on basal or inhibited levels were apparent.

These results are very similar to those obtained with 
5-6 week old animals. BAT mitochondrial GDP binding in 
intact lean rats falls from 224 - 14 pmols per mg protein 
to 148 - 13 pmols per mg after 2DG treatment (34% reduction) 
and GDP binding drops from 261 - 35 pmols per mg protein 
to 161 - 19 pmols per mg protein (38% reduction) in young 
adrenaiectomised lean rats.
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These results seem to indicate that no change in 
response to this dose of 2DC occurred with age, or was 
improved by adrenalectomy in older animals. However it 
must he remembered from section 3.1.1 that the dose of 
360mg.kg body weight was not the minimal dose reguired 
for a significant inhibition of HAT thermogenesis in lean 
rats and it may be that lower doses which elicit a response 
in younger animals have no effect on older rats.
3.2.5 Discussion.

2DC treatment had no inhibitory effects on BAT 
mitochondrial GDP binding in cold acclimated animals of
either phenotype. In animals with BAT GDP binding elevated 
by chronic dietary means (7 day sucrose or 10 day high fat 
feeding), 2 DC treatment significantly reduced GDP binding 
levels in lean rats. GDP binding levels were not elevated 
by diet or inhibited by 2DG in obese animals. These results 
suggest that 2DC preferentially inhibits DIT in lean animals 
and has no effect on NST in either phenotype. This would be 
consistent with the role for 2DC as an inhibitor of dietary 
signals. The increase in BAT mitochondrial binding in young 
obese rats in response to cold is normal (Holt et al., 1983), 
a finding that has been confirmed in the present study.
The failure of 2DC to affect cold-stimulated GDP binding 
suggests that the effects of 2DG are not due to a general 
inhibition of 5NS activity and implies a central site of 
action for its effects on BAT. The failure of 2DG to inhibit 
BAT mitochondrial GDP binding in acutely sucrose fed animals 
may possibly be due to a powerful initial sympathetic 
stimulation of BAT which cannot be overridden by acute 
dietary signals, such as that provided by 2DC. As over­
feeding persists, the sensitivity of the controlling system 
could adapt to the level of dietary stimulation and acute 
dietary signals, such as glucoprivation, might again be 
able to influence its outputs. Support for this suggestion 
is, as yet; minimal. Chronic cold acclimation provides 
another powerful stimulus to BAT which cannot be overriden 
by 2DG. There may be humoral factors involved in the acute 
response which exert direct effects on BAT. Feeding
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eliciks increases in corticosterone secretion and also 
presumabiy, ACTH (Urindiey et al., i979). ACTH is known 
to have a direct stimulatory effect on BAT mitochondrial 
GDP binding (York and Al-Baker, 3984) which does not 
involve activation of the SNS (Marching ton, 1985). 
Investigations of the involvement of the SNS in the response 
of BAT to acute and chronic sucrose overfeeding are reported 
in section 3.4, at which point the difference in the ability 
of 2DG to inhibit BAT mitochondrial GDP binding with the 
duration of sucrose feeding will be discussed further.

The 2DG-induced inhibition of BAT mitochondrial GDP 
binding which occurs in young lean animals does not appear 
to diminish with age, unlike the responses to overfeeding 
(York et al., 1984), and is not increased by adrenalectomy, 
as is the response to cafeteria feeding in older rats 
(Rothwell et al., 1984b). The dose of 2DG used (360mg.kg”^ 
was not the minimum dose required to elicit a significant 
inhibition of BAT GDP binding in young lean animals.
It could be that the sensitivity to dietary stimuli which 
appears to reduce with age would result in a reduced 
sensitivity of older rats to 2DG at minimal doses which 
produce a response in younger rats, however, such an effect 
remains to be demonstrated.
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Secbion 3.3 The Effect of Adrenal Status on the Responses
to 2DC in Lean and Obese Zucker Rats.

Adrenalectomy is known to correct the thermogenic
dcTects oT the obese Zucker rat, including the ability to 
respond to dietary stimuli by increasing BAT mitochondrial 
GDP binding (Holt ct a 1., 1983). The effects of adrenal-
ectomy on BAT thermogenesis are thought to be due to the 
removal of corticosterone, rather than an increase in 
circulating ACTH concentration . Corticosterone replace­
ment to adrenalectomised obese Zucker rats restores the 
defective BAT thermogenesis and noradrenaline turnover 
rate, body weight gain and deranged feeding patterns 
(Freedman et al. , 1985, 1986a; York et a 1., 1985a, b), 
suggesting that corticosterone is required for the expression 
of the genetic defect in fa/fa rats. Hypophysectomy, which 
removes ACTH and thus decreases corticosterone secretion, 
improves body weight gain in obese Zucker rats (Powley 
and Morton, 1976). It has been demonstrated in Sprague- 
Dawley rats that BAT mitochondrial GDP binding is increased 
after hypophysectomy but that ACTH treatment reduced BAT 
GDP binding levels due to the increase in circulating 
corticosterone concentrations (Rothwell and Stock, 1985a). 
ACTH treatment did not depress BAT mitochondrial GDP 
binding completely down to control levels, there was still 
a slight stimulatory component which may have been due to 
the effects of centrally released CRF. It has recently 
been demonstrated that CRF administered centrally can 
stimulate BAT mitochondrial GDP binding (Arase, York and 
Bray; unpublished observations). It has been suggested, 
as corticosterone is required in permissive amounts for 
the survival of cold exposure (Deavers and Mussachia, 1979; 
Fellenz et al., 1982), that corticosterone inhibits only 
the diet-related sympathetic activation of BAT in the fa/fa 
rat. The results of the previous section suggest that 2DC 
also preferentially inhibits diet-related DAT function.

This series of experiments was devised to investigate 
the role of the pituitary-adrenal axis in the 2DC-mediated 
inhibition of DAT function.
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^ ^ The [fleets of Adrenal Status on the Resp o n s e of
BAT Mitochondrial GDP Binding and Serum 
Metabolites to 2DC in Leon ond Obese Zucker Rots

0 fi the e X p e r i m e n t o 1 d o y , o ri i m o 1 s receive (j two doses
of 360mg.kg ^ body weight 2DC in 0.2ml saline, i.p., 3 
hours and i hour before sacrifice. Control animals received 
injections of 0.2ml saline, i.p., at the same times as 
the experimental animals. food was withdrawn from all 
animals at the beginning of the experimental period.
Animals were killed by decapitation, trunk blood was 
collected and serum prepared as described in section 2.9.1. 
Serum concentrations of glucose, free fatty acids, insulin 
and corticosterone were determined as described in sections
2.9.2 to 2.9.5. Upon sacrifice, BAT mitochondria were 
prepared and GDP binding assays performed, as described 
in sections 2.12 and 2.13 respectively. Protein concentra- 
tions were determined as outlined in section 2.10.1 or 
2.10.2, and succinate cytochrome c oxidoreductase activities 
were measured as described in section 2.14.

5 groups of animals were taken through the above
protocol:
(1) Control (intact) lean and obese rats.
(2) Lean and obese rats adrenalectomised and maintained 

as described in section 2.6.2. Animals were used 
6-7 days after surgery and success of adrenalectomy 
was verified visually on sacrifice, and by the presence 
of undetectable serum corticosterone.

(3) Lean and obese rats injected with Img.lOOg"^ body 
weight corticosterone per day, as described in section 
2.5.2, for 7 days.

(4) Lean and obese rats injected with 50^g.l00g'^ body 
weight ACTH as described in section 2.5.1 for 24 
hours.

(5) Lean and obese rats adrenalectomised and maintained as 
described in section 2.6.2, injected with Img.lOOg"^ 
body weight corticosterone (section 2.5.2) daily, for
7 days.
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Results

u. Brown Adipose Tissue.
Tobies 3.3.] . 1 to 3 . 3 . 1 . 5 show t li e d c t o 1 1 o (I (J o t c) of 

the effects of 3DC on BAT from these experiments. Of the 
porameters measured, 2 D G only affected BAT mi. t o c li o n d ria 1
CDP binding, however, the manipulation of adrenal status 
had independent effects which will be summarised here.
Tissue wet weight was decreased by adrenalectomy in lean 
and obese animals, but tissue protein content was only 
depressed in the lean group. Succinate cytochrome c 
oxidoreductase activity per depot was increased in obese, 
and decreased in lean, adrenalectomised rats. Corticosterone 
treatment reduced BAT depot protein content in obese rats, 
succinate cytochrome c oxidoreductase activity in lean rats 
and had no other effects on BAT composition. The 
composition of BAT was largely unaffected by ACTH treatment, 
although mitochondrial population (succinate cytochrome c 
oxidoreductase activity) was increased in obese animals. 
Adrenalectomy with corticosterone replacement had little 
effect on BAT in lean or obese animals compared to intact 
rats. In lean animals total depot protein content and 
mitochondrial population were both depressed by corticosterone 
replacement. Obese adrenalectomised corticosterone-replaced 
animals showed all the BAT characteristics (of the 
parameters measured) of intact obese animals. The effects 
of adrenalectomy (decreased BAT weight, increased 
mitochondrial and depot GDP binding and increased succinate 
cytochrome c oxidoreductase activities) were all abolished 
in corticosterone replaced obese rats.

Figure 3.3.1.1 summarises the changes that occurred 
in OAT mitochondrial CDP binding in response to 2DC in 
varied conditions of adrenal function. The changes that 
occurred in total BAT depot CDP binding were similar, 
although they did not always attain statistical significance. 
The open bars represent the 'control' BAT CDP binding value 
for each experimental condition. Basal CDP binding levels 
were decreased in corticosterone treated lean rats, and 
increased after ACTH treatment. Basal BAT mitochondrial CDP 
binding was also depressed by corticosterone treatment in
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of BAT Mitochondrial GDP Binding to 2DC in 
Lean and Obese Zucker Rats.

Figure 3.3.1.1 The Effect of Adrenal Status on the Response

Animals were injected with 2 doses of 2DC ( 360mg.kq ) 
1.p., in 0.2ml saline, or 0.2ml saJine, 3 hours and 1 hour 
before sacrifice. At sacrifice, 13AT mitochondria were 
prepared and GDP binding assays performed, as described in 
sections 2.12 and 2.13 respectively.

The experimental groups are as follows:-

□ saline treated 2DG treated

-1

A. Control (intact) animals.
B. Adrenalectomised animals (surgery was performed and 

animals maintained as described in section 2.6.2).
C. Corticosterone treated animals (injected with 

Img.lOOg"^ body weight daily, as described in 
section 2.5.2).

D. ACTH treated animals (injected with 50^g.l00g 
weight 24 hours and 1 hour before sacrifice, as 
described in section 2.5.1).

E. Adrenalectomised animals treated with Img.lOOg 
body weight corticosterone daily (see section 2.6.2 
for surgical procedure and maintenance, and 2.5.2 
for details of corticosterone injection).

body

-1

Upper diagram, lean animals; lower diagram, obese animals. 
Bars represent means - S.E.M. of 4-12 animals per group.

P < 0.05 , 66 P^O.Ol, 666 P < 0.002 compared to control 
(intact) animals of the same phenotype.
* P<0.05, ** P ^0.01, *** P <0.002 compared to saline
injected animals of the same phenotype and the same adrenal
status.

0 denotes not significantly different from equivalent lean 
group. All other cases were significantly lower than the 
equivalent lean group except ACTH treated 2DG injected obese 
rats (D 17^; higher).
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1 4 3

obese ruts, but both adrenalectomy and ACTH treatment 
stimulated basal ^AT GDP binding. The replacement of 
corticosterone to obese adrenalectomiscd rats depressed 
GDP binding levels to control values. The effects of ?DG 
arc illustrated by the cross-hatched bars. PAT mitochond 
rial GDP binding was significantly depressed by 2DG in 
lean control rats, lean and obese adrenalectomised rats 
and in lean ACTH treated rats. ?DC stimulated PAT GDP 
binding in obese ACTH treated rats. Corticosterone 
replacement to adrenalectomised rats not only abolished 
the effects of adrenalectomy on basal BAT GDP binding 
in obese rats, but abolished the effects of 2DC in both 
phenotypes. The significant inhibition of basal BAT 
mitochondrial GDP binding in lean rats by corticosterone 
apparently abolished the effects of 2DC in lean animals. 
The effects of corticosterone and 2DC in lean rats did 
not appear to be additive, but it could be that either 
corticosterone or 2DC alone, at the doses used, (lOmg.kg 
and 360mg.kg ^ respectively) was sufficient to maximally 
suppress GDP binding in lean rats.

1

b . Serum Measurements.

Tables 3.3.1.6 to 3.3.1.10 show details of changes in 
serum hormones and metabolites which occurred on adrenal
changes and after 2DC. The changes due to altered adrenal 
function were as follows: Adrenalectomy reduced serum 
glucose levels in both phenotypes. Free fatty levels were 
increased in obese rats and the normaliy elevated serum 
insulin levels of obese animals were reduced towards lean 
levels. Corticosterone treatment raised serum glucose 
levels in both phenotypes but had no other effects on the 
parameters measured. ACTH treatment increased serum levels 
of every measured factor, except glucose in lean animals. 
Corticosterone replacement to adrenajectomised animals 
led to an increase in serum insulin in lean rats and a lower 
level of serum corticosterone in obese rats.

2DC had no effects on scrum free fatty acid or insulin 
levels under any of the experimenta] conditions. Serum glucose
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levels were elevated In most cases by 2DC administration, 
the exceptions beinq in obese, ACTH treated rats and lean 
corticosterone replaced-adrenalcctomiscd rats. 2DC 
elevated scrum corticosterone levels only in control 
animals of both phenotypes.

3.3.2 The Effects oF Adrenalectomy on the 2DC Dependent 
Stimulation of Food intake in Lean and Obese 
Zucker Rats.

The results from the previous section suggest that 
adrenalectomised obese Zucker rats respond normally to 2DC 
in that BAT mitochondrial GDP binding is inhibited to a 
similar extent as seen in lean adrenalectomised animals 
(38% and 28% inhibition in lean and obese adrenalectomised 
rats respectively). Section 3.1.3 demonstrated that, in 
contrast to lean animals, obese rats did not increase their 
food intake in response to 2DG administration. It was 
decided to investigate further the restorative effects of 
adrenalectomy on the responses to 2DG in obese rats, by 
examining the food intake of adrenalectomised lean and obese 
Zucker rats over the 3 hour period of 2DG treatment.

Lean and obese Zucker rats were adrenalectomised and 
maintained as described in section 2.6.2. After a 7 day 
recovery period animals were individually housed, and injected 
with 2 doses of 2DG (360mg.kg ^) in 0.2ml saline, i.p., 
at zero time and after two hours. Control animals received 
2 injections of 0.2ml saline at the same times as control 
animals. Fresh, weighed, food was placed in the cage hoppers 
at time zero, and food intake measured 3 hours later.
Success of adrenalectomy was confirmed by the demonstration 
of undetectable corticosterone levels.

Results.

Table 3.3.2.1 shows the food intake of lean and obese 
adrenalectomised animals in response to 2DC. Food intake 
was increased in intact lean animals by 2DC, but obese rats 
food intake was not stimulated. Adrenalectomy of lean rats 
did not affect 3 hour food intake in lean rats, but 
significantly reduced the food intake of obese rats to



15?

0)
ru
4_J

C

"Ooo
4—o
co
nD
D£•H

4~>cO
-Pc(D13
C
<D
o_0)
Oorg
(DjC
■P

co
>.Eo+-)o0
c0p"O
<
4_o
CO
-Po
0

LJ

rg
m
0f

-Q0

COccZDO
ro
cn

UJ
<

ooo

o
UJ o 
CO O 
I—t rg

O 
P-o
UJ

UJ
ccQ<

oo
f\l

o<

<
CO

* ■4- 0
rg CL

. . -o >>
O O C P

0 o -
4 4 1 c

0 0 CL
lts VO ZD jZ •

• • 4^ CL 'H
rg rg 0

P 0 ID
0 E CD O

0 O P
rH 0 rg P
0 0
C 0 p CL

4 0 JZ 1
4 P p CD P

rg fA TD UJ D
• . 0 p . O
O o o E jZ

0 O
4 1 4 t E ID VO rA

0 C rA
LA 0 0 0 •

• . P JZ c
r-4 r-H 0 CL O p o

JZ 3 0
P o p 'H

p 0 0 p
tp CD P > 0
O D o CL

4 • P O E
* a 0 C x: 0D o
rg D P 0 0 o

. O 0 E rg P
o o P E -P D p

CD •H 0 p 0 o
4 1 4 t C 0 0 0

_c 0 P p 0 0
LA 0\ 0 P p E 0

• 0 ID 0 0
rg rg 0 0 0 0 0

P E -a 0
c O 0 • c 5 p

•H 0 0 CL 0 o
D 0 p

to C 0 O 0 UJ
r—i •H _c P E 0 p
0 p CT) P p .

-Gi e 0 P c rA
r-H •H C c c •H •

C •H ■- ‘H 0 o P
O o 0 P 0 p ID •

0 0 p 0 o rA
4 1 4 1 d- 0 r—1 Nl O

0 p P 0
rg C\ 4- O E c p p

• • O p P 0 0 _o
rH rg c p 0

ID 0 0 0 0 p
0 > c c

• P p p o •H E
UJ 0 o D p (P O

CO
CL 0 C7 p 0 P
E 4^ 0 0 0 P
O C 0

4 t O •H O •P P ID
P c e 0

O p rg P
to o p ID • 0
c • 0 %D CD 0
0 o ID P 0 CL
0 0 0 > P 0
E \/ P CL P O P

Cl 0 E 0
u CL o O 0

E o 0 0 P
0 4 o P c
to 4 0 rg p 0
0 O 0 p P
P r- 1—1 o (-H 0 0

UJ LA o 0 0 X5
CO 0 CD 0 • o E

< UJ P CL o ♦H P
UJ CQ CD >> \y V C E P
_J o to p CL < rg o

0 v/ o Cl • 0
D Cl c o p

r—( 0 -o c
0 4 ""O c p
D> 4 CL 4 p -



approximately half that of their intact counterparts, 
an intake equivalent to that of the lean adrenalectomised 
(jr0up . DC increased food intake in both adrena lectomised 
()roups to a similar level, and the maqnitude of the increase 
was similar to that seen in intact lean animals (82%, 78% 
and 106% increase in lean adrenalectomised, obese adrena 1 - 
ectomised and lean intact animals, respectively).

153

3.3.3 Discussion

The alteration of adrenal status produced similar 
changes in BAT function and serum metabolites in this study
as have been previously reported. Adrenalectomy improved 
BAT mitochondrial GDP binding, mitochondrial population and 
tissue GDP binding capacity in obese rats which is consistent 
with previous observations (Holt and York, 1982; Marchington 
et al., 1983). Serum glucose was reduced in both lean and 
obese adrenalectomised rats, accompanied by a decrease from 
the high levels of insulin normally seen in the obese Zucker 
rat, effects confirming previous reports (York and Godbole, 
1979; Freedman et al., 1986b). The increase in free fatty 
acids that occurred after adrenalectomy in obese rats was 
probably due to the increase in serum ACTH after adrenal- 
ectomy. ACTH is a lipolytic agent which acts on both brown 
and white adipose tissue (Beftin and Portet,1976). This 
effect of ACTH was probably only seen in obese rats due to 
their greater WAT stores. Corticosterone depressed BAT 
function in both lean and obese rats, an effect only 
previously reported in lean animals (York et al., 1985a). 
Serum glucose levels were increased in corticosterone 
treated animals, probably as a result of glucocorticoid 
mediated inhibition of glucose uptake in WAT and muscle 
(Fain 1979). ACTH treatment stimulated BAT function and 
increased serum glucose, free fatty acids, insulin and 
corticosterone levels in both phenotypes. The beneficial 
effects of ACTH on BAT have only previously been 
demonstrated in obese rats (York and al-Baker, 1984) and 
that report did not demonstrate the increase in mitochondrial 
population in obese rats seen here.BAT mitochondrial GDP 
binding in lean animals has only been previously demonstrated 
to increase in response to ACTH in the absence of endogenous
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corticosterone (York and Al-Baker, 1984). However, ACTH 
is known to increase metabolic rate and BAT blood flow 
(Heim and Hull, .1966; Laury and Portet, 1977; Kuroshima 
e t a 1 . , 196 8), as well as to provoke an increase in BAT
i ipolys is through activation of adenylate cyclase (Berlin 
and Portet, 1976), so an increase in BAT mitochondrial 
CDP binding in lean rats caused by ACTH treatment is not 
unlikely. Corticosterone replacement to adrenalectomised 
animals had little effect in lean rats, and the replacement 
dose produced slightly reduced serum corticosterone levels. 
In obese rats, however, BAT function was depressed back 
to control levels, even though serum corticosterone levels 
in these animals were lower than the intact group 
(273 - 6 and 109 - 8 ng.ml , for intact and corticosterone 
replaced animals respectively). The inhibitory effect of 
corticosterone replacement on BAT function in adrenalect- 
omised obese Zucker rats is well documented (Holt et al., 
1983; York et al., 1985a; Freedman et al., 1986a) and 
is again confirmed here.

The sympathetic stimulation of the adrenal medulla 
and direct sympathetic stimulation of the liver are 
thought to be the two major effectors of the hyper- 
glycaemia that occurs after 2DG administration (Rappaport 
et al., 1982; Storlein et al., 1985). The hyperglycaemia 
after 2DG was reduced in the absence of the adrenal 
medulla, i.e. in adrenalectomised and adrenalectomised- 
corticosterone replaced animals of both phenotypes (lean 
animals 69%, 45% and 4% increase; obese animals 75%, 51% 
and 21% increase for control, adrenalectomised, and 
adrenalectomised corticosterone-replaced animals respectively) 
Only in lean corticosterone-replaced adrenalectomised animals 
and obese ACTH treated animals was the 2DG dependent 
increase in serum glucose absent. The increase in serum 
corticosterone observed in control animals was probably 
due to 2DG-induced ACTH release, and thus ACTH-mediated 
stimulation of corticosterone secretion (Weidenfeld et al., 
1984). Corticosterone levels were not increased in any 
other group in either phenotype. Adrenalectomised animals 
had no target organ for ACTH to stimulate, ACTH treated rats
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liad liigh levels of exogenous ACTH, so any endogenous 
ACTH released would probably be ineffective, and similarly, 
injected corticosterone would probably suppress both 
endogenous ACTH and corticosterone release.

The only situations investigated in which 2DC failed 
to depress DAT mitochondrial CDP binding in lean rats,was 
in intact or adrenalectomised animals treated with 
exogenous corticosterone. In contrast, obese animals only 
responded to 2DG by an inhibition of BAT CDP binding in 
the complete absence of corticosterone, whereas in ACTH 
treated obese rats there was a stimulation of BAT 
mitochondrial GDP binding after 2DG. It appears, therefore, 
that corticosterone inhibits the effects of 2DG induced 
glucoprivation on BAT CDP binding in obese rats. 2DG acts 
centrally to cause the release of ACTH, which then acts to 
increase corticosterone secretion (Weidenfeld et al., 1984), 
however, hypophysectomised Sprague-Dawley rats still show 
a marked reduction in rectal temperature in response to 
centrally injected 2DG (Muller et al., 1973). This suggests 
that the effects of 2DC on thermogenesis are not mediated 
through corticosterone release per se and this suggestion 
is supported by the present observations that adrenalect- 
omised rats of both phenotypes responded to 2DC with a 
reduction in BAT mitochondrial CDP binding,and the depression 
of BAT GDP binding after 2DC in ACTH-treated lean rats was 
not associated with an increase in serum corticosterone 
levels. Although it appears that the 2DG-inhibition of BAT 
CDP binding is not mediated directly by corticosterone 
release, there seems to be an interaction of corticosterone 
and 2DC effects on BAT. Serum corticosterone levels in 
corticosterone treated and corticosterone-replaced animals 
were either normal or depressed, suggesting that circulating 
corticosterone levels were not responsible for the 
restoration of insensitivity to 2DC in obese adrenalect- 
omised-corticosterone treated rats, or the depression of 
2DC sensitivity in lean corticosterone injected or 
corticosterone-replaced animals. It is possible that 
corticosterone treatment maintained, or elevated central 
corticosterone levels and that an interaction between 
corticosterone and glucose metabolism^centrally. The
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effects of 2DC and corticosterone do not appear to be
additive but that could be because both 2DC and 
corticosterone were maximally depressing CDP binding at 
the doses used. The failure of 2nc to significantly 
depress DAT mitochondrial CDP binding in lean adrcnalect- 
omised-corticosterone-replaced rats could be due to the 
replacement dose of corticosterone to these rats slightly 
inhibiting basal CDP binding, so that the effect of 2DC 
was no longer significant.

Adrenalectomy of obese rats, as well as restoring 
BAT mitochondrial CDP binding to lean levels, normalises 
noradrenaline turnover in BAT (York et al., 1985a, b). 
Corticosterone treatment of lean animals depresses BAT 
sympathetic activity (noradrenaline turnover) (York et al., 
1985a) so it appears that in instances in lean animals, 
where BAT sympathetic activity is depressed, 2DC does not 
affect BAT CDP binding and in the instances where BAT 
sympathetic activity is normalised in obese rats, that is 
after adrenalectomy, 2DC inhibits CDP binding. A possible 
mechanism by which 2DC suppresses BAT mitochondrial CDP 
binding is by inhibition of the VMM glucoreceptors 
leading to reduction in the efferent activity of the 
sympathetic nerves to BAT. The recent demonstration by 
Niijima (1986) that intravenous administration of glucose 
causes an increase in the firing rate of the BAT nerves, 
lends support to this suggestion. It is possible that 
corticosterone inhibits the central effects of 2DC, as 
obese rats respond to 2DC only in the complete absence 
of corticosterone and the 2DC inhibition of BAT 
mitochondrial CDP binding in lean rats is inhibited in the 
presence of exogenous corticosterone which may lead to 
an elevation in central corticosterone levels. Cortico­
sterone is known to reduce the uptake of glucose into WAT 
and muscle by the inhibition of the cellular glucose 
transport system (Fain 1979). It could be that the 
postulated hypersensitivity of the obese rat to the effects 
of corticosterone (Yukimura et al., 1978; Freedman et al., 
1986a) is responsible for the reduced sensitivity of 
central glucoreceptor mechanism in relation to DAT activation
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The mechanism by which ACTH stimulates BAT mito­
chondrial GDP binding in obese rats is unclear. ACTH 
treatment increases BAT mitochondrial GDP binding in lean 
and obese rats, but no concomitant increase in tissue 
noradrenaline turnover is seen (Marchington, 1985) 
suggesting that ACTII has a direct effect on the tissue.
If, as suggested above, 2DC acts by inhibiting the 
sympathetic drive to BAT, the absence of such a tonic 
drive in obese or obese ACTH treated rats would explain 
the failure of 2DG to affect BAT mitochondrial GDP binding 
in these animals. In addition, if corticosterone does act 
to inhibit the central effects of 2DG, increased ACTH 
levels would induce an increase in circulating corticosterone 
which might then inhibit any central effects of 2DG on BAT 
function. ACTH secretion is mediated by CRF release from 
the hypothalamus. The stimulation of ACTH secretion 
caused by centrally acting 2DC (Weidenfeld et al., 1984) 
may result from CRF release. Recent observations suggest 
that CRF, when injected intracerebroventricularly, 
stimulates BAT mitochondrial GDP binding (Arase, York and 
Bray: unpublished observations). It is possible, therefore, 
that 2DG-induced CRF release causes a centrally mediated 
stimulation of BAT mitochondrial GDP binding.
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Section 3.4 The Involvement of the SNS and PNS in the 
Responses to 2DC,and the Site of Action of 
2DG on the Reduction of Body Temperature 
a n d BAT M i. t o c h o n d r i a 1 GDP Binding.

Although the results in section 3 . J . ‘3 suggest that 
the effects of 2DG arc not mediated by direct inhibition 
of BAT metabolism at the tissue level, the experiments 
described so far have not elucidated the means by which 
2DC mediates its effects on BAT mitochondrial GDP binding 
or body temperature. It has been previously demonstrated 
that 2DG has effects on the activity of both the SNS and 
PNS. The activity of the sympathetic adrenal nerve is 
stimulated by 2DG administration but the renal nerve is 
unaffected and cardiac noradrenaline turnover is decreased 
in 2DC treated animals (Niijima, 197$; Rappaport et al., 
1982). The 2DG induced depression in metabolic rate and 
rectal temperature was abolished by atropine treatment or 
cervical vagotomy (Rothwell et al., 1981; Shiraishl and 
Mager, 1980b, respectively), suggesting that the PNS is 
involved in these effects of 2DC. 2DC infused into the 
hepatic portal vein stimulates abdominal afferent vagal 
activity (Niijima 1981) increases feeding (VanderWeele, 
1985) and stimulates gastric acid secretion (Hirschowitz 
and Sachs , 1965), effects which a re reduced or abolished 
by subdiaphragmatic vagotomy. The varied physiological 
effects of 2DG are, therefore, attributable to actions of 
both the PNS and SNS.

BAT is innervated primarily by fibres of the sympathetic 
nervous system, and a functional sympathetic link has been 
demonstrated between the VMM and BAT (Perkins et al.,
1981,a,b; Holt et al., 1985, 1986). The VHH contains 
giucoreceptors which are sensitive to 2DC application 
(Oomura et al., 1978) and it has been recently demonstrated 
that administration of glucose via the jugular vein 
increases BAT sympathetic nerve activity (Niijima, 1986). 
These experiments were designed, therefore, to investigate 
the involvement of the PNS and SNS in the effects of 2DC 
on BAT mitochondrial GDP binding, and to attept to 
distinguish between peripheral and central effects of 2DC
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on rectal temperature and BAT thermopenesis. The
experiments in this section were carried out only in lean 
animals, as no effects of 2DC on BAT have been demonstrated 
in previous sections in intact obese animals.

3.4.1 The Effects of Propranolol on DAT Mitochondrial GDP
Binding in Lean Zucker Rats Fed with Supplementary
Sucrose .

The acute response of BAT to dietary stimuli is thought 
to be sympathetically mediated (Landsberg et al., 1984).
BAT of chow fed lean, but not of obese, Zucker rats is 
sensitive to the -antagonist propranolol and undergoes 
a 40% reduction in BAT mitochondrial GDP binding after 
injection of this drug (Holt 1984). In view of the results 
in section 3.2.2, where lean animals were sensitive to the 
effects of 2DG on BAT after 7 days of sucrose feeding, but 
not after 24 hours, it was of interest to examine the 
effects of propranolol under similar conditions, to 
elucidate the role of the SMS in the 2DG-induced decrease 
in BAT mitochondrial GDP binding.

Lean animals were individually caged, and given 
ad lib, access to a 35% (w/v) sucrose solution instead of 
water and in addition to chow for 24 hours or for 7 days. 
Food and sucrose intake was measured over the last 24 hour 
period. Propranolol (2mg.l00g )or saline (0.1ml) was
injected, s.c., over the entire 24 hour sucrose-feeding 
period, or over the final 24 hours of the 7 day sucrose 
feeding period at 8 hourly intervals, as described in 
section 2.5.6. The final injection of propranolol or 
saline was given 1 hour before sacrifice, which took place 
at the normal time at which 2DG treated animals were killed 
(12,00 - 12.30 hours). Animals were sacrificed by 
decapitation and trunk blood collected. Serum was prepared 
as described in section 2.9.1, and assayed for glucose and 
insulin concentrations as outlined in sections 2.9.2 and 
2.9.4 respectively. BAT mitochondria were prepared and 
COP binding assays performed, as described in sections 
2.12 and 2.13 respectively. Protein concentrations were 
determined by the method of Lowry (section 2.10.2).
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Results

Table 3.4.I.J. shows the effects of propranolol 
treatment on energy intakes of sucrose or chow fed lean 
animals. Sucrose feeding increased energy intakes in aJJ 
groups, however, propranolol treatment of 24 hour sucrose 
ted rats led to a significant decrease in energy intake 
but this decreased level was still higher than in chow fed 
propranolol treated animals. Table 3.4.1.2 shows the 
effects of propranolol on BAT and serum metabolites in 
sucrose-fed animals. 7 day sucrose feeding increased BAT 
wet weight and protein content. BAT mitochondrial GDP 
binding and serum glucose levels were increased in both 
sucrose fed groups, but insulin levels were unaffected. 
Propranolol treatment significantly reduced BAT GDP binding 
in 24 hour sucrose fed animals (26%), but had no significant 
inhibitory effect in 7 day sucrose fed animals (14% 
reduction), although sucrose feeding increased BAT mito- 
chondrial GDP binding to similar levels in both 24 hour 
and 7 day fed groups. These findings were in contrast 
to effects of 2DG on 24 hour and 7 day sucrose fed animals, 
in which BAT mitochondrial GDP binding was inhibited by 
2DG in animals that had been sucrose fed for 7 days, but 
not for 24 hours .

The mode of action of 2DG in its effects on BAT 
mitochondrial GDP binding is still unclear. Two possible 
mechanisms of action are a direct effect on the hypothalamus 
affecting the sympathetic neural output controlling BAT 
activity (Niijima, 1986), or peripheral effects of 2DG 
acting through the hepatic glucoreceptor system and the 
vagus nerve (Niijima 1981, 1983) causing a parasympathetic- 
ally mediated inhibition of thermogenesis. To investigate 
these possibilities it was decided to examine the effects 
of BAT sympathectomy and subdiaphragmatic vagotomy on 
the response of BAT to 2DG treatment.
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The Effects of BAT Sympathectomy on the Response 
of UAT Mitochondrial GDP Binding to 2DC Treatment
in Lean Zucker Rats.

6 week old Lean Zucker rats were individually caged 
and their interscapular UAT depots were unilaterally 
denervated as described in section 2.6.3. Animals were 
allowed to recover for 48 hours, during which time their 
food intake was measured to ensure that any observed 
effects were not affected by a post-operative depression 
in food intake. Animals were injected with two doses of 
2DG (360mg.kg ) in 0.2ml saline, i.p., 3 hours and 1 hour
before sacrifice. Control animals received 0.2ml saline 
at the same times as experimental animals. Food was with­
drawn from all animals at the beginning of the experimental 
period. Animals were killed by stunning and cervical 
dislocation. BAT was dissected out and the depot carefully 
divided in half. BAT mitochondria were prepared and GDP 
binding assays performed separately on the denervated and 
intact half of each depot, as described in sections 2.12 
and 2.13 respectively.

Results.

163

The effects of unilateral BAT denervation on the
2DG-induced inhibition of BAT mitochondrial GDP binding 
are shown in table 3.4.2.1. Unilateral denervation of BAT 
caused a slight increase in tissue weight, possibly due to 
the deposition of lipid in the absence of SNS activation. 
Denervated BAT specific mitochondrial GDP binding was 
depressed significantly, as was depot GDP binding. 2DG 
significantly inhibited both specific and depot mitochondrial 
GDP binding in functionally innervated BAT, but had no effect 
on GDP binding in BAT without an intact nerve supply. Food 
intake in these rats was not significantly depressed for the 
24 hours preceding the experiment; (food intakes
10.5 - Z.lg.day and 9.6 - 1.8g.day ^, for control animals 
and unilaterally denervated animals respectively.)
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-i ■ ^ - i The Effects of Subdiaphragma tic Vagotomy on the
Response of BAT Mitochondrial GDP Binding to 2DC 
in Lean Zucker Rats.

It appears Trom the last section that the depression 
in UAT mitochondrial CDR binding that occurs after 2DC 
treatment is dependent upon an intact sympathetic nerve 
supply to BAT. However, denervation itself significantly 
decreased GDP binding and it was possible that para- 
sympathetic mechanisms contributed to the hypothermic 
effects of 2DG, so subdiaphragmatically vagotomised animals 
were investigated with regard to the effects of 2DC on BAT.

7-8 week old lean Zucker rats were starved overnight 
and subdiaphragmatically vagotomised or sham-vagotomised. 
Slightly older animals were used due to the intricacy of 
the surgical procedure, as described in section 2.6.4. 
Animals were housed individually in a warm room and given 
3 days to recover from surgery. During the recovery period, 
vagotomised animals were fed the wet, palatable mash 
described in section 2.4.3. Sham operated animals were 
pair-fed to the ad lib, intake of the vagotomised group 
to eliminate the effects of reduced food intake. At the 
end of the recovery period, animals were injected with two 
doses of 2DC (360mg.kg"^) in 0.2ml saline, or with 0.2ml 
saline, 3 hours and 1 hour before sacrifice. Animals were 
killed by decapitation. BAT was removed, BAT mitochondria 
were prepared and GDP binding assays performed, as 
described in sections 2.12 and 2JL3 respectively. Upon 
sacrifice vagotomised animals were visually inspected for 
success of vagotomy (any nerve fibres running between the 
liver and the oesophagus counted against a successful 
vagotomy). All apparently successfully vagotomised animals 
had distended stomachs and lost weight (-4 - 2g) over the 3 
day recovery period (Sham operated rats gained 15 - Ig).

Results.

The results of this experiment are presented in table 
3.4.3.1. Subdiaphragmatic vagotomy reduced BAT mitochondrial 
GDP binding by 20%, which is comparable to the vagotomy 
dependent decrease in GDP binding, observed by Andrews et
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al (1983; 21%). However, 2DG inhibited BAT GDP binding in
both sham-operated and vagotomised animals to a significant 
degree (18% in both cases). Depressed food intake was not 
responsible for the depression in basal BAT GDP binding 
levels in vagotomised rats as the pair-fed energy intakes 
were similar (as expected), although lower than the ad lib. 
intake of sham-operated animals.

These results suggest that an intact vagal input from 
the liver/stomach is not necessary to the inhibition of 
BAT function caused by 2DC administration.

3.A.4 The Effects of 2DC Infused into the Carotid Artery 
or Hepatic Portal Vein on BAT Thermo genesis and
Body Temperature in Anaesthetised Lean Zucker Rats.

In order to further elucidate the site of action of 
2DC as peripheral or central, infusions of 2DC were made 
into the hepatic portal vein or the carotid artery to deliver 
the drug directly to potential peripheral and central sites 
of action respectively. Changes in BAT and rectal tempera­
tures after infusion of 2DG via these routes were monitored, 
and BAT mitochondrial GDP binding was measured. Pairs of 
animals were anaesthetised as described in section 2.6.1 
and surgery performed as described in section 2.6.5 for 
hepatic portal infusions, and 2.6.6. for carotid artery 
infusions. During experiments animals were kept on a 
thermostatically controlled heating pad, regulated to keep 
the body temperature of the control rat constant.
Thermistors were placed under the interscapular BAT pad 
and 2cm into the rectum of each animal to continuously 
monitor temperatures. After a 5-10 minute temperature 
stabilisation period 6mg.l00g"^ body weight in 0.2ml.l00g"^ 
body weight saline was delivered via infusion pump over a 
5 minute period. Control animals received 0.2ml.l00g"^ 
body weight saline only. BAT and rectal temperatures of 
both animals were monitored for a further 55-60 minutes.
At this point, animals were killed by cervical dislocation 
after checking that the cannuiae had not slipped out.
BAT was removed, mitochondria were prepared and GDP binding 
assays performed as described in sections 2.12 and 2.13



respectively. If, at any point during the experiment, 
either of the animals becian to regain consciousness, 
a further ha If dose of anaesthetic was given to each anima
Animals were not permitted to recover consciousness at 
any time during these experiments.

Results.

1(38

Figure 3.4.4.1 shows the changes in BAT and rectal 
temperatures that occurred after infusion of 2DC or saline 
into the carotid artery. Both BAT and rectal temperatures 
began to fall within 10-15 minutes of initiation of the 
infusion, but temperatures were only significantly 
depressed after 50 and 55 minutes. Figure 3.4.4.2 shows 
more clearly the relative changes that occurred in BAT 
and rectal temperatures in 2DC treated animals. Figure
3.4.4.3 shows the changes in BAT and rectal temperatures 
after infusion of 2DG or saline into the hepatic portal vein 
In contrast to the effects seen after intracarotid 
infusion, no significant changes occurred in either rectal 
or BAT temperatures. Figure 3.4.4.4 shows the changes 
that occurred in 2DC infused animals relative to saline 
treated rats and it can be seen more clearly that no 2DC 
dependent hypothermia occurred after hepatic portal infusion.

Figure 3.4.4.5 shows that BAT mitochondrial GDP 
binding was not significantly changed by either intracarotid 
or intraportal infusion of 2DC, although the general trend 
in the Intracarotid group was to decrease GDP binding (-21%) 
and the intrahepatic group tended to increase GDP binding 
(+9%). The wide range of individual values for BAT 
mitochondrial GDP binding might account for the lack of 
statistical significance attached to these observations, an 
effect that might have been due to the effects of anaesthesia

These observations tend to support the suggestion 
that 2DC is mediating its inhibitory effect on BAT 
mitochondrial GDP binding, BAT temperature and rectal 
temperature through central mechanisms.



Figure 3.4.4.1 The Effects of Intracarotid Infusion of
2DC on BAT and Rectal Ternperatures in 
Anaesthetised Lean Zucker Rats.

Weight-matched pairs of animals were prepared for 
carotid artery infusions as described in section 2.6.6. 
6mg.l00g'^ body weight 2DC was administered in a 0.2ml 
volume of saline over the 5 minute period, as marked (•»»). 
Rectal and BAT temperatures were measured for 55 minutes 
at 5 minute intervals.

The changes in temperature relative to individual 
starting temperatures are shown.

Saline treated animals (0.2ml saline.lOOg 
body weight) (n = <f')

-12DG treated animals (6mg.l00g body weight

* P<0.05, ** P<0.01 compared to saline treated
animals at the same time point.
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Figure 3.4.4.2 The Relative Change in BAT and Rectal
Temperature After Intracarotid Infusion
of 2DG to Anaesthetised Lean Zucker Rats

Weight matched pairs of animals were prepared 
for carotid artery infusions as described in 
section 2.6.6. 6mg.l00 ^ body weight 2DG in 0.2ml
saline, or 0.2ml saline was infused over a 5 minute 
period, as marked (•—) . Rectal and BAT temperatures 
were monitored over a further 55 minute period. The 
relative temperature differences between 2DG infused 
and saline infused animals are shown.

Rectal temperatures 
BAT temperatures
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Figure 3.4.4.3 The Effects of Intrahepatic Portal Infusion of
2DC on DAT and Rectal Temperatures in 
Anaesthetised Lea n Zucker Rats.

Weight-matched pairs of animals were prepared for 
hepatic portal vein infusions as described in section 2.6. 
6mg.l00g~^ body weight 2DC was administered in a 0.2ml 
volume of saline over the 5 minute period, as marked (•—•) 
Rectal and BAT temperatures were measured for 50 minutes 
at 5 minute intervals.

The changes in temperature relative to individual 
starting temperatures are shown.

- iSaline treated animals (0.2ml saline.lOOg 
body weight) (^=3,)

2DG treated animals (6mg.l00g ^ body weight) = 0
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Figure 3.4.4 .4 The Relative Change in BAT and Rectal 
Temperature After Intrahepatic-Portal 
Infusion of 2DC to Anaesthetised Lean 
Zucker Rats.

Weight matched pairs of animals were prepared 
for hepatic portal vein infusions as described in 
section 2.6.6. 6mg.l00 ^ body weight 2DG in 0.2ml
saline, or 0.2ml saline was infused over a 5 minute 
period, as marked (—«—■). Rectal and BAT temperatures 
were monitored over a further 50 minute period. The 
relative temperature differences between 2DG infused 
and saline infused animals are shown.
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).4.b Discussion

The results from sections 3.2.2 and 3.4.1 show that 
24 hour sucrose fed animals reduced UAT mitochondrial 
GDP binding in response to propranolol, but not 2UC. 
Conversely, 7 day sucrose feeding resulted in a sensitivity 
to 2DC but not propranolol. The implication From these 
observations is that prolonged overfeeding results in 
an activation of BAT, the maintenance of which is not 
dependent upon .Q^adrenergic mechanisms and that the change 
over period from propranolol-sensitive to propranolol- 
insensitive control, takes 1-7 days. The change in 
sympathetic activation could be due to an increase in 
the relative proportion o f receptors in BAT, with
receptor stimulation maintaining an increased tonic level 
of thermogenesis. This is supported by the observations 
thatcK^ receptor number increases andj^^ receptors decrease 
on prolonged cold exposure (see Mohell, 1984) and on 
cafeteria feeding (see Cannon and Nedergaard, 1986). o< ^ 
agonists have recently been shown to potentiate the effects 
of ^^-noradrenergic stimulation of BAT from cold acclimated 
animals (Foster, 1985), if the same effect occurred in 
overfed animals, this could account for the reduced effect 
of propranolol on chronically diet-stimulated BAT. 
Noradrenaline is a mixed although the
j^^blockable component of BAT sympathetic activation 
apparently decreases after 7 days sucrose feeding, the^K. 
component, which would not be sensitive to propranolol, 
could be increased. Tissue noradrenaline turnover is 
increased in 7-day sucrose fed lean rats (York et al., 
1985b), so a reduced sympathetic drive to BAT is not 
responsible for the failure of propranolol to reduce BAT 
mitochondrial GDP binding. The reciprocal effect of 2DG 
and propranolol on BAT of 24 hour and 7 day sucrose fed 
animals could be explained thus: initially, overfeeding 
provokes powerful centrally mediated stimulation of BAT, 
acting through the relatively high proportion of/3, 
receptors on the tissue. This powerful initial stimulus 
cannot be overridden by acute dietary regulators, such



as 2DC-induced changes in glucose metabolism, but 
/S|-blockade would lead to a large reduction in BAT 
mitochondrial CDP birtdirig. As overfeeding persists, 
an increase in the relative proportions nfc< receptors 
in BAT occurs resulting in potentiation of mediated 
effects, but no increase, or even a decrease, in direct 

stimulated effects in BAT. At the same time, the 
central mechanisms regulating DIT adjust to the new level 
of dietary stimulation and a change in sensitivity restores 
the ability of acute regulatory signals (such as 2DC 
induced glucoprivation) to affect BAT thermogenic function. 
So, after 7 days of sucrose feeding 2DG would be able 
again to reduce BAT mitochondrial GDP binding but propran­
olol would have a reduced effect due to the relatively 
low proportion of direct A^mediated stimulation of BAT.
This hypothesis could be further investigated by the use 
of ^^-antagonists to investigate the magnitude of the 
0,^^- adrenergic component in 7 day and 24 hour sucrose fed 
animals.
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The investigations into the autonomic effector of 
the 2DG-mediated inhibition of BAT thermogenesis seemed to 
indicate that the effects were elicited through the 
sympathetic nervous system. Both surgical procedures, 
vagotomy and unilateral BAT denervation, resulted in a 
depression of BAT mitochondrial GDP binding relative to 
sham-operated control animals, eating similar amounts of 
food. Denervation of BAT has been shown to cause an 
involution of the tissue over 7-10 days (Rothwell and Stock, 
1984b), so the experiment was performed as soon after 
surgery as possible (2 days) to avoid these changes. This 
was partially successful, as denervation caused only a 30% 
reduction in BAT mitochondrial GDP binding, compared to 
the 51% reduction of GDP binding over 10 days observed by 
Rothwell and Stock (1984b). A reduction in BAT GDP binding 
levels has also been previously observed after sub- 
diaphragmatic vagotomy (Andrews et al., 1985a, b). The 
current study demonstrated a 20% decrease in BAT 
mitochondrial GDP binding after vagotomy, which is comparable 
to the reduction seen by Andrews et al., (1985a, b; 27% 
and 32% reductions respectively). Whereas the reduction in



DAT Function after denervation (sympathectomy) is thought 
to be due to direct effects on the tissue (Minokoshi et 
a 1. , 19 8 6) tfIe effects of subdiaphragmatic vagotomy on 
BAT activity are thought to be due to a reduction in 
circulating insulin levels and so reduced insulin-stimula- 
ted BAT activity, (Andrews et al., 1985a). The results 
of the current study showed that 2DC treatment reduced BAT 
mitochondrial GDP binding in vagotomised animals, but no 
reduction in binding was observed in the denervated BAT 
lobe of 2DG treated animals. These results suggest that 
the response of BAT to 2DG requires the presence of an 
intact sympathetic innervation, but the absence of 
abdominal vagal afferent or efferent activity has little 
effect on the inhibition of BAT mitochondrial GDP binding 
caused by peripherally administered 2DG. It appears, 
therefore, that the effects of 2DG on BAT GDP binding were 
due to a decrease in sympathetic activity to the tissue 
which implies that the actions of 2DG were mediated at 
the central site. This suggestion gains support from 
the recent observations by Niijima (1986) that glucose 
injected into the jugular vein enhances BAT nerve efferent 
activity, possibly through activation of the VMM gluco- 
receptors.

Carotid artery infusion of 2DG decreased BAT and 
rectal temperatures and tended to decrease BAT mitochondrial 
GDP binding (although this change was not significant).
No such effects were seen when 2DG was infused into the 
hepatic portal vein. These observations also provide 
support that 2DG is acting centrally to inhibit BAT thermo­
genesis.
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The results presented in this section suggest that 
the inhibition of BAT mitochondrial GDP binding caused by 
2DC treatment is effected through the sympathetic nerve 
supply to BAT and is due to central actions of 2DG.
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Section 3.5 Summary and Discussion.

The inability of the obese Zucker rat to activate 
DAT thcrmoqenesis in response to dietary stimuli has been 
a 11 rib u ted t o a lack of diet-related sympathetic ac tivit y 
in BAT (York et a 1., 1985a, b). The measurement of 
[ H]GDP binding to BAT mitochondria has been widely used as 
an index of BAT thermogenic activity (Desautels et al.,
1978; Nicholls, 1979; Sundin and Cannon, 1980; Brooks 
et al., 1980; Holt et al., 1982). Obese Zucker rats have 
low basal levels of BAT mitochondrial GDP binding (Holt 
and York, 1982) and BAT sympathetic activity (Levin et al., 
1983b; York et al., 1985b), the former observation being 
confirmed in the present study. Young obese rats respond 
normally to cold exposure by increasing BAT GDP binding 
(Holt et al., 1983; Triandafillou and Himms-Hagen, 1983) 
and BAT noradrenaline turnover (York et al., 1985b) but 
are unable to increase either BAT GDP binding or BAT 
sympathetic activity in response to overfeeding (Holt et al., 
1983; York et al., 1985a, b). The results presented in 
section 3.2 also demonstrate that obese rats are able to 
increase BAT GDP binding in response to cold, but not 
dietary stimulation. Adrenalectomy improves the low levels 
of GDP binding and BAT noradrenaline turnover in obese rats 
to normal lean levels, and restores the ability of these 
obese animals to respond to dietary stimuli (Holt et al.,
1983; York et al., 1985a, b) an effect that has been 
associated with the removal of corticosterone. Inhibition 
of BAT thermogenesis (GDP binding and noradrenaline turn- 
over) occurs when normal animals are treated with gluco­
corticoids (Rothwell and Stock, 1984a, York et al., 1985a), 
and diet-induced increases in BAT thermogenesis and the 
thermic effect of feeding are enhanced by adrenalectomy 
(Marchington et al., 1986). Also, the age-related decrease 
in the capacity for DIT is ameliorated by adrenalectomy 
(Rothwell et al., 1984b). In spite of the apparent inhibitory 
effects of corticosterone on diet-induced thermogenesis, 
permissive amounts of this hormone are required for the 
survival of cold exposure in normal animals (Fellenz et al..
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1982). Other forms of obesity also show a sensitivity to 
glucocorticoids. VMH-lesioned animals do not become obese 
when they are adrenalectomised (Bruce et al., 1982) but 
replacement of corticosterone to these animals restores the 
development of hypothalamic obesity in rats (Bruce ct al., 
1982) and mice (Debons et al., 1982, 1986). Like Zucker 
rats, VMH-lesioned rats respond normally to cold exposure 
(Luboshitsky et al., 1983). Obese (ob/ob) mice also 
improve BAT function and tissue noradrenaline turnover after 
adrenalectomy (Holt and York, 1983; Vander Tuig et al.,
1984, respectively). It appears, therefore, that gluco- 
corticoids are extensively involved in the aetiology of 
several experimental obesities, and the results presented 
in this chapter give further confirmation to the 
observation that BAT function is restored by adrenalectomy 
in obese rats. The suggestion has been made from these 
collective observations that glucocorticoids can inhibit 
DIT through the inhibition of diet-related sympathetic 
activation of BAT (York et al., 1985b).

2DG has been demonstrated to produce a range of 
independent effects on the activity of the sympathetic nervous 
system, which are thought to be mediated through multiple 
brain sites (see LeMagnen, 1983). Adrenal nerve activity 
is enhanced in 2DG treated rats in the absence of renal 
nerve stimulation (Niijima, 1975), and cardiac noradrenaline 
turnover is decreased in the presence of striking adrenal 
medullary stimulation (Rappaport et al., 1982). Niijima 
(1986) has recently demonstrated that glucose administration 
via the jugular vein increases the efferent discharge rate 
of BAT nerves and suggested that this response to glucose 
is related to the regulation of BAT and DIT. As 2DC is 
known to oppose the effects of glucose in the VMH/LH glucose 
sensing neurones (Oomura et al., 1978) it could be inferred 
from the observations of Niijima (1986) that 2DC would 
inhibit BAT nerve activity.

2DC has been demonstrated to inhibit BAT mitochondrial 
CDR binding in lean rats. The ability to demonstrate 
normal noradrenaline stimulation of DAT mitochondrial GDP 
binding in 2DC treated rats suggests that 2DC was not acting
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directly on the tissue to inhibit glucose utilisation.
The major substrate for DAT thermogenesis is thought to 
be fatty acids either released from triglyceride stores 
within the cell or imported through the actions of 
lipoprotein lipase (Radomski and Orme, 1971; Carneheim 
et a 1. , 1984). Recent evidence suggests, however, that
glucose could be an important substrate for noradrenaline 
stimulated BAT thermogenesis (Cibbins et a 1. , 1985). 
Noradrenaline stimulation of BAT leads to activation of 
glycolytic enzymes and an inhibition of acetyl CoA 
carboxylase, and hence a greater capacity for glucose 
utilisation (Cibbins et al., 1985; McCormack et a 1.,
1986). However, the enhanced capacity for glucose 
utilisation exists only in noradrenaline stimulated tissue 
(Gibbins et al., 1985), so in situations of limited 
glucose availability, for instance starvation, high fat 
feeding or 2DG inhibition of glucose metabolism, it 
seems likely that the major thermogenic fuel would be 
fatty acids. Indeed, the observation that noradrenaline 
stimulation produces similar increases in BAT mitochondrial 
GDP binding in 2DG treated and control rats, suggests that 
even though the capacity for glucose utilisation is present 
in noradrenaline stimulated BAT, similar levels of 32K 
protein mediated uncoupled respiration are achieved in 
the presence or absence of glucose as a thermogenic 
substrate. It thus seems unlikely that the inhibition of 
BAT mitochondrial GDP binding caused by 2DG is due to 
inhibition of glucose utilisation. Further support for this 
suggestion is gained from the demonstration that 2DG is 
incapable of inhibiting cold stimulated BAT GDP binding 
in lean or obese rats, although diet stimulated BAT GDP 
binding was inhibited by 2DG. This suggests that 2DG 
preferentially inhibits diet-related thermogenesis. The 
differential effects of 2DG on BAT GDP binding in relation 
to cold and diet stimulation implies that 2DG is affecting 
a controlling system of BAT thermogenesis, rather than BAT 
itself .

The regulation of DAT thermogenesis is thought to 
occur primarily through the SNS (Landsberg et al., 1982;
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Rothwell and Stock. 1984c), however, atropine injection 
and cervical vagotomy have both been shown to abolish 
the inhibitory effects of 2DC on metabolic rate in Spragiie- 
Dawley and lean Zucker rats (Shiraishi and Mager, 1980b; 
Rothwell et a 1. , 19 81). This suggests that the PNS may be
involved in these effects of 2DG. The investigation of 
the effects of 2DC on UAT mitochondrial COP binding showed 
that 2DC was still able to inhibit COP binding in 
vagotomised animals, suggesting that the vagus nerve plays 
no role in the BAT thermogenic effects of 2DG. Vagotomy 
itself caused a decrease in BAT GDP binding that was not 
dependent upon decreased food intake but which may have 
been related to reduced food absorption, as gastric 
motility and emptying is reduced in vagotomised animals 
(Roman and Gonella, 1981). In contrast, sympathetic 
denervation of BAT led to the abolition of the effects 
of 2DG on BAT mitochondrial GDP binding, suggesting that 
2DG acts through inhibition of the sympathetic drive to 
BAT. It could be argued that the failure of cervical 
sympathectomy to alter the hypothermic effects of 2DG 
(Shiraishi and Mager, 1980b) provides evidence against the 
suggestion that 2DG inhibits BAT mitochondrial GDP binding 
through the depression of SMS activity to BAT. However, 
although cervical sympathectomy denevates the cervical BAT 
pads (Hull and Segal1, 1965a) it has no effect on the 
innervation of interscapular depot (Hull and Segall, 1965b) 
so interscapular BAT would still be responsive to the 
SMS. BAT denervation in young animals abolishes the tissue 
hypertrophy and increased thermogenic capacity of BAT in 
response to either cold or diet (Rothwell and Stock, 1984b). 
Diet induced responses (i.e. inhibition of BAT thermogenesis 
by 2DG) have been demonstrated here as being absent in 
denervated tissue. The suggestion that variations in 
glucose availability or uptake can affect the sympathetic 
output to BAT is supported by the recent observation by 
Niijima(1986) that intravenous glucose administration 
resulted in an increase in the firing rate of the sympathetic 
nerves to DAT.

It is impossible in the studies so far mentioned to
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distinguish between central and peripheral effects of
intraperitoneally injected 2DC. Although 2DC seems to 
affect BAT through depression of the sympathetic drive 
to the tissue, whether the depression was effected 
directly by a central action of 2DG, or indirectly through 
peripheral modification of central sympathetic output 
could not be ascertained. The presence of a 2DC inhibitory 
effect on BAT mitochondrial GDP binding in the absence of 
an intact abdominal vagal system suggested that the hepatic 
glucoreceptor system was not involved in the regulation of 
BAT. However, the role of the hepatic glucoreceptors were 
further investigated by varying the route of administration 
of 2DG. This visceral sensory system has been widely 
implicated as an important regulator of food intake, the 
initiation of feeding and of blood glucose homeostasis
(Hirschowitz and Sach 1965 Novin and VanderWeele, 1977
Krai,1981; Niijima, 1983). Infusion of glucose into the 
hepatic portal vein decreases the activity of hepatic and 
pancreatic vagal afferents. In contrast, 2DG administered 
via the same route increases hepatic and pancreatic vagal 
afferent activity (Niijima, 1981). Infusion of 2DG into 
the hepatic portal vein had no effect on body or rectal 
temperatures in anaesthetised lean Zucker rats. This 
suggests that vagal afferent signals have no regulatory 
effect on BAT thermogenesis, and this is supported by the 
observation that subdiaphragmatically vagotomised animals 
still responded to 2DG by decreasing BAT mitochondrial 
GDP binding. The failure of subdiaphragmatic vagotomy to 
alter the BAT thermogenic responses to 2DG and hepatic 
portal vein infusion of 2DG to decrease body or BAT 
temperatures (or to affect BAT GDP binding), suggests that 
the peripheral actions of 2DG on the abdominal vagal 
system are not involved in the thermogenic response to 2DG. 
This is in contrast to the suggestions of Shiraishi and 
Mager (1980b) and Rothwell et a 1 (1981), who found that 
the 2DG-induced inhibition of metabolic rate and rectal 
temperature were inhibited in the presence of atropine 
or by cervical vagotomy. The suggestion was made that 2DC 
enhances parasympathetic activity which inhibits peripheral 
thermogenesis, however, BAT is not innervated by the PNS



(Bryant et al., 1983) so any effects of the PNS on BAT 
activity would have to be mediated indirectly. It has 
been demonstrated that the potentiating effects of 
atropine on the thermogenic effects of fecciing on 
metabolic rate and BAT temperature are not mediated 
centrally, and it has been suggested that the parasympath­
etic involvement in these responses may be due to a 
change in hormone or metabolite levels (Bryant et a 1. , 
1983). Evidence against a major role for the PNS in the 
regulation of energy expenditure is that chronic treatment 
of lean and obese rats (fa/fa) or mice (ob/ob) with 
parasympathetic stimulators or inhibitors has no effect 
on energy expenditure or weight gain that could not be 
accounted for by alterations in food intake (Dulloo and 
Miller, 1986).

The observations that intracarotid infusion of 2DC
(6mg.l00g ^) produced significant decreases in both BAT 
and rectal temperatures and tended to decrease BAT 
mitochondrial GDP binding, suggests that the actions of 
2 DC on BAT are mediated centrally. If this is so,then 
a likely site of action is the hypothalamus. The 
ventromedial and lateral hypothalamic areas have been 
constantly implicated in the regulation of energy balance 
(see Bray and York, 1979; Bray, 1984). The VMM has a 
functional neural link with BAT (Niijima et al., 1984; 
Perkins et al., 1981a, b; Holt et al., 1986) and also 
possesses an insulin sensitive glucoreceptor system 
(Anand et al., 1964; Oomura, 1976). Glucose stimulates 
the VMM glucoreceptors increasing VMM activity, an effect 
which is enhanced by insulin and attenuated by 2DC or 
free fatty acids (Oomura et al., 1978). Centrally acting 
2DG would reduce the VMM output to BAT thereby decreasing 
its thermogenic activity. The observation that 2DC is 
not effective in denervated BAT adds support to this 
suggestion. It would seem from the evidence presented 
so far, that 2DC acts centrally in the lean rat, to inhibit 
DAT mitochondrial GDP binding, BAT temperature and rectal 
temperature through the depression of the sympathetic drive 
to BAT.



2DC failed to inhibit OAT mitochondrial CDP binding 
in the obese rat, or in situations in the lean rat which 
are known to depress SNS activity in OAT. 2DC inhibition 
of GDP binding did not occur in corticosterone treated 
lean rats, adrenalectomised corticosterone-replaced lean 
rats or in any obese group of animals, except after 
adrenalectomy. Corticosterone treatment depresses PAT 
sympathetic activity (York et al., 1985a) and it is 
possible that the replacement dose of corticosterone to 
adrenalectomised lean rats led to an increased central level 
of the hormone, as discussed previously in section 3.3.3.
The elevation of BAT mitochondrial GDP binding in obese 
rats after ACTH treatment is not associated with an increase 
in BAT sympathetic activity (Marchington, 1985). 
Adrenalectomy, however, not only normalises BAT mitochondrial 
GDP binding in obese rats but also increases sympathetic 
activity in the tissue to a level equivalent to that seen
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in lean rats (York et al 1985b) The observation that
2DG inhibits GDP binding only in adrenalectomised obese
rats of the two situations where BAT function is apparently
normal in these mutants, suggests that 2DG acts only in
the presence of normal DAT sympathetic activity. It could
be construed from this data, and the previous observation
that 2DG preferentially inhibits DIT, that both cortico-
sterone and 2DG inhibit the normal sympathetic drive to
dietary stimuli. It is not clear if 2DC and corticosterone
both inhibit BAT function through effects on glucose
metabolism or even whether they act at the same site.
However, their effects do not appear to be additive as 2DG
does not suppress BAT mitochondrial GDP binding any further
than corticosterone alone in corticosterone treated lean
rats. This could be due to both corticosterone and 2DC
eliciting maximal responses at the doses used (10 mg.kg ^

_ 1and 360mg.kg. body weight, respectively), so it might 
prove interesting to investigate the effects of sub-maximal 
doses of both these agents on BAT mitochondrial GDP binding 
and their interaction. Although the major effect of gluco­
corticoids is to enhance hepatic gluconeogenesis through 
protein catabolism, peripheral glucose utilisation is 
reduced in the presence of glucocorticoids through non­
competitive inhibition of glucse transport (Munck, 1971;



fain, 197^). Glucocorticoids are also thougtit to
contribute towards the insulin resistance of the fa/fa 
rat (Freedman et al., 1986b) as insulin stimulated glucose 
uptake from the circulation is normalised after adrenal­
ectomy. Adrenalectomy also reverses the insulin resistance 
in muscle of the obese (ob/ob) mouse (Ohshima et al., 1984). 
Insulin resistance in this geneticalJy obese mutant is 
characterised by a reduction in insulin receptor number 
in WAT, liver and muscle and a reduction in insulin 
stimulated glucose uptake, glucose metabolism and glycogen 
synthetase activity in muscle (Soli et al., 1975; 
LeMarchand-Brustel and Freychet, 1978; LeMarchand et al.,
1978). Basal glucose transport and insulin-stimulated 
glucose transport are normalised in muscle of the obese 
mouse after adrenalectomy (Ohshima et al., 1984). The 
ob/ob mouse, unlike the fa/fa rat, has characteristically 
higher levels of circulating corticosterone compared to 
lean littermates (Dubuc, 1977), but treatment of 
adrenalectomised lean mice with comparable levels of 
corticosterone does not mimic the obese syndrome 
(Shimomura et al., 1981). It has, therefore, been suggested 
that obese mice are more sensitive to the effects of 
corticosterone and the decreased insulin-stimulated glucose 
transport in muscle is due to a direct effect of cortico- 
sterone on the tissue (Ohshima et al., 1984). An 
alternative explanation for the reduction in insulin 
resistance after adrenalectomy could be that the reduced 
insulin concentration seen in both ob/ob mice and fa/fa 
rats (Yukimura and Bray, 1978; Yukimura et al., 1978) 
results in a decrease in the rate of insulin receptor 
degradation and a normalisation of insulin receptor levels.
It has been suggested that insulin reduces the number of 
its receptors by enhancing the receptor degradation rate 
(Kasugaet al., 1981). It is possible that corticosterone 
removal enhances insulin sensitivity by the reduction of 
peripheral inhibition of insulin stimulated glucose uptake, 
and by the removal of a glucocorticoid mediated enhance- 
ment of PNS activity, which results in a decrease in vagal
s t i rn u 1 a 11 o n of insulin release.
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The effects on food intake elicited by 2DC were 
thought initially to be due to central release of 
noradrenaline stimulating <?< - adrenergic feeding mechanisms 
in the hypothalamus. Injection of 2DC into the Illrci 
ventricle induces hyperphagia in rats that can be reduced 
by cA-antagonists such as azapetine, yohimbine and 
phento 1 amine injected via the same route. A blockers such 
as propranolol had no effect on feeding (Muller et a 1. ,
1972). The PVN has been identified as the effector of a 
central &K.^noradrenergic feeding drive (Leibowitz, 1978). 
This feeding system is activated by noradrenaline injected 
into the PVN the effects of which are enhanced by 
corticosterone, possibly via modification of c^p-receptor 
density in the PVN, in direct proportion to circulating 
corticosterone concentration (Bhakthavatsalam and Leibowitz,
1986). Adrenalectomy attenuates the feeding response 
elicited by noradrenaline stimulation of the PVN, and 
corticosterone replacement restores noradrenaline induced 
feeding (Leibowitz et al., 1984). 2DG induced hyperphagia 
was still present in adrenalectomised lean rats and was 
only present in obese rats after adrenalectomy. The 
persistance of 2DG induced hyperphagia after adrenalectomy 
was also noted by Bhakthavatsalam and Leibowitz (1986).
These observations tend to dissociate the 2DG-induced 
feeding response from the o(^-PVN corticosterone dependent 
mechanism. It is possible that the intact obese rat has 
an overly sensitive PVN-feeding system due to its suggested 
corticosteroid hyperreactivity (Yukimura et al., 1978;
Holt et al., 1983) which would account for the hyperphagia 
of the obese rat and the restoration of normal food intake 
after adrenalectomy. The obese rat does respond to 
intraventricular injection of noradrenaline with an increase 
in food intake, although the magnitude of the eating response 
is much greater in the lean animal (Ikeda et al., 1980).
It would appear from these observations that the feeding 
response elicited by 2DC is not mediated through the PVN- 
noradrenergic feeding mechanism and it is not clear whether 
the response is due to 2DG-stimulated noradrenaline release 
acting on other nuclei than the PVN or if 2DG is having 
a separate effect. It has been reported that lesions of 
the suprachiasmatic nucleus abolish the hyperphagic effects



of 2DC (Yamomoto et ai., 1985). It is possible that the 
hyperphagic effects of 2DC are peripherally mediated. 2DC 
alters hepatic and pancreatic vagal afferent activity 
which then modifies vagal efferents to the liver and 
pancreas, and increases food intake (Hovin and Va rulerWee 1e , 
1977; Ni1jima, 1981, 1983). Activity of the PNS is thought
to he elevated in the obese /ucker rat and this is thought 
to be at least partially responsible for hyperinsulinaemia 
and abnormal glucose tolerance in these animals (Rohner- 
deanrenaud and deanrenaud, 1985b). Adrenalectomy is thought 
to correct the overactivity of the PNS as well as the 
depressed SNS in the obese rat (Marchington, 1985). The 
absence of a hyperphagic response to 2DG in the intact 
obese rat could be due to insensitivity of the liver and 
pancreas to 2DC due to vagal hyperactivity. If adrenal­
ectomy corrects the elevated PNS activity, then the 
sensitivity to the peripheral effects of 2DG would be 
restored and 2DG-induced hyperphagia would become apparent.

2DC has been shown to inhibit BAT mitochondrial GDP 
binding in a manner consistent with a reduction in the 
centrally mediated sympathetic drive to the tissue. The 
reduction in BAT mitochondrial GDP binding after 2DG does 
not appear to result from a peripheral effect of the drug, 
acting either directly on BAT or indirectly through the 
vagus nerve. The denervation of BAT abolishes the 2DC 
dependent decrease in BAT GDP binding and the effects of 
2DG on BAT and rectal temperatures appear to be mediated 
centrally, possibly at the VMH/LH glucoreceptor level. The 
effects of 2DC on BAT GDP binding are inhibited in the lean 
rat by exogenous corticosterone, which may be as a result 
of increased central levels of the hormone. 2DC only inhibits 
BAT mitchondrial GDP binding in the obese rat in the complete 
absence of corticosterone.
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2DG appears to preferentially inhibit diet related 
thermogenesis in the lean rat and is ineffective in cold- 
acclimated lean or obese animals. These findings lend
further support to the hypothesis that the obesity of the 
fa/fa rat arises from an insensitivity to dietary stimuli 
at a central locus and suggest that a glucocorticoid
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dependent inhibition of glucose sensitivity may be an 
important factor in the obesity of the fa/fa rat.
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CHAPTER 4. THE EFFECTS OF HIGH FAT AND HIGH CARBOHYDRATE
FEEDING ON THE RESPONSES OF LEAN AND OBESE
ZUCKER RATS TO ADRENALECTOMY.

High energy (iensity diets normally provoke an increase 
in energy expenditure arui BAT function in lean, but not
obese, Zucker rats (Rothwell and Stock, 1982, 1983;
Trianda fillou and Himms-Hagen, 1983) . The high energy 
diets previously investigated with respect to Zucker rats 
have included cafeteria feeding, sucrose overfeeding and 
fat or carbohydrate intubation. Low protein diets will 
also stimulate an adaptive thermogenic response in lean 
Zucker rats (relative to animals pair-fed a normal protein 
diet to the same level of energy intake) although their 
food intake is actually reduced (Young et al., 1980).
Obese Zucker rats maintain their ad lib, energy intake on 
low protein diets and do not show any changes in energy 
expenditure. High fat, low carbohydrate type cafeteria 
diets have a more potent effect on reducing net energetic 
efficiency than the normal self-selected cafeteria diet 
(Rothwell et al., 1983c). It has recently been demonstrated 
that 'normal composition' cafeteria diets (30% fat, 20% 
protein, 50% carbohydrate, by energy) still provoke a greater 
body energy gain and increase in metabolic efficiency in 
young Sprague-Dawley rats which are restricted to the energy 
intake of chow fed rats, than in the ad lib, chow fed animals 
(Rothwell et al., 1985c). In that report, Rothwell et al., 
(1985c) also showed that the ad lib, intake of a semi- 
synthetic high fat diet (of the same energy composition as 
the cafeteria diet) was similar to the energy intake of 
chow fed control animals, but that energetic efficiency was 
increased in these high fat fed animals. Comparison of 
high fat fed and cafeteria fed animals at the same level of 
energy intake showed that gross energetic efficiency was 
slightly higher in the cafeteria fed group, although energy 
expenditure was not significantly different. The increased 
efficiency seen on cafeteria or high-fat diets may be a 
result of the reduced energetic cost of fat synthesis and 
deposition. However, both dietary fat (Schwartz et al.,
1983) and dietary sucrose (Young and Landsberg, 1977a; 
Landsberg and Young, 1978) independently stimulate general
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5NS activity, and thus energy expenditure, through 
activation of BAT as well as increasing hepatic thernno- 
genesis (Young and Landsberg, 1979; Berry et al., 1985). 
Noradrenaline was able to stimulate a greater increase in 
oxygen consumption in high fat-fed animals than cafeteria 
01 cliow fed animals at the same level of energy intake 
(72.5%, 65% and 59% increase, respectively) suggesting 
tiiat sympathetic activation may be slightly higher in the 
high-fat fed group (Rothwell et a 1. , 1985c). It seems 
that the same basic energy composition diet was capable 
of producing different effects upon adaptive thermogenesis, 
so it may be possible that the type of diet, as opposed to 
just energy consumption, may be an important factor in the 
regulation of energy balance.

Adrenalectomy of obese Zucker rats restores the ability 
of these animals to respond to sucrose overfeeding by 
increasing BAT thermogenic function, and restores the 
increase in metabolic rate that occurs in response to a 
single meal (Holt et al., 1983; Marchington et al., 1983). 
This procedure also enhances the adaptive thermogenic 
response of young and old Sprague-Dawley rats to ad lib. 
cafeteria feeding (Rothwell et al., 1984b). Basal BAT 
function is restored to lean levels in obese adrenalect- 
omised Zucker rats, as is gross energetic efficiency and body 
weight gain in chow fed animals (Holt and York, 1982; 
Marchington et al., 1983). These effects of adrenalectomy 
are thought to reflect the removal of corticosterone, 
as replacement of this hormone to adrenalectomised animals 
causes BAT function(mitochondrial GDP binding and tissue 
noradrenaline turnover) and the development of obesity 
(body weight gain and body composition) to revert to 
pre-operative levels (York et al., 1985a; Freedman et al., 
1986a). Hypothalamic obesity is also alleviated by 
adrenalectomy and again, the replacement of corticosterone 
either peripherally or centrally restores the obese state 
(Bruce et al., 1982;. Debons et al., 1982, 1986). 
Adrenalectomy also normalises growth (Saito and Bray, 1984) 
and restores BAT function (mitochondrial GDP binding and 
tissue noradrenaline turnover) to normal in obese (ob/ob) 
mice (Holt and York, 1984; VanderTuig et al., 1984,



190

respectively). It has recently been suggested that this 
improvement in adaptive thermogenesis (and therefore energy 
balance) in obese mice is dependent upon dietary composition 
(Smi t h and (iomsos, 1983). Fliese workers foiind that 
adrenalectomiscd ob/ob mice maintained on a high fat (60% 
by energy) diet did not show the marked improvements in 
muscle protein gain, energy intake, energy gain or energetic 
efficiency that were observed in adrenalectomised animals 
fed a stock chow (high carbohydrate) diet. The suggestion 
was made that although glucocorticoids may substantially 
contribute towards the development of obesity in obese mice, 
they were not necessary to the development of the obese 
state resulting from a high fat diet in these animals, and 
that dietary composition may influence factors mediating 
the development of obesity which were independent of adrenal 
status. In this section I shall describe experiments 
which were designed to investigate the effects of dietary 
composition on the response of obese (fa/fa) rats to 
adrenalectomy. The impact of high fat feeding on changes 
in BAT function and composition, body weight gain, energy 
balance and energetic efficiency after adrenalectomy in 
lean and obese (fa/fa) rats was examined.

Experimental Procedure

30 lean and 30 obese rats between 4 and 5 weeks of 
age were used in these experiments. 15 rats of each pheno­
type were adrenalectomised and maintained as described in 
section 2.6.2 for 7 days. During this time all animals 
(intact and adrenalectomised) were fed laboratory chow.
7 days after adrenalectomy, 5 rats from each group (lean 
intact, lean adrenalectomised, obese intact and obese 
adrenalectomised) were sacrificed for determination of initial 
body compositions (Bo group, see section 2.7). At this time 
the remaining rats were individually housed in wire mesh
bottomed cages and 5 rats in each group were given ad lib.

ont of ~ ~access to^the two experimental diets, high fat (22%, 34%
and 44% protein, fat and carbohydrate energy respectively)
or high carbohydrate (24%, 8% and 68%protein, fat and
carbohydrate energy respectively). These diets are described



191

Fully In section 2.4.2. Food Intake was measured dally 
For 13 days, with allowance being made For spillage 
vvich was collected beneath the hopper. Body weights 
were measured at 3 day intervals. AFtcr 13 days, animals 
were sacriFiced by decapitation, trunk blood was collected 
and serum prepared, as outlined in section 2.9.1. Scrum 
assays were later per Formed For the determination oF 
glucose, insulin and corticosterone concentrations (sections 
2.9.2, 2.9.4 and 2.9.5, respectively). Success oF adrenal­
ectomy was veriFied by visual inspection at sacriFice and 
by the determination oF serum corticosterone levels as 
not detectable (2 obese adrenalectomised high carbohydrate 
rats were excluded on this evidence). Upon sacrifice, 
interscapular BAT was dissected out, weighed, BAT mito- 
chondria were prepared and specific [^H]-GDP binding 
assays were performed, as described in sections 2.12 and
2.13 respectively. Prepared mitochondria were frozen 
for later analysis of protein content (section 2.10.2), 
radioimmunoassay of 32K protein concentration (section 
2.18), polyacrylamide gel electrophoresis and Western 
blotting (sections 2.19 and 2.20). Depot protein content 
was determined from a sample of BAT homogenate and activity of 
succinate-cytochrome c oxidoreductase (succ.cyt.c 0-R) 
assayed, as described in section 2.14, for determination 
of mitochondrial population. Carcasses were eviscerated 
and weighed, and liver and inguinal fat pad weights were 
noted. Liver, fat pad and head were then returned to the 
body cavity and carcasses frozen for later analysis of 
body compositions (section 2.7). Energy expenditure was 
calculated by difference between body energy gain (final 
energy content - initial energy content calculated from 
Bo group) and cumulative energy intake (from food intake). 
Cross energetic efficiency was calculated from body energy 
gain as a percentage of cumulative energy intake. Experi- 
mental procedure is summarised in scheme 4.1.
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4.1 The Effects of Adrenalectomy and High Carbohydrate 
Feeding on Body Weight Cain and Food Intake in Leai
and Obese Zucker Rats.

The cTTects oT adrenalectomy on body weight and Tood 
intake of lean and obese rats fed a semi-synthetic high 
carbohydrate (HC) diet for 13 days are shown in table 4.1.1
and figure 4.1.1. Figure 4.1.1 shows the time course of 
weight gain for all 4 groups. There were no significant 
differences in body weight between any of the groups until 
day 7, when intact animals of both phenotypes were 
significantly heavier than their adrenalectomised counter­
parts. A significant difference in body weight between 
lean and obese animals was not apparent until day 9. At 
no time was there any difference between the body weights 
of the two adrenalectomised groups. The intact obese group 
gained more weight than the equivalent lean animals, but 
the amount of weight gained was similar in both adrenalect­
omised groups (table 4.1.1). No significant differences 
were apparent between weight gains of intact and adrenalect­
omised animals of the same phenotype but this was probably 
due, in the case of obese animals, to the large standard 
error in the smaller adrenalectomised group. Daily food 
and energy intakes were higher in intact obese animals than 
in the equivalent lean group, but adrenalectomy reduced food 
intake (and energy intake) in both phenotypes to a similar 
level.

4.2 The Effects of Adrenalectomy and High Carbohydrate
Feeding on the Body Compositions of Lean and Obese
Zucker Rats.

E)ody compositions are presented on a percentage wet 
body weight basis in figure 4.2.1. All lean animals had 
significantly higher amounts of water and protein and less 
fat than obese animals of the same adrenal status. 
Adrenalectomy significantly increased water and decreased 
fat content in lean animals, and decreased fat content in 
obese animals.
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Figure 4.2.1 The Effects of Adrenalectomy and High
Carbohydrate Feeding on the Body Composition
of Lean and Obese Zucker Rats.

Dried, homogenised carcasses were analysed as described
in sections 2.7.1, 2.7.3 and 2.7.4 for water, fat and 
nitrogen content, respectively. The body compositions 
presented are expressed as a percentage of wet carcass weight

Bars represent means - S.E.M. for each constituent for 
5 animals in each group (except obese adrenalectomised, n = 3).

*** P<_0.002 compared to obese animals of the same adrenal
status.

+ P < 0.05. + + + P 0.002 compared to intact animals of 
the same phenotype.

Water Fat Protein
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4.3 The Effects of Adrenalectomy and High Carbohydrate 
Feeding on the Energetic Efficiency of Lean and 
Obese Zucker Rats.

Data pertaining to energy balance is shown in table 
4.3.1. Cumulative energy intake reflects the summation 
of food and energy intakes shown in table 4.1.]. Eina] 
carcass energy content was significantly reduced by 
adrenalectomy in both phenotypes, however, obese animals 
of both treatment groups had 1? fold higher carcass energy 
contents than the corresponding lean animals. Energy gain 
was significantly higher in intact obese than intact lean 
rats, and was corrected by adrenalectomy. Energy 
expenditure was similar for all groups, although it was 
significantly reduced in lean adrenalectomlsed rats compared 
to the lean intact group. Gross energetic efficiency was 
significantly higher in intact obese animals with respect 
to both intact lean and obese adrenalectomised rats. Lean 
animals' energetic efficiency was unaffected by adrenalectomy 
Table 4.3.2 shows the energy cost of growth (energy 
expenditure per gram body weight gain). There were no 
significant differences in this factor, but the obese intact 
value did tend to be lower than all other groups. Final 
carcass energy density was higher in both obese groups, 
but was decreased after adrenalectomy in both phenotypes. 
Final energy density was greater in all groups except 
the obese adrenalectomised group .

4.4. The Effects of Adrenalectomy and High Carbohydrate
Feeding on Tissue Weight and Serum Metabolites of
Lean and Obese Zucker Rats.

Table 4.4.1 shows the inguinal fat pad and liver 
weights and serum metabolite levels in HC fed rats. 
Inguinal fat pad weight was elevated in obese animals 
compared to lean animals of the same adrenal status. 
Adrenalectomy reduced fat pad weight significantly in 
both phenotypes. Obese intact animals had heavier livers 
than the equivalent lean group, a difference that was 
abolished by adrenalectomy. Lean liver weight was 
unaffected by adrenalectomy. Serum glucose and corti-
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-costerone levels were not affected by phenotype, and serum 
glucose was not affected by adrenalectomy. Serum insulin 
levels in all obese rats were significantly higher than in 
their lean counterparts. Adrenalectomy reduced insulin level: 
in both lean and obese rats.

4 . 5 The Effects of Adrenalectomy and High Carbohydrate 
Feeding on DAT of Lean and Obese Zucker Rats.

Table 4.$.1 shows the data relating to the gross
compositions of BAT. Interscapular BAT weight was greater 
in both obese groups and was not significantly changed by 
adrenalectomy. Total depot protein was depressed in intact 
obese rats but was increased to a similar value to lean 
animals by adrenalectomy. Protein content in lean animals 
was not affected by adrenalectomy. Depot mitochondrial 
protein content (calculated on the basis of 100% mitochondrial 
recovery as assessed from succinate cytochrome c oxidoreductase 
activities) was depressed in intact obese rats, but was normal- 
ised by adrenalectomy. Table 4.5.2 shows the effects of 
adrenalectomy and HC feeding on BAT mitochondrial GDP binding 
and 32K protein content in lean and obese Zucker rats. BAT 
mitochondrial GDP binding, interscapular BAT depot GDP binding, 
BAT mitochondrial 32K protein content and interscapular depot 
32K protein content were all significantly depressed in obese 
intact rats, but were normalised by adrenalectomy. Adrenalect- 
omy had no significant effects on these parameters in lean 
animals. The molar binding ratio of GDP to 32K protein was 
similar for all groups.

Figure 4.5.1 shows the visualised mitochondrial proteins 
and mitochondrial 32K protein by polyacrylamide gel electro- 
phoresis and Western blotting respectively. The upper photo- 
graph depicts all the solubilised mitochondrial proteins.
Lanes 0 and 1 represent molecular weight markers and purified 
32K protein respectively. Lanes 2 and 3 show solubilised 
mitochondria from intact lean and obese animals respectively 
and Lanes 3 and 4, the same for adrenalectomised lean and obese 
animals. The lower photograph shows the Western blots for 
the same samples and is numbered in the same manner. The 321< 
protein band on the gels was difficult to pick out, but the
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Figure 4.5.1 Visualisation of Mitochondrial Protein
and 32K Protein of Solubilised UAT
Mitochondria from Adrenalectomised High
Carbohydrate Fed Lean and Obese Zuekor
Rats by Polyacrylamide Ccl Flectrophorcsis
and Western blotting.

Solubilised BAT mitochondria from intact and 
adrenalectomised lean and obese Zucker rats fed a 
high carbohydrate diet were applied to two 12% 
polyacrylamide slab gels and run as described in 
section 2.19. One of each gel pair was stained 
with Coomassie blue R for the visualisation of 
all mitochondrial proteins. Proteins on the second 
gel were transferred to nitrocellulose paper and 
321< protein was visualised by specific antibody 
binding, as described in section 2.20. This is 
shown in plate (b) .

Lanes are as follows
0. -Electran molecular weight markers (12,800-78,000 M.W.)
1. -Purified 32K protein (see section 2.16).
2. -Solubilised BAT mitochondria from lean intact animals.
3. -Solubilised BAT mitochondria from obese intact animals.
4. -Solubilised BAT mitochondria from lean adrenalectomised

animals.
5. -Solubilised BAT mitochondria from obese adrenalectomised 

animals.

a. Polyacrylamide Gel
b. Western Blot.
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blot clearly showed the presence of 32K protein in all 
tracks. The lower band on the b/o-t represented 32K protein 
and the upper faint band probably represented the dimeric 
form of the uncoupling protein. There appeared to be less 
of the 32K uncoupling protein present in mitochondria 
from obese intact rats (lane 3) compared to lean intact 
(lane2) or obese adrenalectomised (lane 5) animals, an 
observation confirmed by radioimmunoassay (see table 
4.5.2).

4.6 The Effect of Adrenalectomy and High fat feeding on
Body Weight Gain and Energy Intakes of Lean and Obese 
Zucker Rats.

Figure 4.6.1 shows the increase in body weight for 
intact and adrenalectomised rats of both phenotypes through­
out the 13 day period of high fat (HF) feeding. As seen 
in the HC fed animals there were no differences in body 
weight between and groups until day 6, when both lean and 
obese intact rats became significantly heavier than their 
equivalent adrenalectomised counterparts. By day 9, obese 
intact rats were significantly heavier than the intact lean 
group. At no time were the body weights of the two 
adrenalectomised groups' different, again as seen in the HC 
fed animals. Table 4.6.1 shows the details of body weight 
gain and food intake in HF fed animals. Adrenalectomy 
significantly reduced final body weights in both lean and 
obese animals, and obese animals were no longer heavier 
than their lean counterparts after adrenalectomy. The 
amount of weight gained remained greater in obese rats 
compared to lean, irrespective of adrenal status, but again 
both adrenalectomised groups gained significantly less 
weight than their intact control groups. Daily food and 
energy intakes were significantly lower in both lean groups 
compared to obese and in both adrenalectomised groups 
compared to intact.
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4.7 The Effect of Adrenalectomy and High Fat Feeding
on the Body Compositions of Lean and Obese
Zucker Rats.

Figure 4.7 illustrates the changes in body composition 
in lean and obese rats which occurred after adrenalectomy 
Both groups of lean animals had higher proI cin and water 
and lower fat contents than the equivalent obese groups. 
Adrenalectomy had no effect on body composition in lean 
animals, but significantly increased protein content in 
obese rats .

4.8 The Effects of Adrenalectomy and High Fat Feeding
on the Energetic Efficiency of Lean and Obese 
Zucker Rats.

Table 4.8.1 shows the energetics of HF fed intact
and adrenalectomised animals. Cumulative energy intake 
was greater in both obese groups compared to the equivalent 
lean group and was reduced by adrenalectomy in both lean 
and obese animals. These observations reflect the 
summation of the daily energy intakes show in table 4.6.1. 
Carcass energy contents at the end of the experiment were 
greater in both obese groups, but adrenalectomy significantly 
reduced obese carcass energy content. Body energy gain 
was elevated in obese intact animals but was normalised 
in this phenotype by adrenalectomy. Energy gain in lean 
animals was unaffected by adrenalectomy. Energy expenditure 
was greater in both obese groups and was significantly 
reduced by adrenalectomy in both phenotypes. Gross energetic 
efficiency was significantly greater in obese intact animals 
compared to lean animals of the same adrenal status and 
was significantly reduced by adrenalectomy to a similar 
level seen in lean adrenalectomised animals. Adrenal- 
ectomy did not affect energetic efficiency in lean animals.

Table 4.8.2 outlines the energy cost of growth (energy 
expenditure per weight gain) and the changes in energy 
density in HF fed animals. The energy cost of growth was 
low in intact animals compared to the intact lean group, 
but was elevated to lean levels by adrenalectomy. Carcass



Figure 4.7.1 The Effects of Adrenalectomy and High Fat 
Feeding on the Body Composition of Lean and 
Obese Zucker Rats.

Dried, homogenised carcasses were analysed as 
described in sections 2.7.1, 2.7.3 and 2.7.4 for water, 
fat and nitrogen content, respectively. The body 
compositions presented are expressed as a percentage of 
wet carcass weight.
Bars represent means - S.E.M. for each constituent 
for 5 animals in each group.

** P < 0.01, *** P < 0.002 compared to obese animals of
the same adrenal status.

+ P < 0.05 compared to intact animals of the same 
phenotype .

Water Fat Protein
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energy density at the end of the experiment was signifi­
cantly lower in both lean groups compared to the respective 
obese group, but adrenalectomy lowered final carcass 
energy density in obese animals only. All groups, except 
the obese adrenalectomised animals significantly increased 
their energy density over the 13 days experimental period.

4.9 The Effects of Adrenalectomy and High Fat Feeding
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on Tissue Weights and Serum Metabolites in Lean
and Obese Zucker Rats.

Inguinal fat pad weights, liver weights and serum 
glucose insulin and corticosterone concentrations of HF 
fed rats are shown in table 4.9.1. Inguinal fat pad 
weight was significantly higher in both obese groups 
compared to the equivalent lean groups, but adrenalectomy 
reduced fat pad weight in both phenotypes. Liver weight 
in intact obese rats was greater than that of lean intact 
rats, as was seen in HC fed rats, but unlike HC fed rats, 
HF fed lean and obese rats' liver weights were reduced 
by adrenalectomy. Glucose levels in the serum were 
unaffected by either phenotype or adrenal status, but 
the elevated insulin levels seen in obese intact rats were 
reduced by adrenalectomy but were still elevated compared 
to lean adrenalectomised rats. Adrenalectomy did not 
significantly reduce insulin levels in lean rats. 
Corticosterone levels were significantly higher in obese 
intact rats compared to lean rats.

4.10 The Effects of Adrenalectomy and High Fat Feeding
on BAT of Lean and Obese Zucker Rats.

Table 4.10.1 shows the effects of adrenalectomy and 
high fat feeding on BAT composition in lean and obese rats. 
Intact obese rats had heavier interscapular BAT depots 
than their lean counterparts, but adrenalectomy reduced 
BAT depot weights in obese animals to a level not signifi­
cantly different from adrenalectomised lean animals. Lean 
BAT depot weight was unaffected by adrenalectomy. The 
reduced depot protein and mitochondrial protein content 
seen in intact obese rats compared to the intact lean group 
was normalised by adrenalectomy. Depot and mitochondrial
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protein contents were unaffected by adrenalectomy in lean
animals.
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Table 4.10.2 shows the effects of HF feeding and 
adrenalectomy on BAT thermogenic capacity in lean and obese 
rats. Intact lean animals had significantly higher specific 
BAT mitochondrial GDP binding, depot GDP binding, mitochond­
rial 32K protein concentration and depot 32K protein content 
compared to intact obese rats. Adrenalectomy significantly 
increased mitochondrial and depot GDP binding in both lean 
and obese rats, so although BAT mitochondrial GDP binding 
was improved in obese adrenalectomised animals it was still 
lower than that of lean adrenalectomised animals. Mitochond­
rial 32K concentrations and depot 32K protein content were 
both increased by adrenalectomy in obese, but not lean 
animals. Post-adrenalectomy levels of mitochondrial 32K 
protein concentration and depot 32K protein content were 
similar for both phenotypes. The molar binding ratio of GDP 
to 32K protein was unaffected by either phenotype or 
adrenalectomy.

Figure 4.10.1 shows the mitochondrial proteins and
mitochondrial 32K protein visualised by polyacrylamide gel 
electrophoresis and Western blotting respectively. The 
upper photograph (a) shows the polyacrylamide gel 
visualising all the mitochondrial proteins from solubilised 
BAT mitochondria from lean intact, obese intact, lean and 
adrenalectomised and obese adrenalectomised rats (Lanes 
2-4 respectively). Lanes 0 and 1 show molecular weight 
markers and purified 32K protein respectively. The lower 
photograph (b) shows the Western blots of the same samples 
and is numbered in the same manner. As seen with the HC 
fed animals, the 32K baod on the gel was virtually impossible 
to pick out. The Western blot showed clearly the presence 
of 32K uncoupling protein in all lanes (lower band). As 
mentioned previously, the upper band was probably dimerised 
uncoupling protein. There again seemed to be less 32K 
protein present in the intact obese animals (]ane 3) 
compared to intact lean (lane 2) and adrenalcctomised obese 
(lane 4) animals. This observation was again confirmed bu 
the radioimmunoassay of mitochondrial 32K protein concentra- 
tion (table 4.10.2).
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Figure 4.10.1 Visualisation of Mitochondrial Protein
and 32K Protein of Solubilised BAT 
Mitochondria from Adrenaleclomised High 
Fa t Fed Lcan and Obese Zucker Rats by 
Polyacrylamide Gel Electrophoresis and 
Western Blotting.

Solubilised BAT mitochondria from intact and 
adrena 1ectomised lean and obese Zucker rats fed a 
high fat diet were applied to two 12% polyacrylamide 
slab gels and run as described in section 2.19.
One of each gel pair was stained with Coomassie blue 
R for the visualisation of all mitochondrial proteins. 
Proteins on the second gel were transferred to 
nitrocellulose paper and 32K protein was visualised 
by specific antibody binding, as described in section 
2.20. This is shown in plate (b)

Lanes are as follows
0. -Electran molecular weight markers (12,800-78,000 M.W.)
1. -Purified 32K protein (see section 2.16).
2. -Solubilised BAT mitochondria from lean intact animals.
3. -Solubilised BAT mitochondria from obese intact animals.
4. -Solubilised BAT mitochondria from lean adrena lectomised

animaIs.
5. -Solubilised BAT mitochondria from obese adrenalectomised 

animals.

Polyacrylamide Gel

Western Blot
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4.11 Summary and Discussion

The changes which occurred in body weight gain and 
energy intake due to adrenalectomy were similar on either 
diet for botti phenotypes. Intact obese animals tended 
towards a greater weight gain on the HF diet, but direct 
comparison between the dietary regimes is difficult as 
the animals were of different ages at the beginning of the 
experiment; HF animals being 1 week younger (the Bo group 
was of an intermediate age). The greater weight gain of 
the HF fed obese intact animals was associated with a greater 
inguinal fat pad weight and a slightly greater carcass fat 
content. The daily energy intakes of each group were similar 
for each diet, allowing for body weight differences. 
Adrenalectomy significantly reduced energy intake in both 
phenotypes and on both diets. It is an interesting point 
that intact obese animals on each diet ate similar amounts 
of food (by weight) resulting in a greater energy intake in 
the HF group, but after adrenalectomy energy intakes on each 
diet were similar in obese animals due to a greater reduction 
in the weight of the HF diet consumed. This suggests that 
the normal regulation of energy intake is restored in fa/fa 
rats after adrenalectomy. The reduction in food intake seen 
in all adrenalectomised groups of both phenotypes fed on 
either diet could be due to the impairment of the cortico­
sterone dependent ^.-noradrenergic feeding drive (Leibowitz 
et al., 1984). The decrease in body weight, inguinal fat 
pad weight, and body fat (the latter in the HC fed animals 
only) seen in lean adrenalectomised animals was probably due 
to reduced food intake. Adrenalectomy has previously been 
shown to normalise food intake, weight gain and body 
composition of fa/fa rats fed on a normal laboratory chow 
(high carbohydrate) diet (Yukimura et al, 1978; Freedman 
et al., 1985, 1986a), and it has been demonstrated in the 
present study that similar changes occur on a high fat diet. 
Body fat in adrenalectomised obese animals was reduced by a 
similar percentage on the HC and HF feeding regimes (4.9% 
and 5.6% reduction respectively) but only the HC decrease 
was statistically significant. Body protein content was 
significantly increased by adrenalectomy of obese rats on 
both diets.
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A significant improvement in carcass energy content, 
energy gain anU gross energetic efficiency was seen after 
adrenalectomy in obese rats on both diets, as was also seen 
by Marchington et a 1 ., (1983). Carcass energy contents,
energy expenditure, energy density and the energy cost of 
growth were similar for equivalent groups of animals on 
either diet. This suggests that the type of diet did not 
affect the ability of the animals to respond to adrenal­
ectomy. The energy cost of growth (energy expenditure per 
gram weight gain) was increased by adrenalectomy of obese 
animals in comparison to their intact controls, but the 
increase was only significant in HC fed animals. Adrenal- 
ectomy significantly reduced energy expenditure in all 
groups except HC fed obese animals (reduction not significant) 
This finding is again similar to that seen by Marchington 
et al. (1983).

The changes observed in inguinal fat pad weights
mirrored those changes seen in body fat in all groups and 
on both diets, except the reduction in WAT mass due to 
adrenalectomy, was significant in both obese groups. Liver 
weight was significantly greater in intact obese groups 
compared to lean animals on the same diet, but this weight 
difference was removed by adrenalectomy. Liver weight was 
significantly reduced by adrenalectomy in both phenotypes 
only on the HF diet. Liver weights were reduced by adrenal- 
ectomy by 27% and 47% for lean and obese HF fed rats 
respectively. Hepatic fatty acid synthesis is markedly 
reduced in lean and obese Zucker rats fed a high fat diet 
(Lemonnier et al., 1974). The reduction in liver weight 
may be partially due to a reduction in steroid-dependent 
glycogen synthesis (Friedman et al., 1967) and a depletion 
of glycogen stores, which might be more pronounced in the 
HF fed animals with a lower dietary carbohydrate intake.

Overall, it appears that energy balance is improved 
by adrenalectomy in obese rats in a manner independent of
dietary composition. This is in contrast to the findings 
of Smith and Romsos (1985) who found that adrenalectomy 
did not affect the development of high-fat fed diet-induced 
obesity in ob/ob mice. It should, however, be noted that
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the composition of the diets on the two studies varied.
The diet used by Smith and Romsos was 60% fat by energy, 
and the one used here was 34% fat. It is difficult to 
compare HC and HF fed animals directly, as the HF group 
were about one week younger and so proportionaly lighter 
than the HC animals, but it appears that the post- 
adrenalectomy energy intakes were similar in obese rats 
although intact obese animals tended to eat more of the 
high fat diet (intact HC,4011-138 vs HF, 4535-45; 
adrenalectomised HC,3208-197 vs HF,2911^71 MO). Smith 
and Romsos (1985) observed only slight reductions in food 
intake after adrenalectomy of ob/ob mice fed the high fat 
diet. Although this reduction in intake was not signifi­
cant at 6-9 weeks of age it was significant at 3-6 weeks.
It has been demonstrated that adrenalectomy in obese mice 
is more effective in younger animals (maintained on a stock 
diet), but even then the procedure does not entirely reverse 
the abnormal metabolism or body composition of ob/ob mice 
(Debuc and Wilden, 1986). These results suggest that 
although the effects of adrenalectomy in ob/ob mice may be 
diet dependent, the fa/fa rats seems to respond equally well 
to adrenalectomy on both HC and HF diets, and the differences 
observed in the responses of these two models of genetic 
obesity may be due to differences in the aetiology of 
their syndromes.

Serum glucose levels were unaffected by phenotype, 
adrenalectomy or diet. The elevated insulin levels seen 
in obese animals on both diets were reduced by adrenalectomy 
but were still higher than lean adrenalectomised levels on 
both diets. Adrenalectomy significantly reduced insulin 
levels in lean rats only on the HC diet. The insulin levels 
of all groups were significantly lower in the HF fed 
animals possibly due to the greater effect of dietary 
carbohydrate compared to fat on stimulating insulin release 
(Mayhcw et al., 1969).

The response of HAT to adrenalectomy in lean and obese 
rats was similar on both diets. BAT depot weight was 
unaffected by adrenalectomy or diet in lean animals, but
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OAT weight of obese animals showed slightly different 
responses to adrenalectomy on the two diets, in that BAT 
depot weight was unchanged by adrenalectomy in obese HC
fed animals, but was significantly reduced in the HF fed 
group. BAT depot weight in the HF fed intact obese group 
was apparently heavier than all other obese groups, 
probably due to excess dietary lipid deposition in the 
inactive tissue. Total BAT depot protein was similar in 
equivalent groups on either diet, with the total protein 
content of the obese intact animals reduced compared to 
intact lean values. Adrenalectomy improved BAT depot 
protein content significantly in obese rats on both diets. 
These observations are similar to the changes normally seen 
in BAT composition of Zucker rats after adrenalectomy 
(Holt and York, 1982; Marchington et al., 1983). The 
mitochondrial protein content of BAT depots reflected the 
levels of total protein in each treatment group, but 
mitochondrial content in the HF fed animals tended to 
represent a smaller percentage of the tissue protein 
(HC - 60%, 44%, 72% and 70%; HF - 40%, 34%, 39% and 39% 
for intact lean, intact obese, adrenalectomised lean and 
adrenalectomised obese groups respectively). This seems 
to represent a somewhat larger proportion of BAT protein 
than reported by Marchington et al. (1983) (14%; lean 
intact chow-fed Zucker rats, 8 weeks old at sacrifice) but 
is similar to that reported by Nedergaard et al (1983)
(44% Sprague-Dawley rats, 20% fat diet by energy, 6 weeks 
old), and so could possibly be an effect of the higher 
energy density diets. BAT mitochondrial GDP binding was 
reduced in both intact obese groups compared to intact lean 
animals, but was increased by adrenalectomy on both diets. 
Adrenalectomy also increased GDP binding in lean animals, 
although the increase was only significant in HF fed rats. 
The increase in BAT GDP binding after adrenalectomy in lean 
rats is normally masked by the reduction in food intake and 
concomitant decrease in BAT activity. Pair-feeding studies 
revealed that sham adrenalectomised lean animals pair fed 
to the level of adrenalectomised rats showed a 24% decrease 
in BAT mitochondrial GDP binding (Holt, 1984). Basal
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levels oC UAT mitochondrial GDP binding appear to be 
elevated in both lean and obese animals on both diets. 
However, HAT mitochondrial GDP binding values for chow 
fed animals from other experiments performed during the 
same time were also elevated (344-33 and 212-15 for lean 
and obese rats respectively). This apparent elevation may 
have been due to a seasonal variation, or more likely a 
batch of defatted BSA more potent than usual, leading to 
higher GDP binding levels.

A previously unobserved effect of adrenalectomy was 
the change in DAT mitochondrial 32K protein concentration 
in obese rats. Intact obese animals had lower concentra­
tions of mitochondrial 32K protein than the respective 
lean groups on both diets, and a reduced depot 32K protein 
content. Depressed 32K protein levels in obese Zucker rats 
have only previously been observed at 12 weeks of age 
(Ashwell et al., 1985). At the end of this study, animals 
were between 7 and 8 weeks old (HF fed animals younger) 
which could suggest that a decrease in 32K protein levels 
occurs between 5 and 7 weeks of age, as normal 32K protein 
levels have been observed in 5 week old obese Zucker rats 
(Ashwell et al., 1985). The effect of adrenalectomy on 
4-5 week old obese Zucker rats was to apparently normalise 
32K protein levels within 20 days. If 32K protein levels 
were normal at 4-5 weeks, then the effect of adrenalectomy 
was to prevent a decrease in the concentration of the protein 
that normally occurs with age. Alternatively, the higher 
levels of protein seen in lean animals and adrenalectomised 
obese animals may reflect an effect of the high energy 
density diets (15.29 MO.kg'^ and 17.94 M3.kg~^ for HC 
and HF respectively) compared to the effect of chow feeding 
(10.79 M3.kg ^) to which obese intact animals were unable 
to respond. Obese Zucker rats at 4 weeks of age increased 
mitochondrial 32K protein levels in response to cold 
(Ashwell et al., 1985) and it appears that they may be unable 
to do this in response to diet. The increase in 32K protein 
concentration observed in adrenalectomised obese rats is 
consistent with the suggestion that sympathetic activity 
is responsible for increasing the amount of the protein in
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BAT (Mory et al., 1984), as adrenalectomy is known to also 
increase SNS activity in DAT (York et al., 1985b). It has 
been proposed that the increased levels of 32K protein and 
32K protein mRNA that are observed after 7 day cold 
exposure or 9 day noradrenaline infusion, are triggered by 
noradrenaline induction of the mRNA encoding the 32K protein 
(Bouillaud et al., 1984). It is possible, therefore, that 
the increase in SNS activity in BAT associated with 
adrenalectomy is sufficient to increase mitochondrial 32K 
protein ievels in obese rats to lean levels.

The observation that 5-week old Zucker rats have
depressed levels of BAT mitochondrial GDP binding in the 
presence of apparently normal levels of 32K protein 
(Ashwell et al., 1985), but that by 7-8 weeks of age BAT 
mitochondrial GDP binding and 32K protein concentrations 
are both depressed, suggests that an alteration in the 
degree of masking of 32K protein occurs. At 7-8 weeks of 
age there was no significant difference between lean and 
obese or intact and adrenalectomised groups in the molar 
binding ratio of GDP to 32K protein on each diet, suggest- 
ing that the degree of masking was similar for all groups. 
The decrease in mitochondrial 32K protein concentration in 
obese rats with age, accompanied by a decrease in masking, 
may account for the impaired ability of older fa/fa rats 
to respond to cold stimulation.

Although the degree of masking was not changed by 
either phenotype or adrenal status, HC fed rats had a 
consistently higher molar binding ratio of GDP to 32K protein 
compared to each equivalent HF fed group (pooled data:
HC, 0.41-0.03; HF, 0.29-0.02: P <0.01). This suggests 
that diet, but not phenotype^affects the degree of masking 
of 32K protein, such that HC fed animals utilised a greater 
proportion of the available 32K protein than HF fed rat. 
Mitochondrial 32K protein concentration was similar on both 
diets, but GDP binding levels were consistently (although 
not significantly) higher in HC fed rats (15%, 17%, 7% and 
21% for intact lean, intact obese, adrenalectomised lean 
and adrcnalectomised obese rats respectively). It is unlikely
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that this is an effect of age, as the HF rats were younger 
and if anything would thus be expected to have a slightly 
higher GDP binding level (York et al., 1984). The reduced 
mitochondrial protein content of HF fed rats accounts for 
the lower depot GDP binding and 32K protein concentrations 
in these animals. It has been suggested that the avail­
ability of dietary essential fatty acids can affect BAT 
function. High fat diets (20% fat energy) containing 
excess essential fatty acids stimulate BAT mitochondrial 
GDP binding to a greater extent than in animals maintained 
on a similar energy dense diet with normal essential fatty 
acid content (Nedergaard et al., 1983). No measurements 
of 32K protein concentrations were made in these studies, 
so it is impossible to say whether availability of excess 
essential fatty acids also caused an increase in 32K protein 
content. It is possible that a high availability of 
essential fatty acids may lead to an increase in 32K protein 
unmasking and hence increased mitochondrial GDP binding.
The observation that unmasking was depressed in the HF fed 
animals in this study in the presence of similar levels 
of mitochondrial 32K protein suggests that any differences 
which may have been caused by essential fatty acids could 
have been masked by the effects of a high fat diet per se. 
Both diets used in this study contained corn oil, which is 
not considered as being essential fatty acid deficient 
(Morgan et al., 1981), however, the increased content of oil 
in the high fat diet could be interpreted as giving an excess 
of essential fatty acids. The effects of high fat diets on 
BAT mitochondrial GDP binding may simply be due to effects 
of fat upon the activity of the sympathetic nervous system 
(Schwartz et al., 1983), however, if the type of fat also 
plays a role in masking and unmasking of 32K protein within 
the mitochondria then this may account for the difference 
in response to cafeteria or semisynthetic high fat diets 
of the same basic energy composition, observed by Rothwell 
et al. (1985c).



225

CHAPTER 5 THE EFFECTS OF NALOXONE ON RAT THERMOCENE5IS
AND FOOD INTAKE IN LEAN AND OBESE ZUCKER RATS.

Naloxone is an opiate antagonist with potent actions 
against morphine and ^-endorphin stimulated events. It 
acts primarily through the blockade of u-type opiate 
receptors (see Clark 1981) and as such has been widely used 
as a /^-endorphin antagonist in investigation of the effects 
of this endogenous opioid on physiological systems. The 
effects of naloxone are wide ranging. Naloxone is 
clinically regarded as a pure opiate antagonist and as such 
is used in the treatment of narcotic overdose. Unlike other 
opiate antagonists it does not depress respiratory function. 
Naloxone administered to opiate addicts can cause severe 
withdrawal symptoms (Martin 1976). Naloxone has been used 
to treat hyperphaglc patients with Prader-Willi syndrome 
and obese patients, although there are conflicting reports 
of the effectiveness of naloxone to reduce food intake in 
humans (Kyriakides et a 1., 1980; O'Brien and Stunkard, 
1982). Naloxone blocks the effects of a variety of 
antinociceptive agents in rodents, possibly as an effect 
of drug displacement by naloxone from opiate receptors (see 
Sawynok et al . , 1979). Naloxone has been shown to suppress 
food and water intake in rats (Holtzmann 1974; Frenk and 
Rogers, 1979), opposite effects to those caused by 
centrally administered ^ -endorphin (Grandison and Guidotti, 
1977). Naloxone (and therefore /^-endorphin) is thought 
to exert its effects on food intake at a central site by 
activation of the vagus nerve, as subdiaphragmatic vagotomy 
and methylatropine(an atropine derivative with mainly 
peripheral effects) both abolish naloxone induced hyp ophagia 
(Jones and Richter, 1981). Hypothalamic obese rats reduce 
their food intake in response to naloxone (King et al.,
1979) so it appears that opiate receptors located in the VMH 
are not essential to the opioid effects of feeding. Morley 
(19 80) suggests that the endogenous opioids are part of a 
system generating a tonic stimulus for feeding located in 
the lateral hypothalamus, so naloxone would be expected to 
reduce the feeding drive associated with this mechanism.



Feeding elicited by electrical stimulation of the LH is 
reduced by vagotomy, so a common effector in the apparent 
mechanism of action of naloxone and that of the LH on 
food intake exists.

Naloxone depresses food intake in lean and obese 
Zucker rats, but the effect is accentuated in obese animals 
(Thornhill et al., 1982; McLaughlin and Haile, 1984a). The 
reduction in food intake stems from a reduced meal size 
rather than meal frequency, suggesting that naloxone may 
increase satiety rather than reduce hunger (McLaughlin and 
Haile, 1984a). Most evidence, however, suggests that 
/^-endorphins increase hunger in satiated rats (see Morley 
and Levine, 1983), and in studies where naloxone has been 
shown to reduce food intake in humans, subjects reported 
decreased hunger sensations before meals (Krotiewski et al., 
1983). It has been shown that levels of^-endorphin are 
higher in the pituitaries and plasma of genetically obese 
(ob/ob) mice and rats (fa/fa) compared to their lean litter-
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1983) and themates (Margules et al., 1978; Recant et al 
suggestion has been made that the elevated levels of
^-endorphin may be responsible for the hyperphagia of these 
obese rodents. Castonguay and Stern (1983) suggested that 
the decrease in food intake after adrenalectomy of obese 
Zucker rats was dependent upon the inhibition of /^-endorphin 
activity by ACTH, the levels of which are increased after 
adrenalectomy.

The endogenous opioids may also influence energy 
balance through their effects on thermoregulation. Admini­
stration of morphine and ^-endorphin, as well as other 
opioids such as met- and leu-enkephalin and \ -endorphin, 
has been reported to affect body temperature. The effects 
are variable, according to dose, site of injection 
(peripheral, intrahypothalamic or intracerebroventricular) 
and the ambient temperature at which the experiment was 
carried out. Hyperthermic effects of morphine and ^.endorphin 
(Cox et al., j976; Lin et al., 1979, respectively) occur 
at low doses and at a wide range of temperatures (2-35^C, 
Holaday et al., 1978a; Tache et a 1., 1979). Higher doses
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of morphine (Clark and Clark, 1980) or ^-endorphin 
(Tache et a 1., 1979) at cool (2-10°C) or normal ( 20-27°C) 
temperatures induce hypothermia in rats. The majority 
of evidence suggests that opiates and opioids have a 
hyperthermic effect at ambient temperatures (see Clark 
1981). Naloxone will inhibit the hypo- and hyperthermic 
effects of morphine (Clark and Clark, 1980) and the 
hyperthermic effects of A-endorphin. In addition, it 
has an independent hypothermic effect (Stewart and 
Eikelboom, 1979), however, naloxone can cause hyperthermic 
in rats at high ambient temperatures (Holaday et al., 
1978b; Thornhill et al., 1980).

The experiments described in this section were 
carried out to clarify the effect of naloxone on thermo 
genesis in lean and obese rats, and to investigate the 
possible role of BAT in this response. The acute and 
chronic effects of naloxone on food intake were also 
investigated in lean and obese Zucker rats.
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5.1 The Time Course of the Response to Naloxone
in Lean and Obese Zucker liats.

1The effect of a single dose of naloxone (Img.kg 
body weight,S.C., in 0.1ml saline) on BAT mitochondrial 
CDP binding, and food intake were measured over a 6 hour 
period. The changes in rectal temperature, serum glucose 
insulin and corticosterone were measured over the first 
two hours of the experimental period. Measurements were 
made at 0, 40, 80 minutes and 2, 4 and 6 hours after 
injection of naloxone.

Results.

Figure 5.1.1 illustrates the changes in BAT mitochond­
rial GDP binding throughout the 6 hour period. GDP binding 
was elevated in lean animals at the 80 minute time point, 
and remained increased over zero time throughout the 
remainder of the experiment, however, only at 80 minutes 
and 2 hours was the elevation significant. There were no 
significant changes in mitochondrial GDP binding in 
naloxone treated obese rats at any time point of the 
experimental period. Figure 5.1.2 shows the changes in 
rectal temperature that occurred over the first 2 hours. 
Both lean and obese rats show a slight depression in rectal 
temperature at 40 minutes, but in neither phenotype was 
the depression significant. Only at zero time were the 
rectal temperatures of the obese rats lower than the 
temperatures seen in the lean group. Figure 5.1.3 shows 
the changes in serum levels of glucose, insulin and 
corticosterone over the initial 2 hour period of naloxone 
administration. Neither glucose nor insulin levels were 
affected by naloxone in either phenotype over this period. 
There were, however, significant changes in corticosterone 
levels. Lean animals showed a depression in corticosterone 
at 80 minutes, coincident with the rise in mitochondrial 
GDP binding levels. This depression in corticosterone 
levels in lean animals had returned to normal levels by 
2 hours post-injection. Obese animals had elevated scrum 
corticosterone concentrations at 40 minutes, hut this too 
was a transient change as normal serum corticosterone



Figure 5.1.1 The Time Course of the Effects of Naloxone
on BAT Mitochondrial GDP Binding in Lean and 
Obese Zucker Rats.

Lean and obese rats were injected with Img.kg 
naloxone in 0.1ml saline, s.c., and killed at the times 
indicated. BAT mitochondria were prepared and GDP binding 
assays performed as described in sections 2.12 and 2.13 
respectively .

Values represent means 
group.

S.E.M. of 7-10 animals in each

o Lean Obese

P<0.05 P <0.01 compared to zero time controls.
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Figure 5.1.2 The Time Course of the Effect oP Naloxone
on Rectal Temperature in Lean and Obese 
Zucker Rats.

Lean and obese animals were injected with Img.kg 
naloxone in 0.1ml saline, s.c., and killed at the times 
indicated. Rectal temperature was measured as described 
in section 2.3.2 (conscious animals) just before sacrifice

Dotted line denotes zero time temperature for lean (L) 
and obese (0) animals.

Values represent means 
group .

S.E.M. of 4 animals in each

Lean Obese

++ P< 0.01 compared to equivalent lean group
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Figure 5.1.3 The Time Course of the Effects of Naloxone
on Serum Metabolites of Lean and Obese
Zucker Rats.

-1Lean and obese rats were injected with O.lmg.kg 
naloxone in 0.1ml saline, s.c., and killed at the times 
indicated. Animals were sacrificed by decapitation, 
trunk blood collected and serum prepared, as described 
in section 2.9.1. Serum concentrations of glucose, 
insulin and corticosterone were determined as described 
in sections 2.9.2, 2.9.4 and 2.9.5, respectively.

Values represent means 
group .

S.E.M. of 3-6 animals in each

Lean Obese

P < 0.05 compared to zero time group
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concentration in obese rats was observed at 80 minutes
after naloxone injection.

Changes in food intake over the 6 hour experimental 
period are illustrated in figure 5.1.4. Food intake over 
any of the time periods indicated was not significantly 
affected by naloxone injection in lean animals, although 
there was a slight decrease in food intake in naloxone 
injected animals over the 0-40 and 0-80 minute periods. 
Obese animals food intake was significantly lower in 
naloxone injected animals over the 0-80 and 0-120 minute 
periods. There was no significant difference between the 
food intakes of naloxone injected groups over the first 
three time blocks (0-40, 0-80 and 0-120 minutes).

5.2 The Effects of Adrenalectomy on the Acute Response 
to Naloxone in Lean and Obese Zucker Rats.

Adrenalectomy corrects many of the defects of the 
obese Zucker rat. Having demonstrated that adrenalectomy 
normalised the responses of obese rats to 2DG and diet, 
it was of interest to examine the effect of adrenalectomy 
on the respond of BAT to naloxone.

5-6 week old lean and obese animals were adrenal- 
ectomised and maintained as described in section 2.6.2.
1 week after surgery, half the animals were injected with 
Img.kg naloxone in 0.1ml saline, or 0.1ml saline, s.c., 
and sacrificed 80 minutes later. An 80 minute experimental 
period was chosen as it was the time point of maximal BAT 
stimulation in intact lean animals and was within the 
plasma half-life of naloxone (80-100 minutes).

Results.

Tabic 5.2.1 shows the effects of adrenalectomy on the 
responses of lean animals to naloxone. Adrenalectomy 
abolished the stimulatory effect of naloxone on BAT 
mitochondria] GDP binding in lean animals and had no effect 
on the responses of serum glucose or insulin to the drug. 
Table 5.2.2 shows the results of the experiment in obese
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animals. Although adrenalectomy increased GDP binding 
levels in obese rats, no effect of naloxone was observed 
on GDP binding in these animals. No effect of naloxone 
was observed in either intact or adrenalectomiscd animals 
on serum glucose or insulin concentrations.

5.3 The Chronic Effects of Naloxone on 5 Month Old
Lean and Obese Zucker flats.

Acute naloxone treatment has been shown to reduce 
food intake in young obese, but not lean, Zucker Rats 
(section 5.1). The chronic effects of naloxone were 
investigated in adult (5-month old) lean and obese rats, 
to examine the effects of prolonged opiate blockade on 
food intake and body weight.

5-month old animals were individually housed and 
injected at 8 hourly intervals (at 10.00 hours, 18.00 
hours and 02.00 hours) with Img.kg ^ body weight naloxone 
in 1ml.kg body weight saline, or 1ml.kg"^ saline, s.c., 
for 20 days. Food intake, body weight and rectal 
temperature were measured daily. After 20 days, animals 
were killed by decapitation with 30 minutes of the 10.00 
hours naloxone injection. Trunk blood was collected and 
serum prepared as described in section 2.9.1. Serum 
glucose, insulin and corticosterone concentrations were 
assayed as described in sections 2.9.2, 2.9.4 and 2.9.5 
respectively. Upon sacrifice BAT mitochondria were prepared 
and GDP binding assays performed, as described in sections 
2.12 and 2.13 respectively. Protein concentrations and 
succinate cytochrome c oxidoreductase activities were 
assayed as outlined in sections 2.10.2 and 2.14 respectively

Results.

figure 5.3.1 shows the daily body weights of all four 
groups. At no point were there any significant differences 
between saline treated and naloxone treated animals of the 
same phenotype. Table 5.3.1 shows the effects of chronic 
naloxone administration on food intake, weight gain, rectal 
temperature and serum metabolites in lean and obese adult
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Zucker rats. Food intake was greater in both saline 
and naloxone injected obese rats in comparison to lean 
animals, but naloxone had no effect on food intake in either 
phenotype. Neither percentage increase in body weight nor 
rectal temperature was significantly changed by naloxone 
administration in either phenotype. Rectal temperatures 
were only measured over the first week of the experiment, 
as no changes were seen by this time and the procedure was 
distressing to the animals. Lean animals treated with 
naloxone had higher blood glucose and corticosterone levels 
compared to their saline injected controls, but no signifi­
cant effects of naloxone were observed on these parameters 
in obese animals. Serum insulin levels were unaffected 
by naloxone in either phenotype.
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Table 5.3.2 shows the effects of chronic naloxone 
treatment on BAT of adult lean and obese rats. The normal 
phenotype differences in BAT were all present; obese rats 
had lower mitochondrial GDP binding, depot GDP binding, 
lower BAT protein content and higher tissue wet weight 
in comparison to lean animals. Mitochondrial population 
(depot succinate cytochrome c oxidoreductase activity) 

was only slightly reduced in obese animals. Naloxone 
treatment had no effect on any aspect of BAT examined 
in either lean or obese animals.
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5.4 Summary and Discussion

It has been suggested that the elevated levels of 
A-endorphin found in the plasma and pituitaries of 
genetically obese rodents (ob/ob mice and fa/fa rats) may 
be responsible for the hyperphagia seen in these animals 
and contribute towards their obesity (Margules et al.,
1978; Recant et al., 1983). In support of this suggestion, 
naloxone has been shown to be more effective at reducing 
food intake in obese animals than in their lean counter­
parts (Margules et al., 1978; McLaughlin and Baile,
1984a).

The results presented in section 5.1 suggest that 
naloxone acutely reduces food intake in young obese rats 
for the first two hours post injection. This period of 
hypophagia was followed by a mild rebound hyperphagia up 
to 4 hours, resulting in a normalisation of 6-hour food 
intake. The food intake of lean animals seemed to be 
unaffected by naloxone at any time. The short period of 
hypophagia in obese animals is coincident with the plasma 
half-life of naloxone as 80-100 minutes (Fishman et al.,
1973). The effects of different doses of naloxone on food 
intake during the 'day' of a 12 hour light/dark cycle in 
adult Zucker rats were examined by McLaughlin and Baile, 
(1984a). They claimed that at all 3 doses of naloxone 
used (0.5, 1 and 2mg.kg ^), naloxone suppressed food intake 
over the 12-hour 'daylight' period in both lean and obese 
rats, although to a greater extent in obese animals.
However, examination of their data for Img.kg”^ naloxone 
revealed that for obese rats, food intake was reduced only 
over the first 3 hour period, followed by a compensatory 
hyperphagia which resulted in the cumulative 12-hour food 
intake being unaffected by naloxone. The initial hypophagic 
period supports the observations of the acute effects of 
naloxone seen here. Margules et al. (1978) reported that 
4 hours after naloxone administration (1 mg.kg ^ body weight) 
to obese (ob/ob) mice, food intake was only minimally 
reduced (obese mice, intake reduced from 3.3g to 3.2g by 
naloxone; lean mice, intake reduced from 2.3g to 2.2g by
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naloxone over a 4 hour period). These results suggest 
that opiate blockade with naloxone acutely reduces food 
intake in obese animals, but that the deficit is made up 
by an ensuing compensatory hyperphagia which results in no 
overall change in food intake.

Naloxone had no significant effects on body temperature 
in either young acutely treated or adult chronically treated 
rats of either phenotype, except for an insignificant 
transitory hypothermia at 40 mintes post-injection in 
young acutely treated rats. BAT mitochondrial GDP binding 
was unaffected by acute naloxone injection in obese animals, 
but lean animals exhibited an increase in GDP binding at 80 
and 120 minutes after naloxone Injection. This increase in 
GDP binding was not accompanied by a significant increase 
in rectal temperature over basal levels. The hyperthermic 
effect of morphine, which c&n be blocked by naloxone, is not 
associated with the activation of BAT thermogenesis.
No increase in BAT mitochondrial GDP binding was seen after
a lOmg.kg Injection of morphine, despite a 1°C rise
in rectal temperature (Thornhill and Desautels, 1984). The 
increase in rectal and BAT temperature observed by these 
workers upon morphine injection still occurred after bilateral 
denervation of the Interscapular BAT depot. The results 
reported in this section support these observations and the 
suggestion that it is unlikely that BAT is involved in the 
temperature changes caused by opiates or opiate blockade.
As naloxone is a morphine/A -endorphin antagonist, it would 
be expected that naloxone would depress core temperature 
at the ambient temperature at which the experiment was 
carried out (22-24°C). The observed increase in BAT mito­
chondrial GDP binding caused by naloxone in young lean rats 
is difficult to reconcile with this expectation. It is 
possible that naloxone has an effect on BAT which is 
independent of its anti-opiate properties. Naloxone is 
known to potentiate the steroidogenic properties of ACTH 
(Lymangrover ct al., 1981) and has been demonstrated to 
cause ACTH release in humans (Morley ct al., 1980). It 
may be that naloxone potentiates the effects of ACTH in its 
properties as a humoral activator of BAT, or that it
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stimulates sufficient ACTH release to independently 
activate BAT, or that naloxone directly stimulates BAT 
through the same cellular mechanism as ACTH. Similarities 
in binding properties between naloxone and ACTH could be 
inferred from the observation that ACTH will also antagon- 
ise opiate effects by interaction with opiate receptors 
(Terenius, 1976; Smock and Fields, 1981). It is possible, 
therefore, that naloxone may stimulate BAT directly at the 
tissue level in the same manner as ACTH. The transient 
depression in corticosterone levels seen 80 minutes after 
naloxone injection suggests that circulating ACTH was not 
involved in the BAT response, a suggestion reinforced by 
the observation that elevated corticosterone levels, and 
presumably ACTH levels, occurred in obese rats and were 
unaccompanied by an increase in BAT GDP binding. It has 
been suggested that opiates may act by inhibiting CRF 
release (Gaillard et a 1. , 1981), if so, it is 
possible that naloxone releases CRF which then independ­
ently stimulates BAT mitochondrial GDP binding (Arase,
York and Bray: unpublished observations).

Adrenalectomy abolished the acute naloxone-dependent 
increase in BAT mitochondrial GDP binding in lean animals. 
This could be due to the high circulating levels of ACTH 
which are present after adrenalectomy competing with, or 
masking the effects of naloxone at its site of activation 
of BAT. This may explain the failure of naloxone to increase 
GDP binding in obese rats. Adrenalectomy corrected basal 
GDP binding levels in obese animals, but no effect of 
naloxone on BAT was seen. Observations of ACTH and

-endorphin levels of young lean and obese adrenalectomised 
4-5 week old Zucker rats, which were made in our laboratory, 
reveal that plasma /^-endorphin and ACTH levels in obese 
rats are consistently lower than those seen in lean animals. 
Adrenalectomy increases plasma levels of both peptides in 
both phenotypes, but the ratio of ACTH: ^-endorphin remains 
similar and obese plasma concentrations are still lower than 
in lean animals (Holt: unpublished observations). This is 
in contrast to the findings of Margules et al. (1978), who 
observed increased plasma -endorphin levels in fa/fa 
rats, however, the animals used were older (5 months).



Increased levels of ^-endorphin In the pituitary gland of
obese rats was observed only at 8 weeks of age (Holt: 
unpublished observations). Pituitary levels of-endorphin 
are thought to reflect the plasma concentration of the 
peptide, and hypothalamic levels, the cerebrospinal fluid 
^-endorphin concentration (Baile et al., 1986). This 
would be consistent with our observations of elevated 
pituitary ^-endorphin levels in obese rats only at 8 weeks 
of age, and the observations of Margules et al. (1978) that 
plasma ^ -endorphin levels were elevated at 3-5 months of age 
Recant et al. (1983) observed increased hypothalamic and 
pituitary levels of ^-endorphin in animals of approximately 
10-12 weeks of age (205g and 400g body weight for lean and 
obese animals respectively). These observations suggest 
that in animals of the age used in these experiments (5-6 
weeks) plasma and pituitary levels of |/2> -endorphin were 
probably normal, or slightly elevated. Adrenalectomy does 
not alter the hyperthermic effect of morphine, which suggests 
that the centrally activated thermogenic mechanisms which 
are responsible for the increase in body temperature are 
not dependent upon the hormones of the pituitary-adrenal 
axis (Thornhill and Saunders, 1985). The abolition of 
the naloxone stimulation of BAT mitochondrial GDP binding 
after adrenalectomy implies that this effect is dependent 
upon the pituitary-adrenal axis, and viewed in the light of 
the findings of Thornhill and Saunders (1985) of the 
pituitary-adrenal independence of opiate effects, it seems 
unlikely that the naloxone stimulated increase in GDP 
binding is a centrally mediated effect operating via opiate 
receptors.

Immunoreactive /%-endorphin like activity has been found 
in the pancreas (Grube et al., 1979) and it is thought that 
circulating -endorphin may play a role in the regulation of 
insulin and glucagon release. Naloxone inhibits morphine- 
stimulated insulin and glucagon release from cultured 
pancreatic islet cells, but naloxone has no independent effects 
on the release of these hormones (Kan ter et al., 1980).
Naloxone treatment was not observed to significantly depress
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insulin levels when given either acutely to young or 
chronically to adult rats of either phenotype. This is 
in accord with the in vitro observations of Ranter et a 1. 
(1980), that naloxone had no independent effects on tonic 
insulin release .

Chronic naloxone treatment was not observed to have 
any effects on food intake, body weight gain on BAT thermo­
genesis in either lean or obese adult Zucker rats. This 
is in complete contrast with the findings of Wexler and 
McMurtry (1985), who demonstrated marked effects on food 
intake and body weight gain in another strain of genetically 
obese rodent, the obese spontaneously hypertensive rat 
(obese/SHR). These animals are an inbred substrain of the 
corpulent, or Koletsky, rat (fa^) (Koletsky, 1973) inbred 
to exaggerate the Cushingoid features of these animals 
(Wexler et al., 1980). These animals exhibit many of the 
features shown by Cushings Syndrome sufferers such as 
obesity, fatty liver, hyperlipidaemia , hyperglyceamia , 
hyperinsulanaemia, hypertension, infertility, muscle wasting 
and skin fragility (Wexler et al., 1980). These animals 
differ from the Zucker obese rat in that they are hyper­
tensive and have very high serum corticosterone levels. 
Adrenalectomy largely alleviates hypertension and obesity in 
these obese/SHR rats (Wexler and McMurtry, 1981). When these 
rats were injected chronically with naloxone (8 month old 
rats injected 3 times daily for 81 days) their hyperphagia 
was abolished towards normal non-obese/SHR levels and they 
lost weight precipitously (Webster and McMurtry, 1985).
These effects were less pronounced in young animals (5 weeks 
old at the initiation of 10 weeks of treatment). Serum 
insulin, corticosterone and /^-endorphin levels were 
significantly reduced by naloxone treatment in the obese and 
non-obese/SHR, and again, the effects were more pronounced 
in older rats. ACTH levels were only reduced by naloxone in 
obese/SHR rats. Growth hormone levels were also increased 
by naloxone treatment.

The differential effects of naloxone on obese Zucker 
and obese/SHR animals could be due to a number of differences
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in the aetiology of the obesities, and in the experimental 

protocol. Unlike normal rats and humans, naloxone inhibited 

ACTH secretion and reduced corticosterone levels. Corticost­

erone levels were elevated in 5 month old Zucker rats and 

were not reduced by naloxone treatment, in fact lean animals 

treated with naloxone showed elevated serum corticosterone 

levels. Insulin levels were also unaffected by naloxone in 
either phenotype in the study described here. A major 

difference in the protocol was that VVexler and McMurtry 
injected their animals 3 times during the day, when naloxone 
has been shown to have a greater effect on food intake. 
(McLaughlin and Baile, 1984a), and the injections were 
timed so as to coincide with the periods of compensatory 
hyperphagia following the previous injection (0700 hours,

1200 hours and 1530 hours). This treatment regime 
significantly reduced food intake in the obese animals, 
but not the non-obese animals. In this study, the 3 
injections of naloxone were spaced evenly throughout the 
24 hour period, which resulted in no significant reduction 

in food intake, but did result in an elevated corticosterone 
level in lean rats, suggesting that the evenly spaced 
injections were effective at producing a chronic response of 
some sort.

It is possible that the massive weight loss seen in 
the naloxone treated obese/SHR was due to a combination of
the effects of a marked reduction in food intake, accompan- 

ied by the reduction in corticosterone levels which alone 
would reduce the obesity of the obese/SHR (Wexler and McMurtry, 
1981). The differential effects of naloxone on the pituitary- 
adrenal axis of the two genetic models of obesity was 

probably instrumental in the diversity of the response to 
naloxone.

In summary, naloxone caused an acute increase in BAT 
mitochondrial CDR binding in young lean rats that was not 
associated with an increase in rectal temperature and which 

was abolished by a d r en a 1 ec t omy . GDP binciing was not increased 

by naloxone in obese animals under any conditions. The 

observation that the naloxone dependent increase in BAT GDP
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binding was abolished by adrenalectomy in lean animals 

suggests that the response may tiave been masked by 
elevated ACTH levels which occurred after adrenalectomy.

BAT mitochondrial GDP binding was unaffected by chronically 

injected naloxone in adult rats of either phenotype, it 
seems, therefore, unlikely that naloxone would significantly 

affect energy expenditure via BAT in either lean or obese 
rats.

Food intake was acutely depressed by naloxone over 
a 2 hour period in young rats which was coincident with the 
half-life of the drug. Over a longer 6 hour period, food 
intake was not significantly affected in lean or obese rats. 
Chronic naloxone treatment had no effect on food intake of 

adult animals of either phenotype. It would be of interest 
to examine the effects of naloxone administered continuously 
by a mini-osmotic pump, and to investigate the changes in 

food intake and body weight, having bypassed the problem 

of the relatively short half-life of the drug. From the 

results presented in this chapter it seems unlikely that 

opioid peptides play a significant role in the development 

of the obesity of the Zucker rat, despite the apparent 

effects on the short term regulation of feeding.
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CHAPTER 6. GENERAL DISCUSSION

The obesity of the fa/fa rat is thought to result from
an inability to activate Oil in DAT in response to dietary 
signals. Low basal levels of BAT sympathetic activity and 
BAT mitochondrial GDP binding (an index of BAT thermogenic 
status) are characteristic of the obese Zucker rat (York 
et al., 1985a) as well as the obese (ob/ob) mouse (Himms- 
Hagen and Desautels, 1978; Young and Landsberg, 1983) and 
the VMH-lesioned rat (Seydoux et al., 1982; Vander Tuig 

et al., 1982). Hyperinsulinaemia is also a characteristic 
of these 3 obese models (Bray and York, 1979). Adrenal­
ectomy reverses the obesity of the fa/fa rat, the ob/ob 
mouse and the VMH-lesioned rat(Yukimura et al., 1978;
Holt and York, 1982; Bruce et al., 1982, respectively) 
suggesting that some common glucocorticoid-mediated factor 
or system is involved in the maintenance of obesity. The 

obesity of the VMH-lesioned rat, but not that of the fa/fa 
rat, is abolished by subdiaphragmatic vagotomy (Powley and 
Opsahl, 1974; Opsahl and Powley, 1976).

It has been demonstrated that the effects of adrenal­

ectomy on energy balance in obese rats are not dependent 
upon dietary composition. The improvement in energy balance 
body weight gain and BAT function in the obese rat, which 
occurred after adrenalectomy, were independent of the energy 
composition of the diet, and animals responded equally well 
to adrenalectomy on a high fat (34% and 44% fat and carbofx^drate 
energy respectively) or a high carbohydrate (8% and 68% fat 
and carbol^ratt energy respectively) diet. This is in contrast 
to the effects seen in the ob/ob mouse, where obese animals 

fed a high fat diet do not apparently respond to the 
amclioratL^; effects of adrenalectomy (Smith and Romsos,

1985). The obese mouse has several dissimilarities with 

the obese rat. Obese mice are more intolerant to cold 

exposure (Trayhurn and Oames, 1978) and fail to increase 

BAT mitochondrial GDP binding in response to cold unless 

first acclimated to an intermediate temperature (Himms- 

Hagen and Desautels, 1978; Zahror-Behrens and Himms- 

Hagen, 1982). ob/ob mice are less sensitive to the effects



of noradrenaline on metabolic rate (Trayhurn and James, 

1978; Thurlby and Trayhurn, 1980) and it has recently 

been shown that dietary fat and dietary sucrose can elicit 
increases in cardiac and BAT noradrenaline turnover in 
ob/ob mice with no concomitant increase in energy expendi­
ture (Knehans and Romsos, 1984). Cafeteria feeding 

increases BAT mitochondrial GDP binding in obese mice 
(Trayhurn et al., 1982; Himms-Hagen, 1985; Himms-Hagen 

et al., 1986) with no improvement in body weight gain 

or energetic efficiency, and it has been suggested that 
the increased energy expenditure in cafeteria fed ob/ob 
mice contributes towards the maintenance of normal body 
temperature, rather than the disposal of excess dietary 

energy (Himms-Hagen et al., 1986). It seems that a further 

dissimilarity between these two models of genetic obesity 

- the ob/ob mouse and the fa/fa rat - exists,in that the 
effects of adrenalectomy on BAT of obese mice are diet 
dependent, whilst the effects on fa/fa rats are not. The 
2DG-mediated inhibition of BAT mitochondrial GDP binding 
in lean Zucker rats was independent of diet, in that 7-10 
days overfeeding with either sucrose or high fat diets 

resulted in similar responsiveness to 2DG.
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It has been demonstrated that BAT mitochondrial GDP 
binding of fa/fa rats is unresponsive to the central 
glucoprivic actions of 2DG unless normal sympathetic 
activity has been restored to the tissue by adrenalectomy.

It has also been demonstrated that corticosterone inhibits 
the response of BAT of lean animals to 2DG. The restorative 

effects of adrenalectomy on BAT function in obese animals 
(either genetic or experimental) has been widely demonstrated 
(Yukimura et al., 1978; Holt and York, 1982, 1984; Bruce 
et al., 1982; King et a 1., 1983; Marchington et al., 1983). 
BAT sympathetic activity and basal GDP binding levels are 

increased, insulin levels are depressed towards normal, 
longitudinal growth is restored and hyperphagia and deranged 

feeding patterns are abolished. It is possible that 

corticosterone removal has a direct role in many of these 

changes. It has been suggested that the obese (fa/fa) rat 

and the obese (ob/ob) mouse are hypersensitive to the
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effects of corticosterone. Obesity is restored in fa/fa

adrena1ectomised rats with low replacement doses of the 
steroid that have little effect in lean animals (Freedman 
et al., 1986a). The hyperphagia and the abnormal diurnal 

rhythm of food intake could be explained by a hyper- 

sensitivity of the corticosterone stimulated noradrenergic 
feeding mechanism in the PVN in obese animals. Noradrenaline 

injected centrally stimulates feeding in both lean and obese 
Zucker rats so the noradrenergic feeding mechanism appears 
to be intact in the fa/fa rat (Ikeda et al,, 1980). 
Adrenalectomised animals do not respond to central 

noradrenaline by increasing their food intake 
(Bhakthavatsalam and Leibowitz, 1986), so it is possible 
that the removal of corticosterone in obese animals leads 

to an Inactivation of this PVN feeding mechanism which is 
normally hyperactive in intact animals, leading to an 
abolition of genetic hyperphagia.

The restoration of sensitivity to central gluco- 

privation after adrenalectomy could also be explained by 
corticosterone removal, as could the reduction in circulating 
insulin levels. The obesity of the fa/fa rat is thought to 

arise from an imbalance in autonomic nervous system function, 
which results in a reduced sympathetic activity in BAT 
(York et al., 1985b) and an increased vagal drive to the 
pancreas leading to hyperinsulinaemia (Rohner-Oeanrenaud 
et al., 1983). The reduced sympathetic activity in BAT 
could be related to an inability of the VMM to couple 
dietary afferent inputs to efferent activation of the tissue. 
Efferent VMM activity in response to electrical stimulation 

of the VMM in fa/fa rats has been shown to be normal (Holt 
et al., 1985, 1986). The increased parasympathetic activity 

may result from elevated LH activity. Electrical stimulation 

of the LH is associated with increased vagal activity 

(Oomura and Kita, 1981), and 2DG applied electroosmotically 
to the LH increases gastric acid secretion (Shiraishi and 

Simpson, 1982). The elevation of PN5 and depression of the 

SNS in relation to LH and VMH outputs could be explained 

in terms of a glucocorticoid mediated inhibition of glucose 
uptake into the LH glucose-sensitive or VMH glucoreceptor 
neurones. If corticosterone inhibits the uptake of glucose
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system (Munck, 1971; Fain, 1979) it is possible that such 

an effect also occurs in the central glucoreceptors. 

Inhibition of glucose uptake in the glucoreceptors of the 

VMM would result in a decrease in neuronal firing rate and 

a reduction in sympathetic output. Reduction of glucose 

uptake due to corticosterone in the LH glucose sensitive 
cells would increase their firing rate and lead to an 

Increase in PNS activity, possibly acting through the 

DMN of the vagus, and an enhancement of feeding activity 
and insulin secretion. Adrenalectomy would remove 

corticosterone (and thus glucocorticoid effects in the 

LH and VMM) resulting in a normalisation of glucoreceptor 
function and a restoration of the balance between the 

hypothalamic outputs to the sympathetic and parasympathetic 

limbs of the autonomic nervous system. The recent 
observation by Brown (1986) that the formation of GTG 

lesions in mice was prevented by pretreatment with hydro- 

cortisone, provides evidence to suggest that glucocorticoids 
have a similar specificity for VMM neurones as a neurotoxic 
agent responsible for the generation of VMM obesity.
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Figure 6.1 illustrates the intrahypothalamic connections 

and hypothalamic efferents which might be involved in these 
events. The VMM and LH both have sympathetic projections 
to the dorsomedial nucleus of the hypothalamus (DMH) which 
in turn has autonomic and neuroendocrine connections with 
the PVN. The PVN has direct neural connections with the 
DMN of the vagus, which is considered the primary para­
sympathetic outflow area, and eventually to the inter- 
mediolateral column and thus the thoracolumbar sympathetic 
preganglionic neurones. The PVN also exerts neuroendocrine 

control over the median eminence and pituitary, and serves 

as the main hypothalamic-pituitary link. The LH has 

sympathetic connections to the DMH, ,ind parasympathetic 

connections direct to the DMN and the reticular formation 

thus influencing the PNS efferent areas. The VMH exerts 
only sympathetic influence on the DMH and the periagueductal 

grey, which is the main sympathetic outflow area, equivalent 
to the DMN of the PNS (Luiten et al., 1986).



Figure 6.1 Possible Intrahypothalamic Connections and 
Hypothalamic Efferents Involved in the
Regulation of Diet Induced Thermogenesis
and Food Intake.

Sympathetic pathway

Parasympathetic pathway

Mixed autonomic pathway

Neuroendocrine pathway.

A - pancreatic glucagon secreting cells.

^ - pancreatic insulin secreting cells.

DMH - dorsomedial nucleus of the hypothalamus 

DMN - dorsal motor nucleus of the vagus.

LH - lateral hypothalamus.

PVN - paraventricular nucleus.

VMM - ventromedial hypothalamus
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This glucocorticoid sensitive hypothesis seems to fit 
the evidence for genetically obese rats and mice, and VMM 
obesity can also be at least partially explained this way.
If glucocorticoids were involved in the normal regulation 
of dietary signals, which is possible, since corticosterone 
levels increase after feeding (Brindley et al., 1979),it 
could be that a normal tonic inhibitory/excitatory effect 
of glucocorticoids exists in the VMH/LH glucoreceptor 
system. The central level of glucocorticoids would then 
be able to determine the level of sensitivity to dietary 
signals, such as glucose availability. Ablation of the 
VMM has been observed to lead to increases in basal 
corticosterone levels (Coover et al., 1980). Elevated 
corticosterone levels would normally inhibit VMM (SNS) 
activity and enhance LH (PNS) activity, but in the absence 
of a functional VMM, only the elevation in LH activity 
would occur, leading to hyper insulinaemia and hyperphagia. 
Adrenalectomy would reduce LH stimulation of insulin 
secretion and food intake and alleviate the obesity. The 
effects of corticosterone on the glucoreceptors of the VMH 
and LH could be investigated by examining the effects of 

centrally administered corticosterone^alone, or in 
combination with 2DG, glucose, free fatty acids or insulin 
on the firing rate of the efferent nerves to BAT, or the 
vagus nerve. It would also prove interesting to investigate 
changes in central glucocorticoid concentrations in response 
to various dietary states such as starvation and diet-induced 
hyperphagia, to examine the possible role of corticosterone 
as a regulator of the level of dietary sensitivity in the 
hypothalamus.

The 2DG induced hyperphagia could be explained by the 
inhibition of glucose metabolism in the glucosensitive 
neurones of the LH and VMH leading to an enhancement of PNS 

(LH) activity and an increase in feeding activity. The 
attenuation of the 2DG-inhibition of DAT mitochondrial GDP 
binding could reflect reduced 2DC uptake into the VMH due 

to increased dietary glucose availability. Alternatively, 
a postprandial elevation in corticosterone levels or even 
a 2DG stimulation of corticosterone release, could reduce 
the tonic firing rate of the VMH glucoreceptors and reduce
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SN5 activity to OAT. The hyperphagic effects of 2DC 

are not thought to be mediated through the corticosterone 
dependent oCpHoradrenergic feeding drive in the PVN, as 

2DG still elicits feeding responses in adrenalectomised 

animals. This was shown in the present study and by 
Bh a k t h a V a t s a 1 a m and Leibowitz ( 1986). Hyperphagia induced 
by centrally injected 2DG does cause noradrenaline release, 
as its effects on food intake are blocked by pretreatment 
with phentolamine, azapetine or yohimbine (Muller et al , , 
1972). It is possible that 2DG-released noradrenaline 
acts on sites other than the PVN to increase feeding, such 
as the suprachiasmatic nucleus (Yamomoto et al., 1985) but 
it is also possible that the release of peptide hormones by 
2DG is involved in 2DG elicited feeding. 2DG causes ACTH 
release, presumably through the actions of CRF , (Weidenfeld 
et al., 1984). It is known that ACTH secretion is 
accompanied by /^-endorphin release (Schally et al., 1978; 
Young and Akil, 1985) and ^-endorphin, as well as other 
opioid peptides, seem to be involved in the regulation 
of food intake (Morley, 1980; Morley and Levine, 1982;
Baile et al., 1986). Penicaud and Thompson (1984) 
demonstrated that central or peripheral administration of 
naloxone reduced 2DG-dependent hyperphagia in Wistar rats.
The results presented in the present study on the effects of 

naloxone on food intake suggest that although naloxone 
treatment did not affect food intake or weight gain in lean 
or obese Zucker rats, there was an acute inhibitory effect 
of naloxone on food intake in obese rats. It is possible, 
therefore, that ^-endorphin stimulated hunger is involved 
in the acute hyperphagia caused by 2DG, and the failure 

of 2DG to evoke a feeding response in the obese rat may 
have been due to pre-existing high levels of hypothalamic 
/3 -endorphin preventing further elevations of food intake. 

Glucoprivation can cause release of several neurotrans­
mitters from isolated mouse hypothalami, including dopamine 

serotonin and GABA, as well as noradrenaline (O'Fallon 

and Ritter, 1982). The central peptidergic neurotransmitter 
system is undoubtedly involved in the regulation of feeding 
(Morley, 1980; Baile et al., 1986) and recent evidence 
suggests that the hypothalamic peptide, CRF, has a stimulatory
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effect upon BAT mitochondrial COP binding (Arase, York and 

Bray: unpublished observations), which is mediated by an

increase in SNS activity. Whether this has a physiological 

role in the regulation of energy expenditure remains to be 

seen. The anorectic drug fenfluramine increases central 

concentrations of ^ -endorphin through serotininergic 
mechanisms (Harsing et al., 1984), but the non-serotininergic 
anorectic drug amphetamine did not affect ^ -endorphin levels 
(Harsing et al., 1982). It seems rather odd that anorectic 
drugs such as fenfluramine should increase central endorphin 

levels, as increased central opioid activity is associated 

with increased ingestion (Baile et al., 1986). It has been 

suggested, however, that fenfluramine acts to inhibit 

endorphinerglc transmission in the hypothalamus, leading to an 

intracellular accumulation of opioids and a reduction in 
putative hunger signals (Harsing et al., 1982,^1984). It 

seems, therefore, that serotoninergic mechanisms may be 
important in the control of feeding, possibly through the 

inhibition of opiate activity. Both fenfluramine and 
amphetamine also stimulate BAT mitchondrial GDP binding in 
rats (Lupien and Bray; Abdul-Karim and York, respectively: 

unpublished observations), so the investigation of the 
mechanisms and effects of these drugs may provide important 

information as to the integration of feeding and energy 
expenditure regulation within the hypothalamus.

In summary, it is possible that glucocorticoids play a 

normal regulatory role in setting the sensitivity of the 

VMH/LH glucoreceptor system to central glucose metabolism. 
Inhibition of glucose uptake by glucocorticoids into the 
VMH would result in decreased neuronal firing and a reduction 
in central sympathetic output, conversely inhibition by 
glucocorticoids of the LH glucosensitive neurones would 

enhance LH firing and increase parasympathetic output.

The postulated interactions of these pathways are outlined in 

figure 6.2. In this way it is possible that glucocorticoids 

play a role in regulating the balance between the sympathetic 

and parasympathetic limbs of the autonomic nervous system. 
Inhibition of central glucose metabolism with 2DC has been 
shown to inhibit DAT mitochondrial GDP binding and increase



Figure 6.2 The Possible Involvement of Corticosterone in 
the Regulation of the Balance Between the 
Sympathetic and Parasympathetic Limbs of the
Autonomic Nervous System.

Above the dotted line illustrates the effect of 
corticosterone on the glucoreceptor system of the VMM and 
LH (-,inhibitory; +,excitatory).

Below the dotted line illustrates the interactive 
effects of the hypothalamic nuclei, and efferent autonomic 
effects elicited by these centres. Corticosterone is 
envisaged as reducing SNS activity and increasing PNS 
activity with the result that BAT activity, glucagon 
release and llpolysis are reduced, and insulin release, 
lipogenesis and feeding behaviour are enhanced. Opposite 
effects are seen after adrenalectomy.
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food Intake in lean, but not obese, Zucker rats. Restoration 

of normal sympathetic activity in BAT of obese rats by 

adrenalectomy results in a normal sensitivity of BAT 
mitochondrial GDP binding to 2DG inhibition, and a 2DG- 

induced increase in food intake. These observations 
suggest that the imbalance in the autonomic nervous system 
in the fa/fa rat may result from a hypersensitivity of these 

animals to the effects of glucocorticoids acting in the 

glucose sensing nuclei of the hypothalamus.
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APPENDIX ■

Publications .
Some of the work presented in this thesis has

appeared in published form.
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