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ABSTRACT

The original objective of work described in this thesis was to study neural control of diet-
induced thermogenesis in BAT. The hypothesis was that impairment of central warmth perception
by capsaicin-decsensitization (CAP-DES) would diminish central suppression of BAT
thermogenesis by heat generated as a consequence of food ingestion, and thus enhance
sympathetic-mediated diet-induced hypertrophy of BAT. Unexpectedly, CAP-DES caused atrophy
of BAT and prevented diet-induced thermogenesis in BAT. This novel finding led to o
modification of objectives to find out why CAP-DES induces atrcphy of BAT and to study
further the consequences for the CAP-DES rat of the atrophied state of its BAT.

Atrophy of BAT in the CAP-DES rat involved loss of total protein, loss of mitochondrial
proteins and loss of cells. BAT of the CAP-DES rat was unresponsive to stimulation by diet and
cold-induced growth was retarded. The most extensive destruction of BAT occurred at 1 day,
gradually reversed over the next 28 days, then reappeared at 8 months. A preliminary study in
which a neurotransmitter of sensory nerves, calcitonin gene-related peptide (CGRP) was infused
for several days suggested that the effect of CAP-DES might be due to removal of a trophic
influence of neuropeptides of sensory nerves, known to be depleted in BAT of the CAP-DES rat.
The association between atrophied BAT and obesity in several different animal models suggested
that CAP-DES rats might become obese. However, CAP-DES rats fed an obesity-inducing diet
(high fat) for 10 weeks did not become any more obese than control rats eating the same diet and
aging-induced obesity was reduced in the CAP-DES rat.

Conclusions: Neuropeptides of sensory nerves play an important role in control of BAT
thermogenic capacity, supplementing that of noradrenaline. The relation of atrophied BAT to

energy balance in the CAP-DES rat remains to be elucidated.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

Brown adipose tissue (BAT) is a specialized adipose tissue. It is found in all
hibernators and in many nonhibernators, like rats and mice (Johansson, 1959). The function
of BAT was first associated with arousal from hibernation. Thereafter, the specific function
of thermogenesis in BAT was described (Smith and Horwitz, 1969; Smith and Hock, 1963).

During exposure to cold, there is an increase in the metabolic rate of BAT which is
referred to as cold-induced nonshivering thermogenesis (Himms-Hagen, 1984, 1986). The
contribution of cold-induced nonshivering thermogenesis to the cold-induced increase in
metabolic rate is distinct from that part due to muscle activity (shivering thermogenesis).
Cold-induced nonshivering thermogenesis is the dominant pathway of thermoregulatory heat
production in small mammals, It accounts for 60-70% of the increase in metabolic rate
caused by acclimation of rats to cold (Foster and Frydman, 1978a, b, 1979).

Thermogenesis in BAT is also increased by ingestion of a palatable "cafeteria” diet
and this is referred to as diet-induced thermogenesis (Rothwell and Stock, 1979). Food itself
has a thermic effect, which results in an immediate increase in heat production associated
with the ingestion, digestion, absorption and initial processing of the components of the
food. Diet-induced thermogenesis is distinct from the thermic effect of food. Cold-induced
nonshivering thermogenesis and diet-induced thermogenesis are two major aspects of BAT

thermogenesis.



1.2 Categories of Thermogenesis

Thermogenesis is a physiological process that accompanies all metabolic reactions
that maintain the body in a living state. Thermogenesis can be classified into two major
categories: obligatory thermogenesis and facultative thermogenesis. Obligatory
thermogenesis accompanies those processes essential to keep the body in a basal metabolic
state. The reactions occur in every organ of the body and are primarily controlled by
hormones. Changes in obligatory thermogenesis are usually small and slow. Energy
expenditure involved in ingestion, digestion, absorption and storage of food, as well as
energy spent for other physiological situations such as growth, pregnancy and lactation are
also included in the obligatory category,

Facultative thermogenesis is different from the obligatory category in that it can be
rapidly turned on or off by the nervous system, depending on the needs of the animal.
Facultative thermogenesis mainly occurs in two organs, skeletal muscle and BAT. In skeletal
muscle it is associated with physical activity (exercise) or with thermoregulatory shivering
thermogenesis at low environmental temperatures. Facultative thermogenesis in skeletal
muscle is controlled by the central nervous system via the motor nerves. In BAT, facultative
thermogenesis is associated with thermoregulatory thermogenesis (nonshivering
thermogenesis) or with diet-induced thermogenesis, both mediated by noradrenaline
secreted from the sympathetic nerves to BAT. Diet-induced thermogenesis in BAT can be
further divided into a cephalic phase and a postprandial phase (Himms-Hagen, 1989). Since
BAT thermogenesis represents an auxiliary heat source and is controlled in relation to

thermoregulation, any heat-load on the body, such as that imposed by exercise, tumour
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growth or the stable hyperthermia of fever, can suppress BAT thermogenesis.

1.3 Brown Adipose Tissue Thermogenesis
a. Location and Morphology

Brown adipose tissue is a distinct organ which is distributed in several discrete depots
in the interscapular, cervical, intercostal, pericardial and perirenal regions of the body
(Smith and Horwitz, 1969). The relative proportions of total BAT in these different deposits
vary from species to species. In rats and mice, the interscapular deposit is a major one, and
comprises one third of the total BAT, whereas in other species, such as primates, the axillary
deposit is the most abundant one (Lean et al.,, 1986; Lean and Trayhurn, 1987) and very
little BAT is found in the interscapular area.

BAT contains, in addition to endothelial ceils, four major cell types. They are mature
brown adipocytes, preadipocytes, protoadipocytes and interstitial stem cells (Bukowiecki et
al,, 1982, 1986; Géloén et al., 1988, 1990). Proliferation and /or differentiation of the last
three occur when the BAT is stimulated. Unlike white adipocytes, brown adipocytes are
multilocular, and normally contain numerous small triacylglycerol droplets, as well as large
mitochondria and other organelles such as smooth endoplasmic reticulum, peroxisomes,
lysosomes, free ribosomes and Golgi apparatus (Smith and Horwitz, 1969; Néchad, 1986).

The other important component of BAT is endothelial cells, which proliferate when
the vasculature grows (Bukowiecki et al., 1982, 1986). BAT has an extensive vasculature and
also possesses arteriovenous anastomoses (Nnodim and Lever, 1988). This morphological

basis can readily supply a large amount of substrate and oxygen needed to support the high
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metabolic rate of brown adipocytes during stimulated thermogenesis. In addition tc
supplying metabolic requirements, the vascular pathways of BAT also act as a convector
system for the capture and evacuation of the heat generated during stimulated

thermogenesis (Smith and Roberts, 1964).

b. Innervation and Neuropeptides

Brown adipocytes and BAT blood vessels receive a direct sympathetic innervation.
The neurotransmitter, noradrenaline, plays a primary role in the control of BAT
thermogenesis and of BAT growth in most species (Himms-Hagen, 1991). The interscapular
BAT of the rat is the most studied BAT depot and consists of two symmetrical pads, each
receiving five intercostal nerves as well as a nerve which runs along the thoracodorsal blood
vessels (Foster et al., 1982 a,b; Néchad, 1986; Girardier and Seydoux, 1986). The origin of
these nerves is diffuse, arising from the middle and inferior cervical ganglia and the first five
thoracic ganglia (Girardier and Seydoux, 1986). Many studies have demonstrated that there
is no cross-innervation between the symmetrical pads (Foster et al,, 1982 a,b; Park and
Himms-Hagen, 1988; Himms-Hagen, 1989). Nerves which supply BAT blood vessels contain
noradrenaline and neuropeptide Y (NPY) whereas those on cells contain only noradrenaline
(Cannon et al, 1986; Norman et al, 1988). Noradrenergic nerves also supply the
arteriovenous anastomoses (Nnodim and Lever, 1988). Recently, nerves containing other
neuropeptides such as substance P (SP) and calcitonin gene-related peptide (CGRP) have
also been found to be present in BAT (Norman et al,, 1988; Lever et al., 1988, 1989;

Mukherjee et al.,, 1989). These nerves are presumed to be sensory nerves, known to be



characterized by the possession of these peptides (Holzer, 1988). The role of sympathetic
nerves or sensory nerves in BAT metabolism can be studied independently. Evidence for the
predominant role of :he sympathetic innervation in control of BAT thermogenesis and
growth is based on several experimental approaches: effect of nerve stimulation, effect of
surgical denervation, effect of neuropharmacological manipulation with guanethidine or 6-
hydroxydopamine, effect of acute or chronic administration of noradrenaline on BAT and
measurement of noradrenaline turnover. For the study of the function of sensory nerves, a

specific chemical compound, capsaicin, can be used as a neuropharmacological tool. The use

of capsaicin is discussed furthe: in chapter 1.6.

¢. Hypothalamus and Control of Sympathetic Nervous System Activity in Brown Adipose
Tissue

The hypothalamus is a control centre for the sympathetic nervous system. It has been
reported that there is a sympathetic nerve-mediated connection between the hypothalamus
and BAT (Saito et al.,, 1987). Evidence has been derived from studies of hypothalamic
stimulation, hypothalamic lesions and hypothalamic injection of various substances.
Electrical stimulation of the ventromedial hypcochalamus (VMH) in rats causes a marked
increase in lipid metabolism and heat production in BAT (Shimazu and Takahashi, 1980)
and in noradrenaline turnover in BAT, which is commonly used as 4 index of sympathetic
nerve activity in the tissue. Electrical stimulation of the VMH can also increase the rate
of glucose uptake in BAT of anaesthetized rats without detectable changes in plasma insulin

levels (Sudo et al., 1991). Evidence for the participation of specific neurons of the VMH is
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provided by the observations that thermogenesis and glucose uptake of BAT can be
stimulated by microinjection of glutamate into the VMH (Amir, 1990; Sudo et al., 1991).
Glutamate is known as an excitatory neurotransmitter in the central nervous system
(Goodchild et al., 1982). The other strong evidence is that stimulation of VMH increases
blood flow of BAT in rats (Iwai et al., 1987). The effects of VMH stimulation on BAT is
most probably mediated by the sympathetic nerve activity because the VMH is regarded as
a hypothalamic component of the sympathetic nervous system (Saito et al., 1987, 1989), and
these effects are abolished after severing surgically the sympathetic nerves of the BAT.
Unlike stimulation of the VMH, electrical stimulation of the lateral hypothalamus (LH) has
no appreciable effects on noradrenaline turnover and lipid metabolism in BAT. There is no
significant effect on glucose uptake in BAT after stimulation of LH (Sudo et al., 1991). In
some studies, BAT is also activated when the paraventricular nucleus (PVN) is stimulated
(Freaman and Wellman, 1987; Holt et al., 1987; Holt and York, 1988). Studies of the effect
of cooling the preoptic area of the hypothalamus or the skin suggest that this pathway is
involved in thermoregulatory control of nonshivering thermogenesis in BAT (Imai-
Matsumura et al., 1988; Imai-Matsumura and Nakayama, 1987; Morimoto and Murakami,
1985).

Studies of the effects on BAT after specific brain areas have been damaged indicate
that VMH lesions decrease sympathetic activity in BAT (Sakaguchi et al.,, 1988a, b). GDP
binding, the means of assessing BAT thermogenic state, was reduced in both warm- and
cold-acclimated VMH-lesioned rats (Seydoux et al., 1982a, Hogan et al., 1982). Many studies

reported that noradrenaline turnover in BAT of VMH-lesioned rats was decreased (Vander
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Tuig et al., 1985, 1982); except one by Yoshida and Bray (1984) in which noradrenaline
turnover in BAT of VMH-lesioned rats was increased. Lesions of the LH result in an
increase in noradrenaline turnover in BAT (Yoshida et al,, 1983) and in GDP binding (Holt
and York, 1988; Lupien et al., 1986; Park et al., 1986). From the above, it is possible to
postulate a role for the VMH or LH in the regulation of thermogenesis in BAT. It seems
likely that the VMH exerts an excitatory influence on BAT, whereas the LH exerts a
suppressive influence. Lesions of PVN have no effect on BAT (Yoshida and Bray, 1984,
Yoshida et al., 1983, 1989; Tokunaga et al., 1986; Sakaguchi et al., 1988c). Lesions of other
brain areas, like lesion to the nucleus tractus solitarius in the rat, also reduce the functional
capacity of BAT (Fyda et al., 1991). All these findings suggested that BAT thermogenesis
is regulated by hypothalamus via its sympathetic innervation.

Injection of glucose into the VMH increases the firing rate of the sympathetic nerves
to BAT (Sakaguchi and Bray, 1987a). Insulin, however, suppresses the activity of BAT
sympathetic nerves when injected into the VMH (Sakaguchi and Bray, 1987b; Amir et al,,
1989; Sakaguchi et al., 1988b). Injections of glucose, serotonin, CRF into the PVN stimulate
the function of BAT (Sakaguchi and Bray 1988c, 1989; LeFeuvre et al., 1987). Insulin
injected into the PVN inhibits activity of sympathetic nerves (Sakaguchi and Bray, 1988). In
contrast, glucose injected into the LH suppresses BAT while injection of insulin into the LH
increases the firing rate of the sympathetic nerves to BAT (Sakaguchi et al., 1988a). Similar
to injection of glucose into VMH or PVN, intravenous injection of glucose increases the
activity of sympathetic nerves to BAT, but the effect is inhibited by VMH lesion (Niijima,

1986; Sakaguchi and Bray, 1990). Injection of insulin intravenously has the opposite effect
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(Sakaguchi and Bray, 19873, b and 1990). Thus, it is possible that both glucose and insulin
are involved in responses of BAT to carbohydrate ingestion. In other studies, a high fat diet
(Mercer and Trayhun, 1984a, 1987) and a protein-deficient diet (Johnston and
Balachandran, 1987; Vander Tuig and Romsos, 1984) can also bring about activation of
BAT. But, in these cases, the regulation by the hypothalamus is still not clear.

It is known that there is a cephalic phase to food ingestion associated with the sight,
smell, taste and sensory qualities of food. The cephalic pl.ase of feeding is associated with
sympathetic activation and neurally-mediated insulin secretion (Berthoud et al, 1981;
Diamond and LeBlanc, 19874, b; Steffens et al,, 1986). Therefore, it can be presumed that
part of the neurally-mediated response of BAT to diet is a cephalic phase response
dependent on the sensory qualities of the food. The effect of a cafeteria diet to induce BAT
thermogenesis is a typical example. Evidence of a connection between hypothalamus and
a gustatory neurons has been provided by some researchers (Berthoud et al, 1981).
Recently, it is reported that intake of palatable food increases sympathetic nervous system

activity in BAT and that this effect is largely cephalic (Griggio et al., 1991).

d. Mechanism of Thermogenesis

The thermogenic mechanism of BAT mitochondria involves a unique proton
conductance pathway which permits uncoupling of electron transport from oxidative
phosphorylation. This uncoupling is accomplished by increasing proton permeability, thereby
dissipating the proton electrochemical gradient (Nicholls, 1976). As a result, the electron

transport system is freed from respiratory control. This allows for maximum rates of electron
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transport and conversion of energy to heat (Nicholls, 1983). The uncoupling protein (UCP),
located in the BAT inner mitochondrial membrane (Nicholls, 1976}, serves as a proton
translocator (Nicholls et al, 1986; Klingenberg and Winkler, 1986). When UCP is
functioning the rapid dissipation of the proton gradient leads 1o a speeding up of electron
transport and of substrate oxidation, thus overall heat production increases. When heat
production is no longer required, the proton conductance pathway is blocked by binding of
purine nucleotides to UCP (Nicholls, 1976). UCP is unique to BAT and undetectable in
liver, white adipose tissue and muscle (Cannon et al., 1982; Afong et al., 1985). The capacity
of BAT cells for thermogenesis is deteimined by the concentration of UCP (Hansen and
Knudsen, 1986; Rafael et al., 1986).

The UCP of BAT mitochondria has been purified and sequenced. The gene sequence
has been determined as well. It is a small protein of 306 amino acids and a molecular weight
of about 32 kD (Aquila et al,, 1985; Bouillaud et al., 1986; Kozak et al., 1988), The UCP
completely traverses the inner mitochondrial membrane several times and has a C-terminal
region that projects from the outer surface of the membrane (Aquila et al, 1985;
Eckerskorn and Klingenberg, 1987). Each transmembrane domain is coded for by a different
exon in the UCP gene (Kozak et al., 1988; Bouillaud et al,, 1988). The control of function
appears to be mediated through the external C-terminal region which contains a nucleotide
binding site (Kopecky et al., 1987), one site per molecule of UCP (French et al., 1988). The
C-terminal region is also the site of the antigenic determinant. This is of practical important
when raising antisera to UCP. A standard technique to measure thermogenic capacity in

BAT is the radioimmunoassay of UCP.



BAT thermogenesis is primarily controlled by the hypothalamus via its sympathetic
innervation and noradrenaline, Activation of thermogenesis is mediated by both 8- and «-
adrenergic receptors located on brown adipocytes (Mohell et al,, 1983; Schimmel et al,,
1983; Himms-Hagen, 1989). The neurotransmitter, noradrenalin~ activates the lipolytic
cascade. Interaction of noradrenaline with B-adrenergic receptors results in activation of
adenylate cyclase and consequent increased production of cyclic adenosine 5'-
monophosphate (cAMP). cAMP activates a protein kinase that phosphorylates hormone-
sensitive lipase and produces the active form of this enzyme (Bukowiecki, 1984). Then, the
rate of intracellular lipolysis increases and fatty acid levels rise. The fatty acids can serve
both as the signal for increased operation of the proton-translocating UCP and as the initial
fuel for the increase in mitochondrial oxidations. It is believed that most (about 80%) of the
consequent increase in BAT thermogenesis is secondary to the increase in fatty acid level
(Moheli et al., 1983; Schimmel et al, 1983). The action of noradrenaline to activate
adenylate cyclase is inhibited by adenosine (Schimmel et al, 1987). Moreover, the
stimulation by noradrenaline of uncoupled respiration results in large changes in relative
concentrations of the adenine nucleotides such that ATP levels decline and AMP levels
increase (Lanoue et al., 1986; Ma and Foster, 1984). The active 5’-nucleotidase in BAT then
converts some of the AMP to adenosine, thus restraining over-stimulation of the tissue by
noradrenaline (Schimmel et al.. 1987).

Interaction of noradrenaline with &,-adrenergic receptors in BAT results in an
increased operation of the phosphatidylinositol bisphosphate (PIP,) cycle. This, in turn

increases production of two second messengers, inositol trisphosphate (IP;) and
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diacylglycerol (DAG) (Mohell et al., 1984, 1987; Nanberg and Putney, 1986; Schimmel et
al., 1986). IP, increases Ca** release from intracellular stores (Connolly et al., 1984;
Nedergaard et al, 1986). The source of Ca** may be endoplasmic reticulum or
mitochondria (Nedergaard et al., 1986). The Ca** mobilization is a Na*-dependent process
(Nanberg and Nedergaard, 1987). The increase in Ca** activates a Ca**-dependent K*
channel which caused a transient efflux of K* (Nanberg et al., 1985; Nedergaard et al., 1986;
Sciemen and Reuhl, 1987). During noradrenaline stimulation, Na* influx also occurs,
increasing intracellular Na* concentration (Nedergaard et al., 1986). The increase in Na*
influx and K* efflux results in plasma membrane depolarisation. In order to restore the
normal distribution of these ions, Na*, K*-ATPase is promoted to function, pumping ions
with increased utilization of ATP. An increase in Na* K*-ATPase activity is a part of the
«,-adrenergic agonist thermogenic response in BAT (Mohell ct al,, 1987; Nanberg ;t al.,
1984). However, this plays a relatively minor role in the thermogenic response of isolated
cells to noradrenaline (about 20%) (Mobhell et al., 1983).

Two pathways can control the proton-translocating function of the UCP. One,
mentioned in the preceding paragraph is the binding of purine nucleotides to UCP which
inhibits its proton translocating function. The binding of these nucleotides is pH dependent;
a high pH induces a reduced affinity and ready loss of the bound nucleotides (Klingenberg,
1984, 1988). It has been shown that the thermogenic effect of isoproterenol (8-agonist) can
be enhanced by a high intracellular pH (Giovannini et al., 1988). The other pathway

involves the intracellular concentration of fatty acids which is regulated by the activity of

hormone-sensitive lipase. Fatty acids can interact with UCP in such a way as to promote its
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proton-translocating activity (Bukowiecki et al., 1986; Nicholls et al., 1986; Cunningham et
al., 1986). The sensitivity of the fatty acid modulation of ion permeability is dependent on
chain length, extent of unsaturation and pH (Rial et al,, 1983). However, direct proof of the
existence of the putative fatty acid binding site on UCP is still lacking. Fatty acids do not
bind at the purine nucleotide-binding site on UCP because the effect of their removal on
H* transport is preserved when the nucleotide binding is prevented by chemical
modification (Kopecky et al., 1987).

The direct effect of noradrenaline on the blood vessels of BAT is vasoconstriction
(Foster, 1986, Foster and Depocas, 1980). However, blood flow through BAT is directly
related to the state of thermogenesis and increases dramatically during stimulated
thermogenesis, like cold-induced nonshivering thermogenesis (Foster, 1986). Arteriovenous
anastomoses are directly responsible for the contro! of local blood flow through lobules of
BAT (Nnodim and Lever, 1988). Under basal conditions, patent arteriovenous anastomoses
allow arterial blood to be partially shunted into the venous system at a precapillary level.
Under stimulation, noradrenaline discharged from sympathetic nerve endings causes a
constriction of regioaal arteriovenous anastomoses, thereby reducing shunting and enabling
a greater fraction of the arterial blood supply to reach the parenchymal capillary bed. In
addition, it is likely that the action of an endogenous vasodilator substance is involved (Ma
and Foster 1984; Foster and Depocas, 1980).

The identity of the putative vasodilator substance, which is not noradrenaline itself,
but some product of noradrenaline-stimulated thermogenesis in BAT, remains obscure. One

of the sensory neuropeptides, calcitonin-gene related peptide (CGRP) is a potent vasodilator
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(Brain et al., 1985, Holzer, 1988) and it is known that sensory nerves also innervate BAT
in addition to the sympathetic nervous system. Hence, it is possible that CGRP is involved
in the vasodilation that occurs in stimulated BAT. Whether CGRP is the unidentified
substance needs to be further studied.

There are two ways, direct or indirect, to measure BAT thermogenesis. Direct
measurement of BAT thermogenesis can quantitate BAT thermogenesis contribution to
overall energy expenditure. At present, there is only one method to measure BAT
thermogenesis directly. That is, measurement of blood flow through BAT and its oxygen
consumption at the same time in conscious, unrestrained animals. But, the technique is not
easy to perform and is not applicable to all the different deposits of BAT in the body.

An indirect measurement of the capacity of BAT thermogenesis is the size of the
increase in metabolic rate generated by infusion of noradrenaline, which is known to
stimulate BAT thermogenesis. In order to keep BAT thermogenesis at a minimum before
noradrenaline is infused, animal must be at thermoneutrality and in a resting state.

Measurement of temperature of BAT itself and colonic temperature is another
commonly used qualitative method for assessment of BAT function in intact animals.

As mentioned earlier, the UCP has a specific site that binds purine nucleotides and
this site is probably involved in the regulation of the proton conductance pathway. However,
the extent to which isolated mitochondria bind purine nucleotides is not directly related to
the concentration of UCP, but to the extent to which the UCP is operating in the intact
animal, Thus, rapid "unmasking" of binding sites occurs in acute exposure to cold, preceding

the increase in UCP concentration (Trayhurn and Milner, 1989; Milner and Trayhurn, 1988;
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Peachey et al., 1988; Desautels et al,, 1978); this "unmasking" is reflected in an increase in
GDP binding which persists in the isolated mitochondria. If the animals have been
sufficiently stressed to stimulated sympathetic nervous system activity in their BAT, for
example by acute exposure to cold, the maximum of "unmasking" of binding sites will be
reached. Under this condition, the level of GDP binding relates closely to the concentration
of UCP.

T, 5'-deiodinase is other important component involved in the thermogenic and
trophic response of BAT. This enzyme converts thyroxire (T,) to triiodothyronine (Ty),

providing a major source of T, in BAT,

1.4 Brown Adipose Tissue Growth
a. Measurement of BAT growth

In in vitro studies, many methods can be used to assess the amount of BAT present
in an animal and BAT function and trophic state. The wet weight of BAT only gives a rough
idea of the true size of this tissue because of wide variations in fat content. The functional
indices of BAT thermogenic capacity include total protein, UCP, cytochrome oxidase
(COX), DNA content and total T, 5’-deiodinase as well as GDP binding. Measurements cf
UCP and COX in both tissue homogenate and isolated mitochondria are measures of
mitochondrial mass. The amount of UCP reflects potential thermogenic capacity. COX is
an independent marker of mitochondrial protein. Measurement of DNA content provides
an index of BAT cellularity. Since only about 40% of BAT cells are brown adipocytes,

interpretation of DNA results should consider other measurements like total protein and
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UCP content. T, 5’-deiodinase activity is 2 marker of BAT trophic response to stimulation.

This enzyme is fully controlled by sympathetic nervous system. GDP binding is used as an

index of the thermogenic state of BAT mitochondria.

b. Hypertrophy

BAT also exhibits a trophic response concurrent with the thermogenic response
induced by chronic stimulation by cold and by a cafeteria diet. This growth results from the
formation of new brown adipocytes from interstitial cells and from brown preadipocytes, as
well as from the division of precursor endothelial cells of the vasculature (Bukowiecki et al,,
1982, 1986; Géloén et al., 1988). Total tissue protein and mitochondrial mass increase and
the composition of the mitochondria is altered. There is a specific increase in certain
components involved in the thermogenic and trophic response of BAT to cold and diet:
mitochondria UCP, lipoprotein lipase (LPL) and T, 5-deiodinase.

The increase in UCP is associated with an increase in the amount of mRNA,
(Ricquier et al., 1984, 1986; Freeman et al., 1988). The synthesis of the mRNA is increased
rapidly after cold exposure. It can be detected in the nucleus within 15 min (Ricquier et al,,
1986; Bianco et al, 1988). Its maximum concentration is reached within 12-24 hours
(Jacobsson et al., 1985; Ricquier et al., 1986). The level of mRNA encoding for UCP is also
increased by a cafeteria diet (Falcou et al., 1985). A similar increase in mMRNAyc; can be
induced by noradrenaline (Bouillaud et al., 1984) and by the novel B-agonist, BRL 26830A
(Ricquier et al., 1986) suggesting that synthesis of the UCP is essentially controlled by the

activity of sympathetic fibers releasing noradrenaline acting on BAT B-receptors.
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Similar to UCP, lipoprotein lipase activity is markedly increased after cold exposure.
The maximum activity can be reached within 1-3 days (Carneheim et al., 1984). The effect
can be mimicked by noradrenaline and by the B-agonist isoprenaline, whereas the a-agonist
phenylephrine has no effect. The B-antagonist propranolol inhibits the cold-induced increase
in lipoprotein lipase activity (Carneheim et al., 1984). It is concluded that a B-adrenergic
mechanism is responsible for the rapid recruitment of lipoprotein lipase during cold
exposure. Cold-induced recruitment of lipoprotein lipase in BAT is due to increased
lipoprotein lipase mRNA (Carneheim et al.,, 1988). In some studies, diet also increased
lipoprotein lipase activity (Carneheim and Alexson, 1989).

In response to cold-exposure, there is a very large and rapid increase in T, 5'-
deiodinase activity which results in increased T, production within BAT. Increased synthesis
of T, §-deiodinase is mediated by the action of noradrenaline primarily on «,-adrenergic
receptors (Silva and Larsen, 1983, 1985). Measurable activity of this enzyme disappears
completely after denervation of BAT (Park and Himms-Hagen, 1988). The increase in T,
production is sufficient to saturate the nuclear T, receptors (Silva and Larsen, 1985; Bianco
and Silva, 1987). The effect of T, is to amplify the noradrenaline-induced increase in
synthesis of the mRNA ¢, (Bianco and Silva, 1987; Silva, 1988), but, T, itself does not exert
any effect on mRNAycp in denervated BAT (Bianco et al., 1988). Thus, UCP gene is

primarily regulated by noradrenaline, but it can also secondarily be controlled by T,.

¢. Atrophy

As opposed to hypertrophy, BAT atrophies when sympathetic tone to this tissue is
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absent or very low. The atrophy of BAT is characterized by rapid loss of total protein, loss
of mitochondrial mass, a selective decrease in the concentration of mitochondrial UCP and
loss of T, §’-deiodinase activity and lipoprotein lipase. This atrophy is produced in associated
with the reduction in sympathetic nervous system activity caused by denervation, by fasting,
by lactation, by diabetes and by exercise. These different treatments produce similar patterns
of atrophy as described below.

Surgical denervation of BAT reduces its total protein and total mitochondrial mass,
The degree of reduction after surgical denervation depends on the environment
temperature. When rats live at a warm environmental temperature (24-26°C) or at room
temperature (20-22°C), surgical denervation has no or a small effect on BAT content of
protein (Himms-Hagen et al.,, 1990; Park and Himms-Hagen, 1988; Rothwell and Stock,
1984a; Gong et al, 1990; Desautels and Dulos, 1988), UCP (Himms-Hagen et al., 1990;
Géloén and Trayhurn, 1990a), mRNA, -, (Silva, 1988; Bianco et al., 1988), lipoprotein lipase
(Bartness and Wade, 1984, Billington et al., 1987), T, 5'-deiodinase (Himms-Hagen et al,,
1990; Park and Himms-Hagen, 1988), and total mitochondrial mass (Desautels and Dulos,
1988; Himms-Hagen et al., 1990; Park and Himms-Hagen, 1988; Billington et al., 1987). The
change is much more marked when previous hypertrophy has been brought about, for
example, by acclimation to cold. There is then a very large and rapid loss of T, 5’-deiodinase
activity (Park and Himms-Hagen, 1988), indicating the activity of T, 5’-deiodinase is totally
dependent upon the innervation of BAT. There is selective reduction of UCP concentration
in the mitochondria after a lag of about one day (Desautels et al., 1986; Park and Himms-

Hagen 1988). The lipoprotein lipase activity is also decreased (Bartness and Wade 1984,
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Billington et al., 1987). Mitochondrial GDP binding decreases much more rapidly than UCP
concentration in the mitochodria, probably because of masking of binding sites (Park and
Himms-Hagen, 1988). Denervation does not change DNA content (Desautels et al, 1986).

In the fasting state, there is loss of total protein, mitochondrial protein and succinate
dehydrogenase (Desautels et al., 1986; Desautels and Dulos, 1988; Trayhurn and Jennings
1986, 1988). In some studies, a selective decrease in mitochondrial UCP concentration also
occurred (Trayhurn and Jennings, 1986, 1988),

Lactation and diabetes also produce atrophy of BAT because the sympathetic nervous
activity is weak. Changes in BAT include reduction of total protein, mitochondrial protein,
GDP binding, mitochondrial UCP concentration and decrease enzyme activity such as T,
5’-deiodinase and lipoprotein lipase. They do not change the DNA content of BAT.

However, the atrophy produced by return of a cold-acclimated animal to
thermoneutrality is different. In this case, there is a substantial loss of DNA besides loss of
mitochondrial UCP, total protein and T, 5’-deiodinase activity (Desautels et al.,, 1986;
LeBlanc and Diamond, 1988). The loss of cells at thermoneutrality may be due to
disappearance of a maintenance factor at thermoneutrality. The nature of this factor is not

known.

d. Control of Brown Adipose Tissue Growth
Sympathetic nervous system
It is generally agreed that sympathetic nerves play the major role in regulation of

BAT growth. There are two major experimental approaches which provide evidence for the
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predominance of the sympathetic innervation in the control of BAT thermogenesis and
growth. The first approach involves the study of the effect of surgical denervation on the
pattern of BAT growth in response to stimulation. The second approach involves the study
of the effect of acute or chronic administration of noradrenaline on BAT (Himms-Hagen,
1989).

Surgical denervation of BAT provide the best studied example of atrophy. This
atrophy reduces both BAT total metabolic mass and BAT mitochondria mass as described
before. The greatest effect can be seen when the BAT has already been hypertrophied by
acclimation to cold. Surgical denervation also prevents the cold-induced increase in BAT
blood flow (Foster et al, 1982a) and the effect of cold-acclimation to increase the
responsiveness of adenylate cyclase of BAT to noradrenaline (Granneman et al., 1985).
Surgical denervation also markedly reduces growth and thermogenic activation of BAT in
rats on a palatable cafeteria diet (Himms-Hagen and Park, 1984; Rothwell and Stock,
1984a).

The effect of noradrenaline administration on BAT growth includes BAT hyperplasia
(Géloén et al, 1988) and an increase in the level of mMRNAycp (Bouillaud et al., 1984;
Ricquier et al., 1984, 1986). Chronic administration results in a selective increase in UCP
level in BAT mitochondria as well as hypertrophy of the BAT (Mory et al, 1984;
Cunningham and Nicholls, 1987). The response is exerted mainly via B-adrenergic receptors
(Ricquier et al., 1984, 1986). Noradrenaline administration also increase the level of T, 5'-
deiodinase activity (Silva and Larsen, 1983, 1986).

However, some findings are not consistent with noradrenaline being the sole
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mediator of stimulated BAT growth. Surgically denervated BAT still retains some capacity
to grow in response to chronic stimulation by cold (Park and Himms-Hagen, 1988). The
growth in BAT induced by cold-acclimation can not be mimicked at 1009 by the effect of
continuous infusion of noradrenaline (Géloén et al., 1988), particularly the increase in
concentration of UCP (Desautels and Dulos, 1988). The growth that occurs in response to
cafeteria feeding, aid response 10 cold after surgical denervation of BAT is not associated
with an increase in T, 5’-deiodinase. The cold-induced increase in mRNAycp Synthesis is
detectable in the nucleus at a very early state of cold-induced hypertrophy (Ricquier et ai.,
1986) whereas the increase in T, 5'-deiodinase activity occurs only after a lag phase
(Kopecky et al,, 1986). It seems likely thai UCP concentration and T, 5’-deiodinase are
regulated independently, but, the mechanism of this regulation is not clear, It is possible that
factors other than noradrenaline could be involved in the control of the trophic response of

BAT.

Hormones

As discussed above, growth of BAT is regulated mainly by activation of the
sympathetic nervous system, mediated by the neurotransmitter noradrenaline. There is
evidence that numerous other hormones play a permissive or modulating role in the
regulation of thermogenesis in BAT by the nervous system,

Insulin plays two major roles in the control of BAT function, One is a direct effect
on BAT to influence the capacity for glucose utilization. Insulin increases glucose utilization

by BAT both in vivo (Cooney et al., 1985, 1987) and in vitro (Ebner et al., 1987; Saggerson
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et al., 1988). In the cold exposed or acclimated state, the responsiveness of BAT to insulin
is greater and more sensitive (Vallerand et al., 1987, 1990). There is a selective increase in
concentration of glucose transporters in BAT in the cold acclimated state (Greco-Perotto
et al,, 1987a, b). A high carbohydrate diet enhances basal glucose utilization by BAT and
increases its capacity to use glucose in response to insulin (Kraegen et al., 1986; Storlien et
al., 1986). The other direct effect of insulin on BAT is a central effect to inhibit sympathetic
nervous system activity in BAT (Sakaguchi and Bray, 1987b). In addition, specific roles of
insulin in the control of BAT hypertrophy and atrophy are suggested. BAT has small
thermogenic activity or is atrophied in the absence of insulin (Jamal and Saggerson, 1987,
1988a, b; Seydoux et al., 1983, 1984). For example, in streptozotocin-diabetic rats, the basal
and noradrenaline-stimulated total heat production rate and GDP binding were significantly
decreased. Insulin administration reversed these changes (Jamal and Saggerson, 1988a, b).
Insulin also has a regulatory effect on the level of UCP and on the tissue mitochondrial
protein content of BAT in both rats and mice (Géloén and Trayhurn, 1990z, b). The amount
of UCP is decreased in streptozotocin-diabetic animals, insulin replacement to diabetic
animals leads to a dose-dependent restoration of the protein (Géloén and Trayhurn, 1990a).
Denervation of ititerscapular BAT inhibits the recovery of the amount of UCP in rats with
different doses of insulin replacement (Géloén and Trayhurn, 1990b). This clearly suggests
that regulation of the UCP by insulin involves sympathetic mediation. The involvement of
insulin in the increased metabolic activity of BAT in both diet and cold-induced
thermogenesis has been reported (Agius and Williamson 1981; Rothwell and Stock, 1981).

Cafeteria feeding failed to produce an increase in resting metabolic rate or in the response
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to noradrenaline in diabetic animals. Diabetic rats cannot maintain body temperature when
exposed to cold (Rothwell and Stock, 1981). Therefore, there is an insulin requirement for
BAT thermogenesis.

Thyroid hormone is required for the acute thermogenic response of BAT to B-
adrenergic stimulation (Seydoux et al., 1982a). Animals with severe hypothyroidism can not
survive in cold environment and humans with hypothyroidism are cold intolerant and
develop hypothermia. In addition, T, is also required for the initiation of the trophic
response, including the large increase in synthesis of UCP that results in a selective increase
in the concentration of this protein in the mitochondria (Bianco and Silva, 1988). During
cold exposure, T, 5'-deiodinase is increased rapidly, which generate T, from T,. Then,
increased intracellular T; can saturate T, receptors (Silva and Larsen 1985; Bianco and
Silva, 1987) for the optimal expression of the BAT UCP gene (Silva, 1988; Bianco and Siiva,
1987).

T, itself does not induce thermogenesis in BAT or synthesis of the mRNAyp. But,
it is necessary for activation of a thermogenic response in BAT. T, plays a role in the
enhancement of the noradrenaline-induced increase in synthesis of the mRNA, (Bianco
and Silva 1987; Silva, 1988). Thus, it can be concluded that thyroid hormones act in a
permissive manner in BAT metabolism (Himms-Hagen, 1989; Park et al., 1988).

Glucagon is another hormone involved in hypertrophy of BAT. The level of glucagon
is markedly increased in cold exposed and cold acclimated rats and it is suggested that
glucagon play an important role in control of BAT growth (Kuroshima et al., 1984). Indeed,

chronic administration of glucagon to rats induces a hyperplastic growth in BAT. The
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hypertrophy is associated with an increase in mitochondrial mass, protein, DNA, GDP
binding and lipoprotein lipase activity (Billington et al., 1987) and can be induced by
physiological doses of glucagon (Billington et al., 1991). Surgically denervated interscapular
BAT retains its ability to respond to exogenous glucagon (Billington et al., 1987), suggesting
that the trophic response of BAT induced by glucagon is not dependent on the sympathetic
innervation of BAT.

Glucocorticoids cause suppression of BAT thermogenesis and may result in atrophy
of BAT (Galpin et al., 1983; Tokuyama and Himms-Hagen, 1987). Glucocorticoids inhibit
production of corticotropin-releasing factor (CRF) in the hypothulamus (Levin et al., 1988).
CRF is known to stimulate activity of sympathetic nervous system in BAT (Arase et al,
1988; LeFeuvre et al., 1987). Removal of glucocorticoids, as in the rat after adrenalectomy,
can improve BAT thermogenic responsiveness in old and obesity-prone rats (Fukushima et

al,, 1985; Marchington et al., 1986; Mercer and Trayhurn, 1986).

1.5 BAT thermogenesis in relation to thermal and energy balance.

Total energy expenditure is the sum of many different metabolic processes, occurring
in different organs and regulated in different ways. The thermal balance is established by
balancing facultative thermogenic mechanisms and heat loss mechanisms. An imbalance
results in hypothermia or hyperthermia. Energy balance is established by balancing food
intake and thermogenesis. An imbalance results in leanness or in accumulation of energy
stores, i.e., in obesity. In thermal balance, body temperature is usually stringently regulated

within a rather narrow range. In contrast, there is no specific mechanism for regulation of
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energy balance. The size of the energy stores is dependent on separate controls of food
intake and of thermogenesis.

BAT thermogenesis is a facultative component of overall thermogenesis. It plays an
important role in thermoregulation during cold exposure. This fact is well documented using
a blood-flow analysis (Foster and Frydman, 1978b) and the biochemical assessment of the
thermogenic activity and capacity of brown adipose tissue. The diet-induced thermogenesis
in BAT has also been well describzd. Cafeteria diet induce an increase of the UCP,
mRNAp, (Falcou et al., 1985) and GDP binding (Fisler et al., 1987, Marchington et al,,
1986). The development of obesity has generally been ascribed to defective diet-induced
thermogenesis. However, the use of blood flow measurements has resulted in the
questioning of the role of BAT in energy balance during overeating. Direct measurements
of the O, consumption of BAT in cafeteria diet-fed, hyperphagic rats have shown no greater
thermogenesis in BAT of cafeteriafed rats than control rats at either 28°C
(thermoneutrality) or 24°C (room temperature) (Ma et al., 1988). Since partial hepatectomy
has largely reduced the resting oxygen consumption of cafeteria-fed rats, liver as the major
(70-1009) effector of the diet-induced thermogenesis of cafeteria-fed rats is suggested (Ma,
et al., 1987). Nevertheless, in most cases, factors involving thermogenesis and energy balance
are related to the regulation of BAT thermogenesis.

Many studies have demonstrated that BAT is in a thermogenically quiescent and
relatively atrophic state in most types of obese animals, The inactivity of BAT results in a
deficit in energy expenditure for thermogenesis and is believed to contribute to the high

metabolic efficiency and obesity of these animals (Himms-Hagen, 1989). Two major

-24-



categories of obese animals in which BAT is deranged can be discerned among the many
types studied. In the first category, thermogenesis in BAT can not be induced by diet; such
animals may or may not be hyperphagic. Examples of this category include the rat with
hypothalamic parasagittal knife-cuts, the rat with ventromedial hypothalamic lesions, the
adult genetically obese, fa/fa, fatty rat and the genetically obese, cp/cp, corpulent rat. All
of these animals are capable of activating their BAT in the cold but not of activating their
BAT in response to diet. When they live in a warm environment, the lack of diet-induced
thermogenesis in their BAT contributes to their high metabolic efficiency (Himms-Hagen,
1989 for review).

In the second category, the animals tend to thermoregulate at a low body
temperature for all or part of time. This results in reduced energy expenditure in all organs
as well as suppressed thermogenesis in BAT. These animals may or may not also exhibit
defective diet-induced thermogenesis in their BAT (Himms-Hagen, 1989). Examples of the
second category include the genetically obese, ob/ob, mouse, the genetically obese-diabetic,
db/db, mouse and the newborn fatty, fa/fa, rat.

It should also be mentioned that the ability to regulate body temperature diminishes
with age. In the rat, the metabolic capacity and the amount of lean body mass were
significantly decreased with age (McDonald et al., 1987). There are age-associated decreases
in B-adrenergic receptors and adenylate cyclase activity in BAT (Scarpace et al., 1988).
These biochemical alterations with age may contribute to the inability of older animals to
thermoregulate when exposure to cold. However, some studies have demonstrated increased

GDP binding and oxygen consumption in older rats after cold exposure. The response in
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older rats is not different from that of younger rats (McDonald et al., 1987, 1989a, b). Diet-
induced thermogenesis in BAT is defective in old, obesity-prone rats (Marchington et al.,

1986; Rothwell and Stock, 1988). Thus, these animal can be classed into the first category.

1.6 Capsaicin and the sensory nervous system
a. Sensory Nervous System

In a recent review of the efferent function of sensory nerves, Maggi (1991) states
“that capsaicin can be viewed as a new member of that club of "elected pharmacological
tools" (e.g. atropine and guanethidine) which are commonly used to dissect out specific
components in the response of peripheral organs to drug action." Because the principal
subject of this thesis is a study in which capsaicin is used to elucidate the role of sensory
nerves in BAT, a review of the function of sensory nerves and of the neuropharmacology
of capsaicin is presented here.

Sensory nerves are classified as the afferent branch of the autonomic nervous system
(Lefkowitz et al., 1990). The efferent branch is made up of the sympathetic outflow and the
parasympathetic outflow, which supply virtually all organs of the body. Skeletal muscle, in
addition, is supplied by motor somatic nerves. While sensory nerves have in the past been
regarded as having a solely afferent function, as their name implies, recent evidence
indicates that sensory nerves can have an efferent function that involves local release of
their neurotransmitters in the innervated organ (Holzer, 1988; Maggi and Meli, 1988; Maggi,
1991; Chahl, 1988). Such a local effector role indicates that "antidromic” stimulation of the

peripheral stump of transected dorsal roots or sensory nerves induces vasodilatation and
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other signs of inflammation in the skin, involved in regulating blood flow, vascular
permeability, trophic and immunologic processes, activity of autonomic ganglia and visceral
smooth muscle.

At the light microscopic level, sensory neurons are divided into two types. (1) A-type
neurons which have large light somata, (2) B-type neurons which have small dark somata.
It is widely assumed that size of the cell bodies is related to the diameter of the fibers. With
respect to fiber diameter, sensory neurons can be further separated into three groups: (1)
large myelinated, (2) small myelinated and (3) small unmyelinated fibers. This
morphological heterogeneity of afferent fibers is closely paralleled by a functional
heterogeneity with regard to projection into different layers of the spinal dorsal horn,
conduction velocity and sensory modality.

The cell bodies of sensory neurons are generally located in the spinal (dorsal root)
or cranial sensory ganglia and send fibres in both the central and peripheral directions. The
endings of the fibers may be either receptors themselves or connected to special sensory
structures. Many studies using anatomical, histochemical and immunological methods
have revealed the presence of a variety of peptides in sensory nerves, including substance
P (SP), calcitonin-gene related peptide (CGRP), arginine vasopressin (AVP), CRF,
bombesin, neurokinin A (NKA), neuropeptide K (NPK). From functional evidence, some
of these substance play a mediator or transmitter role. SP was the first biologically active
peptide demonstrated in primary sensory neurons (Von Euler and Gaddum 1931; Pernow
1983). SP has been implicated in the transmission of nociceptive information by

unmyelinated primary afferent neurons that terminate in the dorsal portion of the spinal
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cord. SP can be released by antidromic nerve stimulation from sensory nerves as an
excitatory transmitter of primary sensory neurons and the mediator of antidromic
vasodilatation and neurogenic plasma extravasation. SP is synthesized in dorsal root ganglia
and is an 11 amino acid peptide. It is axoplasmically transported toward the terminal regions
of the peripheral sensory nerve branches and is stored in nerve endings (Payan, 1989).

CGRP is another neuropeptide present in sensory nerves. It is a recently discovered
37 amino acid neuropeptide and is produced by alternative tissue-specific RNA processing
of the calcitonin gene (Amara et al,, 1982; Rosenfeld et al., 1983). The calcitonin gene
consists of six exons, stretching over about 6.5 kilobases of DNA. The first three exons are
common to both calcitonin and CGRP sequence. Exon IV contains the calcitonin-coding
sequence and a sequence encoding its C-terminal flanking peptide. This is followed by an
untranslated sequence, at the end of which is the usual polyadenylation signal AATAAA,
used for generating calcitonin mRNA. Exon V encodes the CGRP sequence. The sixth exon,
which is also part of the CGRP transcript, is not translated. It ends with an alternative
polyadenylation signal ATTAAA. It has been shown that cells synthesizing calcitonin splice
together exons I-IV to form mature mRNA, whereas cells which produce CGRP splice
together exons I-I1I, V and VI. The calcitonin mRNA predominates in the thyroid C cells
while the CGRP-specific mRNA appears to predominate in the nervous system (Rosenfeld
et al,, 1983; Zaidi et al,, 1987) .

CGRP is widely distributed in both the central and peripheral nervous system.
Localization of CGRP in nerves is associated with the smooth muscle of blood vessels and

is seen to play a role in regulation of local blood flow (Rosenfeld et al., *983). It has been
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reported that CGRP is the most powerful vasodilator (Brain et al., 1985). In addition,
CGRP was shown to act on heart (Etienne et al., 1984; Tippins et al., 1984), to inhibit
gastric acid secretion in rats and dogs (Lenz et al., 1984, 1985; Tache et al,, 1984), to
stimulate noradrenergic sympatheticoutflow if administered intracerebroventricularly (Fisher
et al., 1983), and to function in noci:eption, ingestive behaviour and modulation of the
endocrine system (Rosenfeld et al.,, 1983). Centrally administered CGRP appears to
modulate food intake in animals (Krahn et al., 1984). Recently, it was demonstrated that
plasma CGRP concentration was significantly increased in obese women and fat intake may
be associated with increased CGRP secretion (Zelissen et al., 1990). The levels of CGRP
both in plasma and in the thyroid gland are increased with age (Wimalawansa, 1991). The
role of CGRP in these two latter cases is unknown.

SP and CGRP are two major neuropeptides in sensory nerves and they are both
involved in neurogenic inflammation and thermal pain sensation (Chahl, 1988). Both SP
and CGRP can be released from the sensory nerves by capsaicin treatment (Geppetti et al,
1988; Chahl, 1988; Buck and Burks, 1986). CGRP but not SP can mimic capsaicin-induced
coronary vasodilation (Franco-Cereceda et al., 1987) indicating an important function for
CGRP rather than SP in regulation of coronary blood flow. In some other tissue, sensory
nerves are known to exert local trophic effects (Kjartansson et al., 1986; Baker, 1988; Laufer
and Changeux, 1989; Denis-Donini, 1988; Ekstrom et al., 1989; Mansson et al,, 1990). There
is evidence that the sensory neuropeptide, SP, can stimulate DNA synthesis in cultured
arterial smooth muscle cells and buman skin fibroblasts (Nilsson et al., 1985). CGRP has

been demonstrated to stimulate proliferation of endothelial cells in culture (Haegerstrand
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et al., 1990). CGRP can also increase survival area of ischaemic tissue (Kjartansson and
Dalsgaard, 1987) and regulate muscle acetylcholine receptor synthesis (New and Mudge,
1986). The functions of other peptides presented in sensory nerves are less well understood.

The role of sensory nerves in BAT thermogenesis and growth is unknown.

b. Sources and Chemical Properties of capsalcin

Capsaicin is the pungent ingredient in a wide variety of red peppers of the genus
capsicum, Chemically, it is a derivative of vanillyl amine, 8-methyl-N-vanillyl-6-nonenamide
(Fig. 1) and has a molecular weight of 305.42. The capsaicin content of hot red-pepper
varieties ranges from 0.12 to 0.53%. Capsaicin is readily soluble in organic solvents such as
alcohol, ether, hot carbon disulfide and fatty oils. Capsaicin is weakly acidic and contains
a pheno! group. It is not precipitated, or only very slightly, by the usual reagents which
precipitate alkaloids. The phenol group can be methylated to form methyl capsaicin, a
derivative with much less pungency than the parent compound. In addition to capsaicin, four

naturally occurring derivatives have been isolated and identified (Fig.1).

¢. Relationship of Capsaicin and Sensory Nerves:

Capsaicin has well documented pharmacological effects on the sensory nervous
system, Effects of capsaicin on certain sensory processes was first studied by Nicholas Jancso
in the late 1940s. These studies, lasting about 20 years, revealed that most of the biological
effects of capsaicin resulted from an initial intense excitation of certain sensory nerves that

was followed by a prolonged period of insensitivity to physicochemical stimuli, including the
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Fig. 1. Structures of naturally occurring capsaicin and its derivatives.

(Modified from Masada et al, J. Food Sci.,36, 858, 1971.)
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natural environmental stimuli for the sensory nerve endings (Buck and Burks, 1986). A surge
of new interest in capsaicin among neuroscientists began in 1978 with the reported by
Jessell, et al., (1978) that radioimmunoassay and immunohistochemical methods could
measure SP. SP was reduced in the dorsal horn of the spinal cord of adult rats treated
systemically with capsaicin.

Owing to its neuropharmacological effects, capsaicin has gained a special position in
the investigation of primary afferent neurons. Capsaicin is now widely used as a probe for
sensory neuronal mechanisms in various tissues.

Most studies with capsaicin have been carried out in small rodents like rats, mice,
and guinea-pigs. It is important to note that the effects of low doses of capscicin differ
quantitatively and qualitatively from those of high doses. At low doses (in the ug/kg range)
or concentrations (in the nM-uM range), capsaicin exerts a powerful excitatory effect on
peripheral sensory nerve endings, this effect being apparently confined to unmyelinated
afferent (C-fibres). Excitation, howeer, is soon followed by desensitization to the drug and
by a block of nerve conduction. Systemic administration of high doses (in the mg/kg rainge)
has a definitely neurotoxic effect on a population of sensory neurons, the extent of damage
depending on the dosage, route of administration, animal species and age of the animals.
The most extensive and consistent lesions are produced by the systemic treatment of
newborn rats: a single dose of 50 mg/kg capsaicin results in a permanent loss, by
degeneration, of 50-90% of all unmyelinated afferent fibres with no significant change in the
myelinated afferent fibres (Holzer, 1988). The treatment is known as capsaicin-

desensitization.
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Electron microscopic examinations of rats peripheral nerves have also confirmed the
loss of unmyelinated fibers from these nerves after capsaicin treatment (Holzer, 1988;
Jancso et al., 1977). The loss of unmyelinated fibers is associated with the degeneration of
cell bodies from the spinal and cranial sensory ganglia. This morphological change in
sensory neurons is reflected by a depletion of SP and CGRP in spinal cord, sensory ganglia
and peripheral targets of sensory neurons, It can also be reflected by functional deficits.
Capsaicin treatment produces damage in both afferent functions and local effector functions,
The former include impairment of warmth reception, thermoregulation, and nociception.
The latter include impairment of vasodilatation, increase in vascular permeability, changes
in the activity of cardiac and visceral muscle. Some functional deficits produced by capsaicin
in the adult rat are reversible while permanent in the neonatal rat (Holzer, 1988, 1991 for
reviews). Capsaicin-desensitization can also induce lesions in the central nervous system,
both in neonatal (Ritter and Dinh, 1990) and adult (Ritter and Dinh, 1988) rats, in areas
not known to be linked to the sensory nervous system. But, the ability of capsaicin
desensitized animals to detect and discriminate food odours and taste are normal (Silver et
al., 1985) although effect of capsaicin-desensitization is widespread. There is one recent
report of a damaging effect of capsaicin on certain non-neuronal cells (platelets, mast cells,
erythrocytes) but not on others (lymphocytes, intestinal mucosa cells ) (Meddings et al.,
1991). Whether it could have such an effect on brown adipocytes is not known.

The mechanism of action of capsaicin on sensory neurons is not clear. Capsaicin is
a relatively lipophilic molecule, and its dissolution in lipid structures probably contributes

to its action on sensory neuron membranes. The specific action of capsaicin has been
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revealed by a combination of electrophysiological and ion-flux studies. The compound
presumably affects membrane fluidity and/or ion permeability of the plasma membrane.
There is a resulting change in the permeability such that Ca** and possibly other cations
stream across the membrane (Marsh et al., 1987; Bevan and Szolcsanyi, 1990; Maggi and
Pierau, 1991). Ruthenium red, an inorganic dye which blocks transmembrane ¢ lcium fluxes
in neural tissue, prevents capsaicin-induced neurotoxic action on sensory nerves (Maggi et
al., 1988a,b; Jin et al., 1989; Maggi et al., 1989; Maggi, 1991). The protective action of
ruthenium red is concentration-dependent (30nM-3xM). Ruthenium red antagonizes the
action of capsaicin by blocking the release of neuropeptides from the peripheral endings of
sensory nerves (Maggi et al,, 1988a, b).

The early entry of Ca** produced by capsaicin at the free ending of sensory nerves
results in initiation of an impulse, the release of SP, CGRP and ultimately the acute painful,
burning sensation associated with exposure to capsaicin (Buck and Burks, 1986). In addition
to these acute effects of capsaicin on sensitive sensory neurons, the compound also results
in a long-lasting plasma membrane perturbation that locks the membrane in a depolarized
state or otherwise prevents subsequent depolarization from being initiated and propagated.
It is this membrane effect that produces the sensory deficits in the treated animals. There
is also a disruption of the sensory neuron microtubule system (Buck and Burks, 1986) and
axoplasmic transport (Gamse et al., 1982) including transport of nerve growth factors (Miller
et al., 1982), which renders the neuron unable to replenish the depleted peripheral and
central SP, CGRP stores (Buck and Burks, 1986). Ultrastructural impairment of axonal

profiles contribute to the mechanisms of capsaicin desensitization as well (Kiraly et al.,
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1991).
In the present study of BAT thermogenesis, capsaicin has been used to investigate

the link between sensory nerves and BAT metabolism, which are reported in this thesis.
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CHAPTER 2

SUMMARY OF OBJECTIVES

The original long-tern: objective of the work described in this thesis was to study the

neural control of diet-induced thermogenesis in BAT.

The first shon-term original objective was to study cephalic phase activation of
BAT thermogenesis by the use of a palatable non-nutritive sweetener (sacchzrin) in
the drinking water. This study is described in Chapter 4.

2 second shon-term original objective was to try to enhance diet-induced
thermogenesis in BAT by preventing warmth reception, and hence possible
thermoregulatory suppression of BAT thermogenesis, by treatment of rats with
capsaicin. This study is described in Chapter 5. However, because capsaicin-
desensitization not only did NOT enhance diet-induced thermogenesis in BAT but
actually induced atrophy of BAT and prevented diet-induced activation, a novel and

unexpected finding, objectives were modified.

The modified long-term objective was to elucidate the mechanism of the unexplained
atrophy of BAT in the capsaicin-desensitized rat and to study the implications of the atrophy

for the animal.

The first modified short-term objective was to characterize further the atrophy
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of BAT. The atrophy induced by capsaicin-desensitization was compared with that
induced by surgical denervation, already known to induce atrophy and to prevent
growth of BAT because of the removal of transmitter of the sympathetic nerves,
noradrenaline, to see whether the pattern was similar. This is described in Chapter
6. The time-course of the atrophy was studied in order to find out whether it was
rapid, slow, or occurred only after a lag period. In addition, other organs were
assessed to find out whether the atrophy was specific to BAT. This study is described
in Chapter 7.

The second modified short-term objective wa2s to find out why capsaicin-
desensitization induced atrophy of BAT. One hypothesis was that overheating of
BAT as an initial respcase to capsaicin might damage the tissue. Thereforr, a study
of the temperaiure of BAT of anaesthetized rats after injectics of capsaicin was
done. This study is described in Chapter 8. Another hypothesis was that capsaicin-
desensitizatior removed the trophic infiuence of one or more neuropeptides
characteristic of the sensory nerves that innervate BAT. Therefore, one of these
neuropepiides, CGRP, was infused c.....uously over a period of two weeks to see
whether it would reverse the atrophy in capsaicin-desensitized rats. This study is
described in Chapter 9.

The third modified short-term objective was to study the implications of the
atrophy of BAT for the physiological function of the animal. Because some of the
earlier studies had involved exposing capsaicin-desensitized rats to cold and showed

the retention of a thermogenic and trophic response, albeit somewhat attenuated,
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further studies concentrated on the implications for energy balance. Based upon the
well established atrophied state of BAT in obese animals and the current belief that
this atrophied state leads to a deficit in energy expenditure and thus contributes to
the obesity, the hypothesis was that capsaicin-desensitized rats would be more
susceptible to obesity. The initial studies had included feeding a cafeteria diet for
a short period and had not disclosed any tendency of the capsaicin-desensitized rats
to obesity. Therefore, a longer study was done in which a high-fat diet was fed for
10 weeks in order to provoke obesity and to see whether capsaicin-desensitized rats
became any more obese than control rats. In addition, the well-known development
of obesity with aging was studied in capsaicin-desensitized rats to see whether they
might be more susceptible to this form of obesity. Both of these studies are

described in Chapter 10.
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CHAPTER 3
MATERIAL AND METHODS

3.1 Animals

Male Sprague-Dawley rats were used. They were obtained from Charles River
Laboratories at 5 weeks of age. Rats were housed in individual plastic cages at 24-26°C, In
cafeteria feeding and high fat diet feeding experiments, rats were maintained in wire-mesh
cages individually.The light cycle was 12 hours light/ 12 hours dark with lights on at 0700
hours. They had free access to food and water, After one week under these conditions
animals were weighed and randomly assigned to groups. In some experiments, rats had
access to both 0.15% saccharin solution and water. Some other rats were fed with cafeteria
food or a high fat diet (see 3.2 below). At the end of the experiment animals were

decapitated between 07:30 and 08:30h.

3.2 Diets
1. Cafeteria Diet; In some experiments, rats were fed a palatable diet which consisted of
three kinds of food: nuts, cookies and meat. The type of these ingredients were changed
daily based on three different menus:

Menu I: nuts (almonds), cookies (shortbread), meat (pastrami).

Menu II: nuts (cashews), cookies (chocolate chip), meat (salami).

Menu III: nuts (walnuts), cookies (oreo), meat (hotdog).
2. High fat diet: This diet is lard-based and consisted of 63% fat, 20% protein and 17%

carbohydrate. It is 5.3 kcal/g. The composition is shown as below.
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The Composition of High Fat Diet

Component percentage %
| (by weight)
| Lard 31.0

Casein 27.0

Sucrose 20,0

Corn oil 7.0

Corn starch 3.1

Alphacel™ 4.5

AIN vitamin mix

AIN mineral mix

| D, L-methionine

| Choline bitartrate

D, L-a-tocopherol

3. Laboratory chow: Rat chow used in the experiment was obtained from Agway company
(RMH 4020). It is 3.5 kcal/g, 14.5% fat, 24% protein and 61.5% carbohydrate. In the case
of cafeteria feeding or high fat diet feeding, laboratory chow was also provided to the

animals at the same time. Thus, animals could choose the tvpe of food.

3.3 Measurement of saccharin and water intake

Twenty-four hours saccharin solution (0.15%) and water intake were determined by
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weighing the bottles (contained saccharin solution or water) to be given to the rats, Control
group rats had access to bottles which only contained tap water. Saccharin group rats had
two bottles, one containing 0.15% saccharin solution, the other containing tap water. This
allowed the rats to select a highly-palatable sacchariu solution or water. All bottles were
weighed and given to the rats at the same time. After twenty-four hours, bottles were
weighed again. The differences between the weights were used to calculate saccharin
solution and/or water intake per day. The total amount of fluid drunk divided by the
amount of saccharin solution drunk was referred to as percentage of preference for

saccharin. Saccharin (sodium salt hydrate) was purchased from Terochem Laboratories Ltd,

3.4 Measurement of body weight and food intake

In most experiments, body weights were determined just before decapitation between
07:30 -08:30h. In some cafeteria feeding experiments and long term experiments, body
weights were measured twice per week. Differences between initial body weight and final
body weight are referred to as body weight gains. Changes in body weight were determined
to characterize the over-all effects of the experimental manipulations. After capsaicin
injection or surgery, body weights were also measured.

1ood intake was determined once per week. Food to be given to the rats was
weighed. After 24 hours, food remaining was weighed. In cafeteria and high fat diet feeding
experiments, food intake was measured twice per week. Paper towel was placed beneath
each caye to collect fragments of uneaten food that spilled out of the wire-mesh cages.

Correction was made for cafeteria food which had dried in the animal room by leaving a
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piece of the same food in a empty cage. Energy intake and composition (fat, protein and

carbohydrate) were calculated from published analyses (Pennington, 1989).

3.5 Capsaicin-desensitization (CAP-DES)

At 6 weeks of age rats were anaesthetized with halothane and injected either with
capsaicin (12.5 mg/kg s.c.) or with an equal volume of the vehicle in which the capsaicin was
dissolved (saline 809, Tween 80 10%, ethanol 10%). They remained anaesthetized for
approximate 5 min following the injection, Injections of capsaicin or of vehicle were
repeated twice the next day (the dose of capsaicin was 25 mg/kg s.c. each time) and once
the day after (62.5 mg/kg s.c.). Rats were not anaesthetized during these later injections.
Dosage and schedule are as described by Castonguay and Bellinger (1987). Capsaicin was

obtained from Fluka and contained 65% capsaicin and 35% dihydrocapsaicin.

3.6 Experimental conditions

On the day of the experiment, rats were transferred in their cages to the preparation
room. The rats were weighed and killed by decapitation immediately thereafter, Blood was
collected immediately in 42 ml centrifuge tubes with the aid of a plastic funnel and kept on
ice. Rectal temperature was then determined with a BAT-8 digital thermometer equipped
with a flexible Teflon-cheathed probe inserted to a depth of 6 cm. The interscapular BAT
depot was quickly removed and placed in ice cold isolation medium (0.25 sucrose (BDH),
1.0 mM N-2-hydroxyethylpiperazine-N’-2-ethane sulfonic acid (HEPES) (Sigma), 0.2 mM
cthylenediamine tetraacetic acid (EDTA) (Sigma), potassium salt, at pH 7.2). Epididymal
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and retroperitoneal white adipose tissues were removed and placed in a small plastic
container until they were cleaned and weighed. In some experiments liver, kidney and heart
were also removed and weighed. Tissues, blood and rat carcasses were transferred to the

laboratory for further processing. Usually twelve rats were killed on each preparation day.

3.7 Preparation of serum

After animals were killed, trunk blood was collected and kept on ice for
approximately 20 minutes. The samples were centrifuged at 3000 rpm, 1,500 x g at 4°C for
15 minutes. Serum was then transferred to Eppendorf centrifuge tubes and frozen in liquid

nitrogen, Frozen serum was stored at -80°C for subsequent assays of hormones.

3.8 Preparation of BAT homogenates

BAT was dissected free of adhering white adipose tissue and muscle on ice. The
tissue was then blotted dry, weighed and finely minced with scissors. Homogenization was
done in a small volume of isolation medium using a tightly fitting Teflon plunger in a glass
homogenizer. The homogenate was made to 8ml, then 600 ul samples were removed and
further homogenized by hand with a glass-glass homogenizer for tissue protein, UCP,
thyroxine 5’-deiodinase, DNA and cytochrome oxidase (COX) determination. The remaining

BAT homogenate was used to isolate mitochondria.

3.9 Isolation of BAT mitochondria

Mitochondria were isolated by the method described by Slinde et al (1975).
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Homogenates of BAT remaining after samples were taken were made up to 42 ml with
isolation medium in Sorvall centrifuge tubes. Homogenates were centrifuged at 4°C for 10
min (1,500 x g) at 3000 rpm in a Sorvall RC-5B or RC-2B centrifuge with brake off. The
pellets were resuspensed in 42 ml of isolation medium and centrifuged at high speed (16,000
x g) 10,000 rpm at 4°C for 15 mins. Mitochondria were washed two more times using high
speed (16,000 x g) centrifugation. The final mitochondrial pellet was resuspended in 150-600
ul of isolation medium. Usually, 150-200 ul of isolation medium was used to resuspend
mitochondria from capsaicin treated rats while 400-600 ul was used for vehicle treated and
cold-acclimated rats. Mitochondrial suspensions were kept on ice for immediate use in the
GDP-binding assay. In some experiments, mitochondrial suspensions were saved for

estimation of protein, UCP and COX.

3.10 GDP Binding

The purine nucleotide binding assay was as described by Nicholls (1976) as modified
by Desautels et al., (1978). I used this method to measure binding of *H-GDP to BAT
mitochondria. Fresh mitockondrial suspensions (150-300ug protein) were incubated in the
presence or absence of 1 mM ADP (Sigma) in a mixture which contained 1 mM EDTA
(disodium salt) (Sigma), 10 mM choline chloride (Sigma), 20 mM tris(hydroxymethyl)-2-
aminoethane sulfonic acid (TES) (Sigma), 100 mM sucrose (BDH), 5 4uM rotenone (Sigma),
100 4M atractyloside (sodium salt) (Sigma), 0.1 4Ci/ml [*C] sucrose (Amersham) and 0.78
uCi/ml *H]-GDP (Amersham) with a final cor:centration of 10 zM GDP (Sigma), pH 7.1.

ADP was present to correct for non-specific binding of GDP. [*C] Sucrose was used to
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estimate the amount of water trapped in the pellet. After 2 min incubation at room
temperature, samples were centrifuged for 2 min at 12,000 rpm in an Eppendorf
microcentrifuge (#3200). The supernatant was aspirated and mitochondrial pellets were
dissolved by incubation with 1 ml NCS tissue solubilizer (Amersham) at 55°C overnight,
When pellets were dissolved, 50 ul of 109 ascorbic acid (BDH) followed by 10 ml of
toluene containing (2,5-diphenyloxazole) 0.7% PPO (Sigma) was used for scintillation
counting. The samples were counted with a Beckman LS6800 liquid scintillation counter.
The binding of *H GD¥ was calculated by subtracting non-specific binding from the total

binding measured. Resuits are expressed as pmol GDP bound per mg mitochondrial protein.

3.11 Protein assay

Protein concentration was determined in BAT homogenate and BAT mitochondria
suspensions using Lowry’s method (1951) as modified by Schacterle and Pollack (1973). 10
ul BAT homogenate or 5 4l BAT mitochondria sample were added to 0.5 N NaOH (Fisher)
to make 1 ml. Then 1 ml alkaline copper reagent was added. After 10 min incubation at
room temperature, 4 ml Folin’s phenol solution was added and mixed. All sample tubes
were placed into a waterbath (55°C) for 5 min. Then samples were removed and kept on
ice. The absorbance was read at 650 nm with a Bausch and Lomb Spectronic 20. A series
of standards (15-120 ug) were prepared for each assay from a stock solution of 10 mg/ml
bovine serum albumin (BSA)(Sigma). Protein concentration was calculated from the

standard curve, Each sample was done in duplicate.
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3.12 Uncoupling protein solid phase radioimmunoassay (RIA)
BAT homogenate and BAT mitochondrial UCP were determined using a solid phase
RIA. The assay was developed based on Lean’s method (1983). Some modifications were

made in this lab.

UCP purificati

Uncoupling protein (UCP) was derived from cold-acclimated rat BAT mitochondria.
Purification of UCP was performed by a procedure based on the method of Lin and
Klingenberg (1980, 1982) except that the sucrose density gradient centrifugation step was
omitted. The method is outlined as follows:

BAT mitochondria were isolated by differential centrifugation in isolation medium
(see 3.9 above). The final pellet was resuspended at a concentration of 1 mg protein/ml in
a "standard buffer" (20 mM 3-(N-morpholino) propane sulfonic acid (MOPS) (Sigma), 1 mM
EDTA, 20 mM Na,SO, (Analar), pH 6.7) frozen in liquid nitrogen, and stored at -80°C.

Next day, the suspension was incubated with 3.2% Lubrol WX for 30 minutes at 0°C
to remove soluble and peripheral membrane proteins. This suspension was centrifuged at
100,000 x g for 30 minutes at 4°C, then the pellet was washed once in ice-cold sucrose
medium (300 mM sucrose, 10 mM tris (hydroxymethy) aminomethane (Tris) (Sigma), 2 mM
EDTA, pH 7.2) and resuspended again in standard buffer containing 5% Triton X-100
(BDH). After 30 minute incubation at 0°C, the suspension was centrifuged (100,000 x g).
The supernatant contained UCP-Triton micelles.

The major step of UCP purification is chromatography on hydroxylapatite. The UCP-
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Triton extract was applied to a 3x10 cm hydroxylapatite column that had been equilibrated
with standard buffer. The pass-through fractions were collected at room temperature and
UCP peak was determined by a modified method of Lowry (Peterson, 1977) in the presence
of 1% SDS (sodium dodecyl sulfate) (Bio-Rad). The peak fractions were then pooled. The
major contaminant, the ADP/ATP carrier protein, is not stable at room temperature and
is adsorbed onto the hydroxylapatite. The amount of Triton in the purified UCP was
determined spectrophotometrically at 276 nm using Tr:iton solution as standards.

The purity of the UCP was examined using SDS-polyacrylamide gel electrophoresis.
It was done two ways at the same time. One gel was stained with 0.05% Coomassie Blue (R-
250, Bio-Rad) and the other was electrophoretically transferred to nitrocellulose membrane
(0.2-04 pore size, Bio-Rad). The transfer was run in the 4°C cold room at 60V for 3 hours
with mixing using a magnetic stirrer. The nitrocellulose membrane was washed in PBS
(phosphate buffered saline containing 5§ mM K,HPO, (BDH), 1.5 mM KH,PO, (BDH)
137mM NaCl (BDH), 2.7 mM KCI (BDH) pH 7.4)+0.05% Tween 20 for 30 minutes at
room temperature in a shaking water bath. Nitrocellulose membrane was then transferred
to 100 ml PBS-Tween containing anti-hamster UCP antibody and incubated for 2 hours at
room temperature in a shaking waterbath. After 4x30 min washes of 300 ml PBS-Tween, the
nitrocellulose membrane was incubated in 100 ml PBS-Tween containing 100,000 cpm/ml
['#I] protein A (ICN Radiochemicals 30-70 uCi/ug) -+ . hour at room temperature in a
shaking water bath, then washed with 300 ml PBS-Tween three times for 30 minutes and
a fourth time overnight. The blot was dried between sheets of filter paper and subjected to

autoradiography overnight at -80°C using Kodak X-ray film. Both the stained gel and the
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western blot showed only one band. Purified UCP was used for UCP solid phase

radioimmunoassay.

on of UCP Antibod

Hamster UCP antibodies were raised in rabbits as described by Fernandez et al
(1987).

Pre-immune serum was collected from rabbits before they were immunized, Next day,
rabbits were injected with 100 ug of purified UCP with Freund's complete adjuvant in 2
intramuscular and 2 subcutaneous sites. The following week 100 ug of UCP with Freund’s
incomplete adjuvant was injected subcutaneously at several sites in the back. After 1 week,
a booster injection was given by injecting 100 ug UCP in a total volume of 500 4l of saline
intravenously via the ear vein, The following week the rabbits were bled into polycarbonate
tubes and the blood was left on ice at 4°C overnight. On the second day, the blood was
centrifuged at 2500 x g for 30 minutes. Supernatant collected was centrifuged again at the
same speed for 15 minutes. The serum was then diluted 1:1 with glycerol and stored at -

80°C. Further dilution of antibody was needed for UCP determination.

UCP Assay

In order to increase protein binding to the plates and reduce variability in binding,
96-well microtitre plates were washed to remove residues from the manufacturing process,
The plates were soaked in Pierce RBS 35 detergent diluted with hot tap water for 2 hours.

Then plates were rinsed 6 times with cold tap water followed 3 times with distilled water.
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After drying at room temperature, plates were ready to use.

Assay plates were coated with rat UCP at 10ug/ml with 50ul/well. Non-specific
binding was estimated with PBS+0.1% Triton. The plates were incubated at 25°C for 2
hours. Then solution in the plates was removed by "slapping” on § layers of Kleenex tissue
until they were dried. The plates were washed with 200ul PBS+1% BSA+0.1% sodium
azide (BDH) twice using a multipipetter. During a third washing, the plates were incubated
at 25°C for 10 mins. This step is to block sites not bound to UCP. Then plates were washed
3 times more with PBS+ 1% BSA+0.1% sodium azide, slapping well to dry plates between
each wash, After the last wash plates were allowed to drain in the inverted position for at
least 5 min.

BAT homogenate and BAT mitochondria were prepared as described above. If
protein concentration was higher than Smg/ml, samples were diluted to 2mg/ml with PBS
drst. During the 2 hours coating incubation described above, samples were extracted, taking
12.5ul samples and 5ul of PBS containing 5% Triton into Eppendorf centrifugation tubes
which contain 32.5 ul PBS to make 50ul. After 30 min incubation at room temperature,
200u1 PBS was added to the samples, and they were mixed and centrifuged at maximum
speed for 2 minutes in an Eppendorf microcentrifuge (#3200). The supernatants were
decanted and kept on the ice. The supernatants were further diluted to give a final protein
concentration of Sug/ml. 40ul of Sug/ml containing 0.2 ug original protein was used for
each well in the assay. If protein concentrations were lower than Smg/ml, samples were
diluted to 0.5 mg/ml with PBS buffer. The remaining steps were the same as described

above and 0.2 ug original protein was used for each well.
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A standara curve was prepared for each plate. The standard solutions were made
from purified rat UCP (382 ug/ml) in the range 0.1-2.38 ug/ml. Each standard and samples
were assayed in triplicate. Some wells were used for total and non-specific binding. 40 ul of
samples, each standard or PBS+0.1% Triton (for non-specific binding) were added to the
wells. Then 10 ul of rabbit anti-hamster UCP auuserum (diluted 1: 1600 in PBS) was added
to all wells, The plates were covered with parafilm and incubated at 4°C overnight.

The next day plates were washed 5 times with PBS+ 19%BSA +0.1% sodium azide as
the day before (twice with the multipipetter and 3 times with a siphon). **I-protein A (ICN
specific activity 30-70 uCi/ug) was diluted in PBS. 50 ul of ®I-protein A (60000-70000
cpm/well) was added to all wells, After incubation for 1.5 hours at room temperature, plates
weie wrshed another 5 times with the same solution. The plates were dried in air and the
wells cut out into 12x75 mm plastic tubes and counted in a gamma counter (Beckman
#5500). Results expressed as ug UCP/mg protein in homogenate or in mitochondria or as

#g UCP per total tissue, Calculations were made using an IBM Lotus 1-2-3 package.

3.13 Measurement of DNA

DNA content was measured in BAT, heart, kidney and liver homogenates. The
method . as adapted from Downs and Wilfinger (1983). Homogenate containing Smg tissue
was sonicated (15sec) and added into 1 ml AT (ammonium hydroxide-Triton X-100)
extraction solution (IN NH,OH (BDH), 0.2% Triton x-100 (BDH)). Samples were incubated
in a waterbath at 37°C for 10 min. Then samples were further diluted to 1 mg/ml tissue

homogenate with assay buffer (100mM NaCl (BDH), 10mM EDTA, 10mM Tris Base
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(Sigma)), Then samplus were centrifuged using Beckman J6B 2500 x g at 4°C for 30
minutes. 100 4l supernatant was placed iniu 1 disposable cuvette (Sa.stedt) which contained
3 ml Hoechst 33258 buifer (2inM EDTA, 50 mM Na,HPO, (FT”H), 2M NaCl and 1 ug/m!
Hoschst 33258 dye (Sigma)). DMNA standard curve (range from 0.5-5;.z) was performed each
time. Concentration of DNA (Sigma calf thymus type ()} stoc’. solution was 0.5 mg/ml.
Before each assay, 200 ul of DNA stock solution was added into 1 ml AT solution and
diluted with assay buffer to give final DNA concentration 50 ug/ml. Both the standard and
the unknown samples were placed on ice and then measured by spectroflunrometer (Turner
Model 430) with the excitation and emission wavelengths set at 350 and 455 nm. Standard
DNA concentrations were verified by spectrophotometry (Beckman DUJ-50) at 260nm. DNA

contents of samples were determined in duplicate.

3.14 Mezsurement of cytochrome oxidase (COX)

COX was determined in BAT homogenates and BAT mitochondria using a
spectrcphotometiir: assay. The principle of this assay is that COX oxidizes its substrate,
reduced cytnchrome ¢, and this can be measured through the rate of disappearance of
reduced cytochrome c. Both BAT homogenate and BAT mitochondria samples were
prepared as described above and stored in -80°C refrigerator. On the day of the assay,
samples were dilut:d to a protein concentration of 0.5 mg/ml with 0.1M phosphate buffer
(K,HPO,) (BDH), pH 7.0 and then treated with Lubrol WX 0.3% (1 ul Lubrol/ug protein)
and kept on ice for 1.5 hours. During this time, fresh 200 uM cytochrome ¢ (Sigma, horse

heart type IIT) solution was made. Cytochrome ¢ was dissolved in 10% ascorbic acid (BDH)
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in phosphate buffer. Rate of reaction was linec~ up to 16 ug protein in both BAT
homogenate and mitochondria samples. The other homogenates (heart, kidney and liver)
can be used up to 80 ug protein. 8 £.g protein was used for each BAT sample while 50-60
ug heart, kidney and liver protein were used for the assay. Samples were assayed in
duplicate with 3 different concentration of cytochrome ¢ (20, 30 and 40 M) in orde- to
obtain a Lineweaver-Burk plot and get Vmax for each sample. Samples were added into
disposable spectrophotometric cuvettes (Sarstedt) containing 3 ml phosphate buifer with the
different concentrations of reduced cyiociirome ¢. Absorbency was measured immediately
for 2 mins at 550 nm in a spectrophotometer (Beckman DU-50) using the kinetic soft-pac
module (program kindata). 7he Lineweaver-Burk plot was done by plotting the reciprocal
of the ini*~1 velocity vs the feciprocal of the substrate concentration, used to determine the

initial velocity and calculate the Vmax.

3.15 Measurement of thyroxine 5-deiodinase (T, 5'D)

The method used is based on the release of free iodide from T, by the enzyme T,
5’D. Some modifications were made to the basic method (Visser et al., 1982; Leonard et al.,
1983; Silva and Larsen, 1983).

Substrate, 121

-T4 (Amersham) (> 1200 4«Ci/ug) was purified first since autoradiolysis
occurs spontaneously. Purification was done according to Larsen’s method. A column of 2
ml was made with LH-20 Sephadex (bead size:25-100x) (Sigma) and washed 5 times with
water and 2 times with 0.01M potassium phosphate buffer pH 7.0. Then '®I-T, was diluted

1:5 in potassium phosphate buffer and added onto the column. The eluate collected in test
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tubes contained free 21 and was discarded. Column was washed 2 times with 2 ml distilled

water, The pure 'ZI-T, was obtained by adding 2 ml ethanol:H,0 (70:30) to the column and
collecting the eluate. The solution was concentrated by gently blowing nitrogen gas into the

tube.

Samples of homogenate (stored at -80°C) were diluted to a protein concentration of
1Img/ml. 50 ul sample was incubated with assay mixture (10 mM dithiothreitol (Sigma),
2.570M uniabelled T, (Sigma), 0.15 nM '®I T, and 1 nM 6-propyl-2 thiouracil (PTU)
(Sigma) in 150 x4l of 0.1 M potassium phosphate-1.0 mM EDTA buffer, pH 7.0. The reaction
was stopned by the addition of thyroid hormone-free normal human serum (AMF Biological
Diagnostics Co.) which contains T, and T, binding proteins. Next, 350 ul 12.5%
trichoroacetic acid (TCA) was added to precipitate T,-and T,-protein complexes and all
other proteins. Samples were centrifuged at maximum speed for 2 mins in a bench top
Eppendorf centrifuge (#3200). 500 ul supernatant was passed through a column of 2.5 ml
containing Dowex AG 50 W-X2 100-200 mesh cation exchange resin (Bio-Rad) in acetic
acid:H,O (1:10) which bound any excess 'ZI-T, that might not have been bound by the
protein and the column was washed 3 times with 1 ml acetic acid:H,O. The total eluate
containing free iodide was counted for 2 mins in a Beckman gamma 5500 counter. Assay

was done in triplicate for all samples.

3.16 Measurement of serum thyroid hormones
Larsen’s method (1976) was used to determine T, and T, in the serum. Both T, and

T, standard solutions were prepared by diluting a solution made of 40ug/ml T, (Sigma) or
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40ug/ml T, (Sigma) in 0.05 N NaoH +0.1% BSA (Sigma, RIA grade) in thyroid hormone-
free rat serum. The solutions of T, and T, were standardized by reading the absorption at
325 nm for T, and 320 nm io1 T, in a Gilford 2400-2 spectrophotcmeter. Concentration of
T, or T, was calculated by knowing the molar extinction coefficient (T, = 6207, T, =
651.01). Concentration of T, = A325/6207 x 776.93. Concentration of T, = A320/4658 x
651.01. The range of standards covered was 0.25-8.00 ug/dl for T, and 10-300 ng/dl for T,

Thyroid hormone free rat serum was prepared by incubating the serum with 50000
cpm/ml 2T, or **T, (Amersham) and 0.023g/ml Norit A Charcoal (Bio-Rad). The mixture
was constantly stirred overnight at 4°C and centrifuged at 100,000g for 30 minutes at 4°C
in a Beckman L8-55M ultracentrifuge with a TiS5 rotor. A sample, 100ul serum, was
counted before and after stripping of hormones. When serum contained less than 5% of the
counts that were put in at the beginning, it could be considered free of thyroid hormones.
Thyroid hormone free serum was stored at -80°C until needed.

Antisera for T, and for T, were provided by Dr. Larsen. For T, determination, Sul
sample serum or each standard with 95 ul working buffer (glycine-acetate buffer pH 8.6)
were added into 900 ul assay buffer (0.2 M glycine (Sigma), 0.2 M sodium acetate (BDH
Analar), 0.02g/ml sodium salicylate (Fisher), 0.2 mg/mi BSA (Sigma, RIA grade)) which
contain '®I-T, (Amersham) and T, antibody (1:10000 dilution). After incubation at 4°C
overnight, antibody-bound T, was separated from free T, by adding 1 ml of suspension of
0.04% Norit A charcoals (Bio-Rad) and 0.004% dextran T 70 (Sigma). For the total count,
tubes contained 900 ul assay buffer only and non-specific binding was performed at same

time. All tubes were incubated 45 min at 4°C and centrifuged at 1500 x g for 20 min in a
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Beckman J6B centrifuge. Supernatants were transferred to new tubes and counted for 2
minutes in a Beckman gamma 5500 counter. For the T, determination, a similar procedure
was followed, but the amount of samples measured, antibody diluted and incubation time
were different. 15 ul samples wers used and optimum dilution of T, antibody was 1:25000.
Samples were incubated with T, antibody at 4°C for 24 hours. The '¥I T; (Amersham) was
added and samples incubated again at 4°C for another 24 hours. Calculations of both T, and

T, were made using linear regression from an IBM Lotus 1-2-3 package.

3.17 Denervation of interscapular BAT

Denervation was performed unilaterally. The rats were anaesthetized lightly with
halothane and fur was cut off in an area of about 4x3 cm in the interscapular region.
Incision of 1.5-2 ¢m in the skin was made and the tissue was carefully separated with forceps
to expose interscapular BAT. By blunt dissection, the right side of the BAT pad was lifted
and the five major nerves innervating the BAT could be seen. The five nerves were cut with
surgical scissors and the BAT pad replaced to the normal position. The left side of the BAT
pad remain intact as a control. Incisions were closed with surgical clips. Rats were kept
warm until they awakened. After returning to animal room, ali rats had normal food intake

and body weight.

3.18 Implantation of mini pumps into rats
Mini osmotic pumps were obtained from Alzet (200 g, 0.5 ul/h #2002). Pumps with

cannulas needed for implantation were filled on the day before surgery. The procedure of
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preparation followed the instruction providing by Alzet exactly. On the day of the surgery,
animals were anaesthetized using halothane and the skin in the back was cleaned. Then a
1.5-2 cm horizontal incision was made and a small pocket was made in the connecting tissue
beneath the skin of the flank. The fnini pump was implanted into this pocket with cannula
directed towards the interscapular BAT. Half of the animals had pumps containing CGRP
as treatment. The other half of the animals had pumps filled with saline as control. All
animals recovered within one day after operation. The CGRP dose used was 3x10°
mol/kg/min, which has been shown to reduce the mean arterial pressure of rats significantly
(Marshall et al, 1987). The advantage of the mini-osmotic pump is that it can deliver
substance continuously and maintain the concentration of CGRP in BAT at continuously

high levels.

3,19 Measurement of oxygen consumption

Oxygen consumption was measured with the open circuit system previously described
by Foster (1974). The system consisted of (a) either a small glass hood fitted over the head
of an anaesthetized rat or a water-jacketed metabolic chamber with an internal volume of
L5 L in which an unanaesthetized rat was placed, (b) a Beckman Model 755 oxygen
analyzer, (¢) air drying system including both drying air and removing CO,, (mixtures used
for drying air: magnesium perchlorate /Drierite 10-20 mesh indicating and for removing CO,:
soda lime 6-12 mesh/Ascarite II 8-12 mesh), (d) an air pump and (e) flowmeter and a
recording barometer. The temperature of the water circulated through the jacket was

maintained at 28°C. Fresh dried air was drawn into the chamber and then, after water and
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CO, were removed, drawn through the oxygen analyzer. Air flow was regulated at 1000 ml
per minute with a mass flowmeter (Brooks Instruments Division, Emerson Electric. Co.).
Data recording and calculation were done by the computer connected with this equipment
and expressed as ml O, per minute. Usually 2 rats were studied per day between 0900 and
1300h. The resting value of VO, is obtained from the O, consumption recorded over a
period of 60 min after the rat is accustomed to the measurement condition (45-60 min).
Results are expressed in terms of total body weight, per 100g of body weight, per 100cm?
of body surface (12.5 x body weight®®) (Lee, 1929) and in terms of metabolic mass (kg®™).

For the measurement of the acute effect of capsaicin injection, rats were
anaesthetized with sodium pentobarbital (50 mg/kg sc). Thermistor probes were placed
underneath the interscapular BAT (YSI probe 427), through a incision in the skin above the
scapulae, and inserted 6 cm into the rectum (two YSI 402 probes). Temperature of the body
was controlled at 36°C with a YSI proportional temperature controller (model 72) with heat
supplied by two 60-W incandescent light bulbs, one above and one below the rat, which was
lying on a open-mesh grid. Rectal and BAT temperature were monitored at 1-5 minute
intervals using a YSI telethermometer (model 43) and a YSI switch box (model 4002). The
rat’s head was inserted into a small glass hood through which dried room air was draw at
1000 ml per minute. Pentobarbital injections were repeated, approximately hourly, for the
duration of the experimental period (up to 4 hours). Data recording and calculation were

made by the computer.

3.20 Preparation of heart, kidney and liver homogenates

57-



After BAT was dissected, heart, kidney and liver were removed from the carcass and
cleaned, weighed and stored at -80°C, Later, these organs were homogenized in isolation
medium using a Polytron (PT 10/30). The homogenates were made to 25 ml, 50 ml and 100
ml for heart, kidney and liver respectively. Only a small portion (2 ml) of each organ
homogenate was kept. These samples were stored in a -80°C refrigerator until needed for

the assays.

3.21 Body composition analysis
(1) EM-SCAN analyzer

EM-SCAN is a recently developed small research animal body composition analyzer
(EM-SCAN'NC, Springfield, IL, 62707, U.S.A.). It can be used to estimate fat content of
small rodents by measuring total body electrical conductivity (TOBEC). This technique is
based on the widely differing electrical conductivities of lean tissue and body fat, The
electrical conductivity of fat is only about 4-5% that of lean tissue, body fluid and bone
(Walsberg, 1988). The TOBEC uses an electromagnetic coil surrounding the measurement
chamber to induce a current throughout the body. The magnitude of the current is
proportional to the animal’s lean body mass. Body fat content is calculated from the
difference between the lean body mass and body weight,

Each rat was anaesthetized with sodium pentobarbital (35 nig/100g sc) and placed
in the measurement chamber of EM-SCAN™ SA-1 analyzer. The reading appeared on the
screen immediately. Readings were obtained in triplicate for each rat and used to calculate

the lean body mass (Walsberg, 1988). To minimize measurement error, the rat was always
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kept in the prone position and in the centre of the cylinder chamber. It took about two
minutes to finish the measurements for each rat. Body weights of rats were 350-450 g,
(2) Carcass lipid extraction

Rats were killed by decapitation and BAT and organs (heart, kidney and liver) were
removed for later studies. The remaining carcass was thern stored at -20°C. For lipid
extraction, each carcass, excluding tail, paws and skin, was homogenized in distilled water,
using a Polytron (Brinkman) PT 45 with PT 45/2k generator. Homogenate was mixed well
and 25 ml used for each extraction. Samples were placed in cellulose thimbles, dried,
weighed and extracted in duplicate with 250 ml petroleum ether (35-60°C fraction) using a
soxhlet apparatus. After 3 hours extraction, thimbles containing fat-free samples were dried
and weighed. The remaining solvent was evaporated and extracted lipid was weighed. The
amount of fat in 25 ml homogenate was obtained by averaging loss of fat from samples and
extracted lipid weights. The total lipid content of each carcass was calculation from the

volume of the total homogenate.

3.22 Statistical analysis of the results
Eiperimental data was analyzed using a SAS siatistics program on the main frame
cozaputer at University of Ottawa. One way or two way ANOVA was performed as

appropriate. In some case, student’s t-test was also performed. Differences were considered

to be statistically significant when P <0.05,
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CHAPTER 4

ACTIVATION OF BROWN ADIPOSE TISSUE BY SACCHARIN

Background:

The thermogenic effect of food has two parts: an obligatory increase in heat
production associated with the absorption, processing and storage of the components of the
food itself and a facultative increase associated with activation of the sympathetic nervous
system. The latter can be divided into a cephalic phase, and an absorptive phase. The
cephalic phase is primarily caused by gustatory, olfactory and cognitive stimulation and is
considerably reduced when food is given by gavage. The heat production during the
absorptive phase is direcily proportional to the amount of food ingested (Diamond et al.,
198S; LeBlanc and Diamond, 1986). Numerous studies performed in humans and animals
h-ve indicated ~n important cephalic activation of the sympathetic nervous system following
food intake that is of importance in energy balance. Cephalic phase thermogenesis can be
avoided by tube-feeding the animals (Rothwell and Stock, 1984) and inhibited by atropine
treatment (Diamond and LeBlanc, 1987). It has been suggested that the palatability of
cafeteria diets is at least in part responsible for the activation of BAT thermogenesis in rats
(Allard and LeBlanc, 1988; LeBlanc et al., 1986) and mice (Criggio et al., 1991),

Saccharin is a non-nutritive artificiil sweetener. Saccizarin solution has been used to
study various aspects of ingestive behaviour in animals for many years. It has been shown
that rats prefer to drink a highly-palatable saccharin solution (Nissenbaum and Sclafani,

1987) and that saccharin can elicit cephalic-phase insulin secretion which is regulated by
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autonomic nervous system (Berthoud et al., 1981). This insulin response occurs in the
absence of any significant change of glycemia (Berthoud et al., 1981). Because the cephalic
responses represent the earliest physiological reactions when an individual is exposed to
food and may be of importance in energy balance, it is important to know how cephalic
phase thermogenesis occur. BAT is a major thermogenic organ and its functional status is

directly related to thermal and energy balances. Whether saccharin induces a cephalic phase

thermogenic response in BAT is unknown.

Objectives:

The objective of the experiment was to find out whether drinking saccharin solution
would activate BAT thermogenesis and have any effect on body weight gain. Saccharin was
chosen as the non-nutritive sweetener because rats do not seem to taste the more commonly

used aspartame in human diets as sweet (Sclafani and Abrams, 1986).

Methods:

Sprague-Dawley male rats arrived at S weeks of age. They were housed in individual
plastic cages with free access to chow and water and a 12 hour light/dark cycle. The room
temperature was 24°C. After 1 week, rats were divided into two groups. Half of the animals
were allowed to access to both tap water and 0.15% saccharin solution for 1, 3, 7, 35 days
and 3 months, The another half of the animals were given tap water only.

Twenty-four hour fluid intake of all rats was measured twice a week by weighing both

kinds of bottles before and after 24 hours. The difference gave fluid intake per day.
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Saccharin preference was assessed by calculating the percentage of saccharin solution intake
of total fluid intake, Food intake and body weight were also measured along with fluid
intake measurements. At selected times, rats were killed by decapitation between 07:30 and
08:30 hours. After rats were killed, rectal temperature was measured and blood was
collected immediately. The epididymal white fat was removed and weighed. The
interscapular BAT depot was quickly removed, cleaned, weighed and homogenized. Samples
of homogenate were taken and stored at -80°C for protein and T, 5’-deiodinase assay. The
remaining homogenate was used to isolate mitochondria for GDP binding assay. The
method used was exactly as described in chapter 3 (3.9). Each sample was assayed in
duplicate for protein and in triplicate for T, 5’-deiodinase and GDP binding. Data was
analyzed by student t-test in this experiment. A significant difference was indicated when

P<0.05.

Results:

After 1, 3, 7, 35 days and 3 months of drinking 0.15% saccharin solution, there was
no effect of saccharin on body weight, body temperature, BAT weight and white fat weight
(Table 1). Both saccharin and control group rats had a norma' food intake (Table 2).
Control rats drank 35-50 ml water per day while saccharin group rats drank much less water
(Table 2). Total fluid intake of saccharin rats was 80-90 ml, twice of that of control rats,
These rats selected 80-90% of their total fluid intake as saccharin solution (Table 2). After
3 and 7 days of saccharin intake, BAT mitochondrial GDP binding was significantly

increased when compared with control rats (Fig. 2). After 35 days of saccharin, BAT

-62-



—_—— e
$T9F 8o+ PorF  60t¥ U'81¥  66IF | 9TC¥  8TIF oI+ TEIF
L°00CI gorii L6y9  $S69 61T L91t 8'90¢ TLst 9'ste  8'6tt (Bw)Lve

0'1F PIF 6'0F £0F I'0% 1'0¥ LOOF  LO'OF

811 €l L6'S 19°¢ --- - (1| 0c1 8Ll Lt (8) Lva

1'0% 0¥ 4133 0% 7'0F T0F 90°0F €'0F 80°0F  L00F | ssmesadwal

TLE €LE 8L 6'LE TLE TLE S'LE TLE I'LE T'LE Apog ,
™)

I'EF 6EIF EF 0'6% UIF pEF 8v¥ €T LTOF TEF A

U168 vILS gcyp  SOpp 09¢C  OIST | 002z 981C gEPT  6ENT (Bhysopm

Apod

1£)) (8) (9} () ($) (<) (97 (9 (0€) (0g)
208§ I31e M ) i1 JI91EM 20ES Jajem 201 Iaem 208S Jalem
SAEBp p8 sAep G¢ sAep £ SAEp € Aep |
Lﬂ“ﬂ“ —
SANIL SNOI¥YA LY LHOIIM

Lvd FLIHA ANV LHOIIM INSSIL 3S04dIaV NAOYE ‘FUNLYHIJWIL AdOM ‘LHOTIM AdO9 NO NIEVHIOIDVS 40 103443
13 T4dV.L



“3UIl) UIES A1} JB PIIPNIS STEWIUE JuLIEdWOoD ‘SILs ULJEYDOBS U [OIIL0D U3aMIaq 3DUAIIJHP JuedLjiudig,

T Lo07 3L 69°SF ZE9%
0'€6 -— 906 --- 8y8 --- 88 --- "85 05
__ 0'8¥ 0'01F 6TIF 0'6¥ 9°9F (Aep/jux)
2 088 --= 08 --- LLs --- 098 --- €0L - | "ddes
_ S vIF piT I'Es TF eF P eF LOF ral k3 61F (Aep/u)
«90 L0S oL'8 24 «I'8 $'LE «9°91 $'9€ 16 Tor el Jajem
S 0¥ oIF 60¥ L0 S 0F LoF L0% CO¥F 1F 6'0¥ (Aep/3)
rad (3 887 6'L2 £Le 0'€ 44 0y 87T ayeIul pooj
(8) (8) (9) (9) (<) (s) (9) (9)
T0eg 191 M JJES J3JEM o088 JAlEm 208S Jaiem
sAep pg sAep ¢¢ sAep ¢ SAED ¢
———— -— e

LV ANV.INI NIAVHDOVS ANV INY.INI H31VAM "INVINI d00d
T 374VL

SINIL SNOIEVA




Y Datia L o L R

pmolmg protein—1
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GPP BINDING BY BAT MITOCHONDRIA
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GL'P binding of BAT mitochondria after 1, 3, 7, 35 and 84 days of
drinking 0.15% saccharin solution.

Values are means+SEM for the number (n) of rats per group. The

symbol * indicates a significant effect of saccharin. A sigrificant
difference is indlicated when p<0.05.
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mitochondrial GDP binding was no longer increased. 3 months later, GDP binding also
remained unchanged. There was no effect of saccharin on BAT mitochondrial GDP binding
at 1 day since GDP binding in control rats was relatively high (Fig. 2). Protein content of
BAT did not change throughout the experiment (Fig. 3). T, 5'-deiodinase activity (Fig. 4)
and serum T, (Fig. 5), T, (Fig. 6) concentrations did not shnv any significant difference

beiween the two groups at 3, 35 and 84 days after drinking saccharin solution.

Discussion:

Diet-induced thermogenesis in BAT is associated with an increase in the activity of
the mitochondrial proton conductance pathway, which can be assessed from GDP binding.
GDP binding is an index of the thermogenic state of BAT mitochondria. It varies directly
with the extent to which the UCP is operating, independently of any changes in UCP
concentration (Peachey et al., 1988), which usually take a much longer period to occur. The
major finding from this experiment is that saccharin has an acute stimulatory effect on BAT
thermogenesis at 3 and 7 days, as indicated by increased GDP binding after drinking
saccharin. Saccharin, unlike glucose ingestion, does not create a postabsorptive state. It can
be used to stimulate cephalic phase thermogenesis. In this experiment, rats showed a high
saccharin preference. They selected 80-90% of their total fluid intake as saccharin. This
finding is consistent with other observations (Nissenbaum and Sclafaai, 1987). It can be
suggested that the palatability of saccharin plays a role in the early postprandial
thermogenesis, associated with sensory feeding inputs. Anatomical studies have showed that

h,pothalamic neurons innervate brain stem regions which receive afferent gustatory
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BAT PROTEIN
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40
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g 20°F
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o ’
1 3 7 35 84
days
Fig. 3 BAT protein content after drinking saccharin solution for various times.

Values are means=SEM for the number (n) of rats per group.
Statistical analyses indicate that there was no significant effect of
saccharin on BAT protein content.

-67-



T4 5'-DEIODINASE
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3
Fig. 4 T, 5'-deiodinase activity in BAT after 3,35 and 84 days of saccharin
intake.

Values are means+SEM for the number (n) of rats per group.
Statistical analyses indicate that there was no significant effect of
saccharin on the enzyme activity.
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Fig. § Serum T, after 3, 35 and 84 days of saccharin intake.

Values are means+SEM for the number (n) of rats per group.

Statistical analyses indicate that there was no significant effect of
saccharin on the T, concentration.
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Serum T; after 3, 35 and 84 days of saccharin intake.

Values are mean+SEM for the number (n) of rats per group. Statistical
analyses indicate that there was no significant effect of saccharin on the
T, concentration.



information (nucleus of solitary tri.ct) as well as brain stem nuclei which contribute efferent
fibers to ihe vagal nerve (Berthoud et al., 1981). Theretore the gustatory-evoked vagul
activity underlies the cephalic phase reflex release of insulin and perhaps also cepialic phase
thermogenesis. It is now known that a sweet taste on the tongue, produced by sucrose or
glucose solution in anaesthetized rats, increases the firing rate in the nerves to BAT
(Niijima, 1991).

No effect of saccharin on BAT mitochondrial GDP binding was seen at one day, but
the level in both saccharin and control rats was high at this time. This experiment was done
twice. When the first experiment with 12 rats in each group showed the high level of GDP
binding in both saccharin and control rats, it was thought that the initial stress caused by
handling the rats might have been responsible. The experiment was repeated with a large
number of rats (18 per group) that were handled daily for one week before. The results
were the same. The results can only be explained by the housing of both groups of rats in
the same room. Control rats might smell saccharin and activate cephalic phase
thermogenesis due to olfactive stimulation or might respond to the behaviour of the other
rats drinking the saccharin.

Recently, studies showed that oral intake of saccharin in the food for 10 days can
increase thermogenic capacity in BAT of rats (Kawada et al., 1991). This finding agrees with
my results that cephalic phase thermogenesis in BAT can be evoked by allowing rats to
drink saccharin solution. Howzver, the total fluid intake in the saccharin group was much
higher than in the control group (Table 1). Since it is difficult to restrict rats to drink the

same amount of liquid between two groups, it could not be ruled out that the thermogenesis
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was induced by large amount of fluid intake, by which sympathetic nerves were activated.

There was no significant difference in T, 5-deiodinase activity between the two
groups. Consequently, serum T, and T, remained unchanged. Protein content of BAT was
also unchanged in the saccharin rats, Results suggest that saccharin can transiently induce
cephalic phase thermogenesis in BAT but does not have a long term trophic effect on BAT.,

Although cephalic phase thermogenic response in BAT can be induced by drinking
saccharin solution, the energy balance of rat was not affected. These animals exhibited
normal food intake and body weight after drinking saccharin solution. The results were
consistent with the finding by others. For example, the experimental results by Kawada et
al. (1991) demonstrated that after rats were fed saccharin in the food for 10 days (pair-fed
to control rats), there was no effect of saccharin on body weight, despite a trophic effect on
BAT (increase in concentration of UCP). In their experiments (1988), Porikos and
Koopmans found that when saccharin was given in water for 8 weeks, there was no effect
on body weight gain and food intake. Some other studies (Tordoff and Friedman, 1989a, b,
¢, d; Tordoff, 1988) showed that rats drinking saccharin solution increased their short-term
food intake but there was no effect on body weight gain. Our present study did not show the
long-term effect of saccharin on either food intake or body weight gain. It is therefore
suggested that transient activation of BAT thermogenesis by saccharin was without effect
on energy balance.

In summary, based on the results obtained, it can be concluded that the cephalic
phase of diet-induced thermogenesis is associated with activation of BAT thermogenesis and

that saccharin drinking may be a useful tool for the study of this phase of the response,
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CHAPTER 5
EFFECT OF CAFETERIA FEEDING AND COLD EXPOSURE ON BROWN ADIPOSE

TISSUE OF CAPSAICIN-DESENSITIZED (CAP-DES) RATS

Background:

Capsaicin is the pungent principle of hot chili peppers. Capsaicin has been used as
a tool in the study of sensory nerve function in a variety of tissues owing to its
neuropharmacological effect on these nerves (see Chapter 1). Administered at low doses,
capsaicin exerts a powerful excitatory effect on peripheral sensory nerve endings, an effect
that is apparently confined to unmyelinated afferents. Systemically administered at high
doses, capsaicin results in a permanent loss of a majority of unmyelinated afferent fibers in
newborn animals and long-lasting damage to a subpopulation of primary afferent sensory
neurons in adult animals (Holzer, 1988; Buck and Burks, 1986). This treatment is called
capsaicin-desensitization (CAP-DES). Many studies have shown that CAP-DES results in
lesions in both the central and the peripheral nervous system which cause modification of
numerous regulatory mechanisms (Szolcsanyi and Jancso Gabor, 1973; Cormaréche-Leydier,
1981; Kawada et al., 1986; Cormaréche-Leydier et al., 1985), such as thermoregulation and
regulation of feeding behaviour. CAP-DES rats are unable to regulate body temperature in
high ambient temperature environments and became markedly hyperthermic and die. These
enhanced hyperthermic responses appeared to be due to an impairment of central and
peripheral warmth receptors (Szolcsanyl and Jancso-Gabor, 1973) which influence heat-

dissipating mechanisms. It has also been reported that endotoxin-induced fever can be
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enhanced in CAP-DES rats in association with enhanced thermogenesis in BAT (Szekely
and Szolcsanyi, 1979). However, CAP-DES rats are able to thermoregulate in the cold
(Hori, 1984; Cormaréche-Leydier et al, 1985) suggesting that the cold receptors are
unaffected. Food intake in CAP-DES is significantly reduced during the capsaicin injection
period and rats lose weight. After 10-14 days, the amount of food eaten by the CAP-DES
rats and body weight recover to the normal range. (Cormaréche-Leydier, 1981; Castonguay
and Bellinger, 1987).

Diet-induced thermogenesis is defined as a regulatory, facultative component of
energy expenditure, stimulated by overeating, which helps maintain energy balance. Diet-
induced thermogenesis plays a important role in the regulation of energy expenditure and
in the etiology of certain types of obesity. Most experiments testing the existence or the
mechanism of diet-induced thermogenesis have used the cafeteria diet for the purpose of
stimulating hyperphagia, a requisite for studies of diet-induced thermogenesis. Diet-induced
thermogenesis in cafeteria-fed rats is proposed to result from sympathetic activation of
thermogenesis in BAT (Rothwel! and Stock, 1979, 1986) which allows animals to dispose of
excess nutritional enerfy. Thermogenesis in BAT can also be increased by cold (Himms-
Hagen, 1989). However, if any other category of thermogenesis is increased in the body,
whether obligatory or facultative, in excess of heat loss, thermogenesis in BAT, including
diet-induced thermogenesis, can be suppressed. For example, exercise-induced thermogenesis
can inhibit thermogenesis in BAT during cold exposure (Arnold et al., 1986; Arnold and
Richard, 1987).

In the first experiment, I studied the effect of CAP-DES on the thermogenic functioz:
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of BAT. The hypothesis was that since CAP-DES impairs both central and peripheral
warmth receptors, the procedure would prevent the central sensation of warmth. Suppression
of BAT thermogeuesis by the hypothalamus in response to an increase in body temperature
induced by the ingestion of food (Himms-Hagen 1989; Himms-Hagen et al., 1989) would
thus be attenuated. In other words, it was expected that diet-induced thermogenesis in BAT
would be enhanced in CAP-DES rats. When it was found, unexpectedly, that BAT was
atrophied in CAP-DES rats and did not respond to feeding a cafeteria diet, a second
experiment was done in which rats were exposed to cold to see whether their BAT wouid
grow in respouse to this stimulus. In the second experiment, the effect of cold exposure on
brown adipose tissue of CAP-DES rats was studied. It was known that CAP-DES rats can
regulate body temperatuse normal., at a cold temperature, thus cold-induced nonshivering
thermogenesis in BAT should cccur.

In addition, the thermogenic response of anaesthetized rats to intravenous infusion
of noradrenaline was measured, known to be a good index of the amount of BAT present
and of its response to noradrenergic stimulation (Foster and Frydman, 1978b; Foster et al.,

1980).

Objective:
To find out whether CAP-DES can enhance thermogenesis in BAT induced by a

cafeteria diet.

Methods:
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Male Sprague-Dawley rats were obtained from Charles River Laboratories at 5 weeks
of age. They were housed in individual wire mesh cages at 26°C with 12 hour light/dark
cycle (lights on at 0700 hours). They had free access to food and water. At 6 weeks of age,
rats were injected with capsaicin or vehicle as described in Chapter 3.5.

In the first experiment, 7 days after recovering from the last injection, control
(vehicle-injected) and CAP-DES rats ate either chow or chow plus a cafeteria diet for 7 or
21 days. The cafeteria diet was fed on a rotating schedule of 3 menus (see Chapter 3.2).
Food intake was measured twice a week in order to study the food intake of each menu
twice. Digestible energy content and nutrient composition of the various foods was obtained
from food tables (Pennington, 1989). Body weight gain was calculated from initial and final
body weight.

In the second experiment, control and CAP-DES rats were either exposed to cold
(4°C) or remained in the warm (26°C) for 1 or 7 days, starting 10 days after the last day of
injections.

Rats were killed by decapitation between 08:00-09:00 hours, blood was collected and
their rectal temperature was measured immediately. Both interscapular BAT and epididymal
adipose tissue were removed, cleaned and weighed. BAT was then homogenized in isolation
medium (025 M sucrose, 1mM N-2-hydroxyethylpiperazine-N-2ethanesulfonic acid
(HEPES), 0.2 mM EDTA (potassium salt), adjusted to pH 7.2 with 1.0 M KOH) using a
motor-driven teflon-glass homogenizer. Samples of homogenate were removed, frozen in
liquid nitrogen, and stored at -80°C for later assay of protein, UCP, and T, 5’-deiodinase

activity. Mitochondria were isolated from the remainder of the homogenate and GDP-
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binding was measured (see Chapter 3.8 and 3.10). The protocol of assays for protein, UCP,
T, 5-deiodinase, serum T, and T, was the same as described in Chapter 3.

Measurements of oxygen consumption and temperatures of BAT and colon of
anaesthetized rat are the same as described in Chapter 3.19. For the infusion, a cannula was
placed in a tail vein of anaesthetized rats. Infusion started with saline (0.0197 ml/min,
Harvard pump, 2 ml glass Luer-Lok syringe, position 8). When BAT and body temperature
and oxygen uptake were stable, noradrenaline D-bitartrate was infused at a rate of 0.25 ug
base/100 cm®min and 0.0197 ml/min for 20 minutes. A stable and elevated rate of oxygen
uptake was usually achieved within 8-10 minutes. Rectal and interscapular BAT
temperatures were noted periodically before and during the infusion. The values shown are
for two times, one immediately before the infusion, the other exactly 20 min after the start
of the infusion of norepinephrine. The dose of norepinephrine used was sufficient to
produce a maximum increase in oxygen uptake (Foster et al., 1980; Fosier and Frydman,
1978).

Results are expressed as means=SEM for the numbers of animals indicated.
Statistical analysis used two-way or three way ANOVA followed by Tukey’s HSD (honestly

significant difference) post-hoc test. The level of significance was P < 0.05.

Results:
E . 1: off f di
After CAP-DES, BAT was small and pale in rats eating chow in comparison with that

of control rats eating the same diet. The weight of tissue was much less in both 1 week and
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3 weeks experiments (Table 3). Total protein content in BAT was significantly decreased
(Fig. 7). The most remarkable effect of CAP-DES was found in the reduction of total
uncoupling protein content. Only 10 percent of the uncoupling protein remained at 1 week
(2 week after capsaicin injection) and 45 percent at 3 weeks (4 weeks after capsaicin
injection) (Fig. 8). Recovery of mitochondria from BAT of the CAP-DES rats was very low.
At 1 week it was not enough to measure mitochondrial UCP concentration in these same
samples. Mitochondrial GDP binding measured in CAP-DES rats was much lower than that
of control rats at 1 week (Fig. 9). However, by three weeks, mitochondrial concentration of
UCP (Fig. 11) and GDP binding (Fig. 9) were in the normal range (although total UCP
remained low). Total thyroxine 5™-deiodinase activity in BAT of CAP-DES rats was relatively
normal at 1 week, but it was decreased at 3 weeks (Fig. 10). Serum T3 concentration was
also decreased at 3 weeks (Fig. 12).

Cafeteria diet increased BAT mass at both times studied (Table 3). There was no
change in total protein content at 1 week, but there was a significant increase at 3 weeks
(Fig.7) in control but not CAP-DES rats. Mitochondrial GDP binding was increased by
cafeteria diet in control rats at 1 week and in both types of rats at 3 weeks (Fig. 9). The
increase in GDP binding was independent of changes of mitochondrial concentration of
UCP (Fig. 11) or in total tissue UCP (Fig. 8). As can be seen in Figs. 9 and 11, cafeteria
diet increased mitochondrial GDP binding at 3 weeks in the CAP-DES rats although
concentration of UCP was low. This suggested that BAT of the CAP-DES rats still has some
thermogenic response to diet.

From Table 4, it can be seen that cafeteria diet contained more fat than the chow
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TABLE 3

BODY, BAT AND WAT WEIGHT OF RATS EATING CHOW OR CHOW PLUS A

CAFETERIA DIET

CONTROL CAP-DES
CHOW CAFE CHOW CAFE
1 WEEK FEEDING (5) (5 (€)) (5)
Body Weight, g
initial 282 282 268 269
£33 3.5 =54 +3.5
final 341 353 335 343
+4.4 +4.7 =79 +14.3 I
BAT Weight, mg 439 566* 264" 561*
| +443 +20.5 +21.0 +57.3
WAT Weight, g 29 5.5* 3.0 55
+0.21 +0.31 +0.10 *0.66
i Body temperature °C 376 379 37.0 3.7
+0.13 +0.23 +0.32 +024
3 WEEKS FEEDING (8) 8) (10) (10)
| Body Weight, g
initial 277 293 260 272
59 +6.2 +3.3 +3.7
final 438 541 423 505 )
+10.6 +16.3 +7.8 +154
BAT Weight, mg 664 1153* 468° 820**
+66.9 +46.1 +26.1 769 |
WAT Weight, g 6.4 14.2* 5.7 13.6*
+0.50 +0.96 +0.27 144 |
Body temperature °C 37.0 3.7 36.9 37.6*
+0.11 +0.11 +0.17 +0.18

* Significant effect of CAP-DES, comparing animals fed the same diet

+ Significant effect of diet, comparing rats treated in the same way
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BAT PROTEIN

l :] chow E::l ocafa
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1 WEEK + 3 WEEKS

control (CON) and capsaicin-desensitized (CAP) rats eating chow or
a cafeteria diet for 1 week or 3 weeks.

30 ¢ % il .
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o : :
CON CAP CON CAP
Fig. 7 Total protein content of interscapular brown adipose tissue (IBAT) in

* Significant effect of CAP-DES. Total protein in BAT of CAP-DES
rats is significantly less than that of control rats eating the same diet
and studied at the same time.

+ Significant effect of diet. After 3 weeks cafeteria feeding, total
protein content of BAT is increased in control rats,

; Values are means*SEM for the number (n) of rats per group.
¢ A significant difference is indicated when p<0.05.

In 1 week experiment, n=5

In 3 weeks experiment, n=8 in CON, n=10 in CAP
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Fig. 8
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Total uncoupling protein (UCP) of interscapular brown adipose tissue
(IBAT) in control (CON) and capsaicin-desensitized (CAP) rats eating
chow or a cafeteria diet for 1 week or 3 weeks.

* Significant effect of CAP-DES. UCP levei in CAP-DES rats is
significantly less than that of CON rats eating the same diet and studied
at the same time.

Values are means+*SEM for the number (n) of rats per group.
A significant difference is indicated when p<0.05.

In 1 week experiment, n=5

In 3 weeks experiment, n=8 in CON, n=10 in CAP
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GDP binding by mitochondria isolated from interscapular brown
adipose tissue (IBAT) in control (CON) and capsaicin desensitized
(CAP) rats eating chow or a cafeteria diet for 1 week or 3 weeks.

* Significant effect of CAP-DES. The level of GDP binding in CAP-
DES rats is significantly less than that of CON rats at 1 week (both
diets), but not at 3 weeks.

+ Significant effect of diet. GDP binding is significantly increased by
cafeteria diet in controls at 1 week and in both types of rat at 3 weeks.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p<0.05.

In 1 week experiment, n=5

In 3 weeks experiment, n=8 in CON, n=10in CAP.
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Fig. 10 Total T, 5'-deiodinase activity in interscapular brown adipose tissue

(IBAT) in control (CON) and capsaicin desensitized (CAP) rats eating
chow or a cafeteria diet for 1 week or 3 weeks.

* Significant effect of CAP-DES. The level of T, 5’-deiodinase activity
in IBAT of CAP-DES rats is significantly reduced in both diet groups
at 3 weeks, but not at 1 week.

Values are means*SEM for the number (n) of rats per group.
A significant difference is indicated when p<0.05.

In 1 week experiment, n=5

In 3 weeks experiment, n=8 in CON, n=10 in CAP.
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Concentration of UCP in mitochondria
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Concentration of UCP in mitochondria isolated from interscapular
brown adipose tissue (IBAT) in control (CON) and capsaicin-
desensitized (CAP) rats eating chow or a cafeteria diet for 3 weeks.

* Significant effect of CAP-DES,comparing animals eating the same
diet. There was too low a yield of mitochondria to measure
concentration of UCP in CAP-DES rats at 1 week.

Values are means+SEM for the number (n) ot rats per group.
A significant difference is indicated when p<0.05.
In 3 weeks experiment, n=8 in CON, n=10 in CAP.
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The level of serum T, in control (CON) and capsaicin-desensitized
(CAP) rats eating chow or a cafeteria diet for 1 week or 3 weeks.

* Significant effect of CAP-DES. T, level of in CAP-DES rats is
significantly lower than that of CON rats eating the same diet and
studied at three weeks.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p<0.05.

In 1 week experiment, n=9$

In 3 weeks experiment, n=8 in CON, n=10 in CAP



TABLE 4
FOOD INTAKE AND COMPOSITION OF CHOW AND CAFETERIA-FED
CONTROL. AND CAP-DES RATS

P A R e

m

CONTROL CAP-DES
I CHOW CAFE CHOW CAFE
Energy intake 101.6 151.0* 976 137.7*
keal/day £3.15 £4.39 £175 1494 J
Composition (%)
carbohydrate 59.8 385 598 376
£ 159 t1.62
fat 142 47.1* 142 484
+1.40 £ 1.56
protein 26 13.8 26 140
+0.17 1 0.29

There was no significant differcnce in total intake of carbohydratc and protein between chow and
cafeteria diet. But, the total fat intake was significantly increascd in cafcteria-fed rats.

Values are meanst SEM.
+ denotes a significant difference between chow and cafeteria dict.




diet. Fat intake incrcased, but because rats were hyperphagic, total carbohydrate and protein
intake remained unchanged. Energy intake in cafeteria-fed rats was increased by about 50%
due to the palatable food. Food intake of CAP-DES rats was similar to that of control rats,
whether they were eating chow or choosing from chow plus a cafeteria diet. CAP-DES rats
exhibited the same food selection as control rats, both choosing a high-fat diet.

Body weight of both CAP-DES and control rats were significantly increased by
cafeteria diet. They showed similar body weight gains (Table 3). Weight of epididymal white
adipose tissue was increased by the high fat diet in both CAP-DES and control rats at both
1 week and 3 weeks. Body temperature in both types of cafeteria-fed rats was increased at

3 weeks (Table 3).

Experiment 2: effect of cold

Similar to the results obtained in the first experiment, CAP-DES reduced total BAT
protein and UCP at 10-18 days after injections (Fig. 13 and 14). BAT wet weight was
smaller than that of control (Table 5). However, mitochondria! GDP binding (Fig.15) and
UCP concentration in mitochondria (Fig. 16) were normal.

After cold exposure, total protein (Fig. 13), mitochondrial GDP binding (Fig. 15) and
T, 5'-deiodinase artivity (Fig. 17) were increased within 1 day, the increase persisted at 7
days in the control rats. BAT of CAP-DES rats had a similar response to the cold, except
for a lack of increase in total protein at 1 day, but it was increased to the normal extent by
7 days (Fig. 13). There were no changes in UCP at 1 day (Figs. 14), but substantial increases

in UCP by 7 days in both control and CAP-DES rats. Concentration of mitochondrial UCP
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Fig. 13
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days in cold

Total protein in interscapular brown adipose tissue (IBAT) of control
and capsaicin-desensitized rats exposed to cold (4 °C) for 0, 1 and 7
days.

* Significant effect of CAP-DES. After exposure to cold 0 and 1 day
(not in 7 days), total protein content in BAT of CAP-DES rats is
significantly lower, compared with control rats exposured to the same
temperature.

+ Significant effect of cold. Total protein is significantly increased by
cold exposure.

Values are means+SEM for the number (n=6) of rats per group.
A significant difference is indicated when p<0.05.
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Fig. 14 Total uncoupling protein (UCP) in interscapular brown adipose tissue

(IBAT) of control and capsaicin-desensitized rats exposed to cold (4°C)
for 0, 1 and 7 days.

* Significant effect of CAP-DES, compared with control rats exposed
to the same temperature.

+ Significant effect of cold. UCP level is increased after exposure to
cold at 7 days in both groups of rats.

Values are means+ SEM for the number (n=6) of rats per group.
A significant difference is indicated when p<0.05.
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TABLE §
BODY AND TISSUE WEIGHTS, BODY TEMPERATURE, AND SERUM THYROID
HORMONE LEVELS OF CONTROL AND CAP-DES RATS EXPOSED TO COLD

CONTROL CAPSAICIN

0 1 7 0 1 7
(6) (6) (6) (6) (6) (6)

Body Weight, g 3442 | 3477 | 291.8 | 3437 | 3127 | 2847

Days at 4°C

(at start) £72 | 113 | 243 +9.9 5.2 +4.8
Body Weight - -6.3 | +23.7 - 52 | +210
Change in cold, g 1.7 | £33 +1.6 | =45

BAT Weight, mg 535.7 | 394.8* | 569.2 4225* | 2695t 1 554.5
+821 | %292 | £33.1 +46.7 | =282 | £45.6

WAT Weight, g 3.79 335 | 209 347 2.56% | 222
053 | +040 | £0.22 +024 | =0.17 | £0.12

Body 3717 376 1373 38.1 36.7* 374
‘Temperature °C +0,06 | %020 | =0.19 | £037 [ 031 | =028

Serum T ng/dl 43,0 60.7 | 46.5 332 57.5* 49,0
+587 | +6.80 | x4.23 +353 | 2426 | +£5.30
Serum T, ug/dl 9.11 10.07 9.77 5.74*
+1.06 | +043

* Significant effect of capsaicin-desensitization, comparing similarly-exposed rats

+ Significant effect of cold, comparing similarly-treated rats

-90-




800
700
600
500
400
300
200
100

pmolmg protein-1

Fig. 15

BAT MITOCHONDRIAL GDP BINDING
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GDP binding by mitochondria isolated from interscapular brown
adipose tissue (IBAT) of control and capsaicin-desensitized rats exposed
to cold (4 °C) for 0, 1 and 7 days.

+ Significant effect of cold. There are no significant effects of CAP-
DES, comparing rats studied at the same time and exposure to same
temperature.

Values are means+SEM for the number (n=6) of rats per group.
A significant difference is indicated when p<0.05.
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Concentration of UCP in mitochondria
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Fig. 16 Concentration of uncoupling protein (UCP) in mitochondria isolated

from interscapular brown adipose tissue (IBAT) of control and
capsaicin-desensitized rats exposed to cold (4 °C) for 0, 1 and 7 days.

+ Significant effect of cold. After cold exposure at 4 °C for 7 days, the
concentration of UCP is significantly increased when compared with
that of 0 day cold exposed rats.

Values are means*SEM for the number (n=6) of rats per group.
A significant difference is indicated when p<0.05.
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Total T, 5'-deiodinase activity in interscapular brown adipose tissue
(IBAT) of control and capsaicin-desensitized rats exposed to cold (4°C)
for 0, 1 and 7 days.

+ Significant effect of cold. UCP level is increased after exposure to
cold at 1 and 7 days in both groups of rats.

Values are means+SEM for the number (n=6) of rats per group.
A significant difference is indicated when p<0.05.



increased significantly only at 7 days (Fig. 16).

Both groups of rats lost body weight at 1 day and gained at 7 days after cold
exposure. White adipose tissue became smaller after cold exposure for 7 days (Table 5).
CAP-DES rats also were slightly hypothermic at 1 day cold exposure (Table 5), but returned
to normal by 7 days (Table 5). There was a transient increase in Ty level in both types of
rat, reaching statistical significance only in CAP-DES rats (Table 5). The concentration of

T, was decreased after 7 days in cold in both groups of rat (Table 5).

Exper 3. 11 : irenali

Resting (anaesthetized) oxygen consumption of CAP-DES rats was 11-12% lower
than that of control rats, whether expressed in terms of total body or of surface area (Fig,.
18, Table 6). The increase induced by infusion of noradrenaline was also smaller, amounting
to only 62% of that in control rats (Fig. 18). Colonic temperature of both types of rat
increased during the infusion of noradrenaline, to an extent that was similar in the two
groups of rats. However, interscapular BAT temperature rose to a much lesser extent in
CAP-DES rats than in control rats (Fig. 19). Indeed, in the CAP-DES rats the increase in
interscapular BAT temperature did not exceed the increase in colonic temperature whereas

in the control rats it greatly exceeded the increase in colonic temperature (Fig. 19).

Discussion:
The first experiment showed that BAT was atrophied in CAP-DES rats and did not

respond normally to diet. The atrophy of BAT was characterized by lower wet weight, a
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Fig. 18 Oxygen uptake of pentobarbital-anesthetized control and capsaicin-
desensitized rats before and after 20 minute of infusion of
norepinephrine.

The effect of norepinephrine (NE) is indicated by the stippled portions
of the bars. The rate of oxygen consumption during saline (SAL)
infusion was significantly less in CAP-DES rats, whether expressed as
the total uptake (4.80x0.06 versus 5.45+0, p < 0.001) or in terms of
body surface (1.32+0,012 versus 1.48+0.013 ml oxygen/100 cm’.min,
p < 0.001). Body surface was calculated from 7.5 x body weight (g) *
= 100 cm® body surface as before (Himms-Hagen, 1969).
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TABLE 6
BODY AND TISSUE WEIGHTS AND COLONIC TEMPERATURES OF
ANAESTHETIZED CONTROL AND CAP-DES RATS

CONTROL | CAP-DES P
(n) ) (8)
Body weight, g 339 330 N.S
+0.9 +3.8 f
Interscapular BAT 567 280 <0.02
weight, mg’ +79 +41
Colonic temperature °C 36.2 35.7 N.S
(at start of infusion)* +0.34 +0.12
Interscapular BAT temperature °C 34.7 34.6 N.S
(at start of infusion)’ +0.23 +0,10

* Weighed after the infusion of noradrenaline

+ These are the temperatures at the start of the infusion, The change during the infusion
is shown in Fig. 19.

-96-




Colon and IBAT temperatures
Effect of norepinephrine
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Fig. 19 Changes in colonic (COL) and interscapular brown adipose tissue

(IBAT) temperature during 20 minutes infusion of norepinephrine in
anesthetized control and capsaicin-desenstized rats.

Temperatures were recorded immediately before and after 20 min of
infusion of norepinephrine. The actual starting temperatures are in
Table 6. All changes are significantly different from zero. The increase
in IBAT temperature in significantly greater than the increase in
colonic temperature in control rats (P < 0.05) but not in CAP-DES
rats. The increase in IBAT temperature in CAP-DES rats is
significantly less than in ~2ntrol rats (P < 0.001) whereas the increase
in colonic temperature . not different from that in control rats.
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reduced total protein content and as little as 10% of the normal content of UCP. Since the
mitochondrial concentration of UCP was normal and the amount of mitochondria recovered
from BAT were very low, it seems that most mitochondria of BAT of CAP-DES have been
lost. The finding was entirely different from what was expected, suggesting the working
hypothesis was incorrect.

It is well known that capsaicin treatment can destroy a subpopulation of sensory
nerves in which the neuropeptides substance P (SP) and calcitonin gene-related peptide
(CGRP) occur. Both SP and CGRP normally play a mediator or transmitter role in the
function of the sensory nervous system. CGRP is aiso a potent vasadilator (Brain et al,,
1985). Sensory innervation of white adipose tissue (Fishman and Dark, 1987) lead to
prediction of sensory innervation of BAT. This prediction was confirmed by some
researchers (Himms-Hagen et al., 1989; Norman et al., 1988; Lever et al,, 1988). They found
BAT indeed has nerves containing SP and CGRP, characteristic of sensory nerves. Thus, the
results obtained in the present experiments could be explained by one of the following
possible reasons. First, after systemic administration of capsaicin, the neuropeptides SP and
CGRP are depleted from sensory nerves in BAT, which may result in loss of a trophic effect
on synthesis of UCP and of mitochondria or in disappearance of an inhibitory influence of
these neuropeptides on degradation of UCP and of mitochondria. This idea is supported by
the finding that CGRP is lost from nerves of BAT of CAP-DES rats (Himms-Hagen et al,,
1990). Second, the large amount of neuropeptides initially released after capsaicin treatment
may activate degradation of UCP. Third, capsaicin itself may exert a direct and destructive

effect on BAT that results in degradation of UCP. It has been reported that capsaicin does
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enter and accumulate in a variety of tissues after its systemic injection (Saria et al., 1982).
A fourth possibility is that the combined actions of norepinephrine and sensory
neuropeptides bring about the initial atrophy. It is known that capsaicin activates the
sympathetic nervous system (Watanabe et al, 1987), increases overall metabolic rate
(K:wada et al., 1986) and increases thermogenesis in BAT (Yoshida et al., 1988). Moreover,
noradrenaline increases the excitability of peripheral sensory nerves (Maggi and Meli, 1988).
Thus, BAT is likely to be subjected to stimulation by both noradrenaline and sensory
neuropeptides after administration of capsaicin. However, all these interpretations need
further studies. The atrophy of BAT produced by CAP-DES can not be attributed to the
depletion of noradrenaline from sympathetic nerves since noradrenaline content of BAT is
normal in CAP-DES rats (Himms-Hagen et al., 1990).

The trophic response of BAT to a cafeteria diet in CAP-DES rats was retarded, as
judged from reduction of total protein and total UCP (index of thermogenic capacity),
although a small diet-induced thermogenesis still occurred (increased in GDP binding).
However, there was no direct correlation between BAT function and body weight gain.
There were similar body growth rates in control rats and CAP-DES rats eating chow or
chow plus cafeteria diet. Food intake was normal in CAP-DES rats, which was consistent
with the finding by Castonguay and Bellinger (1987). Body fat in CAP-DES rats (as assessed
by the weight of white epididymal adipose tissue) did not accumulate more than in control
rats, even when these animals were fed highly palatable cafeteria food. This suggests that
the thermogenic function of BAT is not critical in energy balance of CAP-DES rats under

these conditions. Many studies have demonstrated that the reduced amount of UCP in BAT
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of some obese animals and reduced diet-induced thermogenesis in BAT are directly related
to a deficit in energy expenditure that contributes to the development of obesity (Himms-
Hagen, 1989). This was not the case for CAP-DES rats. Whether other categories of
thermogenesis take place to increase energy expenditure in compensation for the lack of
BAT thermogenesis under these conditions needs further investigation. For example, it is
possible that CAP-DES impaired both central and peripheral warmth receptor which would
lead to enhancement of obligatory thermogenic processes as well as some facultative
thermogenesis in other tissues. This complementary mechanism would contribute to the
normal energy balance in CAP-DES rats.

As expected, cold-induced nonshivering thermogenesis in BAT did occur in CAP-DES
rats in the second experiment. CAP-DES rats and control rats showed very similar responses
to cold. After cold exposure, a trophic response of BAT occurred, as assessed from increases
in total protein, in total UCP and T, 5’-deiodinase activity. It can be suggested that cold
receptors are innervated by sensory nerves that are not sensitive to capsaicin treatment.

The reduction in magnitude of the thermogenic response of the intact anaesthetized
CAP-DES rat to noradrenaline would be in keeping with a reduced capacity of BAT for
thermogenesis due to its low level of UCP. In the present study, the reduction of
thermogenic response to noradrenaline in CAP-DES rats was 38%. Comparing with the
results (Foster and Frydman, 1978) that derived from quantitative measurement of blood
flow through BAT of warm-acclimated rats (42% of the thermogenic response to
noradrenaline occurred in total BAT), only about 10% thermogenic capacity in BAT had

remained in CAP-DES rats. Since BAT thermogenesis contribute to only about 1% of the
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total resting metabolic rate in the unstimulated state (Foster and Frydman, 1978), the
significant reduction in resting metabolic rate of CAP-DES rats can not be attributed solely
10 loss of thermogenic capacity of BAT. Since concentrations of both T, and T, were
normal, it can also not be attributed to altered thyroid status.

The physiological implication of BAT atrophy in CAP-DES should be considered.
The lower capacity of BAT thermogenesis has been indicated by its lesser UCP content and
by the small thermogenic response to infused noradrenaline of intact CAP-DES rats,
However, these rats were able to maintain a normal body temperature during cold exposure.
In order to do so, CAP-DES rat could use shivering thermogenesis in muscle initially to
compensate for atrophied BAT. Then, BAT will be stimulated to grow by cold acclimation
and eventually nonshivering thermogenesis will occur normally in BAT.

In summary, the results of these three experiments show that, contrary to the
prediction based on the working hypothesis, BAT is atrophied in CAP-DES rats and does
not respond normally to diet. Function of BAT was, however, normal in the CAP-DES rat
after cold-exposure. Despite the atrophy of BAT and lack of response to diet, energy
balance of the CAP-DES rat appeared to be normal during the 1-3 week period studied.

Results suggest a role for neuropeptides of sensory nerves in control of BAT function.
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CHAPTER 6
EFFECT OF SYMPATHETIC DENERVATION ON THE GROWTH AND FUNCTION

OF BROWN ADIPOSE TISSUE OF CAPSAICIN-DESENSITIZI ) (CAP-DES) RATS

Background:

Thermogenesis in BAT in response to either cold exposure or overfeeding is evoked
by noradrenaline secreted from the sympathetic nerves which innervate this tissue (Himms-
Hagen, 1991). The interscapular BAT (IBAT) of the rat is the most studied BAT depot.
IBAT consists of two symmetrical pads, each of which receives five intercostal nerves as well
as a nerve which runs along the thoracodorsal blood vessels (Foster et al., 19824, b; Néchad,
1986). They arise from the middle and inferiur cervical ganglia and the first five thoracic
ganglia (Girardier and Seydoux, 1986). Many studies have shown that denervation of the pad
on one side does not alter the noradrenergic innervation of the contralateral pad, indicating
that there is no cross innervation between the two symmetrical pads (Foster et al., 1982 a,b;
Park and Himms-Hagen, 1988). This morphological separateness of the two symmetrical
pads allows the study in a single animal of denervated and innervated pads that are exposed
to identical circulating hormones.

The sympathetic nerves in BAT are generally thought to play the major role in
control of acute and chronic changes in thermogenesis. Activation of thermogenesis is
mediated by both 8 and «-adrenergic receptors located on brown adipocytes (Géloén et al.,
1988; Himms-Hagen, 1989). Surgical denervation of BAT produces an atrophy which is

associated with reduced total protein and UCP content (Desautels et al, 1986; Park and
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Himms-Hagen, 1988). However, denervated BAT still retains some capacity to grow in
response to chronic stimulation by cold (Park and Himms-Hagen, 1988). This means that
sympathetic innervation may not be the sole mediator of the trophic response of BAT.
Furthermore, the growth that occurs in response to cafeteria feeding of BAT is not
associated with an increase in T, 5’-deiodinase activity, which is totally dependent on the
sympathetic innervation (Park and Himms-Hagen, 1988). Also, it has been shown that
trophic changes in BAT induced by chronic administration of noradrenaline are usually
smaller than those due to cold-acclimation (Géloén et al., 1988). Thus, factors other than
noradrenaline could be involved in the control of the trophic response of BAT, particularly
in a cold environment.

In preliminary experiments, as described in the previous chapter, I demonstrated that
CAP-DES induces a marked atrophy of BAT in rats and prevents or retards the growth of
BAT that occurs in response to diet or to cold. It seems that neuropeptides of sensory
nerves of BAT play a trophic role in maintenance of BAT in a functional state. However,
whether the atrophy produced by capsaicin treatment is similar to that of surgically

denervated BAT is not known.

Objective:

The principal objectives of the present experiment were to find out whether sensory
neuropeptides play any role in response to cold after surgical denervation of sympathetic
nerves of BAT, namely, to find out whether BAT can grow in response to cold in the

absence of both its sympathetic neurotransmitter, -noradrenaline, and its sensory
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neurotransmitters, CGRP and SP.

Methods:

Male Sprague-Dawley rats arrived at 5 weeks of age and were housed in individual
plastic cages with 12 hours light cycle for 7 days. All rats had free access to water and chow
(Agway, RMH 4020).

After 1 week adaptation to this environment, rats were anaesthetized with halothane
and injected with either capsaicin or vehicle as described in chapter 3.5. 10 days later,
surgical operations were performed. All rats were anaesthetized with a mixture of halothane
and oxygen and interscapular BAT was denervated unilatei.!ly as described in chapter 3.17.

Rais recovered to normal within 1 day after the operation. Half of the vehicle
injected and half of the capsaicin injected rats were then maintained at 4°C. The other half
of the rats remained at 26°C. After exposure to either 4°C or 26°C for 12 days, rats were
killed by decapitation and their colonic temperature measured immediately. Interscapular
BAT was removed and cleaned. Then, interscapular BAT was separated into right and left
halves. Each half was processed separately and homogenized in 4ml of ice-cold isolation
medium. Samples of homogenate were removed, frozen in liquid nitrogen and stored at -
80°C for later assay of protein, UCP and T, §'D. Mitochondria were isolated as before and
likewise frozen for later assay of protein and UCP. Due to only half BAT being used and
very little mitochondria recovered from BAT of CAP-DES rats, GDP binding could not be
performed in this experiment, Assays of protein, UCP and T, 5’-deiodinase were done as

described before.




Results are expressed as means + SEM for the nun:ber of animals indicated. Statistical

analysis used was two-way ANOVA. A significant difference is indicated when p < 0.05.

Results:

At 26°C, body weight and temperature of CAP-DES rats were normal (Table 7). Cold
acclimation to 4°C for 12 days retarded body weight gain similarly in both CAP-DES and
control rats. Like control rats, CAP-DES rats were able to regulate their body temperature
at this time (Table 7).

Consistent with the previous experiment, wet weight of Lhe intact side of BAT of
CAP-DES rats was much less when compared with control rats in the warm environment
(Table 7). Total protein content (Fig. 20) and UCP (Fig. 21) of BAT were significantly
reduced by capsaicin treatment. In particular, the UCP, a key protein for BAT
thermogenesis, was dramatically decreased (Fig. 21). However, concentration of BAT
mitochondrial UCP (Fig. 22) was relatively normal, indicating that mitochondria were lost
as a whole after CAP-DES. As before, the total activity of T, 5’-deiodinase was normal (Fig.
23). After cold exposure for 12 days, wet weight of BAT in both CAP-DES and controls was
significantly increased two fold (Table 7). Total protein content, UCP and T, 5’-deiodinase
activity were likewise increased, as well as concentration of mitochondrial UCP. The
increases in CAP-DES rats were less than normal (Fig. 20-23).

In control rats at 26°C denervation did not alter wet weight of BAT (Table 7),
protein content of BAT (Fig. 20), UCP level in BAT (Fig. 21) or in BAT mitochondria (Fig.

22), or T, 5'-deiodinase activity in BAT (Fig. 23). As in the previous experiments (Chapter
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TABLE 7
BODY AND TISSUE WEIGHTS AND BODY TEMPERATURES IN
CONTROL AND CAP-DES RATS

CONTROL CAP-DES

WARM COLD WARM COLD

(26°C) @°0) (26°C) @°C)

| (N) 8 8 9 8

Body Weight (g) 381.8 350,1} 369.8 337.3¢
+9.6 +74 +4.3 +79

Body Temperature °C 373 37.6 37.6 382

+0.2 +0.3 +0.2 +0.1

BAT Weight (mg)

Intact side 2652 410.6¢ 181.5* 342 5t

154 154 +93 *234

Denervated side 266.9 202.9¢ 173.1* 162.6!
+20.2 +18.1 +17.1 +18

* Significant effect of capsaicin treatment, comparing tissue treated in the same way.
% Significant effect of cold, comparing similarly-treated rats.
t Significant effect of denervation, comparing tissues in the same animals.

(N) denotes the number of animals.

Note: There are two weights for BAT for each animal, one for the innervated side and one
for the denervated side.
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Fig. 20
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Protein content in half interscapular brown adipose tisssue (IBAT),
either innervated or denervated, of control vehicle-injected rats
(control) and of capsaicin-desensitized rats (capsaicin). Rats were
either at 26°C (warm) or had been at 4°C for 12 days (cold).

* Significant effect of capsaicin treatment. CAP induced a significant
decrease in protein content in innervated BAT in rats in the warm that
was not further altered by denervation (DEN). The level of protein in
DEN BAT of CAP-DES ras was significantly lower than that in DEN
BAT of control rats. In control rats, DEN did not signficantly alter
protein content.

+ Significant effect of cold. Cold induced a significant increase in
protein in innervated BAT in both control rats and CAP rats; the level
in CAP rats in the cold is siginificantly lower than that in control rats
in the cold. Cold did not significantly alter protein content of
denervated BAT in either control or CAP rats.

Values are means=SEM for the number (see Table 7) of rats per
group. A significant difference is indicated when p < 0.05.
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Total uncoupling protein (UCP) content in half interscapular brown
adipose tisssue (IBAT), either innervated or denervated, of ceatrol
vehicle-injected rats (control) and of capsaicin-desensitized rats

(capsaicin), Rats were either at 26°C (warm) or had been at 4 °C for
12 deys (Cold).

* Significant effect of capsaicin treatment. CAP induced a significani
decrease in UCP content of innervated and denervated BAT the level
was not further decreased by denervation (DEN). UCF in DEN BAT
of CAP rats was significantly less than that in DEN BAT of control

rats. DEN alone did not significantly alter UCP in BAT of control rats.
+ Significant effect of cold. Cold induced significant increases in UCP
in both control and CAP rats; the level in CAP rats in the cold was
significantly less than that in control rats in the cold. Cold did

not significantly alter UCP level in DEN BAT in both control and CAP
rats.

Values are means+SEM for the number (see Tabie 7) of rats per
group. A significant difference is indicated when p < 0.05.
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Concentration of uncoupling protein (UCP) in mitochondria isolated
from half interscapular brown adipose tisssue (IBAT), either innervated
or denervated, of control vehicle-injected rats (control) and of
capsaicin-desensitized rats (capsaicin). Rats were either at 26°C
(warm) or had been at 4°C for 12 days (Cold).

There is no significant effect of CAP on either innervated BAT or on
denervated BAT in rats in the warm.

+ Significant effect of cold. Cold induced a significant increase in
innervated BAT, but not in denervated BAT in both control and CAP
rats.

Values are means:=SEM for the number (see Table 6) of rats per
group. A significant difference is indicated when p < 0.05.
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Fig. 23 Total content of thyroxine (T,) 5’-deiodinase in half interscapular

brown adipose tisssue (IBAT), either innervated or denervated, of
control vehicle-injected rats (control) and of capsaicin-desensitized rats
(capsaicin). Rats were either at 26°C (warm) or had been at 4°C for
12 days (Cold).

+ Significant effect of cold. Cold induced a significant increase in T,
§'-deiodinase in innervated BAT in both control and CAP rats; the level
in cold-acclimated CAP rats is not significantly different from that in
cold-acclimated control rats.

Values are means+SEM for the number (see Table 6) of rats per
group. A significant difference is indicated when p < 0.05.
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5), the most dramatic effect of CAP-DES on BAT was the very marked reduction in total
UCP content, almost reaching to zero level (Fig. 21). However, denervation caused only
40% reduction in UCP of BAT of control rats, to a level which was not significantly
different from that of innervated BAT. No UCP was detectable in denervated BAT in CAP-
DES rats (Fig. 21).

In cold-exposed control rats, denervation markedly reduced the increases in BAT
total protein and UCP content, in concentration of mitochondrial UCP and in T, 5
deiodinase activity (Fig. 20-23). Similar to control rats, denervation resulted in reduction of
increased protein and UCP content of BAT in CAP-DES rats after cold exposure. The
concentration of UCP was not significantly altered by denervation in CAP-DES cold-
acclimated rats and the concentration was not significantly different from that in denervated
BAT of control cold-acclimated rats (Fig. 22). Denervation fully prevented the increase in

activity T, 5'-deiodinase in both control and CAP-DES rats (Fig. 23).

Discussion:

The previous studies (Chapter 5) demonstrated that CAP-DES caused atrophy of
BAT which was mainly characterized by a lower total protein and total UCP. The same
results were obtained in this experiment for the side of interscapular BAT with intact
innervation. It has been known for many years that atrophy of BAT usually occurs when
sympathetic tone in this tissue is absent or very low. The best studied example is the atrophy
that occurs after surgical denervation, The present experimental design provided conditions

that allowed atrophy produced by CAP-DES to be compared with the atrophy produced by
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surgical denervation. Comparison of the effect of denervation in control rats with the effect
of CAP-DES on intact BAT showed that the pattern of atrophy of BAT produced by CAP-
DES differed from the atrophy induced by surgical denervation in that the decrease in total
protein content was much greater and the depletion of UCP content much more profound.
This pattern was not further modified by surgical denervation of BAT in the CAP-DES rats.
'Thus, the atrophying effect of CAP-DES differs from that produced by surgical denervation.

An immunohistochemical study done at the same time demonstrated that CGRP was
absent in BAT after CAP-DES whereas noradrenaline content, measured by HPLC, was
normal (Himms-Hagen et al., 1990). It seems likely, therefore, that the effect of CAP-DES
can be attributed to loss of sensory neuropeptides, such as CGRP or SP whereas the effect
of surgical denervation is more likely to be due to removal of noradrenaline, beciause

immunoreactive CGRP still persists in denervated tissue (Himms-Hagen et al., 1990).
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CHAPTER 7
TIME-COURSE OF ATROPHY OF BROWN ADIPOSE TISSUE IN CAPSAICIN-

DESENSITIZED (CAP-DES) RATS

Background:

The previous studies (Chapters 5 and 6) have shown that CAP-DES produces atrophy
of BAT and reduction in responses to diet or cold (Cui et al., 1990; Himms-Hagen et al,,
1990). The atrophy of BAT is associated with a reduced content of total protein and total
mitochondrial UCP. However, the concentration of UCP in isolated mitochondria of BAT
in CAP-DES rats is the same as in control rats, indicating mitochondria were lost as a whole
during atrophy. The atrophy is not due to the lack of the sympathetic innervation to the
tissue since the noradrenaline content of BAT in CAP-DES is normal (Himms-Hagen et
al., 1999) and the pattern of atrophy differs from that produced by surgical denervation
(Chapter 6). As described in Chapters S and 6, CAP-DES rats are able to regulate
thermogenesis in a cold environment. After exposure (1 day) or acclimation (7 or 12 days)
to cold, thermogenesis of BAT in CAP-DES rat was increased and a trophic response
occurred. The trophic response was characterized by increased content of total protein and
UCP, mitochondrial concentration of UCP and activity of T, 5’-deiodinase. But the extent
of the increase in BAT in CAP-DES was smaller compared with control rats. In response
to infusion of noradrenaline intravenously, CAP-DES rats also had a smaller capacity to
increase metabolic rate consistent with the smaller size of their BAT (Chapter 5).

In the experiments described in Chapters S and 6, the function of BAT in CAP-DES
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rats was assessed from 11 to 28 days after the last injection. However, the rapidity of atrophy

that occurs in CAP-DES rats at shorter times after the injections is unknown.

Objectives:

The objective of this study was to assess the time-course of atrophy of BAT in CAP-
DES rats at shorter times after the desensitization procedurc, and to characterize more fully
the nature of the atrophy induced by the capsaicin desensitization. Also, to examine whether

the effect of capsaicin is specific for BAT or whether atrophy of other tissues also occurs.

Methods:

Male Sprague-Dawley rats were obtained from Charles River Laboratories at 5 weeks
of age. As described before, all rats were housed in individual plastic cages at 26°C with 12
hours light cycle. They had free access to food (Agway, RMH 4020) and water.

One week later, rats were anaesthetized with halothane and given 3 consecutive days
of capsaicin injections as described in chapter 3.5.

Two groups of rats were obtained and injected in June 1989 and studied 1, 3 or 14
days later. Two more groups of rats were injected in October 1989 and studied at 28 or 52
days later. Thus, function of BAT in CAP-DES rats was studied at 5 different time points.
Food intake and body weight were recorded once a week. The difference between initial
and final body weight is described as body weight gain.

Rats were killed by decapitation at 08:30-6%:00 hours. Colonic temperature was

measured immediately. Interscapular BAT was removed and placed in ice-cold isolation
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medium as before. White epididymal adipose tissue was removed and weighed. Organs
(liver, heart and kidneys) were also removed, weighed and frozen for later analysis. BAT
was cleaned of white adipose tissue and muscle, weighed and homogenized using a motor-
driven Teflon-glass homogenizer. Samples were frozen in liquid nitrogen and stored at -R0°C
for later assay of protein, DNA, UCP and cytochrome oxidase (COX). These assays were
performed as described as Chapter 3.

Statistical analyses used t-tests, comparing control and CAP-DES rats studied at the
same time. A significant difference is indicated when P < 0.05, The effect of time was not
analyzed because the different time points were obtained at different times of year using

different batches of rats.

Results:

The food intake of CAP-DES was decreased during the 3 days of injections and body
weight was lower when compared with that of control rats (data not shown) . Final body
weight (Fig. 24) and body weight gain (Fig. 25) of CAP-DES rats were significantly less than
vehicle-injected rats at 1 day, 3 days and 14 days. Gradual recovery of body weight and body
weight gain of CAP-DES started at 28 days and reached the normal range by 52 days, The
lower body weight was accompanied by a lesser epididymal adipose tissue weight (Fig. 26).
When the white fat weight was expressed per unit body weight, the white fat was significant
lower only at 3 days (Fig. 27).

As in previous studies, appearance of BAT of CAP-DES rats was pale and small and

weight of BAT was significantly lower at 1, 3 and 14 days, and normal by 52 days (Fig. 28).
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Body weights of control (CON) and capsaicin-desensitized (CAP) rats
at various times after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases body
weight at 1, 3 and 14 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

= 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Body weight gain of control (CON) and capsaicin-desensitized (CAP)
rats at various times after the last day of injection. Gain is calculated
from the weight before the first injection and the weight on the day
after the last day of injection indicated.

* Significant effect of CAP-DES. CAP-DES significantly decreases body
weight gain at 1, 3 and 14 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Fig. 26 Weight of white epididymal adipose tissue of control (CON) and
capsaicin-desensitized (CAP) rats at various times after the last day 6
injection.

* Significant effect of CAP-DES, CAP-DES significantly decreases
white fat weight at 1 and 3 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Weight of white epididymal adipose tissue expressed in terms of body
weight of control (CON) and capsaicin-desensitized (CAP) rats at
various times after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases
white fat weight only at 2 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Fig. 28 Weight of interscapular BAT of control (CON) and capsaicin-
desensitized (CAP) rats at various iimes after the last day of injecion

* Significant effect of CAP-DES. CAP-DES significantly decreases
weight of brown adipose tissue at 1, 3 and 14 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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In CAP-DES rats, there was very rapid loss from BAT of protein (Fig. 29), UCP (Fig. 30),
COX (Fig. 31) and DNA (Fig. 32). At 1 day, the total protein, UCP, COX and DNA were
reduced by about 30%, 90%, 85% and 17% respectively (Fig. 29-30). At 3 days, similar
patterns were obtained, except that large variability did not show a significant reduction in
UCP and COX content. However, at 14 days significant reductions in protein, UCP, COX
and DNA still persisted. By 28 days, all these reductions had recovered to normal, At 52
days, except for a decrease in total protein, all other functional indexes of BAT were similar
to those of control rats.

A small and transient loss of COX occurred in liver, heart and kidney at 3 days only
(Table 8). There was a temporary decrease in protein and DNA content in liver of CAP-
DES only at 3 days. All organs could grow with age, as judged from the increasing DNA,
protein content and organs weight. By 28 days, all measurements of three organs in CAP-

DES rats showed the same results as control rats.

Discussion:

In the previous studies (Chapter 5), atrophy of BAT had occurred by 11-14 days after
the three consecutive days of capsaicin injections and appeared to persist, to a variable
extent, for 23-28 days (Chapter 5 and 6). The present study shows that the most extensive
destruction of BAT mitochondria content occurred at 1 day as judged from the parallel
reductions in UCP and COX. As seen in Fig. 29 and 32 protein and DNA content were also
significantly decreased at this time. The reduction in DNA content indicated atrophy of BAT

is accompanied by cell loss and retarded growth of BAT. The lowest content of DNA was
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Fig. 29 Total protein in interscapular BAT of control (CON) and capsaicin-

desensitized (CAP) rats at various times after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases BAT
protein only at 1, 3, 14 and 52 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Total uncoupling protein (UCP) content of interscapular BAT of
control (CON) and capsaicin-desensitized (CAP) rats at various times
after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases UCP
in BAT only at 1 and 14 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Fig. 31 Total cytochrome oxidase (COX) content of interscapular BAT of

control (CON) and capsaicin-desensitized (CAP) rats at various times
after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases COX
content in BAT only at 1 and 14 days.

Values are means:SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at 3 days.
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Fig. 32
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DNA content of interscapular BAT of control (CON) and capsaicin-
desensitized (CAP) rats at various times after the last day of injection.

* Significant effect of CAP-DES. CAP-DES significantly decreases
DNA content in BAT only at 1, 3 and 14 days.

Values are means+SEM for the number (n) of rats per group.
A significant difference is indicated when p < 0.05.

n = 6 at 1, 14, 28 and 52 days.
n = 7 at > days.
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seen at 3 days. The functional capacity of BAT gradually recovers to normal by 28-52 days.
CAP-DES also affected mitochondria of the three major organs, liver, heart and kidney. But
the effect was much smaller and more transient, being apparent only at 3 days, compared
with the more profound and longer-lasting effects on BAT.

As explained in the previous chapter , dramatic loss of mitochondria from BAT of
the CAP-DES rat might be due to the removal of a trophic influence of sensory
neuropeptides on BAT, such as CGRP and SP. They might normally stimulate synthesis of
mitochondria in BAT or have an inhibitory influence on mitochondriolysis. The other
possibility is that the capsaicin itself can directly act on mitochondria or cell membrane of
BAT and destroy mitochondria and cells (Szolcsanyi et al., 1971; Marsh et al,, 1987; Holzer,
1991). This can be supported by loss of DNA content and mitochondria mass.

The recovery of BAT was slow, taking about 28-52 days. This might be due to the
slow regeneration of the sensory nerves and consequent restoration of the normal influence
of sensory neuropeptides. The slow recovery of BAT might also be due to compensation by
the trophic influence of the sympathetic nervous system for the missing influence of the
sensory nerves. BAT of CAP-DES rat has a normal noradrenaline content (Himms-Hagen
et al,, 1990) and a normal sympathetic nervous system activity which can be stimulated by
feeding of sucrose or exposure to cold and suppressed by fasting (J.B. Young, personal
communication). In fact, BAT of CAP-DES rats can indeed grow in response to the
increased sympathetic nervous system stimulation that occurs during cold-acclimation
(Chapter 5 and 6).

Atrophy of BAT has been associated with altered energy balance in many kinds of
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obese animal. Atrophy of BAT could cause a deficit in energy expenditure and contribute
to the development of obesity in these animals (Chapter 1). Thus, it can be speculated that
atrophy of BAT produced by CAP-DES should make the rats have a tendency to obesity.
However, results obtained from chapter 5 did not show any agreement with this hypothesis.
Even when a cafeteria diet was eaten by CAP-DES rats for 1 or 3 weeks, the increased
weight of white adipose tissue was similar to that of control rats. In the present experiments,
obesity did not appear by 52 days after injection. Instead, CAP-DES rats had normal body
weight and body weight gain. Their food intakes were also similar to those control rats. But,
we do not know whether longer term effect of CAP-DES or long term high fat diet feeding
would produce obesity in the CAP-DES animal. Further studies are needed.

In summary, rapid and extensive destruction of BAT mito~hondria occurs in CAP-
DES rats, the most marked state being seen at 1 day. The atrophy of BAT by CAP-DES was
accompanied by loss of cells. Therefore, it can be suggested that sensory nerves play a role
in control of metabolic capacity of BAT, especially in control of the thermogenic capacity
of its mitochondria and its growth, CAP-DES has relatively less effect on liver, heart and

kidney.
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CHAPTER 8§

ACUTE EFFECT OF CAPSAICIN INJECTION ON TEMPERATURE OF BAT

Background:

Capsaicin, the pungent principle in red pepper, induces a "hot” sensation and, in high
concentration, burning pain when applied to the skin or mucous membranes. The
consumption of certain spiced foods is well known to lead to a sensation of warmth.

Recently, in man, Henry and Emery (1985) have demonstrated that the consumption
of a spiced meal containing both chili and mustard sauces increased diet-induced
thermogenesis by 25% over a 3 hour period above the same meal without spice addition.
Dietary supplementation of capsaicin in high fat diets lowers the perirenal adipose tissue
weight and serum triglyceride concentration in rats (Kawada et al., 1986a) due to the
enhancement of energy metabolism (Kawada et al., 1986b). Intraperitoneal injection of
capsaicin stimulates oxygen consumption (Kawada et al, 1986b), probably by stimulating
release of adrenaline from the adrenal glands (Watanabe et al., 1987), since it was blocked
by B-adrenergic blocker (propranolol) (Kawada et al., 1986).

As mentioned before, BAT is the most important site of thermogenesis in cold-
adapted rats stimulated by noradrenaline {i’oster and Frydman, 1978) or by cold exposure
(Foster and Frydman, 1979). BAT is also the site of diet-induced thermogenesis in the rat
(Rothwell and Stock, 1979) although this view has recently been challenged by Ma et al.
(1988). Administration of capsaicin activates BAT function in rats (Yoshida et al., 1988). It

has been demonstrated that intramuscular injection of capsaicin increases significantly
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interscapular BAT temperature without affecting the rectal temperature and increases
significantly GDP binding and mitochondrial oxygen consumption in interscapular BAT
(Yoshida et al., 1988). Whether capsaicin-induced increase in temperature of BAT could

cause overheating and destruction of BAT is unknown.

Objective:
The objective of this experiment was to measure the temperature of BAT after
subcutaneous injection of capsaicin at the same initial dose as used in the capsaicin

desensitization procedure,

Methods:

Male Sprague-Dawley rats were obtained from Charles River Laboratories at 7 weeks
of age. They were housed in individual plastic cages with free access to chow and water,
Rats were divided into two groups and maintained at either 26°C or 4°C for 5 weeks. These
rats were not injected with capsaicin until the day of experiment. Rats at 4°C were
transferred to 26°C for one day before the measurement of their oxygen consumption, The
measurement of oxygen consumption after injection of capsaicin in anaesthetized rats was
the same as described as in Chapter 3.

In addition, intravenous infusion of CGRP was also performed to see whether BAT
and colonic temperatures could be changed. The CGRP dose used in this experiment was
10 pmol/100g. min which has shown to have a vasodilatation effect in the rat (Marshall et

al., 1987). After 40 minutes infusion with CGRP, noradrenaline was infused subsequently
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(0.5 pg/100 cm? min for 20 min.) for comparison.
p

Results:

There was a smail but reproducible and delayed increase in oxygen consumption after
capsaicin injection in pentobarbital-anaesthetized rats (Fig. 33). The response to the drug
started at 50-80 minutes after administration of capsaicin and terminated by 100 to 120
minutes. The increase in oxygen consumption was only 16.5£2.29% (n=6, P<0.001) and
preceded an increase in temperature of BAT. In 3 warm-acclimated rats the increase in
BAT temperature was 0.27+0.133°C and in 3 cold-acclimated rats the increase was
0.68+0.088°C. However, these same animals, subsequently in response to intravenous
infusion of noradrenaline, had a large increase in BAT temperature which was followed by

large increase in oxygen consumption. The increase in rectal temperature was much smaller.

Intravenous infusion of CGRP did not alter temperatures of BAT and colon (Fig. 34)
but, infusion of noradrenaline in the same rat significantly increased both BAT and colonic

temperature (Fig. 34).

Discussion:

It has been shown that capsaicin produces atrophy of BAT in the rat (Chapters 5, 6
and 7). With respect to the mechanism of BAT atrophy, several hypotheses were proposed.
One of them is that capsaicin itself could destroy BAT. Capsaicin might cause overheating

and consequent sclective activation of proteolysis since it can activate sympathetic nerves
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Fig. 33

Colonic and IBAT temperatures

anaesthetized cold-acclimated rat after capsaicin injection (12.5 mg/kg

5.C.).

A typical experiment is shown. In six <xperiments, the response to drug
by 100 to
120 min. There was no significant effect on colonic temperature and

started at 50-80 min after capsaicin injection and terminated

only a very small effect on BAT temperature.
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Change in colonic and interscapular BAT (IBAT) temperatures during

40 minutes intravenous infusion of CGRP and 20 minutes infusion of
noradenaline (NA) in anaesthetized cold-acclimated rat.

Infused CGRP: 19 pmol/100g.min,
NA: 0.5ug/100cm?min.

There was no significant change in colonic and IBAT temperatures

during intravenous infusion of CGRP for 40 min, but infusion of NA
resulted in large increase in both colonic and IBAT temperatures.
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and induce an acute effect on BAT thermogenesis (Yoshida et al., 1988; Kawada et al,,
1986). However, this hypothesis was not supported by the present results. There was a small
increase in oxygen consumption. This result agrees with findings of Kawada et al. (1986).
It can been seen that only a small increase in BAT temperature occurs after administration
of capsaicin. The dose used was the same as the dose used for the first injection in the
desensitization procedure. Thus, elevated BAT temperature by CAP-DES could not account
for the atrophy of BAT. Also, other studies have demonstrated that lateral hypothalamic
lesions induce a very high temperature of BAT but do not have any acute atrophying effect
on BAT (Park et al., 1988; Corbett et al., 1988).

Infusion with CGRP did not have any acute thermogenic effect on BAT in the
anaesthetized rats. If CGRP play a role in control of BAT thermogenesis, as suggested in
previous chapters, its mechanism of action on BAT must differ from that of noradenaline.
The activation of BAT thermogenesis by noradrenaline is largely mediated by activation of
adenylate cyclase (Bukowiecki, 1984). However, stimulation of adenylate cyclase by CGRP
in BAT has not been reported, although such an effect occurs in other cells (Haegerstrand
et al,, 1990; Mile et al.,, 1989). CGRP may promote other metabolic systems to stimulate
BAT function, not detectable by measurement of BAT temperature. CGRP increases
phosphoinositide turnover in skeletal muscle cell (Laufer and Changeux, 1989). And, the
activation of this transmembrane pathway can contribute to thermogenesis of BAT (Mohell
et al., 1984; Nanberg and Putney, 1986). Thus, it is possible that CGRP has some effect on

BAT by modulation of the phosphatidylinositol pathway.
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Chapter 9
Effect of chronic administration of calcitonin gene-related (CGRP) on brown adipose

tissue ir. CAP-DES rats.

Background:

The previous chapters have clearly demonstrated that BAT atrophied after capsaicin
desensitization. Atrophied BAT was not responsive to stimulation by cafeteria {eeding
(Chapter 5). The growth of BAT in response to cold was significantly decreased (Chapter
5 and 6). The time course studies (Chapter 7) have shown that functional impairment of
BAT in CAP-DES rats is rapid and lasts for a long time. These observations suggest that
neuropeptides of sensory nerves in BAT could be involved in maintenance of BAT in a
functional state and play a trophic role in control of BAT growth.

However, the mechanism of atrophy caused by capsaicin is unknown. Two proposals
should be considered in terms of the release of neuropeptides from sensory nerves. As
discussed in chapter 5, one is that the atrophy of BAT is induced by releasing large amounts
of neuropeptides that damage the tissue after capsaicin treatment, The other possibility is
that atrophy is induced by the absence of sensory neuropeptides after they have been
depleted by capsaicin. This experiment was designed to directly investigate the role of one

neuropeptide, CGRP, characteristic of sensory nerves, in BAT growth.

Objective:

To find out whether CGRP exerts a direct trophic irficerice on BAT in normal rats
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or improves the atrophy of BAT in CAP-DES rats.

Methods:

Male Sprague-Dawley rats were obtained from the same sources as previous studies.
They arrived at 5 weeks of age and were housed in individual plastic cages at 26°C with 12
hours light cycle. Laboratory chow and water were provided ad libitum.

. fter or:e week, rats received capsaicin or vehicle injections, as described in chapter
3.5. Three days later, all rats were implanted with a mini-osmotic pump with cannula
containing either CGRP or saline as control. The details of preparation were as described
in Chapter 3.

After exactly two weeks infusion with CGRP or saline, all rats were killed by
decapitation. The skin around the scapular area was opened and interscapular BAT was
carefully removed. Some mini pumps with cannula were displaced, with the cannula about
3.4 mm away from BAT. Both epididymal and retroperitoneal white adipose tissue were
cleaned and weighed. The preparation of BAT was the same as described before. Samples
of BAT homogenate and mitochondria were stored for the assays of protein, UCP, COX,
and DNA. These assays were performed as described as before. Food intake and body
weight were measured weekly.

Results are expressed as means SEM for the nuinber of animals per group (n=10).
Statistical analysis was used two-way ANOVA. A significant difference is indicated when p

< 0.05.
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Results:

As in previous experiments, body weights of CAP-DES rats were significantly lower
than those of control rats (Table 9). There was no difference in weight of white adipose
tissue between CAP-DES rats and control rats at this time (Table 9). The wet weight of
BAT was significantly reduced after capsaicin treatment (Table 9). Total protein content
(Fig. 35), concentration of mitochondrial UCP (Fig. 36) and COX (Fig. 37), total COX
content (Fig. 38) as well as DNA content (Fig. 40) were significantly decreased in CAP-DES
rats. Total UCP content was also decreased, but it did not reached significant level due to
large variation between control animals (Fig. 39)

Infusion of CGRP did not significantly alter BAT wet weight in either control or
CAP-DES rats (Table 9). The concentration of mitochondrial UCP of BAT in CAP-DES
rats was significantly increased by CGRP treatment (Fig.36). DNA content was also
significantly increased in both types of animals (Fig. 40). Total UCP content and COX
content as well as COX concentration in mitochondria were not altered by infusion of
CGRP (Fig. 37-39).

Body temperature of CAP-DES was normal. Food intake in CAP-DES rats was
similar to that of control rats. Infusion of CGRP did not change either body temperature

or food intake in both CAP-DES and control rats (Table 9).

Discussion:
As expected, CAP-DES produced atrophy of BAT which was associated with

reduction of total protein, UCP and COX although the low UCP was not significant in this
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TABLE 9

EFFECTS OF INFUSION OF CGRP IN VEH-TREATED

AND CAP-DES RATS

\

Control Capsaicin

Infusion Saline CGRP Saline CGRP
(n=10) (n=10) (n=10) (n=10)

Body Temperature °C 382 38.1 378 382
+0.13 +0.13 +0.21 +0.27

Body Weight (g) 346.7 348.2 333.2° 3333
+5.86 +3.63 +4.21 +4.69

BAT Weight (mg) 479.0 5219 345.8" 4417
+13.45 +24.56 +40.85 +29.52

WAT Weight (g)

epididymal 392 385 3.86 4.00

+0.21 =0.15 +0.51 +0.31

retroperitoneal 2.62 2.96 3.00 246

+0.20 +0.31 +0.77 +0.35

Food intake (g) 28.2 284 273 272
+0.57 +0.58 +0.67 +0.80

* Significant effect of capsaicin-desensitization
+ Significant effect of infusion with CGRP
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Fig. 35
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BAT protein content in vehicle-treated (CON) and capsaicin-
desensitized (CAP) rats infusion with either CGRP or saline.

* Significant effect of capsaicin treatment. CAP-DES induced a
significant decrease in protein content of BAT.

Values are mean+SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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Fig. 36
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Concentration of mitcchondrial UCP of BAT in vehicle-treated (CON)

and capsaicin-desensitized (CAP) rats infusion with either CGRP or
saline.

* Significant effect of capsaicin treatment. CAP-DES induced a
significant decrease in concentration of mitochondrial UCP.

+Significant effect of infusion with CGRP. Concentration of
mitochondria UCP was significantly increased after CGRP infusion
when comparing with rat infused with saline in CDP-DES rats,

Values are mean SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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Fig. 37
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Concentration of mitochondrial COX of BAT in vehicle-treated (CON)
and capsaicin-desensitized (CAP) rats infusion with either CGRP or
saline,

* Significant effect of capsaicin treatment. Capsaicin induced a
significant decrease in concentration of mitochondrial COX.

There is no significant effect of CGRP on either control or CAP-DES
rats.

Values are mean+ SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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Fig. 38
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BAT total COX content in vehicle treated (CON) and capsaicin-
desensitized (CAP) rats infusion with either CGRP or saline.

* Significant effect of capsaicin treatment. Capsaicin induced a
significant decrease in BAT total COX content.

There is no significant effect of CGRP on either control or CAP-DES
rats.

Values are mean+SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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Fig. 39 BAT total UCP content in vehicle-treated (CON) and capsaicin-
desensitized (CAP) rats infusion with either CGRP or saline. Capsaicin
induced a decrease in BAT UCP content althrough it is not reached
to significant level.

There is no effect of CGRP on BAT UCP content in either control or
CAP-DES rats.

Values are mean+SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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Fig. 40 DNA content of BAT in vehicle-treated (CON) and capsaicin-
desensitized (CAP) rats infusion with either CGRP or saline.

* Significant effect of capsaicin treatment. Capsaicin induced a
significant decrease ixt DNA content of BAT in CAP-DES rats.

+ Significant effect of infusion with CGRP. DNA content was
significantly increased after CGRP infusion when comparing with the
rat of infused with saline in both control and CAP-DES rats.

Values are mean+SEM for the number (n=10) of rats per group.
A significant difference is indicated when p < 0.05.
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experiment due to large variation among control rats. The concentrations of mitochondrial
UCP and COX were significantly decreased. This was different from previous findings. The
loss of certain component of mitochondria may be attributed to the different experimental
manipulations, Rats used for the present study were subjected to surgery after CAP-DES,
The stress of surgery and load of the filled pump on the body could further decrease
thermogenesis of BAT in animals that have been CAP-DES.

Infusion of CGRP on BAT significantly increased the concentration of mitochondrial
UCP in CAP-DES rats and the DNA content in both CAP-DES and control rats, suggesting
that CGRP does have a trophic influence on BAT. This trophic effect of CGRP could
involve DNA synthesis and cell proliferation. The finding agrees with observations of other
researchers that CGRP can stimulate proliferation of endothelial cells in culture
(Haegerstrand et al., 1990). Since whole BAT consists of many types of cells including
mature brown adipocyte, interstitial cells and preadipocytes as well as endothelial cells, the
type of cell stimulated to grow by CGRP in the present study is not clear. Quantitative
histological studies would be needed. Based on distribution and function of CGRP,
endothelial cells could be the ones to grow, which could contribute to proliferation of BAT
vasculature during thermogenesis. It is known that CGRP is distributed in nerve endings
associated with the smooth muscle of blood vessels and that it can regulate local blood flow
(Rosenfeld et al., 1983; Brain et al., 1985). The other finding that also supports that other
types of cells in BAT, like mature brown adipocytes, did not proliferate was that total
content of protein, UCP and COX were not changed by the CGRP infusion. Whether an

extended period of CGRP infusion could increase these components in BAT is unknown.
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‘The CGRP-induced increase in concentration 0. UCP in mitochondria of CAP-DES rats,
but not control rats, suggests a role for this neuropeptide in control of mitochondnal
capacity in mature brown adipocytes.

It should be noted that results obtained from present study are preliminary. The
experiment involved a new technique to insert mini-osmotic pump with cannula directed
towards the interscapular BAT. The pump can deliver endogenous substrate continuously
and maintain the presence of CGRP in BAT at high levels. However, as mentioned earlier,
some pumps with cannula were displaced from interscapular BAT after two weeks infusion.
In this case, some rats actually received less direct infusion with CGRP, which could affect
the results. Thus, the effect of chronic infusion with CGRP should be more clear after the
experiment is repeated.

Nevertheless, it can be concluded that CGRP can stimulate growth of BAT in both

normal and CAP-DES rats.
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CHAPTER 10
EFFECT OF ATROPHY OF BAT ON ENERGY BALANCE OF CAPSAICIN-

DESENSITIZED (CAP-DES) RATS.

Background:

The studies described in Chapters 5-7 showed that the mzjor ciiect of CAP-DES on
BAT was atrophy. The atrophy occurred rapidly and persisted for up 10 28 days. Another
interesting observation from these studies is that the atrophy of BAT was not associated with
obesity. CAP-DES ra’s had normal or less than normal body weight gain and body fat.
When fed a palatable high fat "caicteria” diet for 1 -, 3 weeks, starting one we=k after
injections, CAP-DES rats did not become any more obesc than did control rats (Chapier
5). In the time course study, CAP-DES did not show greater tendency to obesity by 52 days
(Chapter 7). These finding were not expected, since atrophy of EAT usually is associated
with reduced energy expenditure and a high metabolic efficiency that contributes to obesity
(se¢ Chapter 1, Introduction).

It is possible, however, that CAP-DES rats might be more susceptible to diet-induced
obesity, such as that seen in rats fed a high-fat diet for long period. or to aging-induced
obesity. Further studies, therefore, were done to study the long-term rusceptibility of CAP-
DES rats to obesity. The diet chosen to induce obesity was a high-fat lard-based diet which
we kiiew already would promote growth of BAT as we!l as induce obesity in normal rats

(Harper et al., 1991).
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Objectives:

The objectives of these experiraents were to study the long-term effect of a high fat
diet on BAT thermogenesis and body fat in CAP-DES rats and the long-term effects of
capsaicin-desensitization on body weight and composition in rats eating chow and develeping
aging-induced obesity.

in part 1, rats were fed a high fat diet “r 10 weeks, and then BAT was studied. In

part II, rats were studied at 14 and 32 weeks after the injections.

Methads:

Male Sprague-Dawley rats were obtained from Charles River laboratories at 5 weeks
of age. They weic maintained in wire-mesh cages individually at 26°C with 12 hours light
cycle. All rats had free access to food (Agway Chow RMH 4020) and water.

At 6 weeks of age, ats were anaesthetized with halothane and injected with capsaicin
or vehicle as described in Chapter 3. All rats were injected within a one-week period in
1990.

In part 1, groups of CAP-injected and VEH-injected rats were divided into two sub-
groups. One sub-group of each type was fed high fat diet and chow. The other sub-group
was fed laboratory chow only. Food intake and body weight were measured weekly. Body
composition was measured frequently by total body electrical conductivity (TOBEC) with
a model SA-1 body composition analyzer (EM-SCAN™) as described in Chapter 3. After
10 weeks, all rats were killed and their body temperatures were measured. Epididymal plus

retroperitoneal white adipose tissue (WAT) pads were weighed, then returned to the
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carcass. Interscapular BAT was cleaned of adhering muscle and white adipose tissue and
weighed. BAT was homogenized and samples were kept for later protein, UCP, COX and
DNA measurement, Methods used were as described in Chapter 3. For the carcass analysis,
whole body, excluding BAT, tail, paws and skin, were homogenized and lipid extracted as
described in Chapter 3.

In part II, groups of rats were studied at 14 and 32 weeks following the injections.
Rats were killed and samples were prepared as before. For body composition analysis
procedure both TOBEC and carcass analysis were used. Carcass analysis did not include
three organs (liver, heart and kidney) which were used for later assays.

For measurement of naso-anal length {(done only for the rats studied at 32 weeks),
rats were anaesthetized with sodium pentobarbital (35 mg/kg sc) and naso-anal lengths were
measured. The results were used to calculate the Lee index of obesity using the body weight
of the rat at this same time,

Measurement of resting oxygen consumption was done at 30 weeks for the group of
rats studied at 32 weeks. Rats were placed in a cylindrical insulated metabolic chamber and
their oxygen uptake at 28 °C measured as described in Chapter 3.19. All measurements were
made between 0900 and 1300h. Rats had access to food until the time of the measurement.
Usually, 2 rats were studied per day. Each rat took about 2 hours to become accustomed
to the measurement conditions (45-60 min) and have a steady state of oxygen consumption
(60 min). Results are expressed in terms of total body weight, per 100g of body weight, per
100 cm?® of body surface (12.5 x body weight % (Lee, 1929)), in terms of metabolic mass (kg

075) and in terms of fat-free mass. Fat free mass was calculated for these rats studied at 30
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weeks from the % body fat found by carcass analysis in the same rats at 32 weeks.

It should be noted that some results are described in bo*h part I and II of these
experiments in order to describe the effect of CAP-DES cver a longer period, namely from
10 weeks to 32 weeks after injections.

Data are presented as means*SEM. Statistical analysis used t-tests and differences

were considered to be statistically significant when p < 0.05.

Results:

Chow-fed CAP-DES rats showed a similar growth rate to chow-fed control rats for
most of the time (Fig. 41), while the CAP-DES rats eating a high fat diet gained less body
weight when compared with control rats eating the same diet. The difference became larger
with time (Fig. 41). Energy intakes of high fat fed rats in either CAP-DES or control groups
were the same as in similar groups of rats eating chow (Table 10). Body weights were
greater in the high fat fed rats compared with chow-fed rats of the same type (Table 10).
Body weight gain in CAP-DES rats eating the high fat diet was significantly lower, compared
with control rats eating the same diet (Table 10). The high-fat diet increased body fat
accumulation (Table 11) which was assessed in three different ways: by carcass analysis, by
TOBEC, and by weighing the two major white adipose tissue (WAT) depots (epididymal
and retroperitoneal). As expected, all rats eating high fat diet had much more body fat than
rats eating chow. Consistent with body weight gain, CAP-DES rats eating high fat diet had

less body fat (measured by WAT weight) than that of control rats. The percentage of body
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Growth of control rats eating chow or a high-fat (lard-based) diet (top).

Growth of CAP-DES rats eating chow or a high-fat (lard-based) diet
(bottom).

Numbers of rats and other data are in Tables 10-11.
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Table 10. Energy intakes and body weights of control and CAP-DES rats
eating chow or a high-fat diet for 10 weeks

Body weights, g
Initial

Final

Change

Body temperature
°C

240.2
+2.4

5109
+7.1

270.7
+64

38.1
£0.23

2427
+3.6

599.0*
+10.7

356.3*
+10.3

380
*0.19

242.9
+28

515.6
+8.1

277.3
+9.7

38.0
£0.21

+ Significant effect of fat diet, comparing similarly-treated rats
* Significant effect of CAP-DES, comparing rats eating the same diet
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Treatment Control CAP-DES
Diet Chow Fat Chow Fat
Number (10) (12) (14) (11)
Energy intake 85.5 89.2 86.0 85.1
kcal day +1.80 *2.92 +1.83 +1.97

238.8
2.1

552.6**
*11.0

3134**
+10.2

38.1
+0.22




Table 11. Body composition of control and CAP-DES rats
eating chow or a high-fat diet for 10 weeks

Treatment Control CAP-DES
Diet Chow Fat Chow Fat
Number (10) (12) (14) (11)
Carcass analysis
Fat, g 41.1 120.5* 49.0 103.8*
+2.89 +12.6 +3.00 596
Fat, % 8.1 21.9¢ 9.5 18.7**
+0.56 +0.86 +0.52 +0.77
WAT weight, g 189 50.9* 20.3 42.8**
+0.83 +2.34 +145 +298
TOBEC
Fat,g 539 117.9* 62.9 107.6*
+6.61 +7,50 +5.15 *+3.31
Fat, % 10.5 19.5* 123 19.4*
+1.28 +1.10 +1.04 (.55
LEM, g 457.9 481.5 449.9 446.4°
+8.7/ +8.20 +991 +9,69
i LEM, % 89.5 80.5* 87.6 80.6*
: +1.28 +1.09 +1.04 +0.55

L pa o

] + Significant effect of fat diet, comparing similarly-treated rats
* Significant effect of CAP-DES, comparing rats eating the same diet
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fat in CAP-DES rats eating the high fat diet as assessed by carcass analysis, was less than
that of control rats (Table 11). Chow-fed CAP-DES rats weighed the same as chow-fed
control rats (Table 10) and also had a normal proportion of body fat (Table 11).

BAT weight in CAP-DES rats eating chow was normal, but the protein content was
Jower than in control rats. UCP and COX contents were not significantly lower than in
control rats (Table 12). The high-fat diet induced significant increases in BAT weight,
protein and UCP content in control rats but had no effect on BAT of CAP-DES rats, except
for an increase in wet weight (Table 12). The UCP content in BAT of CAP-DES rats eating
the high-fat diet was much less than in control rats; it was only 50% of UCP in BAT of
control raws eating the same diet (Table 12).

Three methods for assessment of body fat were compared in present experiment.
TOBEC is a recently developed non-invasive technique to estimate lean and fat content of
small rodents. The principle of the technique is based on the widely differing electrical
conductivities of lean tissue and body fat. The advantage of the method is its non-invasive
assessment so that it can be used to follow changes in body composition in the course of
long-term feeding experiments. However, this technique requires very strict conditions of
performance such as position of animal and time of measurement. Thus, there is a limitation
in the number of animals studied per day. Also, accuracy of measurement was not high.
TOBEC gave a value 30% higher than that obtained by carcass analysis for chow-fed rats
but the same mean value for rats eating the high-fat diet (Table 11). Fig. 42 shows
correlation of body fat assessed by carcass analysis with body fat assessed by TOBEC. The

correlation coefficient was r=0.8786. It was better when only control rats were used for the
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Table 12. BAT of contrcl and CAP-DES rats

Treatment Control
Diet Chow Fat

_Number | __(0) (2 | __
BAT weight, g

Protein, mg

UCP, ug

COX, pmol min

+ Significant effect of fat diet, comparing similarly-treated rats
* Significant effect of CAP-DES, comparing rats eating the same diet
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Fig. 42 Correlation of body fat as assessed by carcass analysis with body fat,

as assessed by TOBEC. Symbols used are the same as in Fig. 41.
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calculation (r=0.9192) than when all rats were included (r=0.879). Carcass analysis, of
course, provides the highest accuracy. However, this method involves many laborious
procedures and is very time consuming. The best way to estimate body fat is to weigh WAT
depots. As shown in Fig. 43, there is very good correlation of body fat as assessed by carcass
analysis with body fat as assessed by weighing two major WAT depots (r=0.9509). This

method is much less expensive, easy to do, and provides a useful index of obesity.

Body weights of CAP-DES rats eating chow were the same as those of control rats
at 10 weeks but significantly less by 14 weeks, and more obviously decreased by 32 weeks
(Table 13). The lower body weight resulted from lower body fat and small body size (lower
naso-anal length). Weights of both epididymal and retroperitoneal white adipose tissue
depots were significantly decreased at 14 and 32 weeks (Fig. 44 and 45). Body fat content
estimated by carcass analysis was similarly reduced at 32 weeks, both in absolute amount
(Fig. 46) and when expressed as % body weight (Fig. 47). Body fat content was not changed
at the earlier time of 10 weeks (Fig. 46 and 47). Lee index of obesity was, however, not
significantly different from that of control rats (Table 13), possibly because this measure is
not sensitive enough to detect the small difference of obesity in these animals. The food
intake was normal in CAP-DES rats over 10 weeks, but significantly less over 14 and 32
weeks (Table 13), which was consistent with the lower body weights. CAP-DES can regulate
body temperature normally, since no difference of body temperature between CAP-DES and

control rat were detected (Table 13).

-158-




Fig. 43
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Fig. 44 Weight of epididymal white adipose tissue depots in vehicle-treated and
capsaicin-desensitized rats studied at 10, 14 or 32 weeks after

injections.
* denotes a significant difference between values for vehicle-treated and

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Weight of retroperitoneal white adipose tissue depots in vehicle-treated
and capsaicin-desensitized rats.

* denotes a significant difference between values for vehicl-treated and
capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Body fat content
Long-term effect of CAP-DES
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Fig. 46 Body fat content of vehicle-treated and capsaicin-desensitized rats.

Body fat was cstimated by carcass analysis. Measurement was not
made for rats siudied at 14 weeks.

* denotes a significant difference between values for vehicle-treated and
capsaicin-desensitized rats studied at the same time. ~umbers of rats
per group are in Table 10 and 11.
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Body fat content as % of body weight in vehicle-treated and capsaicin-
desensitized rats. Body fat was estimated by carcass analysis.
Measurement was not mae for rats studied at 14 weeks.

* denotes a significant difference hetween values for vehicle-treated and

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Table 13:  Characteristics of body size and temperature and food intake of vehicle-

treated and CAP-DES rats at 10, 14 or 32 weeks after the last injection.

10 weeks 14 weeks 32 weeks

Vehicle CAP- Vehicle CAP- Vehicle CAP-
DES DES DES

(1) (4 2 (12) (6) (6)

Body grams 511 515 599 536 * 765 622 *
weight +7.1 =8.1 +174 +9.9 +19.4 +21.9
Naso-anal cm 27.1 259 ¢
length +0.17 +0.38
Lee index 338.6 329.8
+2.80 *+6.78
Colonic °C 38.1 38.0 378 38.0 37.6 37.6
T +023 +021 *0.12 +0.14 +0.23 +0.41

Food g/day! 250 25.1 30.0 266°* 309 259 *
intake +053 =054 +087  £039 087  *0.66

Significant effect of capsaicin-desensitization, comparing rats studied at the same
time

t Mean of averages of weekly one-day measurements, corrected for spillage, calculated
for each rat for the number of weeks indicated and for the number of rats in each

group indicated by the numbers in parentheses.

-164-




Weight of BAT in CAP-DES rats was normal at 10 week but low at 14 weeks, and
significantly decreased at 32 weeks (Fig. 48). Total protein content of BAT of CAP-DES rats
was lower than normal at all times studied (Fig. 49). Total UCP and COX content were
significantly decreased about 709 at both 14 and 32 weeks (Fig. 50 and 51). DNA content
was likewise reduced significantly at 32 weeks (Fig. 52). Thus, CAP-DES either produced
progressive atrophy or prevented growth of BAT during the period between 10 weeks and
32 weeks.

As in the time course study of BAT atrophy (Chapter 7), three major organs were
analyzed. Their weight and protein, DNA and COX content were estimated. The results
from these measurement provided more information to further characterize the altered body
composition of the CAP-DES animals at the later time. Liver weight and DNA content were
reduced significantly in CAP-DES rats at 32 weeks but were normal when calculated in
terms of the smaller body size (Table 14). Heart and kidney weight were normal but greater
when expressed in terms of the reduced body size, as was heart protein content. Other
measures did not show any differences in the CAP-DES rats, regardless of the way in which
they were expressed.

In order to examine whether the lower body weight of CAP-DES was related to
increased energy expenditure, resting metabolic rates of unrestrained, conscious rats were
measured 30 weeks after injections. The total oxygen consumption of CAP-DES rats was
significantly decreased by 18.7% when compared with that of control rats (Table 15).
However, when expressed in terms of body weight, of body surface (in cm?), of metabolic

mass (kg ®), or of fat-free mass, oxygen consumption in the CAP-DES rats was not
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Weight of BAT
Long-term effect of CAP-DES

10 weeks 14 weeks 32 weeks

[ vehicle

Weight of interscapular BAT in vehicle-treated and capsaicin-
desensitized rats.

* denotes a significant difference between values for vehicle-treated and

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Total protein in BAT
Long-term effect of CAP-DES
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Fig. 49 Total protein content of interscapular BAT in vehicle-treated and
capsaicin-desensitized rats. Protein was measured by a modified Lowry
method.

* denotes a significant difference between values for vehicle-treated and
capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Total UCP in BAT
Long-term effect of CAP-DES
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Fig. 50 Total content of uncoupling protein (UCP) in interscapular BAT of

vehicle-treated and capsaicin-desensitized rats, UCP was measured in
homogenates by a solid-phase radioimmunoassay using rabbit anti-
hamster UCP antiserum and pure rat UCP as a standard.

* denotes a significant difference between values {ur vehicle-treated and
gni

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Total COX in BAT
Long-term effect of CAP-DES
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Total content of cytochrome oxidase (COX) in interscapular BAT of
vehicle-treated and capsaicin-desensitized rats. Cytochrome oxidase was
measured in homogenates by a spectrophotometric method.

* denotes a significant difference between values for vehicle-treated and

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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Total DNA in BAT
Long-term effect of CAP-DES
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wiissar Capaﬂicm

Total DNA in interscapular BAT of vehicle-treated and capsaicin-
desensitized rats. DNA was measured by a fluorometric method.

* denotes a significant difference between values for vehicle-treated and

capsaicin-desensitized rats studied at the same time. Numbers of rats
per group are in Table 10 and 11.
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TABLE 14

LIVER, HEART AND KIDNEY OF VEHICLE-TREATED

AND CAP-DES RATS
14 weeks 32 weeks II
VEHICLE CAP-DES VEHICLE CAP-DES
(12) {12) (6) (68)
Body Weight g 599 536 * 7656 622
+17.4 9.9 +19 +22
LIVER
WEIGHT g 20.3 18.6 235 19.8 *
0,69 +0.51 +1.17 +0.91
g/100g BW 3.39 3.48 3.07 3.18
+0.054 +0.0562 +0.12 +0.07
PROTEIN g 8.0 7.22 7.93 7.14
+0,301 +0.263 +0.386 +0.317
g/100g BW 134 1.35 1.04 1.16
0,048 +0.047 +0.060 +0.043
DNA mg 76.3 78.8 74.4 658.6*
+4.99 +4.11 +2,07 +4.45
mg/100g BW 12.6 14.7 9.8 9.5
+0.60 +0.70 +0.44 20.72
COX mmoVmin 14.8 8.7 11.2 12.8
+2.64 +1.86 +1.86 +1.71
mmol/100g BW 2.50 1.64 1.47 2.08
+0.46 +0.36 +0.225 +0.314
HEART
WEIGHT g 1.28 121 1.44 1.30
+0.030 +0.026 +0.06 £0.05
g/100g BW 0.22 0.23 0.19 021 *
+0.004 +0,01 +0.01 +0.00
PROTEIN mg 270 247 b36 571
+1€ 9 +20.1 +9.6 +36.6
mg/100g BW 45.3 46.1 70.3 914 *
+2.52 +3.56 +1.43 +3.80
DNA mg 417 4.00 3.3 3.1
+0.10 +0.10 +0.18 0.1«
mg/100g BW 0.70 0.75 0.49
+0.03 +0.03 +0.01
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TABLE 14 (COND)
LIVER, HEART AND KIDNEY OF VEHICLE-TREATED

AND CAP-DES RATS
14 weeks 32 weeks
VEHICLE CAY-DES VEHICLE CAP-DES
(12) (12) ()] ()
COX pmol/min 1043 1096 1106 1142
+137.6 +165.8 +234.5 +321.9
pmol/100g BW 173 201 142 186
+21.9 +28.3 +27.0 +52.9
KIDNEY
WEIGHT g 3.46 3.20 3.68 3.41
+0.103 +0.078 +0.16 =0.16
g/100g BW 0.58 0.60 0.48 0.66*
+0.007 +0.012 +0,02 +0.01
PROTEIN mg 907 873 1052 933
+4.6.5 +31.0 +43.8 +38.2
mg/100g BW 150.6 163.1 137.9 150.4
+4.66 +5.39 +6.26 +6.62
DNA mg 22,5 23.6 15.6 14.6
+3.77 +1.76 +0,92 +0.80
mg/100g BW 3.67 4.36 2.03 2.32
+0.63 +0.26 20,12 +0.08
COX pmol/min 1515 1997 2074 1766
+360.3 +381.0 +479.4 +77.8
pmiol/100g BW 2556 367 273 286
+62.2 +66.8

* Significant difference betwesn vehicle-treated and capsaiciin-densensitized rats studied at the same
time.
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Table 15: Resting oxygen consumption of vehicle-treated and CA: DES rats studied at

30 weeks
Vehicle CAP-DES
(6) (6)
Body weight, grams 769 624 *
+184 +21.4
Body surface, cm® 675 596 *
+9.5 +12.3
Oxygen consumption
ml . min’ 8.84 7.19 *
+0.521 +0.285
ml/100 g . min™ 1.15 1.16
*0.042 +0.029
ml/100 ¢m? . min™ 131 1.21
=0.059 =0.031
ml/kg®™ . min* 1074 1024
+0.451 +0.256
mi/100 g fat free mass . min’! 1.42 135
+0.063 +0.040

* Significant effect of capsaicin-desensitization
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significantly different from that of the control rats (Table 15). Thus, resting metabolic rate

was normal for the reduced body size of the CAP-DES rats.

Discussion:

Because BAT is involved in the reguiation of energy balance and is known to be
atrophied in obese animals, it might have been expected that CAP-DES rats with atrophied
BAT and impaired control of BAT function in relation to diet would be more susceptible
to obesity than rats with a normally functioning BAT. To test this hypothesis, CAP-DES rats
were fed a high fat diet for 10 weeks to study the rate at which they become obese.
However, it was surprising to find that CAP-DES rats eating a high fat diet had a lower
body weight and a smaller proportion of body fat. Growih curves did not show any tendency
to obesity in CAP-DES rats. Retardation of BAT growth occurred and the major functional
protein UCP in BAT of CAP-DES rats eating high fat diet was decreased 50% (Table 12).
When UCP level in BAT of CAP-DES rats eating the high-fat diet is compared with that
of CAP-DES rats cating chow, it is not significantly increased (Table 12) indicating that
CAP-DES rats completely failed to respond to a high fat diet by growing more BAT. The
high fat diet used in the present study was lard-based and has an effective action in norinal
Sprague-Dawley rats, both in promoting growth and thermogenic activation of BAT
(increasing GDP binding) and in inducing obesity (Harper et al,, 1991), as also seen in the
present experiment.

In the physiological condition, there are age-related morphological and functional

modifications in BAT (Sbarbati et al., 1991). The volume of the unilocular and connective
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components increases with age. The volume of the muitilocular component increases up to
24 weeks of age, and reduces thereafter (Sbarbati et al,, 1991). This study implies that
functional capacity of BAT is decreased with age, in association with aging-induced obesity.
In the long-term study of the effect of capsaicin desensitization on rats, results were contrary
to the hypothesis that atrophy of BAT would enhance aging-associated obesity. There was
a lower body weight at 14 and 32 weeks, being more pronounced at the latter time at which
body weight of CAP-DES was about 19% less than control rats function of BAT. The lower
body weight was associated with less body fat and smaller body size. Carcass analysis showed
that the CAP-DES rats at 32 weeks only contained 14.29 fat which was 25% lower than
controls, This difference in fat content accounts for 46% of the Jifference in body weight.
Other organs such as liver were also involved in the reduction of body weight in CAP-DES
rats. The weight and cellularity of the liver were significantly decreased.

Function of BAT in this long-term study, as seen in the previous chapters, was
seriously impeded by CAP-DES. By 32 weeks, all measures of BAT size (weight and
protein), mitochondrial mass, thermogenic capacity (UCP and COX content) and cellularity
(DNA content) were markedly lower than normal. The atrophied state of BAT might be
expected to be associated with reduced energy expenditure in the CAP-DES rat. Although
total oxygen consumption measured was less in the smaller CAP-DES rat, when expressed
in terms of body mass, surface, or in a body mass independent fashion, the rate of oxygen
consumption was normal in these animals. Thermoregulation in the long-term CAP-DES rat
was still normal. Their lower energy intake is compatible with their smaller body weights.

These findings do not explain why CAP-DES maintain a small body size and low body fat
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content with age despite the atrophy of their BAT.

In summary, atrophied state of BAT and lack of response to diet, as seen in CAP-
DES rats, does not in itself lead to any greater propensity to obesity. Indeed, older CAP-
DES rats do not appear *o develop the usual obesity that occurs with aging. Further studies
are needed to see whether they do eventually become obese at a later age. A far-ranging
long-term effect of CAP-DES on energy balance occurs that is not explained by the findings

50 far.
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CHAPTER 11

GENERAL DISCUSSION AND CONCLUSIONS

General Discussion

The original objective of the work described in this thesis and started in 1987 was to
study the neural control of diet-induced thermogenesis in BAT, believed at that time to be
controlled solely by the sympathetic nerves which innervate it. To try to enhance dict-
induced thermogenesis in BAT, rats were treated with capsaicin, a treatment known to
impair warmth reception (Hori, 1984; Jancso-Gabor et al,, 1970) and to enhance BAT
thermogenesis during endotoxin-induced fever (Szekely and Szelenyi, 1979; Szekely and
Szolcsanyi, 1979). The hypothesis was that the thermic effect of food ingestion, due to the
processing of the components of the food itself, might suppress stimulated BAT
thermogenesis to some extent and that the lack of this suppression, due to loss of warmth
reception in the capsaicin-desensitized rat, could enhance sympathetic mediated stimulation
of diet-induced thermogenesis in BAT and promote leanness. Unexpectedly, capsaicin-
desensitization not only did not enhance diet-induced thermogenesis in BAT but resulted
in atrophy of BAT and prevented diet-induced activation of BAT thermogenesis. This novel
finding suggested some role in control of the thermogenic capacity of BAT for the
subpopulation of sensory nerves known to be destroyed by the capsaicin-desensitization and
to contain specific neuropeptides such as substance P and CGRP (Holzer, 1988; Maggi and
Meli, 1988). The subsequent demonstration of the presence of substance P and CGRP in

nerves within interscapular BAT (Norman et al., 1988; Lever et al,, 1988; Mukherjee et al.,
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1989; Himms-Hagen et al., 1990) reinforced the idea that sensory neuropegtides might play
some role in control of BAT thermogenic capacity. Thereforc, the objective of the work
described in this thesis was modified. The modified objective was to elucidate the
mechanism cf the unexplained atrophy of BAT in the capsaicin-desensitized rat and to study
the implication of this atrophy for the physiological functioning of the animal.

The principal finding in this work is that capsaicin-desensitization induces ar atrophy
of BAT that occu:s very rapidly, within one day after the last injection, and, after a transient
recovery of the tissue, reappears again in the rats at 4 to 8 months after the injections
(Chapters 5, 7 and 10). The atrophy differs from that induced by surgical denervation in
that it is more profound and results in both loss of mitochondria and loss of cells (Chapter
6) and prevents or retards both diet-induced and cold-induced activation of BAT
thermogenesis and growth (Chapters 5,6 and 10). The effect of capsaicin-desensitization is
not mediated by overheating of the BAT (Chapter 8). Preliminary results (Chapter 9)
support the hypothesis that CGRP, one of the sensory neuropeptides known to be present
in nerves in BAT and to be depleted after capsaicin-desensitization, may exert a trophic
effect required for tissue maintenance (Chapter 9). The only major physiological
consequence of capsaicin-desensitization disclosed in the present work is retardation of body
weight gain for a short time after the procedure (Chapter 7) and a long-term tendency to

leanness, even when an obesity-inducing diet is eaten (Chapter 10).

(1) Role of sensory nerves in control of BAT thermogenic function :apacity

The atrophy produced by capsaicin-desensitization involves not only loss of
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mitochondrial protein, but also loss of cells. This patizrn of atrophy is different from most
types of atrophy produced by low activity or absence of sympathetic nerves. Atrophy
occurring in surgical denervation, fasting, lactation and diabetes have heen demonstrated
to decrease mitochondrial mass, but not cells (Himms-Hagen, 1989 for review). Compared
with the atrophy produced by surgical denervation, atrophy produced by CAP-DES was
much more profound, as indicated by the marked decrease in total protein content and UCP
content. UCP, a key functional protein, had decreased by about 90 % (Chapters 5 and 6).
At present, only de-acclimation to cold has been found to induce loss of cells in addition to
loss of mitochondrial content in BAT. Thus, atrophy induced by capsaicin and atrophy
induced by de-acclimation to cold have in common the loss of cells. This loss may be due
to disappearance of a maintenance factor. The factor could conceivably arise from the
innervation of the tissue. Whether the factor is the same in both cases or whether more than
one factor is involved is unknown.

Retardation of BAT growth in response to diet or cold exposure (Chapters 5, 6 and
10) in CAP-DES rat strongly suggested a role of sensory nerves in control of BAT
thermogenic capacity and growth. Surgical denervation can only partially prevent the trophic
response to cold (Park and Himms-Hagen, 1988). In the case of absence of both the
sympathetic neurotransmitter, noradrenaline, and sensory neurotransmitters, CGRP and SP,
atrophy of BAT was greater (Chapter 6).

At present, the mechanism of the atrophy of BAT induced by capsaicin is not
understood. From the available evidence, the atrophy could be explained by one or more

of the following reasons:
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First, neuropeptides CGRP and SP would be released from sensory nerves
after systemic administration of capsaicin. The role of CGRP in BAT function is
emphasized by Himms-Hagen et al (1990) who showed that CGRP is lost from nerves
of BAT of CAP-DES rats. The absence of these neuropeptides may result in loss of
a trophic effect on synthesis of BAT UCP and mitochondria. A trophic effect of
sensory neuropeptides in other system has been reported. Loss of sensory
neuropeptides produces parotid gland atrophy (Mansson et al, 1990). CGRP
increases survival of a musculocutaneous critical flap (Kjartansson and Dalsgaard
1987). Capsaicin, known to deplete CGRP and other sensory neuropeptides, has an
opposite effect, decreasing the survival of ischemic tissue (Kjartansson et al,, 1986).
Trophic effects of sensory nerves and/or CGRP have also been implicated in muscle
and motoneuron morphogenesis (Garcia et al., 1990; Hashimoto et al., 1989; New
and Mudge, 1986; Fontaine et al.,, 1986), in development of dopaminergic neurons
in mouse brain (Denis-Donini, 1989) and in proliferation of human endothelial cells
in culture (Haegerstrand and Dalsgaard, 1990). Trophic effects of sensory nerves on
corneal epithelium are mediated by neuropeptides contained in peripheral nerve
terminals (Gallar et al,, 1990). Thus, neuropeptides of sensory nerves in BAT could
conceivably be involved in the control of synthesis of protein, and of mitochondria
or proliferation of cells. On the other hand, since changes in tissue protein mass
always depend on the balance between rates of protein synthesis and degradation,
the absence of CGRP or SP due to capsaicin treatment may result in the

disappearance of an inhibitory influence of these neuropeptides on degradation of
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BATUCPar  mitochondria. It is reported that BAT contains proteases which can

rapidly reduc aermogenic capacity of the tissue during fasting (Desautels et al,,
1990). CGRP or other sensory neuropeptides might normally restrain those reactions
in BAT that promote degradation of mitochondria. Such reactions do occur as a
normal physiological event, for example, BAT atrophy caused by fasting (Desautels
ei al.,, 1990).

Second, large amount of neuropeptides CGRP and SP may accumulate locally
to damage cells and mitochondria.

Third, capsaicin itself may exert a direct and destructive effect on BAT
that damages the cells and mitochondria.

Fourth, the combined actions of noradrenaline and sensory neuropeptides
generate the initial atrophy, since capsaicin can activate sympathetic nerves as well

as sensory nerves (Watanabe et al., 1987).

Atrophy of BAT seen in CAP-DES rats was not due to destruction or impairment of

the sympathetic innervation to this tissue. This is supported by several studies. First of all,

CAP-DES rats had a normal noradrenaline content in BAT, as measured by HPLC (Himms-

Hagen et al,, 1990). Secondly, in CAP-DES rats living at 26°C, BAT had lost 90% of its

UCP and 50% of its total protein, but its thyroxine 5-deiodinase concentration was not

changed (Chapter 5). This enzyme is known to be totally dependent on the sympathetic

innervation (Park and Himms-Hagen, 1988). Thirdly, after cold exposure or cold

acclimation, there were increases in protein, UCP and T, 5-deiodinase in BAT of CAP-DES
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rats. These changes are believed to be mediated by noradrenaline.

There is a complex relationship between neurcpeptides of sensory nerves and
noradrenaline of sympathetic nerves. Some studies have shown that sympathetic
ganglionectomy in rat iris can increase sensory neuropeptide SP content (Kessler et al.,
1983) and CGRP may inhibit the release of noradrenaline during adrenergic nerve
stimulation in rat vas deferens (Ohhashi and Jacobowitz, 1985). In a recent review by Maggi
(1991), interaction between sensory and noradrenergic nerve terminals has been summarized
as reciprocal modulation of transmitters release. However, results of the present study make
it scem unlikely that there is an opposing relationship between noradrenaline and sensory
neuropeptides in BAT. Instead, activation of the sympathetic nervous system in BAT by cold
would be expected to be accompanied by release of sensory neuropeptides. This idea can
be supported by the finding that noradrenaline enhances the excitability of peripheral
sensory nerves (Maggi and Meli, 1988) and noradrenergic sympathetic outflow can be
stimulated by CGRP (Fisher et al., 1983). Thus, a partnership between noradrenaline and
sensory neuropeptides in control of the trophic response of BAT to stimulation is an
attractive possibility.

Since CGRP is the most powerful vasodilator known, it is possible that CGRP is
involved acutely in the vasodilation that occurs in stimulated BAT and in angiogenesis
during stimulated BAT growth. Both cold-induced nonshivering thermogenesis and diet-
induced thermogenesis increase blood flow in BAT. However, noradrenaline itself does not
regulate vasodilation in rat BAT (Foster and Depocas, 1980). The production of an

endogenous vasodilator substance during noradrenaline-stimulated thermogenesis in BAT
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has been suggested. Moreover, CGRP is known to promote the proliferation of endothelial

cells (Haegerstrand and Dalsgaard, 1990). Thus a dual role for CGRP in control of BAT

blood flow is suggested.

(2) Role of structures destroyed by capsnicin in the control of overall growth and energy
balance

Energy expenditure for thermogenesis in BAT has been implicated in energy balance
(Himms-Hagen, 1989, 1991 for review). Studies of a number of different types of obese
rodents have demonstrated atrophy of BAT in most of them, and it has been suggested that
this could contribute to the deficit in energy expenditure and the development of obesity.
However, the present study did not show any agreement with this hypothesis. There was no
direct correlation between atrophy of BAT function and body weight gain in CAP-DES rats.

BAT of CAP-DES rats did not show a trophic response to cafeteria feeding but the
rats did not become obese (Chapter 5). This contrasts with the adult genetically obese, fa/fa,
fatty rat, in which failure of diet-induced activation of BAT thermogenesis is associated with
development of obesity. The food intake of the CAP-DES rats was normal. This finding
agreed with the observation by Castonguay and Bellinger (1987). Body weight gain in CAP-
DES rats was the same as control rats during short time study of the effect of a cafeteria
diet.

In the time course study, CAP-DES caused atrophy of BAT, rapidly and extensively.
The greatest atrophy of BAT occurred at 1 day and persisted up to 28 days. The recovery

of BAT was very slow. Again, CAP-DES rats eating chow did not show any tendency to he
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obese by 52 days after injections. In the study of the long term effect of CAP-DES, BAT was
still atropi.izd at 32 weeks, but these animals were not obese. Unexpectedly, CAP-DES
showed a significantly lower body weight, associated with lower body fat. In other words,
CAP-DES rats had a tendency to leanness. To test the long-term susceptibility of CAP-DES
rat to obesity, a high fat lard-based diet, known to promote growth of BAT and induce
obesity in normal rats, was fed. This did not significantly increase BAT protein and UCP
content in CAP-DES rat. CAP-DES rats eating the high fat diet showed lower body weight
gain and body fat than that of control rats eating the same diet. Again, CAP-DES rats had
no tendency to obesity.

From the above, it can be clearly seen that the atrophied thermogenic function of
BAT has little contribution to energy balance in CAP-DES rat.

Three speculative explanations for why CAP-DES rats maintain a small body size and
low body fat content with age despite the atrophy of their BAT can be suggested, namely
partial recovery of function of BAT, a central lesion and a loss of sensory neuropeptides in
other organs, as well as in BAT. Evidence was provided in the time course study for partial
recovery of BAT function (Chapter 7). Atrophy of BAT by CAP-DES occurred starting at
1 day and persisted for up to 14 days. By 28 days, function of BAT began to recover.
Together with long term study of effect of CAP-DES on BAT (Chapter 10), temporary
recovery from the initial atrophy state can be seen from time period 4 to 10 weeks. This
might possibly be due to restoration of the influence of the sensory neuropeptides. The rate
of recovery of the neuropeptide CGRP is not known yet, although it can be depleted by

capsaicin treatment (Himms-Hagen et al,, 1990). As explained in Chapter 7, another
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pocsibility for the temporary recovery of BAT would be the compensation by noradrenaline
secreted from sympatheiic nerve system which functions normally after CAP-DES (Himms-
Hagen, 1990). Once animals become old, activity of sympathetic nerves is decreased. Thus,
the compensation will be lost with age. However, this relationship between sensory nerves
and sympathetic nerves in BAT is speculative.

It is possible that CAP-DES produces a centrai lesion that influences energy balance.
Many studies have reported that CAP-DES impaired both central and peripheral sensory
nervous system (Holzer, 1988; Maggi and Meli; 1988, Holzer, 1991). In the studies by Ritter
and Dinh (1988, 1990), administration of capsaicin to adult or neonatal rats caused extensive
degeneration not only in areas innervated by primary sensory neurons, but also in central
nervous structures not previously associated with capsaicin-induced damage. Thus capsaicin’s
neurotoxicity is not limited to primary sensory neurons. Changes in energy balance in the
long term CAP-DES rat could be due to alteration in one or more other systems involved
in body weight and composition regulation. Some observations agree with this hypothesis,
That is, the lower body weight regulation in CAP-DES was very similar 10 rats recovering
from lateral hypothalamic lesions or to with dorsomedial hypothalamic lesions. These
animals maintained lower body weight than normal. It is interesting to note that capsaicin-
induced degeneration was not observed in the anterior hypothalamic or preoptic regions in
adult rats, areas that are thought to be of special importance in thermoregulation (Bou'ant,
1980). This could explain why CAP-DES rats can maintain their body temperature during
cold exposure (Chapters 5 and 6).

Distribution of sensory nerves is widespread in every organ and tissue in the body.
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If sensory neuropeptides indeed exert a trophic effect on BAT, as suggested by the present
study, it is also conceivable that they exert a trophic effect on other organs and tissues
including white adipose tissue. Innervation by sensory nerves in both white adipose tissue
(Fishman and Dark, 1987) and BAT has been found (Norman et al., 1988; Lever et al,,
1988, 1989; Mukherjee et al., 1989). Moreover, trophic effects of CGRP and SP have been
detected in a variety of different cell systems (Haegerstrand et al., 1990; Kjartansson and
Dalsgaard 1987; Nilsson et al,, 1985). Thus, CAP-DES may be associated with more than
just atrophy of BAT. Retardation of growth of other organs and tissues, including white
adipose tissue, could occur, as seen in liver, heart and kidney in the present experiments,
which could contribute to the reduced body weight. Furthermore, many neuropeptides have
been reported to function as cellular growth factors (Rozengurt, 1991; Woll and Rozengurt,
1989). The loss of neuropeptides of sensory nerves could be widely involved in atrophy of
organs and tissues.

Many effects of CGRP have been demonstrated to be exerted via activation of
adenylate cyclase in the cell systems studied (Haegerstrand et al., 1990; Hashimoto et al.,
1989; Miles et al., 1989). If CGRP does do so, then removal of this neuropeptide by CAP-
DES could inhibit proliferation of cells, eventually retarding whole organ or whole body
growth. However, infusion of CGRP intravenously into pentobarbital anaesthetized rats did
not produce an acute thermogenic effect on BAT (Chapter 8) indicating that CGRP did not
activate adenylate cyclase in mature BAT cells. It is known that the acute thermogenic effect
of noradrenaline on BAT is mediated by activatior of adenylate cyclase. But, infusion of

CGRP with mini pump directed towards BAT increased DNA content, indicating that
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CGRP might act upon precursor cells or endothelial cells in BAT to stimulate growth,
Therefore, it can be suggested that the lack of trophic influence of sensory neuropeptides
on BAT as well as on other organs, including white adipose tissue, may result in the atrophy

of BAT and in the reduced adiposity and stunting of the long-term CAP-DES rat.

neral conclusion

There are two principal conclusions which can be drawn from the work described in
this thesis. First, that sensory nerves play an important role in the control of BAT
thermogenic capacity. This conclusion contradicts the previous assumption that sympathetic
nerves and their neurotransmitter noradrenaline play the major, if not the only, role in
control of both BAT thermogenesis and BAT thermogenic capacity. Second, that some
effect of capsaicin-desensitization, whether central or peripheral, results in altered energy
balance that is conductive to leanness. This association of leanness with atrophy of BAT
would argue against the hypothesis of a major determining role for BAT thermogenesis in

regulation of energy balance that has prevailed over the last twelve years.

Future Prospects

Since the neuropeptide CGRP plays a trophic role in EAT thermogenesis and growth,
it will be very useful in the near future to determine the change of CGRP concentration in
BAT at different times after capsaicin-desensitization, which could then be correlated with
the changes in BAT function. Results from this study would provide some information about

whether atrophy in CAP-DES rats is indeed related to low levels of CGRP in BAT. Studies
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of other neuropeptides characteristic of sensory nerves (substance P, tachykinins) should also
be done.

In addition, it is important to measure both blood flow and oxygen uptake of BAT
in CAP-DES rats and in VEH-treated rats and the changes in blood flow and oxygen uptake
resulting from infusion of CGRP, of noradrenaline, of SP and CGRP +noradrenaline,
SP+noradrenaline. the findings from these studies would either support or refute the
contention that CGRP plays a vasodilatory role in BAT thermogenesis. As well, these
studies will also assess whether synergism can occur between noradrenaline and CGRP, SP
and CGRP.

It would also be useful to investigate the relationship of two major neuropeptides,
CGRP and SP, of sensory nerves, which might provide some information on how they
interact to regulate BAT function. It was reported that CGRP is a potent inhibitor of SP
degradation (Greves et al, 1985). As well, SP can regulated the vasodilator activity of CGRP
(Brain and Williams, 1988). Thus, an interaction betwsen the two might be expected.

It would be necessary to find out whether the loss of mitochondria in CAP-DES was
due to cessation of synthesis of mitochondrial protein, to increased destruction of
mitochondrial protein, or to both of these processes. Thus, it is required to develop a cell
culture system and use techniques of molecular biology to study levels of specific mRNAs
(cDNA probes for the mRNA for UCP and for COX are available). These studies would
be useful in determining possible changes in synthesis.

The use of BAT cells in culture and histological assessment of BAT would be

expected to provide important information about the central -<echanisms involved in the
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neural and endocrine coordination of BAT hypertrophy and atrophy. In this way, the cell
types damaged by capsaicin-desensitization and responsible for the later impairment in aging
associated growth of BAT could be identified.

Further study is also needed to investigate the potential roie of sensory neuropeptides
in regulation of energy balance. There is evidence that neuropeptides are involved in the
processes of hunger, satiety and the maintenance of body weight (Morley, 1987). One of the
sersory neuropeptides, CGRP may act as modulating agent of feedin;; behaviour (Krahn et
al., 1984; Bueno et al,, 1986). Administration of CGRP into different specific areas of brain
would provide some insight into the role of CGRP in the central nervous system in
regulation of food intake, body weight, adiposity and thermogenesis.

Finally, further long-term studies are needed to determine whether CAP-DES

animals eventually develop obesity or recover to a normal body weight at later age.
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