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SUMMARY

T

: .The only known function of brown aaipose tissué is héat production.
Due to the presence of a s;:;ecific proton conductance pathway in:i)rown
adipose tissue mitochondria, food energy, normally highly conserve‘g"b_\,:
mitochondria, may be .dissipated as heat. This heat production is
controlled by tl_'\e. sympathetic nervous system. Under certain
environmental conditions, growth of brown adipose tissue is known to
occur, which'in the cold-adapted rat includes hypertrophy of functio.nal
tissue, hyperplasia, increased mitochoﬁdrial content and increase_d proton
conductance of mitochondria. Brown adipose tissue of rats. grows 'in
response to living at low temperatures ork to eaEi_ng a cafe‘teria'diet.

The work described én éhis the;is was done to study brown adipose
tissue of two mutant species, the obese Zucker (fa/fa) rat and the
myopathic (BIO 14.6) hamster. Brown adipose tissue of the obese Zucker
rat ha.d not previously been studied. The goal of this part of the work
was to find out if'br‘own adipose tissue thermogenesis is defective in the
genetically obese rat as had been reported in the ob/ob mouse. Proton
conductance, as judéed by mitochondrial GDP-binding, was found to be
reduced in obese Zucker rats, but increased normally when the animals
were exposed to cold. During the course of these experiments, growth of
BAT was reported in cafeteria-fed rats. Experiments were included which
showedc,th{there was also an increase in proton conductance in BAT

mitochondria due to cafeteria feeding in normal rats. Growth of brown

it



adipose tissue and thermogenic activatton of its mitf:;chondria, however,
did not é;ccur in the obese Zucker rat. Therefore, as in sorﬁe other obesé.
rodents, defective brown adipose tissue thermogenesis in response to diet
is a‘possible cause of tﬁe development of obesity in the‘ obese Zutker rat.

The myopathic hamster w.as ‘known to have a smai,ler‘-thar_m normal
amount of brown ad‘ipose tissue which grows normally in response to cold
acclimation. The purpose of this secchd part of the work was to study
growth of brown adipose tissue in myopathic hamsters Since mediators of .
brown adipose tissue g._'r'owth tn hamsters had not previgusly bee‘n studied,
one objective was to study‘ the in‘fluence of the sympathetic nervous
system and the pineal gland on brown adipose ‘ussUe growth m normal and
myopathlc hamsters. Noradrenaline injections did not cause growth of
brown adipose tissue in hamsters as in rats. Hovtever-, since denervation
caused a large reduction in tissue size, it “.would appear that the
sympathetic nervous system contributes to tissue growth in hamsterl*s
through ‘a substance other than, or in addition to norddrenaline.
- Alpha-adr:energic; injections w:re found to be slightly inhibitory to BAT
growth in hamsters, and treatmen{With the a, blocker, prazosin resulted
in significant growth of the tissue. It is not certain wh;/ prazosin has a
trophic influence on brown adi;;:os;e tissue of hamsters, but possibilities
include increased blood flow to the tissue and increased sympathetic
activation. The pineal is considered to regulate growth of BAT in
hamsters due to short photoperiod. Anaother mechanism appears to
regulate growth due to cold or a high fat diet, since pinealectomized
hamsters challenged by these two conditions showed the normal amounts of

tissue growth.
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Growth of brown adipose tissue in the cold was previously shown té
be normal in myopathic_ hamsters. However, in two other environmental
conditions known to cause tissue growth in hamsters, short photoperiod
and high-fat diet, growth was found to be defective. The small size of the
tissue then may be due to lack of a signal concerning photoperiod and diet
in the. myopathic hamster. |In myopathic hamsters, prazosin caused a
greater increase in tissue growth than in normal hamsters; suggesting
growth of brown adipose tissue in this animal may be restricted due to
vasoconstriction, and reduced blood flow to the-tissue may be secondary

to hyperreactivity of vascular membranes characteristic of their disease.
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CHAPTER 1 LITERATURE REVIEW

1.1T INTRODUCTION

‘Twenty-fi\;e years ago a review of the Iiterature'on brown adipose
tissue provided a description of a tissue without a known function
{Johansson, -1959.). Brown adipose tissue was first associated with
hibernation but "Iate'r this “hibernatitg gland” was found "in many
non-hibernators as well. Althodgh.its function was unknown, many and
varied fungtions were at_tributed to brown aldipose tiss_ue in relation both
“to hibernation and to other more common body functions (R3asmussen,
1923; Johansson, 1959).

Ten years latt;r, brown adipose tissue had become r;ecognized as an
impna?taQtz_s’ite heat production in newborn animals and inl hibernators
during arousal from hibernation (Smith and Horwitz, 1969). There were
indications that this was also true of the cold-acclimated animal but it
remained controvers;ial until Foster and Frﬂrdman .(1978a,b; 1979)
identi'fied BAT as the principal site of nonshivering thermogenesis in the
cold-adapted rat. Almost at the same time, work by Himms-Hagen ana
Desaytels (1978) on obesg mice, and by Rothwell and Stock (1979) on
overfed rats, suggested another function for BAT as an energy buffer in
the regulation of energy balance. At p‘>jr"eéé‘nt the function of this small
tissue is still being elucidated, particularly in regard to its role in animal
and human obesity.

When the work described in this thesis was begun, defects were

known to occur in brown adipose tissue of two animal models of human

diseases, the ob/ob genetically c_;bese mouse and the myopathic hamster,



énimals wh_ich have been studied extensively in relation to obesity and
muscular dystr:ophy, respecti\.fel'y. At that time the ob/ob mouse was
known to héve reauced thermogenic activation of ‘bro_wn adipose tissue,
both at éB"C é.nd when exposed to cold (Himms-Hagen and Desautels,
1978). The present work on another 'genetically obese rodent, the obese
Zucker (fa/fa) rat was undertaken to 'stud\./ further the possible
connection between BAT thermogenesis and obesity. The myopathic \(BIO
14.6) hams_ter was knowrla_ to have a reduced amount of brown adipose
tissue (Himms-Hagen and Gwilliam, 1980). in this case the objective was
to find the cause of the small size of brown adipose tissue with a view
to contributing to knowlédge on thé cause' of myopath'y in the hamster
and to study brown adipose tissue growth by compar‘ativ:e studies in the
‘hamster and the rat. Work with both the obese Zucker rat and the
myopathic hamster necessitated preliminary work designed to study brown
adipose tissue growth and function_in normal rats and hamsters..

The introci‘uctory'Literfature Review and Backgrounds to individual
experiments_ describes the state of knowledge when the experiments were
initiated. Much of the work described in the thesis has .been published
recently (Him_ms—Haé:;en et af., 198%1; Triandafiliou et af., 1982; Fellenz
et af., 1982; Triandafillou and Himms-Hagen, 1983; Triandafiliou et af.,
in pr‘es.s, ;'a,b) as has related work by others. The relation of this work

to more recent findings will be discussed in the General Discussion

Conclusions.



1.2 THERMOGENES!S

1.2.A CLASSIFICATION

Heat producti.on or thermogenesis in animals is accomplished by
oxidation of foodstuff.s. The goal of this oxidation is usually the formation
of ATP, a usable form of energy ;or cell functions. Formation and
utilization of ATP is accompanied by heat pr‘oduction. Oxidation can also
ocecur for the "‘p‘_ur‘pose' of heat ﬂp_rodu,cj‘:io.n alpne, with or without the
'intermediate formation of ATP'.. By whateverkfhway the reaction takes
place, the resulting thermogenc;.sis is the same.

Thermogenesis occurs 1) as a result of essential bedy functions
(essential thermogenesis), 2]_ to maintain body temperature (endothermic
thermogenesis) and 3) in_.conm;.ction with the processing of food
(pést-pran.dial thermogénesis) (Himms-Hagen, 1983a). In addition to these
obligatory components of thermogenesns, facultative heat productlon may
be caused by certain conditions occurping in the life of the ammai
including heat produced 1) in response to Iow environmental temperature
(cold-induced thermégenesis, shivering or nonsﬁivering), 2) as 3 result
of prolonged overfeeding {diet-induced &;'mogenesi‘s.) and 3) as a
consé(quence of voluntary physical ;cfivity (exercise-induced
thermogenesis) (Himms-Hagen, 1983a). By "reg.ulatin'g 'endot.hermic
thermogenesis, thyroid hormone controls obligatory thermogenesis, which
occurs at a fairly constant rate in most tissues of the body. In contrast,
facultative thermogenesis can be turned on and off quickly' by the
nervous system, as required. Exercise-induced thermogenesis s

controlled by acetyicholine in skeletal muscle as also is cold-induced

L
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shivering  thermogenesis. {Himms-Hagen, 19833).." I.n contrast,
cold-induced nonshivering thermogenesis and diet-induced thermogenesis
are controlled by noradrenaline in BAT.
1.2.B NONSHIVERING THERMOGENESIS

When a warm-adapted rat is introduced to a cold environment (4°C)
body temperature is maintained largely by shivering. As the animal
co.nti'nues to live in the cold, shivering gradually diminishes until after
2-3 weeks, shivering has disappeéred and is replaced by nonshivering
thermogenesis (NST) as part of the process of cold acclimation (Hart et
al., 1956). Besides Iength of time il:l the cold, the relative proportion of
shivering and nonshivering thermogenesis depends on the age and. species
of the animal. The capacity fc;r- NST is high in newborn mammals (non
hibernators), declines with age and can be reestablished by cold
adaptation in several species (rats, mice) (Himms-Hagen, 1976). In
contrast, capacity for NST i;. generally greater in hibe;rnators Qhether
acclimated to'cold or not (Himms-Hagen, 1976).

Nonshivering thermogenesis can be defined as a cold-induced,
metabolic heat |:.>r'oducing process that is not;?due to muscle activity
(Himms-Hagen,” 1983a). Mediated by the sympathetic nervous system
(Hsieh and Carlson, 1957; Leduc, 1961), NST can be evoked. by the
infusion of noradrenaline {Depocas, 1960). ’ '
| The thermogenic nature of brov;rn adipose tissue (BAT) became
known in the 1960'3.- (Smith and Roberts, 1964; Smith and Horwitz, 1969).
Although BAT was known to be an important source of h-eat in the

newborn (Dawkins and Hull, 1964) and in arousal from hibernation (Smith
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and Hock, 1963; Hayward and Lyman, 1967), it was generally considered
too small to contribute significantly to NST in cold-adapted animals
(Jansky and Hart, 1968; Himms-Hagen, 1976). The organ responsible for
NST remained controversial until Foster and Frydman (19783,[5, 1979)
measured blood flow to tissues of cold-acclimated rats using radiocactive
microspheres together with the arteriovenus differences in blood oxygen
across intersc:a[l:ular' BAT, and found that BAT was the major site of
increased metabolic rate induced by infused noradrenaline or by exposure
to cold. Even in warm-adapted rats BAT was estimated to contribute 37%
of the increased respiration at 6°C and in cold-adapted animals this

amounted to 72% (Foster and Frydman, 1979).

1.2.C DIET-INDUCED THERMOGENESIS

Diet-induced thermogenesis (DIT) is an increase in metabolic rate
due to overfeeding. The term sometimes includes the 'rise in metabolism
w.hich immediately follows foold intake (post-prandial thermogenesis)
(Girardier, 1983), but as used here, refers only to the prolonged effect
of diet on metabolism after food processing is corn'plete.

The idea of energy dissipation associated with overeating is not a
‘new one. DIT has been recognized for many years (Himms-Hagen,” 1984)
and the similarity' of DIT in the overfed rat to NST was pointed out by
Stirling and Stock in 1968. Two fairly recent events have co;tril‘:\uted ‘to
new concepts ‘in the m-ediation of DIT. First, it was found that
overfeeding stimulated the sympathetic nervous system in several tissues

and that fasting suppressed it, the opposite of the previously accepted

« idea (Landsberg and Young, 1978).. Secondly, Rothwell and Stock (1979)



reported that rats offered a varied, palatable diet (cafeteria diet) overate
.byléO% compared, to chow-fed controls, while gaining only 27% more
weight. This decreased feed efficiency was accompanied by an increase in
resting metabolic rate and a doubling of interscapulMT weight and
protein content, and was attributed to thermogenesis in BAT (Rothwell
and Stock, 1979). The cafeteria-fé'd rat has been compared to the
'cold-ladapted rat, both exhibiting enhanceud cold resistance which is
abolished by propranolol, and a greater respiratory response to
neradrenaline {Rothwell and Stock, 197;\} Like cold adaptation, cafeteria -’
feeding is accompanied by increased noradrenaline (NA) tulrnover' iln BAT
(Young et af., 1982). The functional involvement of BAT in DIT was
confirmed by measurements of increased blood flow to the tissue following

nozr!:drenaiine infusion (Rothwell and Stock, 1981).
1.3 BROWN ADIPOSE TISSUE (BAT)

1.3.A COMPOSITION

Brown adipose tissue (BAT) is found in a very large number‘of
mammals. Characterization of the tissue has been mainly in the laboratory
rat and to a lesser degree in the Syrian hamster and other small animals
(Smith and Horwitz, 1969).

BAT has a lobular appearance and can be distinguished from other
tissues by its brownish colour, which is largely due to the presence of
blood hemoglobin and the high level of flavins and cytochromeé, in its

abundant mitochondria (Smith and Horwitz, 1969; Girardier, 1983).



Typically, BAT is a diffusely located tissue concentrated in the neck
and thorax. The exact distribution varies with the species. In the rat,
major deposits are located superficially in the interscapular and cervical
regions and along the blood vessels of the neck and axillary region; in
the therax, overlaying the large vesseis and nerve trunks: and caudally,
extending along the acrta and other blood vessels and around the kidneys
and adrenals (Smith and Roberts, 1964). BAT deposits are much more
abundant in hibernators like the hamster and the ground squirrel (Joel,
1865) and in neonatal animals (Rasmussen, 1923; Cameron and Smith,
1864) .

The total amount of BAT is small, approximately 0.8% and 1.4% of
body weight in the warm- and cold-acclimated adult rat respecti.veiy
(Foster and Frydman, 1979). Yet BAT is str'ategically focated soc as to
heat organs vital to survival on the: cold. By warming the blood returning
to the thorax and spinal cord, both by its venous outflow of warmed bqbod
and by its close association with vessels in more peripheral areas, this
small thermogenic tissue has the potential to protect the central body core
against éooling in low environmental temperatures (Smith and Roberts,
1964). In hibernators, the cervical-thoracic location of BAT is in keeping
with the strategy of rewarming the anterior portion of the body first
during arcusal from hibernation (Joel, 1965).

A dense vascular network surrounds (brown adipocytes (Smith and
Horwitz, 1969). It has been estimafed that in human infant BAT, one

third "of a fat depleted cell is in contact with the capillary wall (Aherne
and Hull, 1966).



BAT has a high NA content (Young et af., 1982). Fluorescence
histochemical techniques have revealed a dense adrenergic innervation of
BAT. Nerve fibers are found accompanying many arterial blood vessels as
well as among the fat cells themselves (Cottle and Cottle, 1970; Derry et
af., 1969).

The predominant cell type in BAT is the brown adipocyte. Generally
these cells are polygonal, fitting close together in a lobular arrangement.
Individual cells are set i;m a fibrous network. Together with adjoining
capillaries and nerve fibers they make up the lobules which in turn make
up the lobes of BAT (Afzelius, 1970). .

The brown adipocytes contain numerous and large mitochondria, a

varying number of lipid droplets and few membranes in the cytoplasm and

a nucleus which is often spherical and centrally located (Afzelius, 1970).

1.3.B FUNCTION

Thermpgenesis in BAT is initiated by the interaction of noradrenaline
;t B-receptors on the plasma membrane, which stimulates lipolysis through
activat;on of adenylate cyclase, increased cAMP concentration, activation
of cAMP dependent protein kinases and hormone sensitive lipase. Thei
resulting fatty acids are activated to acyl CoA and transported into the
mitochondria by the carnitine shuttle and oxi_dized by B-oxidation, TCA
cycle .and electron transport (Nedergaard and Lindberg, 1982:
Himms-Hagen, 1984;' Nicholls ar'mci Locke, 1983). Fatty acids present in the
cytoplasm also appear to uncouple mitochondrial oxidative phbsphorylation

by interfering with the binding of purine nucleotides to a 32 000 Mw

polypeptide that is part of the thermogenic mechanism (refer to Chapter



—

-

1.3.D) "th.er"eby increasing oxidation and concomitant heat production
(Nicholls and Locke, 1984 The f-adrenergic receptors which interact
with noradrenaline have been characterized as of the B, subt\./pe

(Bukowieki et a/., 1978; Svoboda et af., 1979) but recent work invalving

a new B-agonist suggest these receptors are not true ,-receptors (Arch

et al., 1984).

Alpha,-adrenergic receptors have’been identified in hamster BAT
membranes and in isolated brown adipocytes (Mochell et of.. 1983b). Two
recent reports estimate that o,-receptors are responsible for 20% of'thg
noradrenaline stimulated respiration-in hamster BAT (Mohell et af., 1983a:
Schimmel et al., 1983). In rat brown adipocytes very high levels of

. w-adrenergic agonists are »required to cause an increase in respiration

/(Bukowieéki et al., 1980). These authors concluded that «-receptors,
although present in BAT, are of questionable physiological significance.
Alpha,-receptor stimulated phosphotidylinositol turnover has - been
demonstrated in rat and hamster BAT celis (Garcia-Sainz et aof., 1980;
Mohell et -a/., 1984). Stimulation of a-adrenergic recept;:s/has a
potentiating effect on calorigenesis and blood flow to BAT stimulated by
B-adrenérgic agonists (Foster, 1984).

Alpha,-adrenergic receptors, generally inhibitory to the B-mediated
response, have been reported to be present in rat (Sundin and Fain,
1883) and absent in ghamster (McMahon and Schimmel, 1982) brown
adipocytes.

Brown adipose tissue receives sympathetic inlnervation' to both t‘he
adipocytes and the blood vessels (Cottle and Cottle, 1970; Derry et al.,

1969). There is an initial transient decrease in BAT temperature which



 precedes the ;-ise in temperature after nerve stimulation in vivo (Flaim ét
al., 1976, 1977). This degrease in temperature has been attributed to
vasoconstriction due to the action c-.sf noradrenaline on a-receptors in blood
vessels serving BAT (Flaim et of., 1977), since a-agonists do not have an
inhibitory effect on thermogenesis of brown adipocytes ('Piorwitz, 1975).
This: biphasic response in BAT temperature has also _been noted during
stimulation of the ventral medial hypothalamt;s' (Perkins et aof., 1981).
However, the large increases in blood flow to BAT accompanying

*

thermogenesis appear to be secondary to the increased metabolism (Fos.ter
and erocas, 1880) : ‘

The action of l.'zorédreﬁa[ine on BAT is accompanied by depola}ta:jon
of the plasma membrane which has been associated with the B-receptor
(Fink and Williams, 1976; Williams and Matthews, 1974), and the
a-receptor (Fink and Wiliiams, 1976; Horwitz et a/., 1969). Recent studies
indicate that noradenaline causes an initjal depola‘rization via a-receptors,
which is foilowed by repolarization and increased respiration; a second
depolari_zation then follows the increased oxygen consumption which
results’ from activ‘atio‘n of B-receptors. (Girardier and Schneider-Picard,
1983).

Lipogenesis is carried out in BAT, seemingly to replenish lipids used
for thermogenesis " (Trayhurn, 1979b; Agius and Williamson, 1980).
Glycerokinase, involved in triacylglycerotl synthesis, is present' in BAT of
the rat {Nedergaard, 1982) but is very low in hamster BAT (Lindberg et
al., 1976).

In the rat, acetyl CoA oxidation in BAT is limited b.y availability of

-oxaloacetate for operation of the citric acid cycle. This seems not to be
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the case in hamster BAT which is able to hydrolyse acetyl CoA to acetate
(Bernson and Nicholls, 1974) and may allow fatty acid oxidation to
proceed even at low temperatures when the citric acid cycle activity is

very low, a distinct advantage for a hibernator experiencing low body

' temperature.

1.3.C CONTROL OF BAT THERMOGENESIS

Activation of the sympathetic nervous system in BAT causes NST
and DIT. The regulation of this activation is not very clear in either
case. NST appears to be regulated by thermoreceptors in the
skin and preoptic area of the hypothalamus which relay information
regarding body temperature to integrative centers in the
hypothalamus (Bruck and Zeisberger, 1978) by neural pathways
including the subcoeruleus region and nucleus raphe magnus of the
brain  (Bruck ' and Hinckel, 1982). The neural con.nections by

which the hypothalamus stimulates thermogenesis in the peripheral
rd

tissues are unknown.

Neural mechanisms controlling DIT are even-less clearly understood
(Rothwell and Stock, 1982b). Stimulation of the ventral medial
hypotf_\a_lmus (VMH) elevates BAT metabolism (Perkins et al., 1981;
Shima;zu and Takahashi, 1980; Takahashi and Shimazu, 1982). Since
hypothalamic lesions in this area impair DIT but not NST in BAT (Hogan
et af., 1982; Seydoux et al., 1982: Himms—Hage-n et al., 1984) it is
believed that the ventral medial reéion of the hypothalamus may include

part of the effector system regulating DIT in BAT and that either this

11



area is not involved in NST or that some alternate pathway is available

(Himms-Hagen, 1984). o

1.3.D THE THERMOGENIC MECHANISM

| The relatively small size and exceptional heat producing capacity of
BAT have stimulated much interest in a poss__iblé thermogenic mechanism
which might be unique to this tissue.

Respiration and heat production are closely reIajed in BAT
mitochondria, brown édipocytes and. whole tissue, suggesting.
mitochondrial respiration is résponsible for the thermogenic capabilities of
BAT (Nicholl;, 1983). Further, no sighificant extramitochondrial oxygen
cons‘uming mechanism has ever been found i'n BAT (Lindberg et al.,
1981)" 3

According to the chemiosmotic theory, fhe flow of electrons down t.be
electron transport chain is coupied to the extrusion of protons from the
mitochondria, atross  the inner mitochondrial membrane. The

impermeability of the membrane to the return of these protons into the

mitochondria results in a proton glla'dfent across the membrane. This
proton gradient represents the electrochemical potential which is the
driving force for phosphorylation of ADP to ATP by the ATP synthase in
the n;emb‘rane. Synthesis of ATP results in admission of protjons to “the
mitochondria and release of the gradient. If not‘relea\{;d by ATP
formation, the proton gradient serves to inhibit further reépiratioﬁ and
proton release by the mitochondria. Thus oxidatior; is coupled to

phosphorylation, and respiration is limited by the supply of ADP. The



mitochondria are considered to be “coupled” (Mitchell, 1976; Nicholis,

1982).

The search for an explanation of héat production in BAT has
centered on two.mechar‘wisms whereby BAT mitochondria might be_,_?nabied
to produce more heat than normal coupled mitocilondriz;.

1. A cellular ATP hydrolysing system has- been proposed which
would supply ADP, allowing protons to reenter the mitochondria via the
AfPase and allowing respiration to proceed.

Two ATP consuming reactions or "futile cycles” have been proposed,
namely recycling of fatty acids (Lindberg et of., 1967) and sodium cycling
at the plasma membrane (Horwitz, 1979). Neither has .been judged
quantitatively capable to support more thap a small fraction of the
observed thermogenesis in BAT (Lindberg et af., 1981: Nicholl d
Loci(e, 1983; Girardier, 1983). Further,‘ the obligatory coup]ing‘”olf
mitochondrial respiration to ATP'synthesis requires incréélsed ATR\
sy‘nthesis with increasing BAT resairation. However, a notébly low
capacity for ATP synthesis has been reported in BAT mitochondria
(Capnqn and Vogel,, 1977;, Houstek and Drahota,' 1977} leading to the
almost universal rejectiom of this proposed mechanism.

2. The second mechanism would aliow proton reentry iifto lthe
mitochondria without the necessity forI- ATP synthesis, agaf
ir{creased respiration. In the first preparations of BAT
respiration was uncoupled {Lindberg et a/., 1967; Smith et al., 1966) but
tater ATP synthesis was shown to occur if fétty acids were removed by

the addition of albumin, or CoA, carnitine and ATP to allow activation and
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oxidation of fatty aclid.s. Fatty acids were be-lie\red to be the substrate
and uncoupling agents of thermogenesis (Lindberg et of., 1981).

Howeve.r low concentrations of ADP did not stimulate respiration as
in other tissues while millimolar additions of ATP and GTP were fou'nd to
allow mitochdndria to show respiratory control with .further addit’;ons_of
ADP. Subseguent work, largely "by Nicholls (Nicholls and Locke, 1983,
1984) has 'developed the generally accepted ,concept‘that thermogenesis in
BAT is the result of an unusually permeabie mitochondrial membrane
which allows pr:otons to leak back into the mitochondria. The way in which
the proton conductance mechanism is controlled is not entirely clear, but
purine nucleotides and intracellular fatty acids (or their CoA derivatives)
appear to be involved.

- Purine nucleotides act to regulate proton conductapce by bindi.ng.
non-covalently at the outer surface of the inner mitocho;\dfial membraner
(Nicholls 1976a). Ricquier and Kader (1976) identified a polypeptlde -of '
molecular werght 32 000 which specifically increased in BAT mitochondrial
membrane during cold a'cclimation of rats. The purine nuclérotide binding
site was identified as a 32 000 mw poiypeptide (Meaton et af., 1978)
confirming that.the 32 000 Mw polypeptide and the purine nucleotide
binding protein were identical. Purine nucleotides are present in
millimolar concentration in cytosol of brown adipocytes (Grav et af.,
1870). Noradrenaline stimulation of respiration lowers ATP, but not
sufficiently to explain the increased respiration through decreased purine °
.nucteotide binding (Nicholls ahd Locke, 1983). Recently the action of'
fatty acids has been reevaluated. It is thought that fatty acids mobilized

by noradrenaline stimulation of\ lipolysis in BAT act to uncouple the

/,
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/,' mitochondria as well as provide substrate for respiration (Bukowieki et

al., 1981; Nicholls and Locke, 1983)". -

;

-

The 32 000 Mw poly_pe‘ptide appears to be specific to .BAT
mitochondria.” BAT miitochondrial proton conductance is 100 times that of
rat liver mitochondria under similiar conditions (Nicholis, 1979). The

3 .
GDP-binding site is present on BAT mitochondria, not on liver

n.:*itochondria_ (Nicholls, 1979). The 32 000 MW polypeptide has been found
in BAT mitochondria and not white fat, liver or heart muscle (Cannon et
al-, 1982; Lean et o/, 1983). The 32 000 MW polypeptide has been
purified and appears to ﬁxist as a dimerYof 62:000 - 63 000 MW (Lin and
Klingenberg, 1980: Lin et al., 1980). Initial assays of the amount of this
protein in BAT used polyacr%lléfnide.gel electrophoresis, a nonspecific
method. More recently specific .im_miznoassays (Cannon et al., 1982; Lean
et al/., 1983) have been deveﬁoped and will doubtlessly facilitate résearch
in this,f/area. ‘

The capacity for GDP-bin%g to BAT mitochondrial membrane varies
with the thermogenic state of the animal, both being high in the newborn
rat (Sundin and Canhon, 1980) and declining thereafter except when the .
'aﬁlimal is cold-adapted, when binding is again elevated (Desautel et af.,
"1978; Sundin and Cannon, - 1980}, Cold~adapted rats have a greater
proportion of the 32_000 Mw polypéptide in the mitochondrial membrane
(Heaton et af., 1978; Ricquier and Kader, 1976: Desauteis et al., 1978)
and increased Synthesis of the polypeptide (Himms-Hagen et aof., 1980).

.Purine nucleotide-binding tol BAT mitochondria has in practice been
measured ‘b_y the specific binding of GDP because <f-its high affinity for

the polypeptide and because it is not translocated into the mitochondria
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(Nicholls, 1976). The probable physiological regulator is ATP (Nicholls
and Locke, 1?83). Although GDP binds to the 32 000 MW polypeptide, the
binding is-'not necessarily a measure of the total polypeptide in the
membrane. The binding may be elevated without a change in amount of
32 000 MW polypeptide and is viewed as a measure of active polypeptide
and therefore a measure of the thermogenic state of BAT. Thus the

immediate increase in GDP-binding detected after 1 hour of cold exposure

appears to reflect unmasking of binding sites already present in the

membrane (Desautels et af., 1978). 'I:he hamster has a large amount of the
32 000 MW polypeptide (Trayhurn et af., 1983; Ricquier et af., 1979) and
a high level of mitochondrial GDP-binding (Himms-Hagen and Gwilliam,
1980; Sundin et af., 1981) in BAT in the warm-adapted state, relative to
warm-adapted mice or. rats. The hamster also incr;eases mitochondrial
GDP-binding (Himms-Hagen and Gwilliam, 1980) and the proportion of the
32 000 Mw polypeptide (Trayhurn et aof., 1983) when adapted to cold.
These changes are ) however smaller than those observed in the mouse

(Trayhurn et of., 1983).

1.4 GROWTH OF BROWN ADIPOSE TISSUE

Grow;ch of BAT has been observed to vary with the developmental
;tate of t_}le animal and three en\./ironmental conditions, temperature,
dietary intake, and lighting conditions, These four modulators of growth
will be discussed, followed by a consideration of some possible mediators

of BAT growth. Emphasis will be on growth of BAT in rats and hamsters,

where information is available.
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1.4.A MEASUREMENT
Various parémeters .have been u‘sed to  quantify growth of BAT

(Cannon and Nedergaard, 1983). The most obvious and easiest

-

\;m.easur'ement to make is tissue wet weight (mass). Weight is often an

indication of the capacity ‘of the tissue, but in some cases, e.g. thyroid
hormone treatment, increased tiss_.u'é, weight is only a reflection of lipid

-

storage and the tissue may n“ot bé more activated towards heat production
(Sundin, 1981; Triandafillou et al., 1982).

A better measure of functionir;g tissue is protein content. —“A~change
in protein content is often, but not always :_acc!ompanie\'d by a change in

the level of DNA,I measuring hyperplasia. Measurements of oxidative

‘enzymes, e.g. cytochrome oxidase, reflect the mitochondrial content and

capacity for oxidation.

Of critical importgnce. in measuring growth of BAI is mitochondrial
GDP-binding, a measure of the thermogenic state of 'ghe tissue. The total
amount of the 32 000 MW polypeptide mfayelso change. This is viewed as a
less sensitive measure of thermogenic capacity of BAT at a gi\‘/e.n time
than nucleotide binding (Nicholls and Locke, 1983), more an indicator of
potential capacity for uncoupled thermogenesis. Thus after 1 hour of cold
exposﬁre, GDP-binding is‘ known to increase.withput a2 change in the
amount of, the polypeptide, due to a propdsed unmasking of the
polypeptirde binding sites (Desautels et'af., 1978). The amount of the
32 000 Mw ipolypeptide has been roughly-‘assessed by prrolyacrylamide gel
electréphpresis (Lin and Klingenberg, 1980). The recently developed
specific radioimmunoassay (Cannon et af., 1982; Lean et af., ]'983) may

reveal more about changes occurring during growth of BAT.
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1.4.B DEVE}__OPMENTAL GROWTH

In the rat, BAT development occurs perinatally, from about 6 déys
befor-e birth, when the interscapular area contains some undifferentiated
cells and c;apillary endothelial cells with dilated rough endoplasmic
reticulum, until about 2 weeks after birth. During this time the number

?‘e’,and size of mitochondria and their respiratory activity, as wdll as the
| . number and rkgular ‘tight packed arrangement of their cristae increase.
The lipid droplets increase in silze except for a time at birth when lipids
are depleted. The noradrenaline level alsg increases over this time except
for a decrease at the time. of birth. This period of d.ifferentiation is
_foliowed by a plateasu and then a period of involution of the tissue,
beginning around 17 to 30 weekls when all parameters gradually decline

and the animal grows to aduithood (Barnard and Skala, 1970)_.

D‘jfferentiation of BAT in the hamster occurs postn-a/tally. Studies of

" the s

bscapular apka. show no evidence of multilocularity in fetal
hamsters. During the latter days of gestation and the first 2 days aftet
birth t area contained a loose connective tissue with wunilocular
precursor cells ynd a growing number of unilocular\cells. At 3 to 5 days
clusters of smaAl c;.'lls appea?‘gd among the unilocular cells closely
associated ith blood vessels. These immature BAT cells increased in

number Ao become the aominant cell type by 15 days while the unilocular

cells disappeared. By 30 days these celis were recognizable as multilocular
(Smaljey et al/., 1970). More recently, light microscopic radicautographic

g

studigs have indicated that the unilocular adipocytes are converted to

multiloctNar, coinciding with parenchymal innervation. Multilocular

adipocytes\ were also' formed directly from pericytes where adrenergic
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innerva‘tiofn was not obvious {Néchad and Barnard, 19?9).' From
experiments in which neonatal hamster BAT was transplanted into the
denervated or innervated anterior chamber of the eye, it appears that
sympathetic innervation stir;lulates BAT growth but that some growth

occurs in the absence of the sympathetic nerves (Nechad and Olson,

1983} .

1.4.C COLD-INDUCED GROWTH

When a warm-acclimated rat is placed in the cold, changes occur in
BAT during the first few hours. If the ar.ximal remains in the cold, other
more gradual changes take place in BAT -in-connection with cold
acclimation over a period of weeks. Briéf cold exposure (4°C) of rats
causes increased oxygen consumption (Foster and Frydman, 1979;
Szelenyi, 1968}, increased temperature in BAT (Smith, 1961; Szelenyi,
1968) and increased blood flow to BAT (Foster and Frydman, 1979).
These changes are accompanied by depletion of lipid vacuoles (Cameron
and Sr(l’t/h, 1964), decreased cell size (Camerén and Smith, 1964), and
increased noradrenaline turnover (Cottle et al., 1967; Young et of., 1982)
consistent with increased sympathetic stimulation of lipolysis and
thermogenesis. Mitochendria are larger and there is a rearrangement'of
the- i;'lner mitochondrial membrane into a more parallel configuration
(Desautels and Himms-Hagen, 1980). As early as 1 hour at 4°C there is an
increase in.GDP-binding to BAT mitochondria (Desautels et af., 1978)
representing an increase in ‘thermogenic state of thé tissue (Nicholls,

1979). As far as is known there is no increase in 32 000 MW polypeptide

at this time.
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When rats are exposed to low temperatures for longer periods
(weeks), other changes occur in BAT resulting in increased BAT mass
(Page and Babineau, 1950) and im;ﬁrqved thermogenesis (Smith, 1961).
The increase .in. tissue mass is accompanied by increased tissue protein
(Smith and Roberts, 1964) and increased wa"cer and lipid free dry matter
(Joel, 1965) rather than triglyceride. After an initial drop when first
exposed to cold, the lipid content of BAT is almost restored by 24 hours.
Droplets remain smaller’ and more numérous than in animals kept at room
temperature {Suter, 1969).

Increased vascularity and .cellularity in BAT occurs in rats exposed
to 4-5°C. Proliferation of the capiilary network of arterioles and especially
of venules was reported. by Hunt and Hunt (1967). Cell pl."oliferation,
occurring in endothelium and extravascular precursor. cells was ma'ximal at
4 days and returned to normal by 16 days (Cameron and Smith, 1964). No
mitosis of mature BAT celis has been described and new cells are believed
. to derive from precursor cells associated with vascular endothelium
(Cameran, a_r?d 'S'mith, 1964; Hunt and Hunt 1967; Bukowieki et al., 1982).

’ Cold adaptation results in larger, more numerous mitochondria and
expanded area of the inner mitochondrial membrane (Desautels and
Himms-Hagen, 1980; Suter, 1969; Bukowieki et af., 1982). Phospholipid
content of the tissue increases, reflecting increased membrane structure
(Ricquier et oa/., 1979). Important qualitative changes occur in the
mitochondria. The proportion of 32 000 MW polypeptide ';n_the membrane
increases (Desauteis et aof., 1978; Ricquier and Kader, 1976: Heaton et

al., 1878) and there is increased binding of purine nucleotides to the

membrane due to an increase in binding sites with no change in



affinity (Desautels et of., 1978: IDesautéls and Hir’nms-Hagen, 1981).
During cold adaptation there is a general increase in sympathetic
innerv-ation in BAT (Barnard et af., 1980). increased sympathic
innervation has been described in association with arterioles and between
brown fat cells (Cottle and Cottle, 1970; Derry et a/., 1969), together
with an increased rate of noradrenaline synthesis (Cottle et a/., 1967).

Lipogenesis in BAT increases in the céid-accli‘mated rat (Tray.hurn,
1979b). In the hamster, lipogenesis is not elevated during cold adaptation
and lipids are imported from other tis_sues, probably the liver (Trayhurn,
1980) .

BAT of cold-acclimated hamsters has elevated tissue protein, and
COX content. GDP-binding to mitochondria and the proportion of
32 000-MW polypeptide, both ﬁa@waly high in the warm-adapted state
(Himms-Hagen and Gwil’liam,(lQSO; icquier et af., 1979), inf;reasé when
the animal is cold-adapted bh\:co ‘a lesser extent than in rats or mice
(Himms-Hagen and Gv;rillfa—m, AQSO;#W et al., 1983).

-~

1.4.D DIET-INDUCED GROWTH . ?

When this research was begun, it was known that rats could be
induced to overeat by feeding them a varied, palatable cafeteria diet, and
that f~eeding this diet resulted in hypertrophy of BAT which was not due
to lipid accumulation. It was found from experiments reported in this
thesis (Experiment A-1) that this is a hyperplastic type of growth
(Himms-Hagen, et af., 1981). Cafeteria feeding also results in

thermogenic activation of éAT (Brooks et af., 1980). Noradrenaline

turnover is elevated in BAT (Young et af., 1982) and there is increased
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norad‘renaline-stimulated blood flow to BAT (Rothwell and Stock, 1981)
resulting from cafeteria feeding. The effects of cafeteria feeding on BAT
are similar to but less pronounced than those of cold adaptation
(Bukowieki et of., 1982). The 32 000 MW polypeptide was found ﬁot to
increase in relative amount, as during cold adaptation (Experiment A-1)
but this has not yet been’ confirmed by newelr immunological techniques.
Noradrenaline-stirr;ulated Na+K+ATPase activity is elevated in BAT:of
cafeteria-féd ‘rats. /n vitro Na+K¢ATPase activity has been correlated

with in vive ox'ygen (-:onsumptiqln rates in control and cafeteria-fed rats

(Rothwell et af., 1981bj but the importance of this enzyme in BAT

thermogenesis is unclear.

It is difficult to separate the effect of elevated energy content from
the effect of altered corhposition of the diet. Rats on a high fat, low
carbohydrate cafeteria diet were more hyperphagic and expended more
energy in thermogenesis than rats on a high carbohydrate, low fat
cafeteria diet-('Rot\}:\;:II et aol., 1983c). Low protein diets'res.uit in
increased food ‘consump‘cion and dec:reased food efficiency (Young et of,,
1980). Since cafeteria diets have a lower protein content than chow, it has
been suggested that the’ low protein level may be the cause of the higher
metabolic rate. Rats fed cafeteria diets containing high, normal or low
protein levels all ha8 increased energy intake, elevated energy
expenditure and growth of BAT. The low protein group had the lowest
energy efficiency and the smallest increase in BAT while there was no
difference between rats receiving normal or hig‘h levels of protein
suggesting that the proiteil_'u level of the diet is important, but only -if it is

very low (Rothwell et a/., 1982b).



'Hamsters seem better able than rats to adjust the energy content of
their diet, consuming the same number of calories or marginally-
overeating when fed a high fat or high c‘arbol?ydr'ate diet (Borjer, 1974;
W?;:Ie‘,_1982). Hémsjters on a _h_?gh~ fat diet however, gain more weight and
incre.as:e their lipid stores relative to chow fed animals (Borer, 1974;
- Wade, 1982) and this weight gain without overeating is acco.rnpanied by an
increase in BAT weight, protein content and capac'ity of the animal for

NST (Wade, 1982),

The control of food intake appears to differ between -rats and
hamsters in that hamsters do not in'crease. food intake after fo—od
deprivation or in response to 2-deoxy-D-glucose (2-DG) and are" less
responsive than rats to the hyperphagic effects of insulin. (Silverman
and Zucker, 1876; Rowland, 1983: DiBattista, 1983).
1.4.E SHORT PHOTOPERIOD-INDUCED GROWTH -

iSqme animals e.g. thé hamster and the white footed mouse, are
known to be able to regulate certain bedy functions in response to
changes in the Iighting'conditions in their environment. Increased BAT
mass has been reported in ISyr'ian ha.rnsters kept in short photoperiod
(Hoffman et of., 1965; Reiter, 19-75) and is prevented by ginea!ectomy
{Reiter, 1975). In Siberian hamsters increased BAT mass, mitochondrial
protein and cytochrt;me oxidase and capacity for nonshivering
t’hermogenesis have been reported (Rafael et af., 1881; Heldmaier et of.,
1981).

The pineal is not necessary for the growth of BAT in Fats due to

cold acclimation, and cold-induced growth occurred equally well in short



and long phétoperiod (Kott and Horwitz? 1983). Also in the rat,
"Hagelstein and Folk (1979} found short ph:;toperiod and cold had a
greater effect on growth than cold alone. Rats in short photoperiod have
an increased noradrenaline excretion (Haim et a/., 1983).

In summary, acclimation to cold or prolonged overfeeding cause
changes to occur ir@ BAT of rats, including growth of the tissue,
proliferation of mitochondria and qualitative changes in mitocHondria, that
lead to an increased capacity for thermogenesis. Similar changes'occur in
response to overfeeding, but are usually smaller than those due to cold
acclimation. BAT of hamsters is also.known to grow in response to an
additional environmental condition, short photoperiod, which has not been
shown in rats. Brown adipose tissue of wa‘rm-adapted hamsters appears
to have a greater thermogenic capacity than that of rats, having a greater
amount of 32 000 MW polypeptide and f‘n'gher GDP-binding. GDP-binding

increases further when the animal is acclimated to cold.
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1.5 CONTROL OF BAT GROWTH

1.5.A SYMPATHETIC NER‘:\/OUS SYSTEM

There seems no doubt that the sympathetic nervous system is
involved in -growth of BAT (B-ar.nar'd et al., 1980). BAT has been
unilaterally denervated accumulates lipid and does not grow as well on the
. denervated side in response to cold or to cafeteria feeding (Hunt and
Hunt, 1967; Himms-Hagen and Park, 1984). Although less than normal,
some growth occurs in the cold, suggesting that either denervation is
incomplete or that some other mediator contributes to growth of BAT in
the cold. Chemical sympathectomy using guanethidine which destroys call
bodies, terminals, and axons, more completely impaires the response of
the tissue to cold (Mory et al/., 1982) but this method also is imperfect
since it is not specific for BAT.

The trophic effect on BAT of chronic sympathetic stimulation can be
mimicked by the chronic administration of catecholamines. Thus, the
growth of BAT has been observed in rats chronically injected with
noradrenaline' or isoproterenol. Wet weight, protein content, DNA and
oxidative enzymes were all increased in BAT by such chronic treatments
(Heick et al., 1973; Desautels and Himms-Hagen, 1979; Mory et of.,
1880). However cold resistance ‘of animals was not as high as in
cold-adépted animals (LeBlanc and Villemaire, 1970) and there was no
measurable increase in mitochondrial GDP-binding or in the proportion of
the 32 000 MW polypeptide (Desautels and Himms-Hagen, 1979). In a
recent étudy in which noraarenaline was administere;:! by chronic infusion

through osmotic minipumps, growth of the tissue and increased
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GDP-binding and 32 000 MW polypeptide occurred as in the cold (Mory et

al., .1984). Extremely high [évels of infused noradrenaline are necessary

to mimic the .levels of noradrenaline in BAT during cold exposure as

“thermogenesis is caused by noradrenaline from sympathetic nerve

terminals in BAT where the conceptration of noradrenaline is very high
and not by -ci.[_'culating catecholamines (Depocas et af., 1980). ' Growth of
BAT, including. increased tissue protein, GDP-binding and increased
proportion of 32 000 MW polypeptides was observed‘ in fats bearing cloned
(PC 12) pheochromocytoma tumors (Rit.:quier et al.,-1983]; in rats treated
with fenoterol, a long acting B~adrenerg}c agonist, or with ephedrine,
.which ‘releases noradrenaline from nerve endings {Young, P. et of.,
1984) and in rats with constant infusion of noradrenaline (Mory et of.,
11984) aIs-o suggesting sympathetic mediation of BAT growth., [t may be
that sustained B—recep.tor stimulation is necessary for these effects to
occur which may not be possible with noradrenaline injections.

%

1.5.B THYROID HORMONE

Thyroid hormones are synthesized by and released into the blood

from the thyroid gland, normally under the control of thyroid stimulating

. - hormone (TSH) from the anterior pituitary. TSH secretion is in turn

regulated by thyrotropin releasing .hormone (TRH) from the
hypothalamus. Blood concentrations of the two most important thyroid
hormones, thyroxine (T,) and triiodothyronine (T,) tct by a negative
feedback mechanism on TSH secretion (Nilsson and Karkberg, 1983).

T, is viewed as the metabolicaily active thyroid hormone, estimated

to be 3 to 5 times more potent than,to/rExine. Some is relepsed from the

p—
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thyroid but most of the T, in the blood is the result of monodeiodination
of T, in the peripheral tissues by the action of the enzyme thyroxine
5'-monodeiodinage. It is unclear what proportion of cellular T, originates
from the plasma or is generated-locally in the cell (Oppenheimer, 1983).
BAT contains one form of the 5'-deiodinase and the activity of the enzyme
appears to be under the control of the sympathetic nervous system
(Leonard et dl., .‘1983; Silva and Larson, 1983). Stereospecific binding
sites for thyroid hormc;ne have been demonstrated in cell membrane,
cytoplasm, nucleus and the inner mitochondrial membrane (Hoffenberg and
Ramsden, 1983; Bérsano and DeGroot, 1983). The nuclear binding sites
are the best characterized and are often considered the true receptors for
T: (Mariash and Oppenheimer, 1985{ Cytoplasmic binding sites may be
involv;ed in intracellular transp.ort of thyroid hormone. Binding sites on
cell membrane may serve to recognize and admit thyroid hormone to the
cell although thyroid hormone is usually thought to diffuse through the
cell membrane. The function of mitochondrial binding sites is equally
unclear (Hoffenberg and Ramsden, 1983: Bar'_;.ano and DeGroot, 1983).
Most tissues are thought to be thyroia hormone sensitive, exceptiqns
beir:ng the spleen, testis and adult rat brain (Barsano and DeGroot, 1983).

Thyroid hormones are involved in many body functions of growfh

and development as well as in the control of metabolism. Only the latter

will be considered here.

Endotherm_ic ther‘mogenesis_ is controlled largely by thyroid hormone
(Himms-Hagen, 1983a). During cc;ld-i.nduc:_ed NST and DIT the level of T,
ts elevated (Scammell et af., 1980; Rothwell and Stock, 1979). The

possibility that thyroid hormone is responsible for the elevated metabolism
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in these 'iwo conditions is complicated by the fact that the activity of the
sympathetic nervous system is also elevated (Leduc, 1961; Langsberg and
Young, 1983). Noradrenaline can modulate thyroid hormone secretion
(Melander, 1977; Pisarev et al.,,1981,) and perote its peripheral action
by increaséng conversion of T, to T, (Storm et of., 1981; Nilsson and
Karlberg,. 1983) .

In addition to the influence of catecholamines on thyroid hormone
secretion and éctivity, evidence suggests that thyroid hormone works to
turn down the activity of the sympathetic nervous_;ystem as it potentiates
the action of catecholamines (Gibson, 1981). Generally noradrenaline
turnover is enhanced during hypothyroidism and reduced during
hyperthyroidism (Landsberg and Axelrod, 1968: Christiansen, 1972). The
thermogenic effects of catecholamines is increased in hyperthyroidis'..m and
decreased in hypothyroidism (Swanson, 1956; Hsieh et of., 1966; Fregly
et al., 1979). This “permissive" effect of thyroid hormone on
catecholamine action has been variously credited to modulation of cAMP
phosphodiesterase (Van Inwegen et af., 1975; Lutherer et al., 1978), to a
change in the rélative number bf a- and B-adrenergic receptors (Kun'os,
1977), to a change in the amount of adenylate cyclase (Krishna et of., -

1968) and to an altered coupling between the hormone and adenvylate

- cyclase (Malbon et af., 1980).

The prevailing concept of the mechanism of thyroid hormone action
involves the action of thyroid hormone at a nuclear receptor which
promotes RNA polymerase activity and cytoplasmic protein synthesis

/_‘_'—‘—-.

(Barsand and D Groot, 1983). The administration of thyroid hormone to

hypothyroid rats\has been shown to increase their basal metabolic rate



within approximately 2 days and is correlated with aﬁ?:‘f’ea\ed tissue and
mitochondrial oxygen consumption and increased mitochondrial enzyme
activities (Barsano and DeGroot, 1983):

+ o+
Increased synthesis of such proteins as malic enzyme, Na K ATPase,
< *

and adrenergic receptors has been postulated as the way in which-thyroid -

hormone could increase metabolism through futile cycling of sabstrates,

lon-pumping and modulation of the response to noradrenaline {Samuels,

1983). By its "per|rnissive" effect on the ther;moger;Ic action 4
catecholamines thyroid hormone can have a more "immediate effect jon
metabolism.

Since BAT is a thermogenic tissue, there has been much interest in
the effect of thyroid hormone on BAT growth and function, in
cold-induced NST and in diet-induced thermogenesis.

Evidence for a role for thyroid hormone in BAT thermogenesis comes
from studies of hypothyroid rats, which are reported °to'have reduced
oxygen consumption in response to-B-adrenérgic stimul;‘-.ution (Fregley et
a{., 1979). They are unable to survive in the cold (Sle[[‘ers and You, 1950)
and vyet if they are provided with a low maintenance dose of T, they
seemingly thrive in the cold as well as intact animals (Sellers et af.,
1974} . '

BAT of hypothy‘roid rats appears le;s responsive to the effects of
noradrenaline than intact rats. In young hypothyroid rats BAT lacks the
normal lipolytic response to nora-drenaline (Hembn et al., 1976). Short
term cold does. not mobilize lipid in BAT (Mory et_al., 1981) or increase

blood flow to BAT (Kuroshima et aof., 1967) of hypothyroid rats and

noradrenaline does not stimulate oxygen consumption in hypothyroid mice
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(Ikimoto et al., 1967). Hypertrophy of BAT has been reported in
hypothyroid rats (Sellers et al., 19?4). Because these ani-mals were
housed at 23°C, somewhat below thermoneutral (28°C), - increased
sympathetic stimulation may have been manifest in a small amou‘nt of tissue
growth.

Blood T, is raised in cold-acclimated rats (Scammell et of., 1980) and
the significance of this in causing cold-induced changes in BAT has
received considerable attention. Rats chronically injected with T, de.velop
an increased capacity to respond to the calorigenic effect of
noradrenaline, accompanied by hypertrophy of BAT (Lachance and Page,
1953; LeBlanc and Villemaire, 1970). This enlargement however, is due to’
increased lipid deposition in the tissue - without an increase in tissue
protein or oxidative enzymes (Heick et af., 1973; Harri, 1978).

' The changes in lipids .alr'e‘ dissimilar in cold-adapted and
hyperthyroid animals. Thyroid hormone increases triglyceride while cold
adaptation increases the_ phospholipid component (Ricquier et af., 1975).
Exogenous thyroid hormone may even inhibit the cold-induced‘ changes in
phospholipid (Ricquier et af., 1975). Lipogenesis in BAT is reportediy no%
stimulated by T, treatment (Pillay and Bailey, 1983). However, Gnoni et
al. —(1983) found increased lipogenesis and changes in EAT mitochondria

fatty acids induced by thyroid hormone somewhat similar to those induced

by cold in T, treated rats.

Noradrenaline content and turnover in BAT are reported to be
elevated in Koth cold-adapted and T.,treated rats but are apparently

controlled by different mechanisms in the two sitvations (Kennedy epaf.,

1977).
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Plasma T, is elevated in cafeteria-fed rats (Rothwell and Stock,
1979) the significance of which is unknown but some role in BAT

thermogenesis is suggested. Fasting lowers T, levels (Vagenakis et aol.,

1975}. T, however is restored by refeeding carbohydrate or protein but

-t

not by fat (Azizi, 1978; Burger et of., 1980; 1 Increasing the fat
level’ of the diet actually blunts the increkse Ign T; in rats fed
carbohydrate (Otten et of., 1980). Similiarly, overfeeding a palatablé

mixed diet raises T, levels but overfeeding a high fat diet does not

(Danforth et aof., 1979).

1.5.C PITUITAR\-’ HORMONES

When rats are exposed to cold, levels of two pituitary hormones,
ACTH and TSH are raised i.n the blood (Usategui {et al., 1977; Jobin et
al., 1975; Hershman et af., 1970). Chronic :c:e-_aty(nt with ACTH results
in an increased metabolic response to noTadrenaline in War:m-acclimated
rats (Laury and Portet, 1977) ani}f)creased basal blood flow and
noradrenaline stimul?téd blood flow and fatty acid utilization in BAT
(Laury and Portet,[//'!‘éBO). In cold-adapted ACTH treated rats, these
p'arameters are reduced (Laury and Portet, 1977; 1980). ACTH treatment
decreases lipid and increases protein content of BAT in cold-adapted rats
only (Laury and Portet, 1980). Hypertrophy of BAT and an increase in all
fractions including fat free dry matter is reported af’ter 8 day; treatment
w‘iti; ACTH (Lachance and Page, 1953).

A trophic effect of TSH on BAT has been suggestedl as an
" explanation of swelling of subclavicular fat pad which occurs in myxedema

with high levels of TSL—! (Doniach, 1975).
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The level of growth hormone is reduced in the cold ‘(Eisenberg et
‘al., 1972; Kokka et al., 1972). However injectjons of this hormone have

\

been reported to stimulate BAT growth tPage et af., 1954},
1.5.D GLUCOCORTICOIDS

Glucocorticoids are essential ft')r_rnaintenance of body temperature of
rats during exposure to cold. In adrenalectomized, _f:old-exposed rats,
prevention of heat loss and mobilization of. fuel for thermogenesns appear
. to require glucocofi\cﬁéD(Deavers and Musacchla 1979). Pretreatment of
hypothermic hamsters with glucocorticoids results in an improved ability
to regain normal body temperature as well as maintenance of higher
glucose levels (Deavers and Musacchia, 1979). it appears, however that
survival in the cold does not require elevated levels of glucocorticoids,
since adrenalectomized rats, given small _permissive amounts of
glucocorticoids, adapt to cold (Heroux, 1955).

~ Considering the necessity for glucocorticoids in rats Iliving in the
cold it may seem contradictory that excessive amounts of these hormones
have an inhibitory action on BAT. However cortisone treatment of rats
results in increased wvolume and weight of intersc?ﬁular BAT with no
evidence of cellular hyperplasia - (Aronson et al., 1954; Lachance and
Page, 1953; Seifter et of., 1951). Lipid vacuoles coalesce and the nucleus
is compressed peripherall‘y (Aronson et al., 1954). After extended
‘ treatment (70 days) with cortisone, (Sala et af., 1951) interscapular BAT
isl reduced in amount and resembles white adipose tissue, Injection of
cortisone in young rats results in increased weight and fat content of

BAT, reduced protein content and noradrenaline content. Noradrenaline
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stimulated lipolysis is not altered, but mitochondial enzymes are reduced
as well as mitochondrial oxidation of palmitate (Hahn et of., 1969; Skala
and Hahn, 1971). No effect on weight gain, food intake or BAT weight,
protein, or GDP-binding to BAT mitochondria was noted 7 days (Holt and
York, 1882) or 21 days (Marchington et af., 1983) after adrenalectomy in
‘rats. Recent studies have shown that removal of the adrenals improves
the '_.chermogenic state of BAT and reduces obesity in the obese Zucker rat
(Holt and York, 1882).

Mice treated with corticosterone increase their body weight and 'food
intake, and even when pair-fed to controls they increase energy stores
{Galpin et af., 1983). GDP-binding to BAT mitochondria is reduced by
corticosterone treatment in both od /ib and pair-fed mice, but not in
cold-exposed (1 hour, 4°C) mice, suggesting reduced energy expenditure

in BAT in response to diet but not to cold (Galpin et a/., 1983).

1.5.E PINEAL GLAND

Generally, the environment of animals changes according to the
- season. In order to thrive many animals are able to adapt their body
functions” to unfavorable conditions which in temperate regions are mainly

4.
low temperature and lack of available food. One of these adaptations is

v
illustrated by the growth of BAT in animals living in the cold in order to
more favorably deal with the environment. Other st:ategies include
migration, hibernatiorj, molt of skins and changing‘ reproductive fun'ctiorr*
to assure that the woung are born at a time of year which favors their

survival. Most seasonal adaptations take time to develop and it would

appear that predictive information is available to enable the animal to
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syr;chronize its functions with abrupt changes in temperatures. The
changing photoperiod- is the most dependable markgg of seasonal
environmental changes and appears to be widely ng to regulate
reproductive cycles (Goldman, 1983). In this réga.rd‘, certain species are
considered "photosensitive”, they respond to changing light schedules by
altering physiological functions. Photosensitive species ‘include the Syrian
hamster (Mesocricetus ouratus), the Djungarian hamster {Phodopus
surligorus sungorus) and the white footed mouse (Peromyscus Ieuc0pus)..

In the Syrian (Goiden) hams'ten,' low temperature causes growth
(mass and tissue protein) of BAT and gonadal regression (Himms-Hagen
and Gwilliam, 1980; Hoffman et a/., 1965). Short photoperiod also causes
an increase in BAT mass and gonadal regression (Hoffman et /., 1965;
Gaston and Menacker, 1967) which are '‘mediated by the pineal (Reliter,
1975). 1t is not known whether the pineal gland plays any part ini
cold-induced growfh of BAT. It does not appear to be required for
cold-induced gonadal regression in hamsters (Frehn and Liu, 1970).. The
rolé—';f the pineal in BAT growth has been relatively little studied and -
n.'nore is known aBout its role in control of ‘reproductive activity.

One problem ‘with using daylength as an indicator of season is that
spring and fall have the same day length, but one predicts warm
temperatures and the other cold. Evi_dently to solve this problem, many
photosensitive species undergo a period of photorefractoriness. For
example, in the S'yr'ian hamster, gonadal regression occurs if the
daylength is less than 12.5 hours (Gaston and Menacher, 1967). After 4
to 5 months the gonads regain their normal size and activity, and are

-~

'again photosensitive only after a period of exposure to long days (Reiter,
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1974). In this way short days cause the regression of the gonads while
the resumption of reproductive activity seems to be determined \by an
endogenous time measuring system, the nature of which is unknown
(Goldman, 1983). The méchanisr;w which allows the animal to measure day
iength é‘ppear‘s to involve the pineal gland.

Of the several products of the pineal, melatonin is considered by
many as a likely mediator of photoperiod effects (Goldman, 1983)._
Melatonin has a trophic effect on BA'E of Djungarian hamsters (Heldmaier
. and Hoffmann, 1874).

Melatonin production is much higher during the dark portion of the
light-dark cycle in both nocturnal and diurnal species, in keeping with a
role in transmitting photoperiod information. The exact mechanism by
which the pineal affects‘the gonads is not known. Melatonin injections
mimic the effects of short photoperiod in causing gonadal regression, only
if given late' in the day (Reiter et of., 1976). It is unclear whether
melatonin transmits ph;ato information via the amplitude or duration of
secretion at night, or by the total amount of the hormone produced, or its
placement in the light-dark cyecle. In addition, changes in sensitivity of
target tissues to melatonin may alter its effects {Goidman, 1983).

The pineal makes melatonin from the amino acid tryptophan in-
response to sympathetic nerve stimulation, wHich relays; photoperiodic
information from the eye to the pineal via the retinohypothalamic tract,
the suprachiasmatic nucleus of the hypothalamus and the sﬁperior cervical
ganglion (Klein and Moore, 1979). The lack of light is stimulatory to
pineal synthesis and secretion of melatonin. The rate limiting enzyme for

the  synthesis of melatonin is considered to be serotonin
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N-écetyltransferase (NAT), the first of two enzymes responsible for the
conversion to melatonin of serotonin, an intermediate in the synthesis of
melatonin from tryptophan (Klein et al., 1871).

The suprachiasmatic nucleus (SCN) is considered important in the
maintenance of several circadian rhythms (Goldman, 1983). Light acts
thr-ough the eyes to sychronize the SCN with environmental lighting and
to inhibit transmission of signals from the SCN to the pineal. Stimulation
of the pineal by the SCN at night serves to increase melatonin production.
Lesions of the paraventricular nucleus (PVN) of the hypothalamus have
been shown to reduce the night-time rise in pineal NAT activity and
uriﬁary 6~hydroxymelatonin, a metabolite of melatonin, and indicate that
the SCN neurons responsible for pineal circadian rhythms pr:oject into the
PVN (Klein et’al., 1983),

The number of B-adrenergic receptors on the pineal is lowest at the
end of the night or dark period. During the day the number of receptors
increases to a maximum just before lights off (Romero et al., 1975;
Kebebian et of., 1975). This correlates with the previously observed
variation in sensitivity of the pineal to B-adrenergic agonists. (Deguchi
and Axelrod, 1972; Romero and Axeirod, 1974). The variation in the
number of B-receptors is thought to be the result of changing levels of
noradrenaline resulting from lower sympathetic activity in the day and
higher at night. The large increase in melatonin production at night is
thought to be caused by an-increase in sympathetic activity actfng on the

pineal at a time when it is supersensitive to jts effects (Romero et df.,

1975).

o
= 13,
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Stimulation of melatonin production in the p‘inéal may be protected
from nonsynaptic adrenergic stimu]at;on by neural transport met_:hanisms.
Destruction of nerve terminals by 6-hydroxydopamine (Parfitt and Klein,
1976) and blocking of reuptake by desmethylimipramine (Lynch ét al,,
. 1973) causes potentiation of increases in pineal NAT activity. However,
exogenous noradrenaline or isoproterenol causes a rise in melatonin levels
in the rat (Zatz, 1981). In the hamster melatonin production rose after
injection of noradrenaiin:e (Iamafkin et al., 1é79) but these results were
not confirmed (Lipton et of., 1982). Similarly, noradrenaline injections
stifnu!ates increased meiatonlin production in the pineal of Djungarian
hamsters but not in Syrian hamsters (Steinlechner et al., 1984).
Propranolol supresses the nightime rise in the three species (Deguchi and
Axelrod, 1972; Lipton et of., 1981; Steinlechner et af/., 1984) suggesting
that melatonin production is regulated by a B-adrenergic mechanism.
Implants of melatonin in the SCN inhibit reproductive function in the
white footed mouse (Glass and Lynch, 1982), suggesting this area is
involved in mediating the effects 'of melatonin. However SCN lesions in
Syrian hamsters allow testicular regression in response to daily melatonin
injections (Bittman et a/., 1979). Knife cuts of the anterior hypothalamus
prevent regression of testes caused by melatonin in pinealectomized
hamsters; this could be interpreted to mean melatonin acts on neurons in
the SCN, but does not exclude other sites of action (Reiter et al., 1981).
The number of melatonin binding sites in the brains of rats and hamsters
is higher at 2000 h than at 0700 h and may be a factor in the diurnal

changes in sensitivity to melatonin {Vacas and Cardinali, 1979) .
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It has been pointed out th-at good thermoregulators have large, well
developed' pineal glands and that the 'pinea[ may be involved in
thermoregulation (Ralph et af., 1979). In white footed mice, melatonin
injections cause depression of body‘temperature and increase in daily
torpor (Lynch et al., 1978). In the rat, melatonin appears to cause
hyperthermia (Ralph et of., 1979). Hypertrophy and hyperplasia of
pinealocytes in rats chronically exposed to low temperatures demonstrate a
reactior}of the bint;al gland to cold (Miline et af., 1979). Pinealocytes of
cold-acclimated Syrian hamsters exhibit membranous whorls together with
increase in ribosomal density and nuclear polymorphism. These effects
were augmented by exposure to a short photoperiod (Bucana et al.,
1973). Acute cold exposure caused an increase in granuiated vesicles in
mouse pinealocytes (Matsushima and Mousawa, 1981). These vesicles are
also infiuenced ;ay environmental lighting. Cold acclimation is affected by
photoperiod. Cold tolerance of cold-acclimated and warm-acclimated mice
was greater when animals were kept on short photoperiod during

acclimation (Ferguson, 1979).

1.6 THE OBESE ZUCKER RAT

Several types of obesity in animals are associated with defective
thermogenesis in BAT (Himms-Hagen, 1983b). The genetically obese ob/ob
mouse appears to have a defect in BAT which causes a failure of
cold-induced nonshivering thermogenesis and diet-induced thermogenesis,
contributing to its cold sensitivity and high metabolic efficiency
(Himms-Hagen and Desautels, 1978; Hogan and Himms-Hagen, 1980). In

the experimentally induced hypothalamic obesit of the VMH lesioned rat



and the GTG mouse, animals lack DIT but cold-induced NST is normal
(Hogan et of., 1982: Himms-Hagen et of., 1984; Hogan and .Himms-Hagen,
1’983). It is thought that the hypothalamic lesion disrupts the transmission
of the dietary signal to BAT while the information on cold is normally
carried'l.by another route, or has an alternate pathway (Himms- Hagen,
1984).. When the work descrtbed in this thesis was started, nothing was
known about BAT of the genetically obese Zucker "fatty" (fa/fa) rat.

One of the objectives was to find out whether BAT in this obese.rat was

also defective, and, if se, in what way the control of its function was
altered. |

The obese. ‘Zucker rat displays a very eartly.Onset obesity which is
inherited as. an autosomal recessive mutation (Zuci(er.and Zucker,'1961J.
Obese aniga};s are homozygous for‘ the "fa" gene while heterozygotes
(Fa/fa) do not diffe.r in body weight from homozygous normals (Fa/Fa).
As females are sterile, ydung are derived from matingé of heterozygotes.
The obese genotype is not visually distinguishabla untii 3-4 weeks, by
which time the obesity is already developed, maki‘n_g' it difficult to
separate primary causal factors from abnormalities‘r'esulting. from the
obese state. Methods for predicting the occurence of obesity in Zucker rat
pups have been developad using parameters Which discriminate between
the lean and obese at an earlier age. These include fow oxygen
consumption (Kaplan, 1979: Planche et al., 1983), low body temperature
(Godbole et aof/., 1978), high I|poprotem lipase (Gruen et al., 1978) and
adlpocyte diameter of inguinal fat pad (Boulange et al., 1979).

Although abnormal weight gains' are not seen until 3 weeks of age

(Zucker and Zucker, 1961), overdevelopment of adipose tissue has -been

\}‘
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detected by 1 week (Boulange et of., 1979). Second to the obesity, the
most striking characteristic is the extremely high blood lipid levels
(Zucker and Zucker;, 1961). This is in contrast to other animal mbdels of
obesity - like the ob/ob mouse and is responsible for the name "fatty" rat
(Zucker and Zuc.‘ker, 1961). All classes of lipids in the blood are ele:vated,
in as.sociation with excessive fatty acid synt\hesis (Lemonnier et al., 1974;
Bloxham et"al,.,_ 1977) and ove‘rproduction‘of phospholipids by the liver
(Schonfeld and Pfliger, 1971). Hepatic fatty acid synthesis is not elevated
in sﬁling rats and the elevated synthesis later in life is probably
secondary to hyperphagia and hyperinsulinemia (Godbole and York,
1{3'78). However plasma triglycerides are elevated in 2 week pups
(Boulange et a/., 1981) and phospholipids are e]evate:.d from 8 days
(Schirardin and Bach, 1981). Lipoprotein lipase activity in white adipose’
tissue is eievated at 1 Weel.< (Boulange et af., 1981;: Gruen ét al., 1978)
while that of skeletal and cardiac muscle and BAT is redu;:ed_ at 2 weeks,
suggesting possible decreased clearance of blood-lipids by the latter
tissues (Boulange et af., 1981). ‘

Excessive food intak.e‘ is .an obvious cause of olz_e;ity, but is not
necessary for the developmgnt o?;o“besity in the Zuc(l% rat. Obese rats

kS

consume more foed, but also use dietary energy more efficiently (Deb et
al., 1976). Energy requirements for maintenance are normal (Del; et al..t
1976). Pair-feeding experiments have shown that althougl) weight gain is
decreased, obese rats continue to lay down more fat than controls and
remain obese (Zucker, 1967; Cllear'y et al., 1980). Food intake is elevated
at 2 weeks (Bell and Stern, 1977; Stern and Johnson, 1977) but not at 1

week (Godbole et of., 1981; Boulange et af., 1979)}. At about 10 weeks;
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food intake/g body weight is similar to or less than that of lean rats
“(Dilettuso and Wangsness, 1977). In addition to hyperphagia, obese rats
have an altered food intake pattern, with larger meals and loss of the

normal pattern of nocturnal feedins/GBecker and Grinker, 1977; Bertin et

af., 1983).

P

Hyperianulinaemia develops ~ just after weaning (Zucker- and
Antoniades, 1972). However, imwming pups, glucose
stimulated insulin secretion is larger than iifean pups and is normal after
atropine treatm.ent. Insulin release in adult animals is elevated more than
that of the lean by vagus nerve stimulation and decreased by vagotomy.
(Rohner-Jeanrenaud et af., 1983) suggesting at least pér‘t of the
hyperinsulinaemia is due to the action of the parasympathetic nervous
system. Thus, while hyperphagia and hyperinsulingemia are potentialiy
powerful factors contributing to excess energy storage, it is‘-clearj that
obesity, in the form of excess déposition of lipids in gdi‘poie fissue
(Boulange et af., 1979), is manifest in the Zucker rat before food intake

. - ‘
or insulin levels are elevated.

The possibility that reduced energy exFenditure is .responsible for
obesity in the Zucker rat has been investigated. One measure of energy
expenditure is ox.ygen consumptiorﬂl. Information in this area can be
gonfu;ing because of the different ways of express’ing; results, differences
in body size and compositi'on o'f~animals and te.mperatureS'at which
measurements were taken. Thus the obese adult has a higher whole animal
oxygen consumption than its lean counterpart between 5°C and 30°C
(Ar:mitage et al., 1984). Rates of.oxygen conshmption are lower in obese

than in lean rats between 10°C and 30°C and similar at 35°C and 40°C

4]
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when expressed per g body wei.ght (Kaplan, 1979); they are similar when
adjusted to metabolic size, g“r (Bray, 1969) or total body protein
“(Kaplan, 1981). In obese pups (18-22 days at 25°C (Kaplan, 1979) and 7
days at 33°C and 28°C (Planche et al., 1983)) oxygen consumptlon is
lower than in the lean, revealmg that the obese use less energy and that-
this defect occurs at a very early age, before theb.l})yperphagta and the
hyperinsulinemia. Body temperature is maintained at a lower level jn the_‘ .
'+ obese at all ages studied (at 16 days (22°C) (Godbole et al.> 1978), at 7
days (33°C and 28°C) (Planche et of., 1983) and at 5 months (5°C to
30°C) (Armitage et af., 1984)).
Studies of cold sensitivity of obese Zucker rats are inconsistent.
Adult obese rats are reported to survive only 28 hounrs at 4°C, conditions
_ which do not compromise the survival of lean rats (Trayhurn et of., 1976)
and body temperature is reduced in obese rats in the cold (York et al.,
1972). However some workers report normal maintenance of body
temperatures at temperatures from 5° to 30°C (Armitage et af., 1984) and
others find variability within a group of rats (Levin et of., 1980) While
OXygen consumption is lower in 7 day obese Pups at 33° and 28°C, the
difference is greater at the Iower temperature, suggesting a failure in
heat production when exposed to the relatively colder conditions (Planche
et al., 1983]. Exposure to cold resulted in a fall in rectal temperature in
obese but not lean Zucker rats (Bert:n et al., 1983). Accllmat:dn Lto 10°C
- ‘@ppears to occur normally and rectal temperature was not- rﬁguced after
cold exposure of cold- -acclimated rats (Bertin et of. , 1983). Plasma free
fatty acids do not increase when Q;E animal is exposed to cold, as they do

1,
in the lean (York et aof., 1972) although epinephrine stimulated lipolysis in
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white ad.ipose tissue is normal or above normal (Zucker, 1972; Bray et
al., 1970) and during starvati;)n elevated plasma f_ree fatty acid have been
observed for 79 days (Zucker, 1972). Obese Zucker rats do not increase
their food intake when placed in the cold as well as lean rats (Bray and
York, 1872; Armitage et a/., 1984; Bertin et al., 1883). Another abnormal
response to cold temperatures is seen in tht; earlier cessation of activity
in the obese, as early as 3 days (Hausman et af., 1983).
Abnormalities in noradrenaline levels, turnover and synthesizing
enzymes are reported in the brains of obese Zucker rats {Cruce et al.,g.
® 1976; 1978; Levin and Sullivan, 1979a,b). Adult obese Zuckers have
higher basal plasma noradrenaline levels which do not increase as much as
in the lean during cold exposure or immo‘bil.ization stress (Levin et df.,
1980). In those obese Zucker rats unable to maintain body temperature in
thé cold, infusion of noradrenaline did not improv.e cold tolerance (Leyin
et al., 1980). A defect in stress-induced plasma noradrenaline levels was
attributed to low norad'renaline levels and turnover ‘in several
sympatheticly innervated organs (Levin et aof., 1981). Hypothalamic
stimulation caused normal 'sympathetic activation suggesting that efferent
pathways are functioning normally although these could be modified by
éﬁqther factors (Levin et a/., 1984)
| The thyroid status of the obese Zucker is variably reported to be
normal or reduced. Uptake and turnover rate of radioactive \iodine are
reduced (Bray and York, 1971). Serum T. is reduced or elevated while
serum T, is redu;:ed o'r normal and peripheral conversion of T, fo T, r.nay
be abndrmal (Flynn et .af,, 1983: Young, R. A. et aof., 1984;

Durbin-Naltchayan et  af., 1983; Autissier et af., 1980).
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3,5,3'triiodothyroacetié acid, a metabolite of T,, dercreases body weight in
obese only with no change in food intake and no effect on hyperlipidemia

in the obese (Autissier et o/., 1980). Thyroid powder added to the diet

- ) "

reduced the weight gain of obese Zuckers without changing food intake

™ o

(Levin et al.,,1982). Body fat was reduced in the obese while body

‘protein was reduced ~p both lean and obese by thyroid hormone

treatment. BAT protein-was not affected. Rectal temperature was higher
in the obese treated than in the lean, and fell less in the cold than the
obese. The improved thermogenesis in obese Zucker treated with thyroid
hormone appears to be the result of processes in tissues other than BAT
(Levin et af., 1983)..

It has recently been found that excessive weight gains in the obese
Zucker rat can be prevented by.adrenalectomy (Yukimura et a/., 1978),
and although the mechanism is not under#tood, both food intake and
energy efficiency are affected (Yukimu ra et al., 1978; Marchington et of.,
1983). Serum insulin is lowered, fatty acid synthesis in adipose tissue and
liver is reduced and food intake is lowered in obese but not lean

adrenalectomized rats (Yark and Godbole, 1979).

1.7 THE MYOPATHIC HAMSTER

The ‘m{/opathic hamster appears to have a defect in the contro! of
growth of its brown adipose tissue. Smaller than normal deposits of éAT
are found in the myopathic hamster (Himms-Hagen and Gwiliiam, 1980).
This is consistent with the reduced calorigenic response to isoproterenol
previously reported by Horwitz and Hanes (1974). Tissue protein and
COX is reduced but GDP-binding and the proportion of the 32 000 Mw

sy
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-polypeptide in. BAT mitochondria are similar to that of normal hamsters.
Growth of BAT in response to low environmental température appears
relatively normai with the usual increases in tissue protein, COX activity -
and mitochondrial GDP-binding occurring at 4°C (Himms-Hagen and
Gwilliam, 1980).
The myopathic h.émster has an inherited muscle disease which affects
skeletal and Heart muscle. First descr?l‘:ed in 1962 by Hc;:rnberger et al.,
the disease occurred as the result of a spontaneous mutation during the
systematic inbreeding of Syrién golden hamsters. It is transmitted by an
autosomal recessive gene (Homberger, 1979). The BIO 14.6 line, which is
derived from the original mutant line, is the most widely used. Several
other lines have been developed and have slightly different
characteristics of lifespan, course of the disease, etc. The life expectancy
of th'e BIO 14.6 line is about 12' months.
| Histological studies have revealed that the progression of the diseasé
differs in skeletal and heart muscle. In the UM.X 7.1 line early skeietal
muscle lesion§ are visible by'\light microscopy between 10 and 15 days of
age. The progression of the disease reaches its maximum at 120 days and |
then subsides. Heart lesions are histologically evident at 30 to 40 days.
The development of lesions is later and more intense than in s'keletal
muscle. After 80 days there is healing with extensive scarring. Most
animals die of congestive heart failure (Jasmin and Eu, 1979). '
The lesions occur ‘in well defined focal areas in the muscle,

surrounded by areas of normal tissue. Damaged areas contain enlarged

™

mitochondria, often clumped together and intracellular accumulation of

calcium, associated. with mitochondria. Muscle fibers in these foci lose
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their normal striations and ar; eventually surrounded and infiltrated by
macrophages. The degeneration of the muscle fibers occurs in small and
large groups, surrounded by healthy tissue (Mendell et al., 1979).

The nature of the defect which causes these changes is not known.
From its beginning, the myopathic hamster appeared to be a useful mode|
for the study of cardiomyopathy in humans (Bajusz et af., 1969). Because
of the potential involvement of catecholamines-in human heart disease it
was of interest to study the effects of these and related drugs on the
development of the disease in the myopathic hamster. The severity of the
lesions was found to be greatly increased by adrenaline treatment (Bajusz
et al., 1969). Adrenergic antagonists, and calcium bilocking agents have
b found effective Ain reducing\ the severity of mybcardial and to a
lesser extent skel'etal muscle lesions (Jasmin et af., 1979). Lossnitzer et
al. (1975) found that isoproterencl tréatment greatly inﬁreased calcium
uptéke in muscle of young myopathic animals but not in that of controls.

Not only is the muscle of the myopathic hamster extraordinarily
sensitive to the action of catecholamines but there are aiso indications of
increased sympathetic nervous activity in this animal. Urinary
noradrenaline is elevated (Kabara et df., 1976) and noradrenaline
turnover is reported to be ‘elevated in hearts of mycpathic hamsters
(Angelakos et af., 1973; Sole et of., 1975; Ja_smin and Proschek, 1983),
The calcium overload hypothesis was put forward by Wrogemann to explain
the muscle degeneration in the myopathic hamster (Wrogemann et of.,
1879). This hypothesis states that, for whatever reason, the plasma
membrane of the muscle is defective and no longer regulates calqium

transport in the normal way and no longer keeps intracellular calcium
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levels low. This leads to overloadiqg of -intracellulz_ir calcium storage
depots, in particular mitochondrifbecome SO ox)erloaded that they become

/d)fhaged and cannot supply’ energy to pump calcium out Q the cell. A
vicious cycle results in a further rise in calcium levels and death of the
cell. This hypothesis points to a primary defect in the plasma membrane of
muscle of the myopathic hamster.

There is, however, evidence to suggest that a defect in the
microcircula'tion supplying heart muscle may be the cause of the cardiac
lesions describedih\the myopathic hamster (Factor et af., 1982). Silicone
rubber molds of the vessels supplying the heart contain areas which are
irregular and constricted in the afflicted animals. Such constrictions, it is
argued, caused by vasoactive amines, could be fesponsibie for the focal
lesions in myopathic muscle by restrjlcting the blood supply to these
areas. Since ka restricted blood vessel could cut the blood supply to one
area of the muscle whereas a defect in the plasma membrane would be
expected to cause a more generalized effect, the microvascular spasm
hypothesis can explain the focal nature of the lesions whereas the calcium
overload hypothesis can not. Vasoconstriétive effects were prevented by
the calcium blocker, verapamil (Factor et af/., 1982). Treatment of young
myopathic hamsters with the ul-ad.renergic antagonist praiosin resulted in

a considerable improvement in cardiac lesions (Factor and Cho, 1983)..

o

47



CHAPTER 2 PURPOSE OF EXPERIMENTS

-

To study the control of BAT growth in two disorders, obesity and
muscular-dystrophy. .

A. A reduction in the functioning of the proton conductance pathway
was shown in BAT mitochondria of‘the obése ob/ob mouse (Himms-Hagen
and Desautels, 1978). The potential effect of this defect to reduce
thermogenesis in BAT was offered as a possible explanation of the
extreme cold sensitivity and obesity of these animals. The purpose of
this part of the work was to determine whether a defect in BAT
function and/or growth is a common feature of mutant obese animals, in
particular, the obese Zucker rat.

B. The myopathic hamster has a smalier than normal amount BAT
{Himms-Hagen and Gwilliam, 1980). The purpose of this part of the work
was to elucidate the reason for the apparent defect in com BAT
growth in the myopathic hamster. Since BAT has been studied most in the
rat, it was necessary to,carry out comparative studies in the Syrian
hamster to establish the environmental conditions and mediators which

affect BAT growth and function.'
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CHAPTER 3 MATERIALS AND METHODS
3.1 MATERIALS

3.1.A ANIMALS

The following conditions apply to the treatment of all experimental

animals except where specified otherwise in the methods section of

individual experiments.

i. Rats

~

Male rats were kept at 28°C, in individual hanging metal cages with
free access to food (Purina chow 5012) and water and a lighting schedule
of 12L:12D. After at least one week under these conditions animals were
weighed and randomly assigned to groups. At the end of the experiment

animals were decapitated between 0700 and 0800 h.

ii. Hamsters

Male hamsters were kept at 24°C, in individual clear plastic cages
with free access to food (Purina chow 5012) and water and a lighting
schedule_‘g_f___ML:]OD. After at least one week under these conditions,
animals Were"Weigh.ed and randomly assigned to groups. At the end of the
experiment animals were decapitated between 0700 and 0800 h.

Handling of hamsters for injections and for killing was facilitated by

putting the animals head first into a conical, open ended plastic bag.
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3.1.B CHEMICALS

Biochemicals were purchased from Sigma Chemical Co. Common
laboratory reagents were from Fisher Scientific Co., J.T.Baker., BDH
Chemicals Ltd or Sigma Chemical Co. Chemicals used for gel
electrophoresis were from Bio-Rad Laboratories. DHBH (3,4 -
dihydroxybenzylamine H Br) and monochlorgacetic acid were from Sigma.
A]urﬁina, neutral, Brockman Activity | was from Fisher. Sodium octyl
sulfate was from Eastman Kodak Co. Chemicals for electron m1croscopy
mcluded absolute ethyl alcohol from the Ontario Liquor Control Board,
osmium tetroxide from Electron Microscopy Sciences, styrene from Eastman
Kodak Co., Spurr low viscosity embedding kit from Polysciences, Inc.,
glutaraldehyde 70% from Ladd Research Laboratories and i/estopal W from
Mrs. Martin Jae:ger, 1222 Vesenaz, Geneva, S;vitzerland. (-)-adrenaline
bitartrate, (-)-noradrenaline  bitartrate, (-)-phenylephrine  HCI,
(-)-isoproterenol bitartrate, yohimbine HCI| and «-methyl-p-tyrosine were
from Sigma. The following durgs were kindly donated by the companies
indicated: Prazosin HCI| from Pfizer; phentolamine HCI from Ciba-Geigy;
(*)-adrenaline and (*)-noradrenaline from Stirling Winthrop.. Somnitol
was from MTC Pharmaceuticals, Hamilton. Radiocherr-:icals were purcl;ased
from New England Nuclear: [U-'*C]sucrose, 3.6mCi/mmol;
[8~-*H]guanosine 5'-diphosphate, trisodium salt, 6.1-8.9 Ci/mmol:
"[*H]WB-4101 (2-(2,6-dimethoxyphenoxyethyl) aminomethyl-1,
4-benzodiocoxane, [phenoxy-3-3H(N)]-) 25.7 Ci/mmol. NCS tissue

solubilizer and PCS liquid ;;cintillatioye?unting cocktail were from

Amersham Corporation. P
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3.1.C APPARATUS

Alzet® osmotic minipumps were from Alza, Palo Alto, California.
Silastic€ brand medical grade tubin.g (0.058 in. 1.D. by 0.077 in. 0.D.)
and Silastic®é brand medical adhesive, Silicone Type A, was from Dow
Corning Corporation, Midland, Michigan. Biophase ODS 5 mit‘:ron column

(15 cm x 4.0 mm 1.D.) (MCH-5-N-CAP) was from Bioanalytical Systems,
West Lz;fayette, IN.

3.1.D CAFETERIA DIET

The cafeteria diet consisted of a variety of foods offered each day in
addition to chow. A four day rotating menu provided each animal with a
sandwich (bread, butter and a meat, cheese or peanut butter filling), a
sweet food (chocolate chip cookie, shortcake, marshmallow or sweetened

breakfast cereal) and a salty food (potato chips, salted crackers or

pretzel).
3.2 METHODS _ -

3.2.A ISOLATION OF MITOCHONDRIA

Interscapular BAT was quickly removed and immediately put into ice
cold isolation medium (0.25 M sucrose, 0.2 mM EDTA .(free acid) and 1 mM. |
HEPES (N-2-hydroxyethyipiperazine-N'-2-ethanesulfonic ac;d), adjusted
to pH 7.2 with KOH). The tissue was dissected free of adhering white
adipose tissue and muscle, weighed and finely minced ;Nith Scissors.
Homogenization was done in_ @ small volume of isolation mixture using a

tightly fitting teflon plunger in a glass homogenizer. The homogenate was
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made to a known volume and samples were removed for tissue protein,
DNA ‘and cytochrome oxidase (COX) determinations.

Mitochondria were isolated by the method described by Slinde et of.
(1975) using a Sorval RC-2B or RC-5B féfrigerated centrifuge (brake off)
and HB-4 rotor. When necessary, homogenates from severzl animals were

tombined. The final mitochondrial pellet was resuspended in isolation

medium (8-10 mg protein/ml) and immediately used for the GDP-binding

assay.

3.2.B GDP-BINDING ASSAY

- The specific binding of [H?]GDP to BAT mitochondria was ‘assayed
by the method of Nicholls (1976b), as modified b;/ Desautels et aof.
(1978). Mibochondria.were incubated for 1 minute at room temperature in a
medium containing 100 mM sucrose, 20 mM N-Tris (hydroxyrﬁethyl)-Q
aminoethane sulfonate, 10 mM choline chloride, 1 mM EDTA disodium salt,
S5 uwM rotenone,” 100 uM potassium atractyloside and 0.15 "uCi/ml
[*“Clsucrose, pH 7.1. The reaction was started by the addition of
['H]GDP (final concentration 10 uM), rapidly mixed and after 30 seconds,
centrifuged for 2 minutes in an Eppendorf microcentri'fuge at 12 000 g.
The supernatant was removed with suction and the mitochondrial p‘glet
was dissolved in NCS tissue solubilizer by incubation for 3 hours at 55°C.
Samples were counted in a Beckman LS6800 liquid scintillation counter in
the presence of 0.05 rr'al 10% ascorbic acid and 10 m! toluene {0.7% PPQ).

Specific binding of [*H]GDP was calculated as the difference between

binding in the presence and absence of 100 uM ADP after correction for

L] . M
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trapped liquid by the amount of [*“C]sucrose. Results are expressed as

nmoles GDP bound/mg mitochondrial protein. .

3.2.C PROTEIN ESTIMATION

Protein was determined by the Lowry method (‘195]) as modified by'
Schacterle and Pollack (1973) with bovine serum albumin as the standard.
Aliquots of homogenates or mitoch.ondri'a were precipitated in ice-cold
12.5% trichloracetic acid for 30 minutes and centrifuged at 5 000 rpm in an

HB-4 rotor. The pellets were dissolved in 0.5 N NaOH at 55°C.

3.2.D CYTOCHROME OXIDASE ASSAY

Samples of homogenate were activated by homogenizing with Lubrol
(0.3 mg/mg protein) in a Teflon glass homéc_—:;‘enizer at 2 000 rpm and
frozen overnight. Cytochrome oxidase activity was measurfa
polarographically at 37°C using Yellow Springs Instrument YS! Model 52
biological oxygen monitor with a Clark type electrode in a medium
confaining 0.1 M potassium phosphate buffer pH 6.6, 0.2'mM cytochrome ¢
and 20 mM sodium ascorbate in a volume of 3 ml (Behrens and
Himms-Hagen, . The cytochrome c¢ solution was prépared by
dissolving 1 g cytochrome c (horse heart) in 100 ml 0.01 M potassium
phosphate buffer, pH 7.0 containing .ascorbic acid (Wharton and
Tzagoloff, 1967). The concentration of reduced cytochrome ¢ was
determined by using extinction coefficients reported by Yonetani {1967).

The activity is expressed in terms of oxygen consumed as ug atoms

oxygen/minute.



3.2.E DNA ESTIMATION

DNA was extracted from aliqubts of BAT homogenates by heating for
10 minutes with 5% trichloroacetic acid atl90°C (Burton, 1968). DNA was
extimated by the technique of Burton (1968) as modified by Giles and

Myers (1965)., with calf thymus DNA as the standard.

3.2.F POLYPEPTIDE COMPOSITION

Mitochondrial membranes were prepared by sonicating mitochondria
(2 mg protein/m|l) on ice (3 x 30 seconds) at maximum intensity using the
microprobe of thg Bronwell Biosonik 11l. After centrifugation at 40 000 g
for 60 minutes using a Beckman L2-65B ultracentrifuge the pellet was .
dissolved in 0.01 M sodium phosphate buffer pH 7.4 with 1% SOS and 10
mM phenyimethylsulfonylfluoride and heated at 100°C for 2 minutes.

Polyacrylamide 'gel electrophoresis was p;nfor'med with mitochom’:irial
me.mbrane samples ‘using 10% acr;ylamide separating gel (pH 8.8) and 1.5
mm thick slab gels (Method |} or an exponential gradient acrylamide
separating gel (9-15%, pH 8.35) and a 4.75% stacking gel (pH 6.8)
(Method 2). The running buffer contained 0.025 M Tris, 0.192 M glycine
e;nd 0.1% sodium dodecyl sulfa“ce (pH 8.5) Gels_ were run at 2 constant
voltage, 16 hours at 35 V followed by 4 hours at 50 V stained with 0.2'5%.
Coomassie blue R 250 and destained by diffusion. Gels were scanned at
5.40 nM  using a Gilford spectrophotometer 2400-2 linked to a
Spec_fra-Physics SP-4100 compiiting integrator programmed to calculate the
relative areas 'under the peaks, and the molecular weights of t.he peaks

from a standard curve were prepared on a gel run under the same

conditions.
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3.2.G ELECTRON MICROSCOPY

i. Mitochondria

Mitochondria were isolated as deéscribed in Part A except th‘e final
centrifugation and resuspension was done in EDTA-free isolation medijum.
The mitochondria were fixed according to the procedure of Munn and Blair
(1967) by adding 0.4 ml mitochondrial suspension (4-8 mg protein) to 4.6
ml EDTA-free medium plus 2.5 ml ice cold th‘glutaraldlehyde in 0.02 M
cacodylate buffer pH 7. After 1 hour at 4°C, mitochondria were
centrifuged for .1 hour at 5 000 rpm using a Sorval fefrigerated
centrifuge (RC-2B) and HB-4 rotor. The supernatant was then replaced
with 3 ml of 1% osmium tetroxide in 0.02 M cfacodylate buffer‘ pH 7. The
pellet was cut int.o small fragments with a finel\} drawn glass rod and kept
at room temperature. After 1 hour, the osmium tetroxide solution was
replaced a.nd fragments allowed to stand for another hour. The fragments
were then sﬁccessively dehydrated in 50%, 75‘-_’0, 95% and 100% ethanol,
transferred to styrene and embedded in Vestopal W. impregnation with
Vestopal was continuea over 21 days, followed by polymer‘ization at 60°C
for 4 days. Detailed procedure for dehydration and embedding is given in
Appendix A. Thin sections were cuf using a Reicher‘tJ Ultramicrotome
UM-2, mour';ted on Formvar-car cpated 300 mesh copper grids and
stained with uranyl acetate for/-‘10 mifutes followed By lead acetate for an

additional 10 minutes. The sections were then washed_ with distilled water,

allowed to dry and viewed at a magnification of 8 000 x with a Siemens 101

electron microscope. ) :

-
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ii. Tissue

Interscapular BAT was cut into thin strips with a razor hlade on
dental wax and placed in 3 ml of primary fixative solution containing 3%
glutaraldehyde and 5% sucrose in 0.02? M cacody_late buffer, pH 7.2. The
strips were kept at 4°C for 2 days after which the glutaraldehyde solution
was removed and the tissue washed several times with 5% sucrose in- 0.02
M cacodylate buffer before bei‘ng cut into - small ‘cubes (1 mm) and
subsequently fixed in 3 ml of 1% osmium tetroxide -in 0.02 M cacodylate
buffer. “After 1 hour the secondary fixative solu.tion was replaced and
tissue pieces were fixed in osmium tetroxide for an additional hour.. Cubes
.wer:then‘ washed with distilled water, slowly rotated at room temperature
for 2-3 hours in 3 mi saturated uranyl acetate solution in 66% ethanol and
dehydrated following a r:odificati;)r; of the procedure used for
mitochondria (Appenéhix B). Spurr embedding medium was then added and |

infiltration continued for 24 hours. Tissue sections were prepared and

viewed at a magnification of 8 000 x using a Siemens 101 electron

microscope,

3.2.H OXYGEN CONSUMPTION

Oxygen consumption of-conscious but quiet hamsters was measured
in an open circuit system using a modified Thermox | oxygen analyzer.
The . animal was restrained in a small plastic cage at 27°C. Oxygen

consumption was measured after 0.5 to 1 hour when a constant, low rate

of respiratic;n was attained and again after subcutaneous injection of 800

or 1 600 ug NA/kg (dissolved in 0.00IN HCI and 0.9% sodium chloride).

No difference was found between the response to the two dosages,
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&\\tq be maximum, occurring' approximately 30 minutes after

~ . /
3.2.1 WB-4101N8IND W

Specific binding of [*H]WB-4101 was measured in homogenates 'of,\,.-..-

—
s

o —

BAT by ar.l adaptation o~f the" method of U'Prichard et of. (197;).
Interscapulal'r Bﬁ.\T‘ was removed, placed in ice-cold buffer (50 mM Tris
HCI, pH 7.7; 25°C), cl‘eane:i and weighedq. After chopping with scissors,
the tissﬁe was homogenized on ice in '20‘vo|umes of buffer using a.
Brinkman Pol’ytron (ST-7 micro hprobe), setting 5 for 3 seconds and
fi‘Itered through 2 layers of cheesecloth. Finall protein concentration was
a;"?prgﬂmately 6 mg protein/ml.

Aliquots of BAT homogenates were incubated with different
concentrations of [*H]WB-4101 in the.absence (total Binding) and in the
o presence of 10 uM phentolamine (non-specific biﬁding) Specific binding
%sz deflned as the difference between total and non - specrflc binding. A

: serles of 1 ml dilutions of [*H]WB-4101 was made for each preparation.
Each assay was done in duplicate. The reaction was started by adding 50
ul labeled compound to 5(_) ul buffer or phentolamine in buffer, and 50 ul
homogenate (made lto final volume ;:f T ml with buffer} in glass tubes.
Tubes were mixed well and incubated with shaking in a water bath at 25°C
for 15 minutes. A preliminary experiment showed thel binding was maximal
-by 5 minutes' and did not change by 20 minutes The solutions were then

rapldly filtered under vacuum through Whatman GF/C filters followed by

o
2x10 ml rinse of ice cold buffer. Filters were dried and counted in 5 mi
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cocktail of toluene and triton (2:1vol), 0.5% PPO using a Beckman LS 6800
scintillation counter. .

The dissociation constant (Kd) and maximal binding capacity (Bmax)

for specific [*H]WB-4101 binding were derived from Scatchard plots of the .

binding daté. The siope of the plot (-T/Kd) was determined by linear

. regression analysis and Bmax was obtained as the intersect with the

abcissa x the protein content of the homogenate,

3.2.J NQRADRENALINE ESTIMATION AND TURNOVER
Noradrenaline content of tissues was estimated either by (i) a

radioenzymatic method or by (ii} high pressure liquid chromatography
(HPLC)r

i. Noradrenalin‘g Estimation Method 1
The tissue was removed, and placed in ice-cold medium (0.25 M
sucrose, 0.‘2 mM EDTA and 1 mM HEPES, pH 7.2). After cleaning on a
watchgiass over ice, ;che tissue was blotted dry, immediately fro;en on
dry‘ ice, weighed and stored at -80°C. Homogenization of the tissue was
done in 3 mi of 1. On perchloric acid (except for BAT of obese rats, which
was homogemzed in & ml) using Brinkmann Polytron d(PTA 10 probe,
maximum speed, 10 seconds). The homogenate was centrifuged at--
ﬁOOO rpm  for 40 minutes in a Sorvall RC-2B refrigerated'centrifuge
' (HS-4 ro;cor). The acid.extract wés collected after filtéring throuéh two

layers of glass wool.

Noradrenaline was assayed in the perchloric acid extract by a

®n

radioenzymafgir: method (Depocas and Behrens, 1977). The acid extract

-
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was incubated with S-[’H}-adenosylmethionine and phenylethanolamine
N-methyltransferase in the presence of EDTA and dithiothreitol at pH 8.6
and 37°C. The [*H]adrenaline formed was extracted by adsorption on
alumina and eluted with perchloric acid. The [*H]adrenaline was then
extracted into toluene and the radiocactivity was measured ‘by lcounting in
a Beckman liquid scintillation count"er. '
ii. Noradrenaline Content Method 2 ‘ -

The tissue was removed and placed in ice-cold medium (0.25 M
sucrose, (0.2 mM ED’F\A and 1 mM HEPES, pH 7.2). After cleaning on a
watchglass over i®e, the tissue was blotted dry, immediately frozen on
dry ice, weighed and stored at -80°C.

Homogenization of tissue was done on ice in 4 ml of 1% cold perchioric
" acid containing 150 ng 3,4 dihydrox;benzylamine HBr (DHBH) as interna;l

andard and using Brinkmann Polytron (PTA-10 probe), maximum speed,

10 seconds. The homogenate was then centrifuged at 10 000 rpm for 30
minutes in a Sorvall RC-2B ref(:igerated centrifuge (SM 24 rotor). The
acid extract was collected after filtering through 2 layers of glass-wool.
To the acid extract was added sodium bisulfite solution, to ;‘inal
concentration of 0.1%, 1.8 ml 2 M Tris with 5.2% EDTA, pH 8.6 and 100 g
. alumina to a.dsor'b the NA. Tubes were mixed on a vortex for 10 minutes at
low speed and centrifuged at 2 000 rem in a bench centrifuge for 2
minutes. The alumina was washed three times with glass distilled deionized
water, extracted with 0.5 ml 0.2 N perchloric acid to release the NA and

centrifuged again in an Eppendorf microcentrifuge 5412 for 15 minutes

. and the\extract frozen at -80°C.
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versus time, using regression analysis

NA content was measured by hlgh pressure liquid chromatography
(HPLC) using Varian 5000. The mobile phase was 0. 'Ia M monochloroacetic
acid containing 2 mM Na.EDTA and 60 mg/| sodium octyl’ sulfate in glass
distilled and deionized H,0. The statibnary phase \‘vas a reverse phase
column (Biophase ODS 5 micron column, 15 em x 4.0 mm .i.D.,
(MCH-5-N-CAP)). A potential of 0. 7:J volts was applied between detector
(electrochem:caédetector with glassy carbon electrode) and the Ag/AgCI

reference electrode. The flow rate was 1.5 ml/minute at room temperature

(22°C).

ii. Norad.renaline Turnover

Noradrenaline turnover in BAT and Heart was measured by inhibition
of NA synthesis by a-methyl-p-tyrosine (MPT) (Brodie et af., 1966). The
dose level ofr;100 ug/kg was chosen for hamsters after trials showed about
30% noradrenaline remained in BAT after 3 hours with no change in body
temperature. A preliminary experiment showed that the dose of MPT used
did not modify the mainfenance of body temperature in either normal or
mypoathic hamsters during this time. MTP or saline was injected
intraperitoneally and at the designated time animals were killed and the
interscapular BAT and heart were quickly removed.

Noradrenaline content of the tissues was measured by the HPLC
metho;j (Jii).

The noradrenaline turnover rate (NATR) was tﬁen calculated. The
rate constant (k) for the decli-ne in NA content of the tissues was

calculated from the slope (K} of ‘a plot of the logarithm_of NA content

(Costa and{ Neff, 1970) (rate
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constant k=K x 2.303). For each experiment the NA turnover rate
(NATR) was calculated as the product of the rate constant and the initial
NA “content. The half life wasl obtained for each experiment by dividing
0.693 by the rate constant. A correlation coefficient was obtained for
each regression Iing‘ An average NATR was then calculated from values

from 4 individual experiments.

3.2.K STATISTICAL ANALYSIS OF THE RESULTS . ;

Results are expressed as means : standard error of the mean (SE).

Differences between means were tested for significance by using the

unpaired Student’s t-test.

61

,



CHAPTER 4 RESULTS AND DISCUSSION

SECTION A BROWN ADIPOSE TISSUE IN THE OBESE ZUCKER RAT

Overall Objective:

The overall objective of this section was to study the control of
thermogenic function and growth of BAT in the rat and to find out
whether defective BAT function is associated with the obesity of the obese
Zucker rat. More specifically the objectives were:

1. To find out whether cafeteria feeding stimulates BAT
thermogenesis and growth in normal rats (Experiment A-1).

2. To find out whether thyroid hormone is involved in cold-induced
BAT thermogenesis and growth in normal rats (Experiment A-2).

3. To find out whether any of the pituitary hormones is involved in
cold-induced BAT thermogenesis and growth in normal rats (Experiment
A-3).

4. To find out whether diet- and cold-induced BAT thermogenesis

and growth occur normally in the obese Zucker rat (Experiment A-4) ..
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EXPERIMENT A-1 THE EFFECTS OF CAFETERIA FEEDING-ON BAT
THERMOGENES!S AND GROWTH

. %
BACKGROUND:

Rats fed a pa;latable higf; energy (cafeteria) diet overeat, but gain
less than the expected amount of weight [RotthII and.Stock, 1979) .
Cafeteria-fed rats have a higher resting metabol_i‘c rate which is
apparently mediated. by the sympathetic nervous system., a greater
thermogenic response to noradrenaline and increased size of BAT:
Thermogenesis in BAT was suggested as a cause of the reduced feed
efficiency of the cafeteria-fed rats (Rothwell and Stock, 1979). Feeding'is
known to cause an elevation, and fasting a reduction, of the sympathetic
nervous system in several tissues (Landsberg and You.ng, 1978).

It was -not known if there was an increase in purine nucleotide
binding and in the 32 000 Mw polypeptide in BAT mitochondria in
cafeteria—féd rats similar to changes occurring during cold adaptati_on
(Desautels et af., 1978: Ricquier and Kader, 1976).' These cﬁanges in
cold- adapted rafs are believed to be mediated by elevated sympathettc

ner\‘ro(vactlwty (Barnard et of., 1980) .

OBJECTIVE:

The objective was to find out whether cafeteria feeding stimulates
H

BAT thermogenesis and growth in normal rats.

METHOD:

Male Holtzman rats (Charlﬁver) were purchased from Canadian

P 5.



-0

Breeding Laboratories (St. _Constant, Quebec) at a weight of 120 g and
initially kept in groups in large ;:ages. In Part 1 of the experiment, when
rats were approximately 140 g. they were p'Iaced in individual wire mesh
cages where half were fed a cafeteria diet plus chow for 2 weeks. I\n Part
<, rats were placed in individual wire mesh cages. when_‘ they were
approxin‘iately 190 g. These rats Ewere fed chow for 2.Week;, then half
were fed a cafeteria diet for 2 weeks, and then all rats were fed only
chow for a further 2 weeks. Groups of rats were killed after -!weeks
l(cont'rol-.?), after 4 weeks (control-4 and cafeteria) and after 6 weeks
(control-6 and recovery). This experiment was repeated at Ia later date_
and the results were pooled.

" The cafeteria diet is described in Methods C. All animals ‘were
weighed daily, . and the control rats were handled as much as the
cafeteria~-fed rats because of the known effect-of handling on plasma

ﬁoradrenaline levels (Depocas and Behrens, 1977).

Rats were killed and interscapular- BAT was removed, cleaned and

weighed. Homogenization of the tissue and isolation of mitochondria were

‘done and tissue protein, COX activity and mitochondrial GDP-binding
were estimated (Methods A, C, D, B). In Part 1 of the experiment,
tissues were homogenized in 0.25 M' sucrose witiw a Polytron homogenizer
(Brinkmann Instruments) (setting 5 for 10 seconds), filtered through a
coarse cheésecloth, and made to a volume of 10 ml. Samples for protein
éstima.tion were dissolved directly in 0.5 M sodium hydroxide. Tissue
prl'otein and DNA were then.estimated (Methods C, E). The proportion of
32 000 MW polypeptide in the memt:;rane was measured by bot‘h methods of

gel electrophoresis described in Methods F. (In this experiment only the
* E



proportion of the total area under each scan was assessed by cuttlng out

two copies of each tracing and weighing the major peaks.)

RESULTS AND DISCUSSION:

in Part 1, 140 g rats were fed a cafeteria diet for 2 weeks. The
average weight gain was the‘ same as in control rats; wet weight, total
protein, and total DNA of BAT were almost doubled (Figure 1). The
concentration of protein in terms of DNA was unaltered.

In Part 2, somewhat older rats (290 g) were fed a cafeteria diet

(Table 1). T

rats gained more weight (compare groups 2+4 with

groups able 7). There was considerable variation between rats.

Whereas in24 control animals the range of Weight gain during the 2 weeks
was 355-98 g, in the cafeteria-fed animals the range was 41-132 g. Young
rats (140 g) gained no extra weight during 2 weeks of cafe;ceria feeding
(Figure Tw), while older rats (290 g) gained a small amount (Table 1).
Since this experiment a similar age—rélated .effecy of cafeteria feeding on
weight gain has been reported by others (Rothwell and Stock, 1982a).
During the 2 week recovery from cafet;eria. feeding, the rats gained less
weight than the control animais ('Table 1)._ \

During 2 weeks of cafeteria feeding, growth of functLonaI
interscapular BAT took place (increase in tissue pr:otein, Table 2) .as well
as a l%e increase in the weight of the tissue (Table 2).. These findings
agree with previous work (Roth_well and Stock, 1979). Hyperpla\‘sia,'a‘s
shown by the increase in tissue DNA content, occurred.l Such. hyperplasia
has singe been confirmed by others (TL_.I]'p et al., 1982; Bukbwi_ecki et al.,

B d

er
18982). Proliferation of mitochondria occurred, as judged by the increase
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GROWTH OF INTERSCAPULAR BROWN ADIPOSE TISSUE
IN CAFETERIA-FED RATS

BODY WEIGHTS | INTERSCAPULAR BROWN ADIPOSE TiSSUE ‘
Initial  Final  “|Wet weight Protein DNA
. grams | grams . mg il
F -
300l 0.8f 40F 400}
HE | i i
200} o | ’
, 0.4F 20 I 200}
100k ] i I
- Con CafCon Caf Con Caf Con Caf Con Cof

Figure 1. Growth of interscapular brown adipose tissue in cafetéria-fed
rats.’ e

Bars represent-initial and final body weights and wet weight, total
protein, and total DNArof'inferscapular brown adipose tissue of control (Con)
and cafeteria-fed (Caf) rats (n = 4). Black portions of bars denote significant
. differences (p < 0.01) between control and cafeteria-fed animals. Mean gain in
body weight was +118.5 * 8.4 g in control rats and +113.5 £.9.3 g in cafeteria-
fed rats. Concentration of DNA in terms of protein_content was 117.4 + 7.0 "
mg/g in control rats and 116.4 + 9.1 mg/g in cafeteria-fed rats.

b, ) ¥ .
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TABLE 1

Body weights of rats fed a cafeteria diet

After Cafeteria Recovery from
Initial | Before Cafeteria Diet Cafeteria Diet
Group wt, g Diet (2 wk} . 2 wk)
Wt,g Gain,g Wt,g I Gain,g Wt,g Gain,qg
1 Control-2 (6) 189.3 303.2 +113.8
5.3 5.0 £3.6
2 Control-4 {12) 180.3 12916 | +111.3 | 372.0 | +79.8°
4,7 *6.3 3.3 %6.1 2.8
3 “Cafeteria (12) 188.0  (291.8 | +i07.8 | 387.2 | +g5.5"
+6.0 *7.1 £3.7 | #12.2 *6.6
Control-6 (12) 192.7 299.6 +106.9 376.0 +76.4 434.8 +58.81._‘L
*4.5 6.0 2.9 8.7 3.9 +£10,5 £1.0
_— .
ecovery (12) 179.§ 288.9 +]108.9 378.4 +89.7 426,86 +48.2*'
£1.1 4,3 £31.5 8.7 6.1 9.4 £1.0
/ +
2+ 4 Control (24) 186.5 295.6 +109.1 323.7 +78.1
3.5 £4.3 £2.2 +5.2 s %24
3+5 Cafeteria (24) 181.9 1 290.3 | +108.3 | 382.8 | +92.6"
+3.5 4.1 2.5 7.4 3.4

pralues are means + SE of the number of- experiments shown fn parentheses.

Statistically significant differences between group 2 and group 3, ?rcup 4 and group S,

and gqroups 2 + 4 and grou
P < 0.01;  +1P < 0.001)

Ps 3 + 5 are shown by the similar symbols

t

*P < 0.05;

3 -
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TABLE 2

Interséapular brown adipose tissue of rats before,

after, and after recovery from a cafeteria diet

Protein Cytochrome Oxidase
N :

ug atoms 02.
Wet wt, . 1g atoms min-1,

Group ] mg mg/g 0s/min mg protein-]
1 Before Control-2 (6} | 0,363 26.4 68.9 | 136.6 5.65
‘ =0.024 2.7 £9.,3 £13.9 " £0.36
- * + t
2 After Control-2 (12) 0.547 23.0 42,7 176.4" -] - 7.79

=0,023 1.1 2.5 t1l.8 0,54 -

3 Cafeteria (12) [ 1.128" 50.9" 37.7 244.0" 6.03
*0.070 +1.9 $2.5 t16.8 £0.36
4 After recovery Control-6 (12) 0.636 25,2 39,2 161,9 6.62
£0.051 - 23,0 2.1 +£15.4 (.47
5 Recovery (12) 0.625 24.8 39.9 175.0 7.23
=0,020 1.9 £2.9° *9.9 £0.34

Values are means = SE of the number of experiments shown in parentheses,

Values in the same.column 1n.groups 2 and 3 with the same symbol are significantly different
{*P < 0,001; +tP=< 0.02).. . - .



in COX activity, but did not quite keep pace with overall tissue growth
shown by the slight decrease. in activity of this enzyme per unit of
homogenate protein (Table 2). Cafeteria feeding caused an almost
three fold increase in GDP-bi?dihg "to mitochondria of BAT (Table
3). During the course of the experiment an incréase in GDP-binding in‘
cafeteria-fed rats was also reported by Brooks et af. (1980). No change
in  the proportion of polypeptide in the region 32 000 MW could be
detected in either separating system uséd (Table 3).

The changes seen here were rever5|ble After 2 weeks of recovery
from cafeteria feeding, body welght (Table 1), BAT wet weight, total
protein and total COX activity (Table 2) as we]l as GDP-binding had
returned to the level 6Tjtqllwe con’;rols.

Although food intake was not measured in this experiment, from
casual observation intake was considered to be increased. The diet was
similar to that used by others, which resulted in:hyperphagia and BA'.I‘
growth {Rothwell and Stock, 1979). Considerable attent'ion_was given tc:
the taste preferences of the rats to ensure overeating.

' Changes ‘seen as a result of cafeteria feeding resemble those which

.occur .in BAT during cold acclimation in the rat. Tissue ‘protein, D‘NA

COX activity and GDP- blndmg increased. However the’ composutron of the
mitochondria was not altered in that there was no increase m_the
proportion of the 32 000 Mw pélypeptide, such as is seen in cold

acclimation (Desautels et of., 1978). The changes séen here resemble
o

those in the rat treated for 2 weeks with noradrenaline {increase in total

protein_ and COX activ'ity,q.n'o change in polypeptide composition: of
mitochondria) in combination with those due to the acute effect of

h-]
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TABLE 3

Effect of cafeteria feeding on brown adipose tissue mitochondria

Polypeptide Compesition

Binding of
GDP, First method, Second method
: nmol/mg 30,400-35,000 31,680-33,470
Group protein mol wt mol wt
‘1 Before Control-2 (2)’ 0.029 .
+£0,0044
2 After Control-4 (4) 0.034" g 17.90 4717
£0.0056 -/ 20,96 0,14 |
’ . F
0.41 . -0.09
‘ . 40,53 [ x0.46
3 v Cafeteria (4) 0.009" | 18.32 4.62 |
£0.0110 0.7~ 0,32 |
4 After recovery Control-6 (4) _0.026 .
+(.0038
5. Cafeteria (4) 0.035 )
' £0.0062

Values are means + SE for the number of mitochondrial Preparations shown in parentheses.

Values in the same ¢
different (P < 0.005),

Values between the rows
in polypeptide compositi

3

under Polypeptide Composition are the me
on in each individual exper

.

0y

iment, .

olumn .in groups 2 and 3 with the same symbol are significantly

ans of the differences
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nona na]iné (an increase in GDP~bindinM&sauteI5' and Himms—HaQen,
J\&A very recent rgport has shown that noradrenaline tnfusion with\
minipumps produces an increase’in .’ P-b.inding as well és a change in the
BAT 32 000 MW polypeptide (Mory' et al:, 1984). It may be that the
stimulus caused by cold is stronger than that of either cafeteria feeding
or noradrenéline injeétions causing GDP-binding to be increased much
more and causing an increase in the proportion of the 32 000 M\ﬁ{
polypeptide, or that these changes .are the result of a qualitative A'
difference in the stimulation of BAT by cold, invelving the sympathetic

. -
nervous system or some other effector. :

. "
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EXPERIMENT A 2 THE EFFECTS OF THYROID HORMONE ON BAT
THERMOGENESIS AND GROWTH

BACKGROUND:

The role of thyroid'fhormone in the regulafio‘h"of endothermit

- L

thermogenesis s well kndwn (Denckla, 1973). The mechanlsm of the-

thermogenic action of thyroid hormone is not completely understood

(Himms~Hage'n, 1983a). Thyr0|d hormone appears toJ be essentlal for

cold-induced thermogenesm since thyroidectomized rats -dle when exposed
to cold (Sellers et af., 1974). Whether it has a role in br:inging about the
adaptive changes. in BAT of cold-acclimated rats -'“s unknpwn, in

I hY

' partlcular the increase in the proportion of the 32 000 Mw polypeptlde

which was believed Bt to be medlated by noradrenalane (Desautels and

Himms-Hagen, 1979). - SN
- BAT of hypothyroid rats appears, less responsive than normal rats to
the lipogenic and thermogenic effects of r‘\or‘adrenaline' (Hémon et dl.,

1976' Mory et-al., 1981; Kuroshima et al., 1967). SII"ICE in the rat, BAT

is a major source of N5T (Foster and Frydman, 1978a,b) whlch is’ turned .

on by noradrenalme reieased from sympathetlc nerve endlngs a.defect in

BAT thermogenesns may explam why these' rats cannot surv:ve in the

” cold.

In addition, biood levels of T, are elevated .in cold- acchmated an:mals

(Scammeil et al. 1980) . Although thyrond hormone treatment does not,

mcrease tissue oxidative capacnty (Helck et al., 1973), elevated levels 3f
»QA:_'

thyroid hormone may be responsible for other changes in BAT, in
. ke
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particular mitochondrial GDP bmdmg, an index of thermogenlc capacnty,

which rnay contribute to elevated thermogenesus

OBJECTIVE:

The cbé\ctive was to find out »'vhet‘}:er the thyroid hormone is .
finvolveii in cold-ind‘ucgd brown Sdiﬁose tissue thermogene;is and growth
in 'norrlnal rgt:s-. This involved s'tudying whether normal changes in BAT
oc'cur‘-.in Q';asponse to cold in hypothyroid rats, and secL;ndly to determine
whetﬁ:ér hyperthyroidism achieved by treatment of rats with thyroid
hormone ‘over a period 'of time would simulate the effects of ilow

environmental temperature on BAT.

METHOD:

Male Holtzman rats weré obtained from Canadian Breeding
Laboratories (St. Constant, P.Q.) at an initial body weight of 180-200 g.
Thyroidectomized (TX) rats were obtained from the same supplier. All

rats had’ access to food (Purina rat chow 5012) and water and were kept

-on a 12 hours hght 12 hours dark schedule at 28°C unless otherwise

stated. TX animals were given 0.85% calcium chloride In drinking water.
- Since thyroidectomized rats 'do not survive prolonged coid ex;aosure,
some rats were treated with a low maintenance dose.of thy;oxine (25
ug/kg in peanut oil, subcutaneously, 3 times weekly) known to permit
acclimation to cold {Sellers et of., 1974). “\

a) In the fir.}t experime‘nt intact or thyroi'dectomized (TX) rats were
placed, in individual wire mesh cages as soon as they were received. Half

of each group received the iow maintenance dose of thyroxine, the other

73



~

half received oil only. After 2 weeks, rats from each group were either

placed at 4°C for 15 hours or remained at 28°C.

b) 1ntac} and TX rats were placed in individual tages as soon as

they were received. For an initial 2 weeks, 2 groups of TX rats received

-

the low maintenance dose of thyroxine while a third group of TX rats and
all intact rats received injections of oil. One group of TX -rats receiving

thyroxine and one group of intact rats were then placed at 4°C for 2

weeks while the;other group of TX rats receiving thyroxine and the TX
and intact rats rlmained at 28°C. Injections continued during this period.’

c) A groupg of normal, intact rats were held for two weeks in
‘individual s cages and then received daily; injections of a large dose of
thyroxine (1 mg/kg in oil subcu;aneously).or oil.

At‘ the end of the treatment periods rats were sacrificed and
intersc;apu[ar BAT wa@ quickh{ removed, cleaned and weighed. The
tissue was homogenized and tissue protein, cytochromé oxidase activity,
QNA, mitochondrial GDP-binding and polypeptide compositic.:h were

determined as outlined in Methods C, D, E, B, and F.

-

~

RESULTS AND DISCUSSION:
As shown in Tables 4 and 5,.thyroidectomized rats were smaller than
intact rats. However when pretreated with a low maintenance dose of
thyroid hormone, body weights and weight gairJ w‘ere ingisting’uishal?le

from those of intact rats..

T
The wet weight of BAT was increased in thyroidectomized rats in the

first experiment (Table 4) "and not altered-in the second (Table 5),

-although the amount per 100 g body weight was increased in both. The
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Effect of acute cold-exposure (15 h) on brown adipose tissue. of thyroidectomized rats

homogenate protein

=0.8

.~

=0.7.

. o N
Intact . Thyroidectomized
011 at 25 ug/kg Ta? at 0i1 at 25 ugrkg Tgd at
28°C a°¢  28°C 4°¢ 28°¢ a°¢ 28°c  4°%C
Body weigh:s (9) . _ ST N
g 335.0 7 3246 . 311 32900 266.0" 236.6° . 310" 320.3°
:1523 =12,6  =15.2  =10.8 £7.8  =11.7  =10.7 =12.%
- . " - N - ) + * v t 2 e
& weight, g 89.7  80.6 "106.8 -82.3 321 13.8 7.6" J?.s :
. : : 7.7 258 =4.6 7.2 6.6 =4.9 \sE\z\\_—/id.:
IBAT weight (3) R
g . 038 033 0.4 03¢ 048" | 0.3&7 035" 0.33
. @'.03_ 0.1 20.05 © =0.02, =20.04 =0.03 =0.03 =0.02
g/100 g 0.11 0.10 0.12 0.11 . 0.20° 0.4 * o1 o.10" *
. =0.01 :0.003  =0.01  20.005 20.02 =0.01 :0.01 =0.004
Protein (9), mg 24.0 27.6  26.8 - 25.4 .28.0 241 . 26,0  24.1
- 21,7 =0.9 2.5 --=3.2 1.9’ =3.0 22,3 =1.7
. b .
Cytochrome oxidase (9) '
g atoms O0/min 135.6 . 1364 171.2  167.8  142.8  156.5 152.4  132.2
218.2  £15.4 =249 :19.0  =21.2 :28.1  :27.3  =19.5
19 atoms O/min 5.9 4.9 65 6.9 5.0 6.6 5.7 5.5
per millfgrem x0.4 =08 :0.8 0.6  =0.7 =0.8

Sl

Yalues are means = SE for the number of animals indfcated in parentheses.

A

Te injected 3 times a week.

- ' . ] ) .
Significant effect of thyrofdectomy, comparing animals at the same temperature.

'Significant effect of T4 treatment, comparing the same type of animal treated\:if? oil only,

“Significant effect of cold exposure, comparing

Pl

the same type of animai at 28°C. -
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N TABLE 5

”

Effect of cold acclimation (2 weeks) on brown adipose tissue of thyroidectomizeq rats

. Intact Thyroidectomized
| 071 at 1000 ug/kg® 25, ug/kg T4~ at
g Tq at i1
28°C (6) _ 4°c (6} 28°C (4) 28°C (7) 28°C (7) 4°c (6)
Body weights, g : . .
Initial ) 187.5 199.5 193.5 163.6 173.4 161.3 . ’
14,6 18,3 £19.7 = 4.9 = 5.8 : 3.1
End pretreatment 298.8 327.7 324 R - 276.6‘ 262
. +10.8 £172.5 217.6 £ 7.3 5.9 + 3.8
Final 380.5 377.2 316.8, 210 360 p 300.5, .
+10.5 +12.7 + 5.9 = 9,1 = 8.4 :10.8 *'
4 weight 81.7 49.5* -7.3’ 26.3, ‘83‘4# 38.5,
£ 5.2 =10.9 =14.4 £ 2.2 = 5.7 + 8.8
"IBAT weight - ,
G 0.36 0.71" 0.64" § o0.38 0.37 0.71,
£ 0.2 £ 0.07 = 0,04 + 0.04 £ 0.04 + 0.04°
9/100 g 0.10 0.19, 0.20' 0.19, g.10, 0.24,
oot = 0.01 : Q.02 = 0,01 =0.02 = 0.01 = 0.01
Protein, mg . 23.5 89.41_ 30.6 28.3 28.1 89.7,
£ 2. =12.4 £-4.3 = 2.4 z 2.4 = 7.2
Cytochrome oxidase
ug atoms O/min 65.5 220 6+ 77.6 120.1, 74.2' ‘256.71,
. 1+ =6.8 255.1 =14.9 ' 8.7 =18.1 £36.3
ug atoms Q/min- 2.95 2.46 2.55 .42, 2.62, 3.03
per milligram = 0.43 = 0.49 = (.39 * 0.43 = 0.46 = 0.42
homonepate protein o
Mitochondrial 14.09 18.14 2 14.74 15.21 19.52, .
polypeptides £ 0.332 = 0,147" . = 03111 £ 1.05 *0.32
31,200-34,400 (3), - h
% of total

Values are means = SE for the number of animals indicated in parentheses.
aTg injected daily.
bT4 injected 3 times per week’ ) . - -

. <
'Sigm' ficant effect of thyrot omy, comparing animals at the same temperature (p < 0.05}.

"S'ig'n'lficant effect of T4 treatment, comparing the same type of animal treated with oil only
(p < 0.05). . g

tSignificant effect of cold exposure, comparing the same type of animai at 28°C (p' < 0.05).

»
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total protein content of BAT was -unchangedl and‘the COX content was
slightly increased in one experiment but not in the other. Mitochondrial
GDP-binding was slightly but significantl{/ incr.eased‘ in thyroidectomized
rats (Figure 2). Polypeptide composition was not altered (Table 5). All
"the above changilwere reversed by treatment with a low maintenance
dose of thyroxine. Simiia\r treatment of the control group had no effect on
any of the parameters measured. N
Short term exposure of thyfoidectomized animals to cold r;zsulted in a
significant reduction in weight gain (measured over the 2 weeks of

pretreatment plus 15 hours of cold exposure) and thus it would appear

PR -
then that without thyroid hormone rats.lost weight in the cold. Weight

N S

gain .in cold-expo'sed animals was improved . somewhat by thyroxine
pretreatment (Table 4_). BAT weight was r:'educed to normal by cold
treatment. There was a small increase in mitochondrial GDP-binding in
TX rats (Figure 2].l The increase was much smalier than in intact rats.
Treatment of thyroide;:tomized rats with thyroxine resto;"ed the
c0ld-‘indi.|ced increase in GDP-binding to the normally high levels seen in
intact rats held in similar conditions (Figure 2). Treatment of intact rats
with thyroxine had no effect. Thus there 'is a defect in the response of

-

BAT to acute cold exposure and this defect is reversed ‘bry thyroxine

treatment.

Thyfoidectémized rats, pretreated with and maintained on a

maintenance dose of thyroxine, were ab_le to tolerate the cold for 2 weeks

with almost normal weight gain and BAT growth (Table 5). BAT wet

weight, protein content and COX activity were the same as in intact rats

and all were considerably greater than in rats at 28°C. The increases in
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COLD- INDUCED INCREASE IN GDP BINDING BY
BROWN ADIPOSE TISSUE MITOCHONDRIA

st
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THYRO’IDECTQM%ZED
RATS

INTACT RATS

0.201.

Y

0.10}-

- k\\\\\i\\\\\\\\lﬁ—ﬂ
N\\u:T
RAMMAAAAAAN =

nmoles/mg mitochondrial protein

X ARAAAAARNRRARN

=5
IS
O
O
—
1Y

|
J
J

28° 4° 28 40 -

Figure 2. Cold-induced increase in GDP binding by brown adipose:
tissue mitochondria of intact and thyroidectomized rats. -

Bars are the means :/gE of .values from three mitochondrial prepara-
tions each derived from three rats. 0, §§1—treated rats.' T, rats
treated with thyroxine in o0il. Rafs were maintained at 28°C and exposéd
to either 4 or 28°C for 15 h, as shown benreath the figure. The value
for binding in thyroidectomized rats at 28°C (0.089 = 0.010 nmo1l,/mg
protein) is significantly greater than the value for intact rats at 28°C
(0.051 + 0.005, p < 0.05). The crossha#tched portions of the bars denote
s1gn1f1cant differences from the corresponding values for the same type
of animal at 28°C. Other data for these rats are in Table 4.
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GDP binding and in the proportlon of polypeptldes of moiecu[ar weight
range 31 200 - 34 400 were normal (Table 5, Figure 3)

Thyro:dectomy had little effect on BAT or on its metabolism at
thermoneutral tem‘ﬁera‘tures within ‘the context of this experiment and may
not be important in the normal functioning of the tissye._When., however,

the animal was challenged by low temperature, a defect was uncovered in

. /
the thermogenic capacity of BAT- as measured by _mitochondrial

GDP-binding. Thus, a certain amount of thyroud hormone appears to be

essential for stimulated BAT metabollsm A small malntenance dose of

) thyroxlne allowed the normal increase in GDP-binding to occur:in the:

cold, indicating that elevated ‘thyroid “hormone levels in plasma of

' cold exposed rats is not necessary for the acute thermogenlc response of

BAT to cold or for the Iong-term adap.tive changes that oct:ur The

increase “in GDP-binding durlng acute cold exposure is thought to be

mednated by’ noradrenaLlne (Desautels and lenms Hagen, 1979}). The

addnt:onal requirement . for thyroid hormone may be a ca‘se of the

. s

permissive effect on the actions of catecholamines and may be‘an important

‘factor' in 'the inability_ of the hypothyroid rat to survive in the cold

Thyroid hormone does not seem to be :nvolved in BAT growth. The

absence of thyrond hormohe hag, no effect‘ on BAT size at\

thermoneutrahty Norrnal growth in. the co!d including increased tissue

Rrotein, m:tochondrlal GDPebmdlng, and the proportion of polypeptides in’

- the -32 000 Mw region, occurred with a’ low maintenance dose of thy.roid'

ahormone, showmg that elevated levels are not required for adaptlve
growth of - BAT in the cold. Whether low levels of thyrond hormone are

necessary in this case is not apparent from these experimerits, suince

.
.
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I DING OF GDP BY BROWN ADIPOSE TISSUE
MITOCHONDRIA >

Effect of thyroid status Effecr of acclimation
“to cold . -
0.4F
: ]
> s -
: .
e 0.3F
o
E
~ .
3 02k .
“6 .
E -
0.1k I : C
; 1]~ F - R -
: R N
ANIMAL T I Te o Ty o ‘T I T, T,
TREATMENT O  T,L O TR ° 0.0 TRITR
TEMPERATURE 28° 28° 28° 28° 28° 4° 280 40

Fiéure 3. "Binding of GOP by brown adipose tissue mitochondria of ‘
warm-acclimated and cold-acclimated intact and thyroidectomized rats. .

Bars are tHe.means *.SE of values from two mitochondrial preparations.

0, 0il treated rats. . T4R,.féf§-treated with a replacement dose of
thyrofihe. T4L,'rat§ treated. with a large dose of_thyroxine. I, intact
-rats. Tx,'fhyroiQectbmizgd rats. The temperature of acclimation (2

weeks) igfshown below the figure The black porttons of the bars denote
significant differences between rats acclimated-to 4°C and rats of the same
type acclimated to 28°C. Polypeptide composition and other data for these
“rats are in Table 5. - )
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without thyroid hormone "treatment, rats do nst suryive prolonged cold
exposure. | .o o

In the study of' the effect of hyperthyroidism on BAT preliminary
experurnents showed that a dally dose of 50 ug/kg of T, for 3 weeks did
not increase the capacnty of BAT to respond to cold and did not‘mirmc the

effects of cold acclimation.- Therefore a larger dose (1 mg/kg) was

chosen.

Because of high mortal:ty, animals were sacrificed at 10 days (‘_,thure

- -

" -

3) and a second experiment lasting only 7 days was necessary\to get
adequate rgsults. In both cases treatment of [rats w:th>a large dose of
thyroxi.ne resulted in a large incr_e@_s’e'in wet WWth ‘no {Table 5) or © T
slightly increased (Table 6} BAT protein and ‘COX ai:tivity, suggesting

that tissue iipids were responsible for the increase .in tissue weight. QM\

was not altered. Mltochondrlal GDP- blndmg was either unchanged (Figure

3) or decrea&ed in thyroxine treated anlmals (Table 6) and polypept:de
composition was not altered (Table 6).

Tréatmept of rats with a ‘.iarge dose of thyroxine resulted in
increased BAT mass due to an increase in tissue lipids as noted by others
(Ricquier et al., 1975; Heick et af., 1973: S‘undin, 1981; Gnoni et of.,

1983; Pillay and 'Baile.y, 1983). One possible expianation for this finding
might be ‘increased Iipoge‘nesis T,‘ injections have been reported to
increase (Gnoni et a/., 1983) or. not to |ncre\ase>(Ptllay and Bailey, 1983)
BAT IlpogeneS|s In hyperthyroid animals, hpo]ysls in white adipose
tlssue is elevated and it has been postulated that BAT picks up fatty
acids from the blood and increases its fat -stores at the expense of whlte

adipose t:ssue (Pnllay and Ba:ley, 1983). _ o



TABLE &

Effect of large dose of T, {1000 vng9/kg)

0i1, 28°C Ty, 28°C
Body weights, g
Initial (12) . 285.8 .34 293.0 = 4.5
Final (12) 32 o+ 38 306.4 = 6.4
2 weight +46.3 = 1.8 +13.4 = 32°
IBAT weight, g (12) ' 0.42 = 0.02 0.6 = 0.02"
Protein, mg (12) 0.7 = 1 5.0 =+ 07"
» L
DHA, mg (12) " 0.408 = 0.039 0.329 = 0.020
" Cytochrome oxidase
g atems O/min (12) se 243.0 = 1.3 297.4 =127
ug a{.oms 0/min per _ 12.16 = 0.73 11.92 = 0.56
milligram h enate
protein E -
GOP binding (&), 0.093 = 0.017 0.043 = 0.008"
nmol/mg protein -
Polypeptides . 11.88 = 0.50 11.81 = 0.33

30 200-33 200,
% of total (4)

Values are means = SE for the number of animals indicated in parentheses.

-Significant effect of T4 treatment.



Accumulation of'lipid,' together with reduced GDP-binding could also
reflect reduced lipolysis due to reduced sympathetic activation. At 28°C
(thermoneutrality for rats) there s—houid be no cold-induced
thermogepesis, but dietary-induced thermogenesis may have been
replaced by thyroid-induced thermogene:::is. As in this experiment, a
reduction in GDP-binding has been observed by Sundin (1981) in
hyperthyroid rats at lower temperatures, suggesting a lesser stimulation
by endogenous catecholamines. This effect has caused thyroid hormone to
be named "the anti brown fat hormone” (Nedergaard and Lindberg, 1982).

Sint;e {hyroid hormone treatment only slightly increased BAT protein
and COX'activity and El1ad no effect on DNA or the 32 000 Mw polypeptide,
it is unlikely that it is .the mediator of adaptive changes in BAT during
adaptation to coid." T, is elevated in the blood of cafeteria-fed rats and a
role in 'dietary-i_nduced thermogenesis in BAT has been suggested
(R;)thwell and Sfock, 1979). Na.K’ATPase activity is elevated in BAT of
cafeteria-fed rats and in T, treated rats (Rothwell et e/., 1982a, 1983b).
Mitochdndrial GDP-binding, a measure of the active state of BAT, was
however not' elevated (Rothwell et af., 1983b). The function of the
Na‘K‘ATPase is - not known but it is thought not to contribute
-significantly to BAT thermogenesis (Himms-Hagen, 1983a). It would
appear that, as in the cold-acclimated animal, ele\:fated T, Ievel§ are not
necessary for the improved function and growth of the tissue resulting

from cafeteria feeding. . . : -



EXPERIMENT A-3 THE EFFECTS OF HYPOPHYSECTOMY ON BAT
THERMOGENESIS' AND GROWTH

“+

" BACKGROUND:

o ube

Levels of pituitary hormones ACTH (Usategui et a/., 1977) and TSH
(Sellers et of., 1974) are elevated in the blood of rats as a result of cold
exposure. Treatment of rats with ACTH is reported to cause an increased

weight of BAT (Lachance and Pagé, 1953), but this finding has not been

confirmed (

ry and Portet, 1980). It has aiso been suggested that TSH
may have a'trophic effect on BAT since myxedéma with High TSH levels is
sometimes a.gco panied by swelling of t'he’subclavian fat pad (Doniach,
1975). The‘lev I of another hypophyseal hormone, growth hormone, is
decreased in bloo 6f rats in the coid but has been found to induce BAT

growth (increase in wet weight) when injected into rats (Page et of.,

1954} .

OBJECTIVE:

The objective was to find out whether any of the pituitary hormones
is involved in .cold-induced brown adipose tissue thermogenesis and

growth, in normal rats.

- METHOD: P
Male Holtzman rafs, intact, hypophysectomized, or sham-oper:ated

and weighing 120-1 g were obtained from Canadian Breeding

Laboratories, St. Con;tant, P.Q.

N



In the first part of thé experiment, intact rats were treated with
growth hormone (25 mlU of bovine growth hormone, NIH-GH-B18, 0.81

IU/mg per 100 ¢ subcutaneously, daily for 7 days; the growth hormone

was dissolved in 0.1 M glycine buffer (pH 8.4) and was injected 3.5 hours:

¢

after the start of the light period).

In the second part of the éxperimen't, hypophysectomized (weight.
range 123-151 g) and sham-operated rats-of the same age (weight I:zinge
145-186 g) were tieated with thyroxine (2.5 ug/100 g) and corticosterone
(3 mg/rat), subcutaneously in oil three times per‘ week (Tuesday,
Thursday, and Saturday) throughout the experiment. These doses were
chosen on the basis of their provision of an amount adequate for survival
of thyroidectomized (Sellers et af., 1874; Experiment A-2) or
adrenalectomized (Steele, 1975; Maickel et of., 1967) rats. After 6-13
_days, on a Monday, Wednesday, or Friday, some rats wer-e placed in
individual wire mesh cages at 4°C; on that day an extra injection .of
thyroxine and corticosterone was given before exposure to cold anrd rats
remained at 4°C for 2 weeks. The rest of -the rats remained in individual
wire mesh cages at 28°C; these rats also received the extra injection.

Immediately after rats were killed interscapular BAT was removed,
cleaned and weighed. Tissue was homogenized, and protein, COX activity
and DNA were estimated (Methods C, D, E). Mitochondria were isdlated_,

GDP-binding was measured, and polypeptide composition was estimated

(Methods A, B, F.2}.

RESULTS AND DISCUSSION:

Chronic treatment of rats with growth hormone, at a dose shown by
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others to promote growth in hypophysectomized rats (Cotes et al., :1980),
had no effect on body weight gain, BAT size (protein, DNA),
. mitochondrial cofﬁent (COX  activity) or thermogen_ic activity

- -
(GDP-binding of BAT mitochondria) (Table 7).

Hypophysectomiied rats, aithough maintained on thyroxine and
corticosterone, lost weight (Tabie 8). The weight loss was greater in the
initial period; after they were put in the cold body weight was relatively
stable and there was no difference between weight gain at 28°C or 4°C.
Sham-operated animals showed the usual reduction of weight gain in the
cold (Table 8). 1In keeping with their small size, the BAT of
hypophysectomized rats was smaller than that of intact rats (Table 8).
"When expressed in terms of body weight BAT of hypophy;ectomized rats
was larger than that of sha:.'n—operated controls (Figure 4). BAT cells
were smaller in hypophysectomized rats as indicated by reduced protein
and unchanged wet weight and COX activity (per mg DNA)} (Figure 5).
GDP-binding to BAT mitochondria . was slightly higher_ in
hypophysectomized rats but mitochondrial polypeptide composition was
normal (Figure 6), indicatiﬁg some activation of BAT thermogenesis in
these animals.

‘Acclimation of hypophysectomized rats to cold resulted in growth of
BAT {Table 8 and Figure 4), which, in proportion to bddy weight, was
similar to that seen in sBam-operated controls. Loss of lipid in the cold

S

was indicated by a reduction in wet weight with no change in protein
I's

content (Figure 5). A large increase in BAT mitochondrial. GDP-binding
occurred in both hypophysectomized rats and in sham-operated control

[
rats and an increase in the relative proportion of mitochondrial
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TABLE 7

Effect of treatment with growth hormone on brown adipose

tissue and its mi u;chondria

Control Growth hormone
Body weights, g {12) (16)
Initial weight ' 235.6 = 5.7 246.5 = 3.7
Final weight 285.8 =+ 5.7 298.9 = 4.0
' Change in weight +50.3 = 2.3 2.4 = 2.1
Brown adipose tissue (12} (16)
Wet weight
mg 322 : 11 3 12
mg/mg DNA 544 = 47 591 + 33
Prot‘ein ) -
mg 16.2 = 0.7 14.6 = 0.6
mg/mg DHA 27.1 = 2.0 25.0 "= 1.0
- Cytochrome oxidase
ug atom O0/min B5.3 = 5.6 80.2 = 5.0
1g atom O/min 143.4 =150 136.1 = 7.%
milligram DNA
DNA, g . 623 = 48.8 597 = 27.5
Brown adipose tissue mi tochondria (4) {4)
GOP binding, nmol/mg protein 0.053 = 0.013 0.039 = 0.003

Values are means = 5E of the number of experiments shown in parentheses.

There are no significant differences between values for growth hormone - treated

rats and values for control rats.
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TABLE 8

.
Effect of acclimation to cold on brown adipose tissue of hypophysectomized

- or sham-operated rats maintained on thyroxine and corticosterone

Temperature of acclimation

Sham-operated rits Hypophysectomized rats
28°C {12)  © 4°¢ (13) ©o28°C (15) 4% (1)
Body weights, g
-(a). Inftial (arrival) 153.7: 9.8 160.7: 10 135.0= 2.5° 134.9: 2.7
(5 Infcial (put at 4°C  230.3: 7.2 220.5: 6.2 1232 2.3 1213+ 2.3
or at 28°C
+ 5.3 269.8: 7.0% 12000: 3.4" 19.7: 2.0

(c} Final 321.2

Weight change, g

b-a *4.5: 7.3 +59.6: 6.7 -l1.7: 2.5 136 2.3
c-bv . 810 4.9 +49.2: 52T 33: p.4° .5 1.9
Brown adipose tissue
Wet weight, mg 518 35 709 =26% 392 227" geq =3t
"Protein, mg 214= 15 60.7= 1.6 13.8: 0.8 306 1.9
DNA, g : 546.7 2 20.6 1513.3 = 82.77 485.0 = 31.3° 960.5 = g0.5°"
Cytochrome oxidase
ug atom O/min 148.4 2254 287.4225.7%  92.5: 6.0" 1385 2.2

S1gnif1cant effect of hypophysectomy, comparing rats at same temperature
Significant effect -of acclimation to cold, comparing same type of rat.

values are means = SE of the number of experiments ShOHn in parentheses



BROWN ADIPOSE TISSUE OF COLD ACCLIMAT
HYPOPHYSECTOMIZED RATS =D

Mamtamed on thyroxme and’ Wcortlcosterone

CYTOCHROME ’
OXMASﬁ < PROTEIN DNA
. (Mg atom 0,/min.100g mg/100g " mg/100g
. L Hypox ‘
i Sham . ) C
e g d _ Hypox
FS ’30..
. 20}
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| %
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Figure 4, Bﬂovn adipose t1ssue of hypophysectom1zed rats and sham-
operated rats, expressed in terms of body weight.

il

3 : ) -
icc]imation temperatures wb}e 28 6r 4°C as ﬁﬁaiazih\fﬁg figurg. Bars_
are the means * SE for the numbers of-animals shown in Table 2. Black
portions of the-Bans denote significant differences between ‘cold and 28°C
acclimated rat§ of<fhe same type. Asterisks deghote significant differences
‘between hypophydect mmzed rats and sham-openfted control rats at the same
temperature of accWwmation. Maintained on thyroxine and corticosterone.



BROWN ADIPOSE TISSUE OF COLD-ACCLIMATED
HYPOPHYSECTOMIZED RATS

Maintained on thyroxine and corticosterone

WET WEIGHT PROTEIN CYTOCHROME
mg/mg DNA mg/mg DNA OXIDASE
' Mg atom O,/min.
Sham - mg DNA
— H =
ypox Sham
: __I__} Hypox Sham
800r- 40or . 300+
g : - Hh Hypox
\‘ od [T
400} ' 20}
100+ | <L
n - A /
Te| 28ta| |2als 284 | |28]4 284 | “|28]a
=

Figure 5. Amount of wet weight, protein and cytochrome oxidase per
cell of BAT of hypophysectomized and sham-operated control rats.

For further information see Legend to Figure 4.
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BROWN ADIPOSE TISSUE MITOCHONDRIA OF
COLD-ACCLIMATED.-HYPOPHYSECTOMIZED RATS
Maintained on thyroxine & corticosterone
GDP BINDING POLYPEPTIDE COMPOSITION
pmoles/mg protein 20F %  31,000-34,300
Shom Hypox . Sham
400} Hypox
10~
200F
e .
. T -
. T
% :
T°| (28]4°| |[28]4° 28| 4°| |28] 4°

Figure 6. Binding of GDP an rTypeptide composition of BAT mitochondria

of hypophysectomized and sham-operafed control rats.

Va{ges afeithe means * SE for four mitochondrial preparations derived
. from the number of animals shown in Table 8. For further information see
legend to Figure 4,
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polypeptides in a moleg:ul.ar weight range of approximately 32 000 aiso
occurred in.both groups of animals (Figure 6). . ®

Pituitary hormones then are not necessary for growth of BAT in the
cold and for the normal increases, in mitochondrial GDP-binding and "
32 000 MW polypeptide. .

Pituitary hormones are essential for survwal of rats in the cold.
‘This is *probably because they stimulate thyrond hormqne 'and
glucocorticoid secretion, '-Rats without thyroid hormone (Sellers-et af.,
-1974) or g['ucocorticoids (Maickel et af., 1967; Heroux, 1855) dc').' not
survive in the cold and hypophysectomy.-ls known tO'reduce the'
thermogenic response of rats to cold in a way that "is reversed by
administration of thyroxine plus corticosterone (Denckla, 1973). The
thermogemc effect of noradrenaline is absent in hypophysectom:zed rats
(Muller et aof., 1975) -and in BAT cells isolated from hypOphysectom:zed
rats (Reed and Fain, 1970). In the present. experiment,
hypophysectomized rats treated with thyroxine and cor“tic'ostero-ne were
- - able to survive in the cold and to adapt by growing more BAT.

The reason for the larger amount of BAT (per unit body weight) in
hypophysectomlzed rats is not clear; these animals were notlceably Ieaner
than the controls and expression of results‘ in terms of lean body mass’
may have been more appropriate. The animals may also have been cold
st'ressed, éven at 28°C, cadsin-g gro»yth of BAT and the increase in
GDP-binding which also occurred to a slight extent. A relatively large
amount of -BAT (pretein, - DNA) has Since been reported in
h-ypophysectémize_d_ rats receiving no hormone treatment {Laury et a!.,.

1984). These animals had a reduced body temperature and above normal



- -

increases _in BAT protein, DNA and pht;sp'holipids occurred during
acclimatation to 15°C. Rats did ‘not—survivé températures belov_.v‘.15°C
without supplementa’ hormone ;treafment { Laury et al 1984) Thi; would .
suggest that thyroxine and corticosterone are not requrred for acclimation
at 15°C or, .more likely, that hormone productlon without stumulatnon from
the pituitary is adequate for acclimation to 15°C but not for temperatures
_below this. It is not known if corticosterone is required for BAT
'a(:tivation, as is thyroid hom;none (,Exp.eriment A-2), or whether it is
required for some pther a;spe?t of cold acclimation. ‘Some action on BAT is
Suggested by the presence of glucocorticoid receptors (Feldman, 1978).

If glucocorticoids are required for activation of BAT in the cold, then

‘permissive amounts are adequate to allow this to occur.
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EXPERIMENT A-4 THE EFFECTS OF COLD AND CAFETERIA DIET ON «
BAT GROWTH AND THERMOGENIC STATE IN THE OBESE ZUCKER 'RAT
BACKGROUND:

Defective BAT thérrﬁogenesis has been associated ‘with obesity in two

models of inhgrited obesity in mice. In the obese ob/ob mouse
(Himms-Hage and Desautels, 1978; Hogan and Himms-Hagen, 1980;
Himms-Hagen) 1983b) there’l is a failure of-both cold- and diet-induced

thermogenesis\ in BAT thought to be due to a reduced capacity of the

tissue to respond Yo enaogenous noradrenaline. The diabetic db/db has a
low thermic resp nse to noradrenaline (Trayhurn, 1979a). Reduced
energy ex; enditure due to a failure in BAT thermogenesis appears to
" contrilfute to the in‘creased metabo[i@ffficiency; and the resulting obesity

in these animals (Himms-Hagen, 1983b).

objective was to find out whether diet- and cold-induced BAT
thermoée esis and growth occur normally in the genetically obese Zucker
'-r'a.t.

During the course of this experiment it ‘was reported that
sympathet:c mnervatnon was drastlcally reduced in BAT of 6-8 month old
.obese Zuc_:ker' rats {Levin et of., 1981). To check the sympathetic
‘innervation of the tissue, noradrenaline content of BAT was measured in

cafeteria-fed and cold-expésed Zucker rats.



4
METHOD:

“Zucker (fa/fa) rats (male or female as specified in results) and their
lean controls (Fa/Fa or Fa/fa) were purchased from the Harriet Bird
Memorial Laboratory, Stow, MA or from Dr. P. R. Johnsen, Dept. of
Biology, Vassar College, Poughkeepsie,.NYﬂeteria-fed animals
were kept in individual plastic cages. Sorr-le obese and lean rats were
exposed to 4°C for 24 hours. Some obese and lean rats were fed a
cafeteria diet for 14-24 days.

After sacrifice interscapular BAT was removed, cleaned and
weighed. Because of the large amount of lipid in the homogenates and its
unusually high melting point, preparation of homogenates on ice was not
Possible. As a result, in this experiment all tis'smIes were homogenized at
37°C to keep lipids fluid. Separate experimeﬁts demonstrate_d that this
procedure did not alter the mitochondriai properties me?sured.
Mitochorﬁ:{ria were isolated and tissue protein, COX activity, D'r:JA and
mitocho::ldrigl GDP-binding were estimated (Methods A. C, D, -E, B).
Polyacrylamide gel electrophoresis of mitochondrial membrane samples was
done (Methods F.2).

BAT from lean and obese animals which had been coid-exposed,

cafeteria-fed, or chow-fed was removed and the noradrenaline content

measureci (Metheds J.i).

RESULTS AND DISCUSSION:

e

Preliminary experiments with old (3-5 months)_fatty rats showed that
BAT had a markedly. elevated wet weight, but a relatively normal protein -

content (Table 9). -T-issue protein tended to be lower in the older obese

o



TABLE 9

Preliminary experiments with brown adipose tissue of lean and fatty Zucker rats

Male rats aged 10-12 weeks Lean [6) Fatty (6)
' 28°¢
Body weight, g 282.2 395.3"
6.8 = 20.0
BAT .
Wet weight, mg . 374 1.676"
£30 =120
Protein, mg 17.8 25.5
. £ 2.2 = 1.6
BAT mitochondria
No. of preparations ’ 3 3
GDP binding, nmol/mg 0.0675 0.0036"
protein £ 0.0189 = o0.0038
Male rats aged 19-21 wesks Lean (4) Fatty (4)
)
- 28°c 4°c 28°C 4°C
- '-{-
Body wefghtL'g 433.8 439.5 651.4 563.8
. " £ 9.2 =17.2 =13.8 =30.6
BAT
Wet weight, mg 602 751 2,549° 2,864"
=70 : =200 =210 =200
Protein, mg 23.8 28.1 17.9 17.0"
2.2 1.6 2.6 2.0
BAT mitachondria
No. of preparations 1 1 1 1
GDP binding : 0.049 0.211 0 0

Values are means = SE, with numbers of rats given 1n parentheses
Rats were housed at 28°C or exposed to 4°C for 6 h.
S1gmficant effect of obesity comparmg animals treated in the same way.

S]gniﬁcant effect of cold €xposure, comparing the same type of rat,

- . . : *
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rats, but was significantly so only in the cold-exposed group (Table 9).

Binding of purine nucieotides was extremely low or, in some experiments,
undetectable in obese rats and the normal cold-induced increase in
binding did not occur. The usual cold-induced hyperemia of BAT was also
not observable in th'e cold-exposed obese rat. Because of the technical
difficulties in isolating mitochondria from tissues with such a large amount
of lipid, further experiments were done with younger rats. .
In the first e'xperiment to study the effect of cold exposu.r-e, 7-8

week old obese and lean Zucker rats were used, The -body weights of
obese rats at this age were only about 40% above those of lean rats, but
they were markedly obese, as shown by the four to .five fold increase in

- weight of their gonadal white adipose tissue (Figure 7). BAT wet weight
was also markediy increased (Figure 7). Despite the elevated \\S.‘ret weight,
the protein and  COX activity of BAT of the obese rats was n;armal, but a
smaller amount of DNA was(presént (FigL{r:g 8) indicating a celiular
hypertrophy due to a small increase in mitochondrial and other proteins
and a large accumulation of lipid (Figures 7 and 8). Exposure to cold
produced ihyperem'ia- of the tiss&:e in bot!; lean and obese animals and a
“decrease in wet weight in the obese only (Figure 7). Protein and DNA
content increased in cold/-gxposed animals of' both genotypes, without a

-

hange in cox activity‘EFigure 8).

Activation of BAT thermogenesis by cold, as indicated by an acute
incredse in mitochondriai GDP-binding, otcurred -normally in obese rats
(FiguFe 9). The polypeptide compos.ition of polype-ptides with 2 molecular
weight néar: 32 000, was normal in the obese rats (Figy.r;z 9). The effect

of cold exposure on polypeptide composition was not studied because

-

vd 97



COLD-EXPOSURE (4°'C,24h) OF LEAN AND FATTY
(fa/fa) ZUCKER RATS.,

INTERSCAPUL AR
BODY WEIGHT GONADAL WHITE BROWN &DIPOSE
g ADIPOSE TISSUE TISSUE
: FATT 9 9
2001 \ |
@—I— FATTY
LE AN % al og- FATTY
Be A
100+ @
2 % o-af
55 LEAN
| LEAN A - [ FEFT
> T Z
<~ 11
28 &4° 28 &° 28 & 28 4° . 28 4° 28 4°
Figure 7. Effect of cold-exposure (4°C for 24 h) on body and organ
weights of lean and fatty female Zucker rats. 5

Bars are means + SE of 24 (body weight, interscapular brown adipose
tissue weight) or 12 (gonadal white adipose tissue weight) observations.
Body, gonadal white adipose tissue, and interscapular-brown adipose
tissue weights are all significantly greater in fatty rats at.28°C than
in lean rats at 28°C (denoted by cross-hatched portions of bars). Expoéure
to cold had a significant effect only on brown adipose tissue weight.

T
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EFFECT OF COLD-EXPOSURE(4°C,24h) ON BROWN ADIPOSE
TISSUE OF LEAN AND FATTY(fa/fa) ZUCKER RATS

PROTEIN DNA’ CYTOCHROME
g i Hg OXIDASE
_ Hg atom Oz/min.
- LEAN so0F 120+ - LEAN
FATTY LEAN '
- FATTY
20+ - ) -
T
I ' 400 ? FATTY 80r
10 42 )
200 40-
28 4° 284 28 4° 28 4° 284° 284°

Figure 8. Effect of cold-exposure (4°C for 24 h) on brown adipose
tissue of lean and fatty Zucker rats.

Bars are means * SE of 24 (protein, cytochrome oxidase) or 12 (DNA)
observations. Protein and cytochrome oxidase contents are not s1gn1f1cant]yi.::;i.
different between lean and fatty rats at 28°C. DNA content is significantly
* lower in fatty rats at 28°C than in lean rats at 28°C (denoted by cross-
hatched portion of bar). Exposure to cold caused significant increases in -
protein and DNA contents in both lean and fatty rdts (denoted by solid
portions of the bars).
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. EFFECT OF COLD-EXPOSURE(4'C,24h) ON BROWN ADIPOSE
TISSUE MITOCHONDRIA OF LEAN AND FATTY RATS |

GDP BINDING _ POLYPEPTIDES
31500 — 33 000
240+
=
o 200+ LEAN FATTY
o
O
o
a 160+
2 30r LEAN FATTY
~ 120+
2 0 _ & =
r 20
E sor
a0l 10+

284 28 4° 28 28°

Figure 9. Effect of cold-exposure (4°C for 24 h) on BAT mitochondria
of lean and fatty.Zucker rats.

. Values are means * SE for 7 or 8 mitochondrial preparations., Binding
of GDP is significantly lower in fatty rats at 28°C (denoted by cross-
hatched portion of bar). Exposure to cold caused a significant increase in
GDP binding in both lean and fatty rats (denoted by solid portions of bars).
Means of increases in each experimenﬁEwere +0.160 = 0.027 nmol/mg proggin in
¥ . lean rats and +0.146 * 0.021 in fatiy rats (NS)}. Vaiues for polypeptides of

molecular weight range 31,500-33,000 are means * SE for 4 mitochondrial pre-

parations.
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previous work showed ti':nis-to be without -effect during br.ief cold éxposure
(Desautels et af., 1978). The binding of GDP by BAT mitochondria of
_obese rats was low (Figure 9) despite the normal polypeptide composition,
suggesting a reduced thermogenic activation'. of the tissue in these animals
living at thermoneutrality, possibly by diet.

In the second experiment obese an_d ‘lean Zucker rats (6 to 8 weeks
old at the end of the experiment) were fed either chow or a cafeteria diet
plus cﬁow. The body wéight gain was greater in obz-ese rats and was not
altered by cafeteria feeding in either lean or obese (Figure 10). Body fat
accumulation (as indicated by the weight of the white gonadal fat) was
however much greater in-the obese rats and. was increased by cafeteria
feeding in both lean. and obese rats (Figure 10}. .Accumulation of lipid in
BAT was greater in the obese (Figure 10) and as in the flir-st experiment,
BAT. of the obese chow fed rats at 28°C had less DNA and a- normal
amountc of protein (Figure 11).. COX activity was lower {Figure 1'[),'
although it was not significantly lower’ in .the .previous; experiment.
" Cafeteria feeding increased protein content of BAT in lean rats but not in
the obese (Figure 11). COX activity and DNA did not change with
_cafeteria feeding in either type of rat (Figure 11).

Activation of BAT thermogenesis by diet, as indicated. by an increase
in BAT mitochondrial GDP-binding, occurred in lean rats (Figure 12}. In
the obese rats, howtever, the binding of‘GDF; was low in the chow fed
controls, as seen in th.e first experiment, and was not altered by__ the
cafeteria feeding (_Figure 12). No effect of cafeteria feeding on
polypeptide composition of the‘ inner. mitochondrial membrane could bé

detected in either lean or obese rats (Figure 12, legend).
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CAFETERIA-FEEDING OF LEAN AND FATTY
(fa’fa) ZUCKER RATS

o INTERSCAPULAR
BODY WEIGHT ' GAIN, GONADAL WHITE BROWN  ADIPOSE
' g ADIPOSE  TISSUE _ TISSUE
100 9 I g
s FATTY <
. : —I~ FATTY
80 8 16
LEAN @ . FATTY
B3 1 44 6 1-2F
. /o -
40}- a+ o-8-
LEAN
2 o L_EAN 0-4+ r_ﬁ

Cafe Cafe . ~ Cafe Cafe. . Cafe Cafe -

Figure 10. Effecf’bf'ééfeteria feeding on body weigﬁt gain and
organ weights of lean and fatty Zucker rats.

Bars represent means * SE for 15 (lean control), 14 (lean cafeteria),
or 12 (fatty control and fatty cafeteria) animals. Body weight gain
during feeding period, gonadal white adipose tissue weight, and inter-
.scapular brown adipose tissue weight are 2ll significantly greater in
fatty rats fed chow than in lean rats fed chow (denoted by cross-hatched
portions of bars). Actual initial body weights (in grams) were 71.9 + 4.0
(Tean control), 72.0 + 4.2 (lean cafeteria), 100.3 + 6.7 (fatty cbntro]),
and 97.7 + 6.8 (fatty cafeteria). Final body weights (in grams) were
130.5 = 3.1 (lean control), 126.1 + 4.5 (lean cafeteria), 175.8 + 8.3
(fatty control), and 180.0 142 (?atty cafeteria). Significant effects
of cafeteria feeding (denoted by solid portions of bars) are on weight
of gonadal white adipose tissue and weight of interscapular brown adipose
_tissue in both lean and fatty rats (solid portion of bar). : 102




EFFECT OF CAFETERIA-FEEDING ON BROWN ADIPOSE
TISSUE OF LEAN AND FATTY(fa/fa) ZUCKER RATS |

PROTEIN . DNA CYTQCHROME
mg Mg OXIDASE
120L Mg atoms Oz/min.
LEAN
oo LEAN
ool . ] I LEAN&
s6b FATTY L FATT#
1 400- Z 80¢ % FATTY
2l | hE | g
8F 2001 : 40
4- = -
Cafe Cafe Cafe Cafe Cafe Cafe

Figure 11. Effect of cafeteria feeding on intérscapu1ar brown
adipose tissue of lean and fatty Zucker rats.

Bars are means £ SE for number of animals described in legend to
Fig. 4. DNA and cytochrome oxidase contents are significantly smaller
“in control fatty rats than in control lean rats (denoted by cross-hatched
portions of bars). Only significant, effect of cafeteria feeding is an
increase in protein content in lean rats (solid portion of bar). '

A=Y
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EFFECT OF CAFETERIA-FEEDING ON BROWN ADIPOSE
TISSUE MITOCHONDRIA OF LEAN AND FATTY RATS

GDP BINDING

| 120 pmoles/mg Protein
LEAN
80
B ﬁ; FATTY
a0} Z
Cafe Cafe

Figure 12. Effect of cafeteria feeding on GDP-binding by brown
adipose tissue mitochondria of lean and fatty Zucker rats.

Bars are means + SE for 5 (lean rats) or 4 (fatty rats) mitochon- ]
drial preparations. Binding is significantly lower in control fatty rats
than in control lean rats (denoted by cross-hatched portion of bar).
Cafeteria feeding «caused a significant increase in binding in lean rats
only (solid portion of bar). Proportion of mitochondrial membrane poly-
peptides inmolecular weight range of 31,500-34,000 was not altered by
cafeteria feeding in either lean or fatty rats (lean 19.57 =+ 0.34%;
lean, cafeteria-fed 20.10 + 0.52%; fatty 19.57 = 0.12%; fatty, cafeteria-
fed 20.58 = 0.07%).
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The noradrenaline content of BAT. heart and spleen of 6 to 8 week
old obese Zucker rats was normal (Table 10); the—re was however
considerable variation in the noradrena‘line content of BAT_ in the obese
animals, with two of the three having valuesrt-:elow the normat fange. In
cafeteria-fed obe:se rats the noradrenaline content of BAT was not
significantly different from that of lean rats fed a cafeteria diet (Table
10), but® again there was variation among the obese rats with three of four
having values below the normal ranée. Exposure to cold caused a
depletion of noradrenaline content in both lean and-ob‘ese rats {Table 10)."

As in Experiment A-1 food intake was not measured. The lack of
effect of diet on BAT growth and activation in the obese fnight be
attributed to lack of hyperphagia, es.pecially since Zucker rats have .been
reported not to increase their food intake in the cold as do lean rats
(Bray and York, 1972: Armitage et al/., 1984; Bertin et of., 1983).
However, by daily observation of the rats it was obvious that the human
" foods at least were consumed to a greater extent b> the obese compared to
the lean. Subsequent studies by others showed that, when overfed with
sucrose, Zucker obese rats did not increase GDP-binding tin BAT
mitochondria as did Iear; rats (Holt et of., 1883). b

The main findings of this experiment are that BAT of the young
obese Zucker rat,‘ although normal in amount, has reduced thermogenic
activation (mitochondrial GDP-birja.ding).1 The tissue can be activated by
cold but not b'y diet. The reduce::iAGDP-binding to BAT mitochondria is
unexpected since rats of this age are known to be hyperphagic (Bell and

Stern, 1977). The higher than normal activation of BAT in cafeteria-fed

rats (Experiment A-1) did not occur in the obese Zucker rat. The lack of
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TABLE 10

Noradrenaline content of organs

BAT Heart Spleen
Lean ng/ organ
Control (4) 385.0 = 25.4 (4) 339.3 =735.2 (4) 255.1 = 34.7
[332.8-454.3]
Cold-exp?sed (4) 215.7 + 6.9" (4) 254.4 = 39.2 (4) 261.2 : 53.9
contro £198.0-226.5]
~
Cafeteria-fed {4) 4381 = 279 (3) 310.2 + 36.4 {3) 231.7 = 27.4
£386.4-480.2]
r
Fatty
Concrol _ (3) 314.6 = 75.1 (4) 328.6 = 42.1 (4) 333.4 = 75.4
[233.2-464.5]
Cold-exposed (3) 148.2 = 46. (3) 18.5 = 28.4™7 |  (3) 298.8 = 68.2
control [66.8-227.1] ‘
Cafeteria-fed (4) 292.8 = 52.3 (8) 197.9 = 34.8 (4) 135.9 = 23.4"%

[229.0-449.4]

Values are means :

SE of the number of experiments shown

Values in brackets ‘are ranges.

"Significant effect of obesity,

"Significant effect of treatment, comparing the same type of rat,

in parentheses.

comparing rats treated in the same way,
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diet-induced thermogenesis in BAT would ‘suggest that sympaih;/gtic
activity in BAT is reduced due to a defect in the signal concer.ning diet.
This defeét may be responsible for the reduced tissue activation at
thermoneutral and may also lead to the eventual degen‘eration with age of
the ability of the tissue to resﬁond to coid.‘ - -

Reduced GDP-binding to EAT mitochondria has also been reported
by Holt and York ({1982} in young .Zucker- rats, and is present as early as
the first few days of life {Bazin et c;l., 1984). GDP-binding has been
found to -increase normally after short term cold exposure in young but
not older obese Zucker rats (MHolt et al._,. 1983} as in the present
experiments. The response to sucrose overfeeding was reduced in the
young animals (Holt et af,, 1983) confirming the lack of dietary effect in
the present experiments. Other feeding experiments have also indicated
that there is a reduced thermogenic response to diet in the obese Zuck(\er
rat. A low protein, high carbohydrate diet causes normal rats to overeat
and increase their metabolic rate: but while they overeat, obese. Zucker
rats do not increase their metabolic rate on a.low protein diet (Young et
al., 1980). The thermic response to a single meal (Rothwell et of., 1983a)
and to an intragastric tube feeding (Rothwell et al., 1981) is also smallier
in obese rats than in lean.

‘Adrenaiectomy causes normalization of the low GDP-binding in the
obgse Zucker rat which is suppressed by corticosterone treatment (Holt
and York, 1982). Normal growth of BAT and increase in GDP-binding to
mitochondria occurs in sucrose overfed obese rats after adrenalectomy
(Holt et al., 1983) and the thermic res}mnse to a single meal is also

normalized (Marchington et of., 1983). How adrenalectomy works to
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improve BAT activation is not known, but is in keeping _with the
repressive acti.on of glucocorticoid treatment on BAT (refer to Chapter
1.5.D), in spite of the fact that weight gain, food intake or BAT weight,
protein or mitochondrial GDP-binding was not af\;ected by adr.en'a!ectomy
of normal rats (Holt and York, 1982; Marchington et af., 1983). Since
BAT of young obese rats seems to respond normally to co]d,‘
giucocorticoids appear to‘ affect specifically the response of BAT to diet,
perhaps by an effect on the control of the sympathetic nervous system.
There are indications of abnormalities in the response of BAT of the
obese. Zucker rat to catecholamines, particularly in older rats. Basal and
noradrenaline stimulated palmitate oxidation are not reduced in BAT of 5
week obese Zuckers gKasser and Martin, 1982). At 2 m;aﬁths noradrenaline,
stimulated respiration in brown adipocytes is reported to be lower in the
obese than lean rats (Goldberg and Morgan, 1982). A normal response to
noradrenaline was reported in obese Zucker rats at 12 weeks (Bertin et
_al., 1983) and at 3-4 months (Rothwell et of., 1981) and is thoug‘ht to
vfg,dicate that peripheral thermogenic mechanisms are capable of
fuqctioning and the reduced response to food is probably due to reduced
activation of the sympathetic nervous  system. prever
isoproterenol-induqed blood flow to BAT was reduced in the obese Zucker
rat (Wickler et aof., 1982) and isoproterenol infusions showed a reduced
metabolic response in 3-4 month obese rats (Milam et a/., 1982) suggesting
sensitivity of BAT may be reduced. Age 61‘ the animal, dosage and method
of administration of noradrenaline would seem to influencé the level of

response to catecholamines.
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Noradrenaline turnover in BAT was somewhat reduced at 3-4 months,
wfmile content and turnover of noradrenaline \:\reré drastically reduced at
7-8 months in obese Zucker rats (Levin et of., ‘1981). In the younger rats
studied in the present experiments, noradr'enaline t:ctntent \.;ras normal.
Cbese rats (5-6 months) have a reduced number of B-adrenergic receptors
on BA:T compared to the lean and adipocytes are unilocular. Lipolysis is
not reduced, leading the authors to conclude there is either infiltration
with white adipose tissue or a defect in tatty acid stimulated respiration
(Levin et of., 1982). Brown adipose tissue, while capable of responding to
noradrenaline in the young animal, because of reduced activation by the
sympathetic nervous syster-n may lo}.e its capacity to respond with age. In

} -
both the present experiments /an‘cf\‘those of Holt et o/. (1983), young but

not older animals had the nb.:.-malfincrease in GDP-binding in the cold.
Although the thermogenic response to catecholamines is variable, as is the
response to cold (refer to Chapter 1.6) an early defect in diet-induced
therrﬁogenesis rﬁay be responsible for the reduced activation of BAT and

thg- -low sympathetic activity in BAT. 'gmd may lead to more serious

deficiencies in BAT thermogenesis including a reduced response to cold in

older animals.

o
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SECTION B BROWN ADIPOSE TISSUE IN THE MYOPATHIC HAMSTER

Overall Objective:

The overall objective of this section was to find out w y BAT Yails to

grow to a normal size in the myopathic hamster. More”specifica ly the

objective was to study the effect on BAT of myopathic hamsters offvarious

stimuli known to promote growth of BAT in normal rats and/or hamstdrs.
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EXPERI‘M‘E‘NT B:1 THE EFFECT -OF NORADRENALINE ON BROW}\I
AD[P(-D_SE TISSUE OF NORMAL AND M\"OPATHIC HAMSTERS
BACKGROUND:

Brown adipose tissue growth in rats appears to be, at least
partially, under the-' control of the sympathetic nervous system (Barnard
et al., .198(6, and chronic treatment of rats with NA promotes growth of
BAT (Heick et of., 1973; Desautels and Himms-Hagen, 1979).' The
influence of the sympathetic nervous system on BAT growth in hamsters
has not been studied, although it is known that noradrenaline turnover in
BAT increases when Syrian hamsters are exposed to \Iow temperatures
(Feist, 1970). Increase in mass of \.QAT is also reported in Syrian
hamsters kept in short photoperiod (Hoffman et a/., 1965; Reiter, 1975).

;
This increase is prevented ‘by p?neaiectomy {Reiter, 1975) =and the
pineal hormone,. melatonin, has a trophic effect on‘,_B‘AT, c;f [t%ngarian
hamsters (Heldmaier and Hoffmann, 1974). Since melatonin is produced in
the pineal in response to noradrenaline from sympathetic nerve endings
acting at B-adrenergic receptors (Kleirn and I\‘;oor-e, 1879). the possibility
exists that noradrenaline might stimulate BAT growth in hamsters by a _
direct actio;ﬁ on the tissue itself, as seems to occur in rats, and/or

indirectly through stimulation of melatonin production in the pineal.

OBJECTIVE:

The objective of this experiment was to find out whether there was

-
-

any abnormality in the response of _B;\T of myopathic hamsters to the

supposed trophic effect of noradrenaline.



/\_._

METHOD: &
Male Syrian hamsters were purchased from either Bio Research

Consultants, Cambridge, MA, or from Charles River Company,

Boston as noted for each experiment. . Myopathic  hamsters (BIO

14.8) ‘were purchased from Bio Research Consultants.

Pinealectomized and sham pinealectomized hamsters were from Charles

River Company.

in four separate experiments, 5-6 week old hamsters were injected

daily with ngradrenaline in peanut oil or with oil alone for two weeks. In

these experiments the time of day the injections were given, the season of

the year, the dosage of noradrenaline and the presence or absence of the

pineal were varied, as described for each experiment.

After‘hamsters were sacrificed, interscapular BAT was removed,
cleaned and weighed. Homogenization of the tissue and isolation of
mitochondria were done as outlined in Methods A. Tissue protein, COX
activity, DNA and mitochondrial GDP-binding were assayed (Methods o

D, E. B). Epididymal white adipose tissue and testes were removed and

weighed.

RESULTS AND DISCUSSION:

In the initial experiment noradrenaline was injected at about 1300 h
at a level gf 400 ug/kg/day which is known'to cause growth of BAT in
rats (Desautels and Himms-Hagen, 1979). A reduction in metabolic size of
BAT (protein content, COX) occurred in both ;r.rormal and myopathic

hamsters, the opposite of the expected hypertrophy (Table 11).



T

- o -
™
=
- - TABLE 1T
) ]
Effect of chronic treatment with noradrenaline {injections at
1100 - 1300 n) an brown adipose tissue of normal or
myopathic hamsters in Qctober-November
\
NORMAL MYOPATHIC )
3 Control -Noradrenaline Control Noradrenaline
(12) T2 (12) (12)
Body weights, g
Initial 70,7+ 1.8 68.7 = 1.0 62.71 = '1.4”' 64.7 = 1.3*
Final 88.7 = 1.9 8222 177 715.9: 1.2 355 . g o1
Change in 2 wk $17.9+ 0.9 #1342 100 43.8: 0.7 10 0.9 o~
Brown adipgse tissue
Wet wg, mg 364+ 18 N6 =19 207 = ™ im . g
. hd (21 ] P
Protein, mg 19.6 = 1.8 13.3 = 1.1 10.7 = 0.5 6.8 = (.7444
Cytochrome oxidase- - et e
ug atoms Oz/min 69.0 = 5,4 30.5 = 5.7 34,5 = 1,57 19.0 = 4.}
Mitochondrial GDP (4) (4) {4) (4)
binding - ’
pmoles/mg protein 119.7 = 4.3 81.7 = 14.3 85.5 =z 11,6" 86.8 = 18.2

~

Values are means = SE for the number of antmals or of mitochondrial preparations indicated
in parentheses.

Noradrenaline, 0.4 mg/kg, injected daily for 2 wk.

Hamsters from Bio Research Consulstants,

Significant effect of noradrenaline, comparing the same type of hamster, indicated by
*(p < 0.05), **(p < 0,01}, ***{p < 0.005} or *==*(p < 0.001}.

Significant effect of myopathy, comparing hamsters treated in the same way, indicated by
#{p < 0.05), sd(p < 0.005} or »44{p < 0.001)

-
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The production of melatonin by the pineal is stimulated by
noradrenaline acting at B-adrenergic receptors and is many times

higher in the hours of darkness (Klein and Moore, 1979). This_ has

been attributed to “up- regulation” of B-receptors during the day,

when syn;pathetic .activity is low. In the evening sympathefcic acti;fity
rises at,a time wh_en-i-;h‘e pineal is maxima[['yh sensitive to i‘;s effécts,
causing'e-: largé increase in melatonin production in the dark (Romero et
a;., 1973). In the present experiments noradrenaline was injected in the
early afternoon, poss‘ibly interfering with the senyi/vity of the pineal to
noradrenalj_ne and the production ,of melat;nin. It was thought that this

effect might be avoided if noradrenaline was injected just at lights on,

when the pineal is reportedly least sensitive to noradrenaline.

A second experiment with injections given in the ﬁea.rl"y. morning also
resulted in a noradrenaline-induced reduction in metabolic size (COX
only) of BAT (Table 1?__].

In searching for a possible cause of this unexpected effect of
noradrenaline on BAT growth, it was thought th'at.some insight-might be
gained by differentiating the putative direct and indirect (pineal) effects
of noradrenaline on BAT growth. Therefore, in a third experiment
noradrenaline ’was administered to _pineglectom'ized normal hamsters and té
sham-operated normal controls (at 1‘300 k). ‘No effect of treatment on the

size of BAT could be detected in either type of animal and there was no

+

effec; of pinealectomy on the size of BAT (Table 13). Thus it seemed that
the action of noradrenaline on the pineal was not a factor in inhibiting

growth of BAT in response to noradrenaline and also it also appears that
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TABLE 12

Effect of chranic treatment with noradrenaline {injections at 0830 h)

-t

on brown a;l'ipose tissue of normal or myopathic hamsters in September

P

1Y

P . ' NORMAL MYOPATHIC

Control Noradrenaline Control Noradrenaline
a2 , (12) (12) (12)-
Body wts, g
Initfal - 8.8+ 2.0 79.7 £ " 2.8 74.3: 1.5 7.3+ 1.7
Final - 95.7 = 2.0 %4.0= 2.9 83.3+ 1.3 g34. 3%
Change 1n 2 wk 4169 1.2 +18.3 = 1.2 s9.0s 06" 5. 15"
Brov)n adipose tissue
Wet wt, mg 327 2169 329 =:27.00 208~ = 10.17% 195 . 6.5
Protefn, mg 19.0 = 1.7 15.2 = 2.0 9.3= 1.0 g5 . g4
Crtochrome oxidase e . i q
-39 atoms 02/min . ‘ 57.2 + 9.4 25.7 + 4.3 21.7 =+ 3.6 14.4 = 3.0
Mitochondrial GOP (4) (4} (4} (4)
" binding— :

pmoles/mg protein 263.2223.2 2153 : 14.6 211.9 = 39.4 967.2 = 21.9

Values are means = SE for the number of animals or of mitochondrial preparations indicated in
parentheses. Noradrenaline, 0.4 mg/kg, infected daily for 2 wk. Hamsters from Bio Research
Consultants. .

Stgnificant effect of noradrenaline, comparing the same type of hamster, indicated by
*{p < 0.05) or **(p < 0.01). .

Sigﬁificant effect of myopathy, comparing Ramsters treated in the same w'ay. indicated by
#(p < 0.05), ##{p < 0.005) or #¥d{p < 0.001).
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TABLE 13

Effect of chronic treatment with noradrenaline {injections at 1300 h)
on brown adipose tissue of sham-operated or pinealectomfzed .

hamsters in November

SHAM-QPERATED ) PINEALECTOMISED
) Control Noradrenaline Contro!l Noradrenaline
{12) (12) (12) (12}
Body wts, g
Inftfa) 8.5 £ 19 | 81.5 2708 3.0 : 2.0 gy s 1.7
Final ! 98.0 =+ 2.3 . 93.8 = 1.0 95.2 = 2.2 9%.9 = 2.0
Change in 2 wk +13.8 = 1.2 +12.3 =+ 0.9 +12.3 = 0.9 +11.4 = 0.9 -
Organ wts, g
Testes : 2.65 = 0.08 2.52 = 0.06 2:72 + 0.05 2,55+ 0.06
Epididymal .
adipose tissue 1.64 = 0,09 1.60 = 0.07 1.67 =+ 0.08 1.61 = 0.10
Brown adipose tissue
L
Wet 5:1\@9 345 £ 1.5 303 = 15,0 315 £ 16.3 308 = 12.7
Protein, mg 14.0 =+ 0.8 15.2 = 2.1 1.5 = 1.0 12.7 = 1.0
Mitochondrial GOP (4) ' {4) {3) (4)
* -binding - ’ -
pmoles/mg protein 220.3 = 22,4 232.5 = 16,5 200.5 =18.3 207.9 =+ 29.4

Yalues are means = SE for the number of animals or of mitochondrial preparatisns indicated in
parentheses. Noradrenaline 0.4 mg/kg, injected daily for 2 wk. Hamsters from Charles River
Company.

Significant effect of noradrenaline, comparing the same type of hamster indicated by
*(p < 0.05).

There are no significant effects of pinealectomy, comparing hamsters treated in the same way.
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 the pineal contributes little to the maintenance of normal BAT size under
these co‘nditions.

Growth of BAT is seasonal in Djungarian hamsters kept in natural
photoperiod and such hamsters are refractory to short
photoperiod-induced growth in early summer (Held:naier and Steinlechner,
1981). It seemed possible that seasonal refractoriness to noradrenaline
injections may aiso occur. The first three experiments were done in fall
and early winter. Noradrenaline injections were then studied in
pinealectomized hamsters in early spring. The dose of noradrenaline was
doubled (800 ug/kg/day) in this experiment. This dose of noradrenaline
was sufficient to prevent body weight gain and to deplete fat stores of
white adipose tissue but still no trophic rasponse of BAT could be
detected (Table 14).

In: many hamsters treated with noradrenaline, particularly at the
higher dose level, small yéHow patches, resembling fat necroses (L-ee and
Howard, 1979) were seen in BAT. Cell damage caused by excessive
,-acwmulation. of products of lipolysis may explain the regression of the
tissue in 2 of the 4 experiments.

Thus, no evidence could be found for a trophic response of hamster

BAT to noradrenaline.

s
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TABLE 14

Effect of chronic treatment with noradrenaline (injections at-1300 h)
on brown adipose tissue of sham-operated or pinealectomised

hamsters in March-April

SHAM OPERATED PINEALECTOMISED
Control Noradrenaline Control Noradrenaline
(12) o 12) - (2) (12)
Bedy wts, g ™
Initial 1123 = 2.5 112.6 : 2.4 110.8 =+ 3.0 108.0 = 3.3
Final 119.7 = 2.8 110.8 = 2.3“r 116.0 *+ 3.3 109.3 = 2.5
: v e
Change in 2 wk +7.4 = 1.3 -1.8 = 0.8 +5.1 = 0.7 +#1.3 = 1.1
Organ wts, g
Testes 2.78: 005 2.83: 008 3.06= 0.0 333: 0.8
h Y
Epididymal . - e
adipose tissue 2.40 = 0.14 1.82 = 0.09 2.40 = 0.1 1.83 £ 0.16

Brown adipose tissué

23
t
[

Wet wt, mg ’ 386.2 =123,5 409.8

H

19.1 359.6 = 23,6 391.2 = 34.0

Protetn, mg 18.4 = 0.9 171 1.4 184 =.0.9 175

1+
H
13

1.7

Values are means =S£ for the number of animals indicated in parentheses. Noradrenaline,
0.8 mg/kg, was injected daily for 2 wk. Hamsters from Charles River Company.

Significant effect of noradrendline, comparing the same type of hamster fndicated by
-*{p < 0.05), **(p < 0.01), "**(p < 0.005) ar wwer{p < 0.001).

SZgnif1cant effect of pinealectomy, comparing hamsters treated fn the same way indicated by
#(p < 0.,006).
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- EXPERIMENT B-2 ALPHA- VS BETA-ADRENERGIC EFFECTS ON

. GROWTH OF BROWN ADIPOSE TISSUE IN NORMAL AND MYOPATHIC
HAMSTERS

BACKGROUND:

Noradrenaline acts at  e- and B-adrenergic receptors.
Alpha-adrenergic receptors have been subdivided into «,, the action of
which is thought to inveolve calcium mobilization and phosphatidylinositol
tu.rnover.-, -and‘ a2. which act by inhibiting adenyiate cyclase (Fain and
Garcia-Sainz, 1980). Ha;::r\ster white adipose tissue contains c,-receptors
which inhibit B-adrenergic stimulated lipolysis (Hittelman and Butcher,
1973; Schimmel et a/., 1981). Alpha,-receptors and hence the inhibitory
effects on lipolysis are lacking in white adiﬁose'tissue 01; thé\ rat (Fair-\ and
Garcia-Sainz, 1980). It was thought that if a similar species difference
occurred in BAT it might contribute to the lack of trophic effect of
n'oi-.-adrehaline on hamster BAT seen in Experiment B-1.

) Durihg the course of the experiment it was learned that «.-receptors
probably did not exist in BAT (McMahon _and Schimmel, 1982). Since a
small inhibitory effect of u-adrenergic_ agonist phenylephrine had been

observed, it was decided to study this effect further ‘using the

a,-antagonist prazosin.

. 3
OBJECTIVE: S

The objective was to find out whether the pur-e B-agonist,
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isoproterenol or the pure a-agonist, phenylephrine,.has a trophic effect
on BAT of hamsters. The effect of the a,-antagonist, prazosin was also

studied.

METHOD:

Male Syrian hamsters were purchased from Charles River.Company,
Boston, except for the prazosin experiment where they were from
Canadian Hybrid Farms, Hal-ls\Harjbour, N.S. Myopathic hamsters (BIO
14.8) were from Canadian Hybrid Farms.

The drugs were used in the following dosages -

isoproterenol bitartrate 400 ug (free base)/kg/day
phenylephrine HCI 400 vg (free base)/kg/day
prazosin ' 25 mg/kg/day

All drugs were injected as a suspension in peanut oil in a volume
of 0.1 to 0.3 ml, depending on the weight of the animal. Animals 5-6 .
weeks old were injected with drugs or oil at approximately 1300 h for 14
consecutive days.

Immediately after sacrifice interscépu’lar BAT was re-moved, cleaned

and weighed. Homogenization of the tissu i isolation of mitochondria
g g

i \,—.‘\

were done as outlined in Methods A. Tissue protein, COX activity, DNA
and mitochondrial GDP-binding were\ assayed (Methods C, D, E, B).

Epididymal white adipose tissue and testes were removed and weighed.

RESULTS AND DISCUSSION:

Injection of. isoproterenol had no effect on body weight, [IBAT



A

P

weight, tota{ protein, COX activity, ‘DNA, mitochonc{rsial GDP-binding or
teftes weight (Tabie 15), |

The. results of the phenylephrine experiment were complicated by the
fact that the drug-treated normal ani{nals were initially larger than the
controls injected with oil (Table 16). The results in this case have been
adjusted to the body weight of the animal. ~This causes the siglnificantly
‘heavier IBAT weight of the phenylephrine treated normal hamster to
become not different from the oil treated control, while the tissue protein
content, similiar in absolute amount, is significantly lower m )
phenylephrine treated animals when related th boq‘y weight\.- The decr?ase
in tissue protein in phenylephrine treated myopathic hamsters was. not
statistically significant, but the tissue protein was 15% lower in both
normal and myopathic- drug treated animals (Tabie 16). No effect of
phenylephrine on mitochondrial GDP-binding wa; seen. The
pheriylephrine injected was the HCI derivative expected to have a shorter
biological half life than the bitarfrate salt used for noradrenaline and
isoproterenol injections. A longer_‘ acting c:-'agonist may have given more
conclusive effects.

Prazosin injections caused a dramatic increase in BAT wet weight and
total protein in normal and myopathic hamsters (Figure 13). The

proportional increase in metabolic size (total protein) of BAT was much
bl L}
-

greater in the myopathic hamsters (+67.7%) than in the normal hamsters
(*26.9%). The weight gain and go.'nadal fat were significantly lower in
normal hamsters treated with plrazosin (Figure 13, Table 17), which mi-ght
not be unexpe:cted in a.nimais with more BAT. Myopathic animals did not _

adjust their weight gain or' fat stores (Figure 13). Because of their

e



TABLE 15

Effect of chronie treatment with isoproterenc] on brown adipose tissue

of normal or myopathic hamsters

- NORMAL MYQPATHIC
Control Isbprotereno! Control Isogroterenol
{12) (m (12) (10} - -
Body weights, g ;
. - - - hw
+  Inftial 75.9 = 2.3 73,2 = 2.3 50.7 = 0.9 49.9 =
Final 92.7 = 2.2 -91.5 = 273 62.5 + 178 63.0 = 0.3
Change in 2 weeks 16.7 = 0.9 18.3 = 1.2 M7 = 1.3 13.4 = 073
Organ weights
o » Wrdrdr
Testes, g 2.38 = 0.06 2.27 = 0.05 . 1.78 = 0.08 1.723 = 0.05
Brown adipose tissue '
N ’ el e
Wet weight, mg 328.4 =17.4 351.5 =257 120.2 = 71 126.7 = 5.3
Protein, mg 18.8 = 1.3 20.8 + 1.9 7.7 = 0% 8.6 = 0.5 -
. i "
DNA, g 174.4 = 41,3 811.0 =67.0 299.2 = 21.8 346.5 .+ 17.9
Mitochondrial //’,/”hh\\__f'zzs (4} (4) (4}
GOP binding { .
p moles/mg protein 242.8 = 807 234.8 +23.9 223.7 =+ 24.3 244.8 = 15.1

Season: Spring

-

Values are means = SE for the number of animals ar of mitochondrial preparations ind1cated in

parentheses.

Isoproterenol, 0.4 mg/kg, injected daily for 2 weeks.

Significant effect of

*{p < 0.01), ** (p < 0, 00S) or

myopathy comoaring ham

sters treated in the same way indicated by
*** (p < 0.001),



. TRBLE 16

/

- -
Effect of chronic treatment with phenylephrine on brown adipose

tissue of normal or myopathic hamsters

NORMAL MYQPATHIC
Control Phenylephrine Control Phenylephrine
{12) . (12) (1) (12)
Body weights, g
Lad 4 rea
Inftial 75.3 = 2.4 83.7 = 24 65.3 ‘= 2.3 63.5 = 1.3
e iy Fas
Final ‘90,4 = 2.0 98.2 + 2.4 6.6 = 1.7 75,7 = 1.0
‘ )
Change in 2 weeks 15.1 = 0.9 14.2 = 1.3 M.ea = 0.8 1n.2 = 0.8
Organ weights
$4F LY B
Gonadal fat, g 1.45 = Q.09 1.6 = o.N 0.78 =+ 0.03 0.75 = 0.02
iie
Testes, g 2.70 = 0,08 2,78 + 0.05 2.52 = 0.08 2.57 + 0.05
Brown adipose tissue
- Fid (21
Wet weight, mg 299.9 = 13.6 350.0 =18.2 128.6 = 6.7 130.6 = 5.8
i LT R
Wet wefght, mg/100 9 .7 =13.7 355.0 =13.) 168.4 = 3.5 174.6 = 7.0
body weight - ' S
) iid sy .
Protein, mg 14.1 = 0.5 12.8 = 0.8 8.5 « 0.7 7.1 = 0.7
diz =
Protein, mg/100 g 156 = 0.5 13.2 = 0.8 .2 = 09 9.5 = 0.9
Mitochondrial (4) (4} (4} {4}
GOP binding
pmales/mg protein 310.6 = 43,0 276.1 = 29.0 318.9 = 44.8 323.0 = 110
Season: Summer
Values are means = SE for the number of animais or of mitochondrial preparation indicateg in
parentheses, .
Phenylephrine, 0.4 mg/kg, injected daily for 2 weeks .
Significant"effect of phenylephrine, comparing the same type of hamster indicated by
. ?p < 0.05), =+ (p < 0.025).
Significant effect of myopathy, comparing hamsters treated in the same way indicated by
7 ?p < 0.01), #% (p < 0.005), #eé {p < 0.001).
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EFFECT OF CHRONIC TREATMENT WITH
PRAZOSIN ON BROWN ADIPOSE TISSUE OF
NORMAL OR MYOPATHIC HAMSTERS

) . INTERSCAPULAR _
BODY WEIGHT |GONADAL WHITE BROWN ADIPOSE TISSUE
GAIN ADIPOSE TISSUE  mg
g : g WET WEIGHT PROTEIN
-4 - 204
154 ! 300+ E‘H
1. 24 ' 154 ‘}
104 ‘ 200-
I ool ||| 2
I 0-8 10
* i db
5- 100-
0-4+ . 51
} -
p P P P Ip P p P
N t_ M N M N M N TMI

Figure 13. Effect of chronic treatment with prazos1n on brown
adipose tissue of normal or myopathic hamsters. '

Bars are means * SE of body weight gain, gonadal white adipose
tissue and wet weight and total protein of interscapular brown ad1pose
tissue of normal (N) or myopathic (M) hamsters (n = 12). Black portwns ~
of bars denote significant differences between 0il treated hamsters and
prazosin treated (P) hamsters. Further data are in Table 17.

¥
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TABLE 17

Effect of chronic treatment with prazosin on brown

adipose tissue of normal or myopathic hamsters

NORMAL MYOPATHIC
Control Prazesin Control Prazosin
{12) (12) (12) (12)
Body weights, g
Initial 89.6 = 2.3 9.3 = 1.4 81.3 = 1™ g1z . oo
Final 1015 =25 . 970 = 1.4 90.2 = 1.4 595 . 1
Change in 2 weeks 1.9 =08 67 =+ 1.2" g.9 = o.9' 8.1 = 1.4
Organ weight
Testes, g 2,90 = 0.08 2.74 = 0.07 2.83 = 0.08 2.78 =+ 0.08
Brown Adipose Tissue ]
Mitochondrial {a) (8) (4) (4)
GOP binding
pmoles/mg protein " 188.1 = 6,5 191.8 = .7 202.4 = 24.5 194.3 = 13,5
SEASON: FALL

Values are means = SE for the number of animals or mi tochondrial preparations indicated in
parentheses,

Prazosin, 25 mg/kg, injected daily for 2 weeks.

Significant effect of prazosin, comparing the same type of hamster indicated by
*{p < 0.005).

Significant effect of myopathy, comparing hamsters treated in the same way indicated by
*{p < 0.025), *#(p < 0.005) or *#4#(p < 0,001).
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reiative leaness, they may already be close to a minimal level of fatness..
Alternatively, the differential response to prazosin treatment in norn.lal
and myopathic hamsters (larger increase in BAT. smaller wéight‘ga?n and
white adipose tissue il“l' the myopathic) may indicate that prazosin is
exerting its effects by different mechanisms in the two types of animals.
GDP-binding to BAT mitochondria was similar in all animals, as was testes
weight (Table 17).

ﬂ The vyellow spots mentioned in the preceding experiment after

injection of noradrenaline were completely absent when isoproterenol,

phenylephrine or prazosin was used.



EXPERIMENT B-3 THE SYMPATHETIC INNERVATION OF BROWN

ADIPOSE TISSUE OF NORMAL AND MYOPATHIC HAMSTERS.

}
H

BACKGROUND:

lSince the effect of prazosin on BAT metabolic size is much larger in
the myopathic animals than in the normals (Experiment 2-B), it may be
that an inhibitory «, effect on BAT growth in hamsters is responsible for.*
the small size of BAT in myopathic hamsters. Two possible causes for this
effect were considered. First, if noradrenaline turnover in BAT of
myopathic hamsters were elevated as it is in the heart (Angelakos et of.,
1973; Sole et al., 1975; Jasmin and Proschek, 1983) then the higher
sympathetic tone may cause greater stimulation of go- receptors and
increased inhibition of growth. Second, a greater inhibitory effect might
be expected if there were a greater numbgr of o-receptors on BAT of the
myopathic hamsters. Moreover, s-inqg‘ there is some doubt concerning
physiological importance of &-receptors in BAT of rats (Bukowieki e-t al.,
1980), a potential cause of the difference in response of BAT growth to
noradrenaline injections in rats and hamsters might be a difference in
occurrence of e-receptors. Studies were therefore carried out on the
turno.ver of noradrenaline (Experiment B-3) and the occurrence of
a,-adrenergic receptors (Experiment B-4).

Q

OBJECTIVE:

L]

The objective was, to study the sympathetic innervation of brown

adipose tissue of normal and myopathic hamsters,
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METHOD:

Male Syrian hamsters and myopathic Hamsters (BIO 14.6) were
purchaks\ed from Canadian Hybrid Farms, Halls Harbour, N.S.

Twelve week old hamsters were injected mtrapemtoneally with
a- methyl p-tyrosine (MPT) at a dose of 400 mg/kg at 0900 h. Hamsters
were killed by decapitation 45, 90, or 150 minutes” later. Hamsters for 0
time were injected with saline. Interscapular . BAT and heart were
rernoved and assayed for noradrenaline and the noradrenaline turnover
rate (NATR) and half life was calculated as outlined in Methods (J.iii).

RESULTS AND DISCUSSION:

Therq was an exponential decrease in NA.content of BAT in both
nc;r'mal and myopathic hamsters between 45 and 150 minutes after injection
of MPT (Figure 14). Rate constants, calculated half lives and
concentration of NA were not different in the two types of animals (Table
18). However, because the total NA content was less in the myopathic
hamste/, the calculated NATR for BAT of this animal was less than one
half the normal rate (Table 18)}. The elevation of the sympathetic nervous
system activity observed ‘in hearts of myopathic hamsters reported by'
others (Angelakos et of., 1973: Jasmin and Proschek, 1983; Sole et aof.,
1975) was not seen in this experiment progably because the times chosen
as suitable for measurement of.NATR in brown adipose tf;sue,-appropriate
fo.r the rapid rate in this 'tissue, were too short to give reliable values for
N

the siower NATR in the heart (Figure 14).

Thus no evidence could be found for increased NATR in BAT of -

myopatbic hamsters.
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Figure 14, Turnover of noradrenaline in brown adipose tissue and
heart of normal and myopathic hamsters. ;

fhe decrease in noradrenaline content after administration of MPT
is shown. Half-lives and turnover rates (see Table 18) were calculated
from the 45- 150 min period. These times were chosen as suitable for
brown adipose tissue. They were not suitable for accurate measurement
of turnover rate in heart, where this rate is much lower than in brown
adipose tissue. Experiments were done in April.
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TABLE 18

Turnover of noradrenaline in brown adipose tissue

. and heart of normal or myopathic hamsters 1

NORMAL MYOPATHIC
2.6 J81.3 = .3

i

1%

8ody wts, g ' (18) 102.1

Brown adipose tissue

0.1318

k : (4} 0.6070 = 0.0325 0.8664 =
tfon (4) 1.15 = 0.06 0.86 = 0.12
NATR, ng/h (4) 2493 =21.65 1840 s 22.23"
NA content, ng (4 410.6 £ 28.14 167.3 s 12,87
(initial) .
Wet wt, mg (a) 303.5 = 27.50 13¢.8 = g.30""
(itnitial)
NA concentration . {4 1.37 = 0.077 1.28 = 0.0855
ng/mg (initial)
Heart .
k (4) 0.1580 = ©.0507 0.1921 = 0.0315
t, 1 (4) 5.8 = 1.6 3.8 = 0.5
" NATR, ng/h (4) 100.3 = 29.60 4.6 =218
NA content, ng {4) 646.4 = 25.95 586.6 =+ 14.76
{fnitial) :
Wet we, mg (4) 326.5 = 10.0 278.3 = 4.75™"
{initial)
NA concentration (4) 1.1 =+ 0.068 211 = o.081

ng/mg (initial)

Yalues for k, ti and NATR were obtained from the average of the slopes obtafned in
4 experiments (12 animals). Values for NA content and concentration and for tissue
wet weight are the means for 4 saline-injected hamsters.

Significant effect of nyopathy is indicated by *(p < 0.02}, **(p < 0,005) or
**={p < 0.001}. .
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EXPERIMENT B-4 ALPHA-ADRENERGIC RECEPTOﬁS IN BROWN

ADIPOSE TISSUE OF NORMAL AND MYOPATHIC HAMSTERS AND OF
RATS

BACKGROUND: -

Refer to BACKGROUND, Experiment B-3.

OBJECTIVE:

A . .
The objectmg was to study e;-adrenergic receptors in BAT of nort@\.'al

and myopathic hamsters and of rats.

METHOD:

Male myopathic hamsters (B!O 14.8) and normal controls were
purchased from Canadian Hybrid Farms, Hélls River, N.S. Young
Holtzman rats were purchased from Canadian Breeding Laboratories and
acclimated either to 24°C :r 5°C for 3 weeks.

After sacrifice of ‘hamsters at eight weeks of age, interscapular BAT
was dissected from 2-3 normal hamsters or 4-5 myopathic hamsters for
each tissue preparation. interscapular BAT from 2 rats or half the pad of
the cold-acclimated rats was used. The specific binding of [*H]wWB-4101 to
tissue homogenates was measured by an adaptation of the method of
U'Prichard et a/. (1977) as described in Methods 1.

The binding of WB-4101 was characterized by measuring competition

with the binding of [*H]WB-4101 (1.25 nM) by several concentrations of

adrenergic agonists, (-)-adrenaline, (-)-noradrenaline, (*)-adrenaline,

-
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(*)-noradrenaline, (-)-'phenylephrine and (:)-isoprotereno! bitartrate:
and antagonists prazosil:r and yohimbine. |
RESULTS~AND DISCUSSION:

Specific WB-4101 binding to BAT. homogenates was saturable and of
high affinity. 4 saturation curve of an individual binding assay is shown
in Figure 15. The Sca__tchar-d plot derived from this binding data (Figure
16) resulted in a linear plot for specific WB-4'I'0'[ bindin'g. The
dissociation constant (KdJ was 0.18 nM and the number of binding sites
(Bmax) was -49.3 fmol/mg protein in this experiment. Results
representmg five individual experiments in both normal and myopathlc
hamsters are presented in Table 19. The Kd was 0.19 nM and 0.15 nM;
and the Bmax was 43.0 fmol and 42..3 fmol/mg protein in normal and
myopathic hamsters respectively. There was no significant difference in
affinity or; maximum binding capacity between the two types of animals.
Adrenergic agonists competed for [’H]WB—4101‘binding with the order of
potency adrenaline > noradrenaline > phenylephrine >» isoprotérerjol
(Figure 17.A}, the order ascribed to e-receptors. .The binding of
[’H]WB-4101 ‘was inhibited more by prazosin than by yohimbine (Figure
17.8) indicating bindiné was to a-receptors of the a, subtype.
Stereospecificity of [*H]WB-4101 binding was established by the
competitive binding of (*)-sterecisomers of adrenalme and noradrenaline
which were rnuch less potent than (-)-adrenaline or (-)-noradrenaline
_(F:gure 17.A). The larger response in growth of the tissue -\;vhen animais

are treated with prazosin (Experiment B-2) could not then be attributed
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[3H]WB-4101 bound (fmol)

i I { ] T

1 2 3 4 5,

[3H] WB-4101 (nM)

Figure 15. [°HIWB-4101 binding to BAT homogenates.

Hamster brown adipose tissue homogenates were incubated for 15 minutes
at 25°C as described in Methods I in the presence of various concentrations
“of [3H]wB-4101. Non specific binding was determined in the presence of
10 pM phentolamine. Points shown are those obtained in a single experiment,
performed in duplicate and represent specific binding (total "~ non specific
binding}.
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0- 074" ' Kd= 0-18 nm

0- 06— Bmax= 49-3 fmol/mg protein
0O- 05- .r=0-98
0- 04+
0- 03+
0- 02+
0- 01+

Bound / free (f mol /nm)

Bound (fmol)

Figure 16. Scatchard plot of [3H]NB-4]01 binding to BAT homogenates of hamsters.

Details on binding experiments are given in Legend to F1gure 15.
The Scatchard plot was derived from linear regression of the b1nd1ng data.
Kd 1s determined from the slope of the line and the maximum binding Bpay
is obtained as the intercept with the abscissa. Correlation coefficient
= 0.98. Protein in this individual assay = 0.22 mg.
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TABLE 19

WB-4101 binding to BAT homogenates of hamsters and rars

Kd 8 max
nry fmol/mg protein
Hemsters  normal (5) 0.19 = 0,03 43.0 = 2.5
myopathic {5) 3.15 = 0.0 42.3 £ 3.9
Rats warm-adapted (3) "0.26 = 0.04 52.1 = 5.5
cold-adapted (3) 0.14 = 0.005" : 7.4

57.7

Values are means = SE for the number of preparations indicated in parenthesis.

" Significant difference between warm- and cold-adapted rats (p < 0.05)
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Figure 17. Inhibition of [*H]WB-4101 binding by adrenergic agonists
and antagonists. ' | :

Bréwn adipose tissue homogenates were incubated with 1.25 uM [3H]w874101
in the presence and in the absence of the indicated concentrations of
agonists (A) and antagonists (B) as described in Methods I. Binding is
expressed as a percentage of specific binding. Each point represents an
average of two determinations from at least two different homogenate
preparations.

A. antagonists: e (-) - adrenaline, ¥ (-) - noradrenaline
o (-) - phenylephrine, *(-) - isoproterenol, g (+) - adrenaline,
A (+) - noradrenaline. . g

B. agonists: ¥ prazosin, V yohimbine
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to a larger number of «,-receptors on BAT of myopathic hamsters or to a

change 1n their affinity.

Two recent reports estimate a-receptdr affinity and number of

hamster BAT in the same general range (Kd, 0.49nM; Bmax, 72.2 fmol/mg

protein) (Mohell et af., _1983) and (Kd,_ 0.27; Bmax, 33 fmol/mg protein)
{Raasmaja et of., in press). Both the above used the radioactive ligand
[*H]prazosin in crude membrane preparations. A lower conc.entration of
binding sites would be expected in the total homogenates, as used in the
present -e-.}periment, due to the non-membr-ane _'protein present. The
reéeptor number repg-r:c-:ad here was however between the estimates of the
two groups. Affinity of a,-receptors was also found_ to be higher in the
present experiments. This may be due to the dif:Ferenf ligand used, since
WB-4101 has a slightly greate;- affinity than pra.zosin for [*H]prazosin
bindi'ng 'sites” (Mohell et of., 1983b). Experknents by Mohell et of.
.(1983b) show that a-receptors were similar in crude membranes and in
iéolated brown adipocytes sugg:asting a'post synaptic location. The

- similarity of data found here using [*H]WB-4101 would indicate that the

same receptors are being studied and these receptors are also situated on

——

the brown adipocytes.

The WB-4101 binding. in rats was in* the same general range as
tl;mat in hamstef's. The Kd in warm- and cold-acclimated. rats was 0.26 and
0.14 oM (p<0.001) and the Bmax was 52.1 and 57.7 binding sites/mg
protein (not significantly different). The density of: a-réceptors in BAT
remainéd the same while the affinity increased during cold aéc[ihation.
This experiment has shown that é;-receptors in BAT of the rat and the

hamster are quite similar in number and affinity. The increase in affinity

-
—
-
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after cold acclimation is consistent with a particular role for these

receptors in BAT at that time.

4

Alpha,-receptors in warm- and cold-acclimated rats have also been
studied using [*H]prazosin (Raasmaja et of., in.press). These workers
found no change in .affinity and an increased density of «,-receptors in
‘crude membranes of BAT after 3 weeks cold aczl:!imation. Since ‘Bmax is
. ~related to tissue protein content, the lack of increase in- receptor number

in the present experiments, using total tissue homogenates may reflect a
greater increase in non-membrane protein compared to meémbrane protein
® _due to cold acclimation. The cause of the increased affinity after cold

adaptation is not known, but may be due to strain differences or to some

component in the homogenate which is removed during isolation of the

membranes.
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EXPERIMENT B-5 DENERVATION OF BROWN ADIPOSE TISSUE OF
NORMAL AND MYOPATHIC HAMSTERS

"BACKGROUND: - /

Co‘nt"r-ary to the effect in rats, injected noradrenaline did not cause
growth of brown adipose tissue in hamsters and at times was inhibitory to.
BAT growth (Experiment B-1). The role of the sympathetic innervation

-~ -

of the tissue, as opposed to the noradrenaline secretéd, was therefore

studied.

OBJECTIVE:

The objective was to study the effect of denervation of brown

édipose tissue in normal and myopathic hamsters.

METHOD:
Male myopathic (BIO 14.6) and normal Syrian hamsters were
purchased from Canadian Hybrid Farms, Halls Harbour, N.S.
BAT of 12 week old normal and myopathic hamsters was unilaterally
denervated by cutting 4 of the-S nerv;es supplying one side of the
- interscapular BAT while the h.alrnsters were anaesthetized withl ether,
Three weeks later the hamsters were killed ar‘1d the left and right sides of
the pad dissected separately into ice-cold medium (mitochondria isolation

medium). Half pads were'cleaned, frozen on dry ice and stored at -80°C

Tissues were weighed, homogenized and assayed for protein and NA.

(Methods C, J.ii) ' .
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RESULTS AND DISCUSSION:

Denervation of BAT resulted in a marked decline in protein content
in normal_hamsters to a Ievel' not significantly different from that
of myopathic hamsters (Figtflre 18). A much smaller decrease in protein
content occurred in denervated BAT of myopathic hamsters (Figure
18}. Noradrenaline content of denervated tissue was reducev{i by 68% in
~normal hamsters and by 84“2, -in myopathic hamsters (legend to Figure
18). Total noradrenaline content of infact tissue was smaller than normal
in the myopathic hamster but. its concentration was normal%.and similar to
that seen before (Table 18). It would appear that the lesser .trophic
influence of the sympathetic innervatic;n on the tissue cannot be

° .

attrib_uted to noradrenaline since both the concentration and turnover of

noradrenaline were found to be ‘nc;rmal in-‘°BAT of myopathic hamsters
{Experiment B-3). -
[t can be concluded that the ‘sympathetic innervation of BAT does

exert a trophic influence in normal hamsters and that this influence may

be lesser in the myopathic hamster.
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EFFECT OF UNILATERAL DENERVATION ON
‘BAT OF NORMAL OR MYOPATHIC HAMSTERS
WET WEIGHT , PROTEIN
- ' mg
'mg Normal : 12} Normal
200 -
8.—
. j.-L Myopathic | Myopa‘thic
100p
al o
S D, D S D S D

Sham(S) OR Denervated (D) Side

Figure 18. Effect of unilateral surgical denervation on brown adipose
tissue of normal or myopathic hamsters. 1

Values sﬁbwn are for half-pads (denervated on one side, sham-operated
on the other) 3 weeks after operation (October-November). Noradrena]1ne
contents (total ng) were: for normal hamsters, intact side 182.2 + 23.7,
denervated side 58.8 + 9.4 (n = 4, p < 0.005); for myopathic hamsters,
intact side 79.4 + 12.7, denervated side 12.4 = 2.55 (n = 5, p < 0.001).

¥
Y
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EXPERIMENT B-6 THE EFFECT OF SHORT PHOTOPERIOD ON BROWN
- ADIPOSE TISSUE OF NORMAL AND MYOPATHIC HAMSTERS

.

BACKGROUND:.

e’; Although BAT of myopathic hamsters is smaller than that of normal

—

2 grow normally when .animals are exposed to
low temperatures (‘Him‘ms— agen -and Gwilliam,~ 1980). Two other
environmental conditions known to stimulate growth of br.own adipose
tissue in hamsters are short photoperiod (Hoffman et al., 1965) and a

high fat diet (Wade, 1982). The effect of photoperiod on BAT growth in

rats was unknown when these experiments were started.

OBJECTIVE:
The objective was to to study the effect of short photoperiod on BAT
growth in normal and myopathic hamsters. A secondary objective was to

compare short photoperiod-induced growth of BAT in hamsters and rats.

-

METHOD:

Male myopathic (BIO 14.6) and normal Syrian hamsters were
purchased from Bio Research‘ Consultants, Cambridge, MA and w&re 20
weeks 6ld at the beginning of the experiment.

Groups of normal and myopathic hamsters were exposed to lighting
.schedules c;‘ 14L:10D (14 hours of light daily) or 2L:22D (2 -hours of light -
daily) for periods of 10, 16 and 26 weeks. Addihtionaliy isolated

mitochondria and BAT slices weré studied by electi'on_rnicroscopy.-

(Methods G)



Young male Holtzman rats (Canadlan Breeding Laboratories) were
housed under the same conditions as the hamsters (Materials A ii) and
kept for 16 weeks in either 14L:10D or 2L:22D lighting conditions.

After sécrifice . interscapular BAT was ' removed, cleaned and
weighed. Homogenization of the tissue and isolation of mitochondria were
done as outlined in Methods A. Tissue protein, COX activity, DNA and
mitochondrial ’GDP-binding were assayed (Methods C, D, E, B). Testes

were removed and weighed.

RESULTS AND DISCUSSION:

A prelirﬁinary experiment in which groups of normal and myopathic
hamstérs were.a‘dapted' to a short photoperiod (2L:22D) for 10 weeks
resulted‘ in the expected hypertrophy of BA;I' in normal hamsters; the
protein content of the tissue almost doubled without any change in wet
weight (Table 20). No change in protein content of BAT occurred in
myopathic hamsters, even though there was a smali increase in wet weight
of the tissue. Regression of the testes occurred in both normal and

myopathic-hamsters that were adapted to a short photoperiod for 10 weeks

(Table 20}.

-

After 16 weeks in short photoperiod, BAT in normal hamsters showed

. an almost 2.5 fold increase in total protein without a change in wet weight

of the tissue (Figure 19, Table 21). There was no chénge in DNA and

'<fotal COX activity ,was increased (Figure 18). A small increase in wet

weight of BAT of the myopathic hamster (Table 21) was accompanied by

small increases in total protein and COX activity (Figure 19). Regression
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TABLE 20 p
/
Effect of adaptation to short Photaperiod for 10 weeks in
September-November on normal or myopathic hamsters
{
® NORMAL MYOPATHIC
Photoperiod L:p ~ 140 2:22 14:10 2:22
.(8) (6) (9 - (9)
Body wts, g -
Initial 110.7 = 5.5 119.7 + 3.8 104.7 = 3.0 106.0 = 2.4™
Final 197.2 = s.0 113.0.' = 6.4 108.4 = 3.2 101.3 = 2.7
Change 1n 10 ik 52 67 2 a8’ w37 -0y g . 2.8¢
Organ wts, 9 .
Testes 339+ 016 0.65= 0.30" 2.5+ g5 1.28 = 0.3944
Brown adipose ticsye
werdrwy Wririrwr
Wet wt, mg 433 * 49 497 > 24 181 £ 5 213 : 8 xs
Protein, mg 8.8 = 13 380 = 47" 03 . g% 12.6 = g9 ™™
Cytochrome oxidase P e
9 atoms 0y/min 4,3.6 * 9.7 40.3 = 35 16,2 = 1.9 18.4 =+ 2.7
Mitochondrial gpp (3) (3) (3) (3)
binding .
pmoles/my protein 209.8 = 15.3 274.5 =+18.3 155.7 =219.2 26,0 = i4.4
Values are means » SE for the number of animals or of mitochondrial preparations indicated in
parentheses. o
[ ]
Stgnificant effect of myopathy, comparing hamsters treated in the same Wy, indicated by
*(p < 0.05), **(p < 0.01), ww*(p < 0.005? or ****(p < 0,001).
Significant effect of short photoperiod, comparing hamsters of the same type, indfcated by
*(p < 0,05), f4(p < 0.005) or i {p < 0.001].‘
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SHORT PHOTOPERIOD AND IBAT OF NORMAL
OR MYOPATHIC(MYO) HAMSTERS
b PROTEIN DNA CYTOCHROME
mg Mg OXIDASE
o Mg atoms O, /min.
SO NORMAL [
NORMAL 300, NORMAL
401 1000¢- {_ -
a0l 800 FP . 200-
600 MYO r FI‘
201 MYo MYO
400} . 100 -
10r 200} -
LIp| |L|D Lip| |Lfo Lol (L]p

LIGHTING: 14L:10D(L) OR 2L:22D(D)

Figure 19. The effect of short photoperiod (16 wk in 2L:22D) on

brown adipose tissue of normal or myopathic hamsters.

For further data see Figure 20 and Table 21.
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- Effect of adaptation

in January

TABLE 21

to short photoperiod for 1§ weeks

-May on normal or myopathic hamsters

NORMAL MYOPATHIC
14:10 2:22 14:10 2:22
(8) (8) (12) (12)
Body wts, g
* L 2]
Initial M6.3: 1.8 123.0 = 3.6 105.7 = 3.3 105.3 = 3.)
Final 124.0 = 2.3 96.42 61" 1082. 26 g5 . 2.8"
1 "en
Change in 16 wk +7.7 = 1.3 -26.6 = 41" a5 . 29 9.7 = 1,197
Brown adipose tissue
wrirw L et
Wet wt, mg 01 =13 450 = 2 177 = 4 200 = 04
Mitochondrial gop {4) (4) {4) (4)
bindfng, v ¥
pmales/mg 269.6 = 14.9 283.3 = 6.5 243.6 = 20.5 3101 % 9.8

Values are means = SE for the

Significant effect of myopathy, com

*(p < 0.05), **(p < 0.005) or

Significant effect of short p
#(p < 0.05) or ##{p < 0.005),

number of animals ar of mitochondrial
in parentheses. Other information for these hamste

*(p < 0,007).

paring hamsters treat

hotoperiod, comparing the same type of hamster,

ed in the same way, indicated by

indicated by

preparations indicated
rs is in Figs 19 and 20. '
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of. the testes occurred in short photoperiod—ada_pted normal and myopathic
hamsters (Figure 20).

There was little effect of'short photoperiod on the thermogenic state
of BAT mitochondria, as evidenced by lack of change in mitochondrial
GDP-binding, in normal hamsters and a small.increase in the myopathic at
16 weeks only (TablesZ0-and 21).

Both normal and myopathic animals lost weight during 10 and 16

weeks in short photoperiod (Tables 20 and 21). This is in contrast to .

weight gain reported by Wade and Bartness (1984) in hamsters kept in

short photoperiod. The more severely restricted lighting conditions in
the present experiménts (2 hours of light compared to 8 hours daily) may
be responsible for the difference in weight gain.

Continuation of the adaptation to short photoperiod for 26 weeks

‘resulted in a reversal of changes in BAT and testes seen at 16 \'.«.;eeks.

BAT weight and protein were .similar to those of animals kept in long
photoperiod and the testds recovered completely in size in the normal and
partially in. the myopathic animals .(Table 22). The weight loss was less
pronounced at 26 weeks than at 16 weeks in both normal aﬁd myopathic
animals (Tables 21 and 22).

Thus in BAT of hamsters, growth is stimulated by short days.
After a time, BAT seems to become photorefractory and the tissue
resumes its normal size in much the same way as the genads spontaneously
regain normal size and function after being regressed by short
photoperiod, although the photoperiod does not change (G?ldmam 1983).

That there might be a seasonal effect of the'_respor_tse of BAT growth .to

short photoperiod is indicated by a much farger increase in BAT protein
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WEIGHTS OF TESTES OF NORMAL OR
MYOPATHIC HAMSTERS
SHORT PHOTOPERIOD HIGH-FAT DIET
9
ar NORMAL  MYOPATHIC NORMAL  MYOPATHIC
3 = F
F‘E—
2.—
. 1'- ]
ri-]
L D L D C F C F
LIGHTING: 14L:10D (L) OR - DIET: CHOW (C) OR
2L:22D (D) . HIGH-FAT (F)

Figure 20. Effect of short photoperiod (16 wk.in 2L:22D) or high-fat
diet (sunflower 'seeds, 5-6 wk) on weights of testes of normal or myopathic

hamsters. -

Adaptation took place during January-May {short photoperiod) or May-
June (high-fat diet). Further data for these expetimen;s are in Tables 2]
and 24 and Figures 19 and 25.
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TABLE 22

- -

Effect of adaptation to shor: photoperiod for 26 weeks,

in January-July on normal of myopathic hamsters

™~
NORMAL . MYQPATHIC

Photoperiod {L:0) : 14:10 2:22 14:10 2:22

{6) (3) (2) (2)
Body wts, g
Inftial 120.8 = 3.0 121.3 = 26 1145 * 45 9.5 s 115
Final 27.5 = 2.6 118.0 = 2.3 1195 . 55 90.5 = 14.5
Change in 26 wk 6.7 222 33 2 03" w0 o: 00 g . 3.0

Brown adipose tissue

Wet wg, mg 993.8 =261 499.0 £50.2  166.0 s 265" 213.5 =
A

Protein, mg 171 = 1.9 20.1 = 3.9 144 2 19 17.0 =

Testes‘wts, g 3.47 = 0.13 3.53 =+ 0.06 2.67 = 0.23. 1.49 =

*
6.5
2.0

L 4
0.21

Yalues are means = st for the number of animals indicated in parentheses.

Significant effect of myopathy, comparing hamsters treated in the same way, indicated by
*(p < 0.05}, **(p < 0.005) or a(pn ¢ 0.001).

Significant effect of short photoperiod, comparing the same type of hamster, indicated by
*(p < 0.02). . '
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r ) :
when hamsters were kept for 16 weeks at 2L:22D in the fall (data not

LY

shown) than in similar experiments conducted in the spring [(this
experiment).

Electron micrographic studies revealed n;:; differences between tissue
slices or mitochondrial preparations of normal and myopathic -ham-sters or
between animals kept‘ for 16 weeks in 14L:10D and 2L:22D lighting
conditions. Figures 21-24 show typical electron micrographs of BAT and

BAT-mitochondria from normal and myopathic hamsters.

NG
Rats kept for 16 wwnder reduced lighting conditions did not

dif.fer from controls in bod.y eight gain, .BAT weight, COX activity. or:
testes weight (Table 23). BAT protein was slightly but significantly
increased (Table 23). Although s_‘.})ort photoperiod does not affect BAT
growth in rats to the same extent as in -hamstér’s, there seems to remain
nevertheless a tendency toward ' this response. As in the hamster,

GDP-binding to BAT mitochondria did not increase in rats kept in a short

photoperiod (Table 23). Earlier experiments by Hagelstein and Folk .

(1979) suggested that short photoperiod alone did not produce cold
acclimation in rats, but did seem to enhance the effect of low temperatures
on BAT weight. However, pinealectomy of rats or short photoperiod did
not alter their ab.ility to increase BAT in the cold (Kott and Horwitz,
1983). The pineal was also riot necessary for growth of BAT in rats due

to cafeteria feeding (Viswanathan and George, 1984).
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" Figure 21. Electron micrograph of brown adipose tissue mitochondria
isolated from normal Syrian hamsters (X 16 000).

Figure 22. EI on mﬁcrograph of brown adipose tissue mitochondria
isolated from myopathic hamsters (X 16 000).

I






-

Figure 23. Electron micrograph of brown adipose tissue of normal
Syrian hamsters (X 16 000).

L

Figure 24. Electron micrograph of brown adipose tissue of myopathic
hamsters (X 16 000).
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TABLE 23

Effect of adaptation to short photoper'l‘od for 16 weeks on rats

18:10 2:22
Photoperied L:0
(12} (12}
Sody weights, 9 )
Initial 223.3 =10.3 . 2181 =£10.2
Final 579.6 = 15.3 566.4 = 14.8
Change in 16 weeks 357.2 = 18.8 347.5 =153
Organ weights
Testes, g 3.51 = 0,08 3.81 = 0.10
‘.L {.
Brown adipose tissye
Wet weight, g : 811 =49 909 = 5
Protein, mg 2.5 + 1.3 27.3 = 1.8
Cytochrome oxidase 306.6 =12.7 325.0 = 21.9
g atoms Op/min - _
DNA, ug . 670.6 = 46.1 700.8 =+ 67.3
Mitochondrial {4) - {4)
GDP dinding .
pmoles/mg protein 36.7 = 6.0 43.8 = 9.0

Values are means = Sf for the number of animals or mithochondri al preparations
indicated in parenthesis, ’ .

.

“Stgnificant effect of photaperiod (p < 0.05).
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EXPERIMENT B-7 THE EFFEET OF HIGH-FAT DIET ON BROWN

ADIPOSE TISSUE OF NORMAL AND MYOPATHIC HAMSTERS

BACKGROUND:

Refer to BACKGROUND, Experiment B-6.

»

OBJECTIVE:

-

The objective was to study the effect of a high-fat diet on BAT

growth in ;aormal and myopathic hamsters.

METHOD:

Ma;le myopathic (BIO 14.6) and normal Syrian hamsters were
purchased from Canadian Hybrid Farms, Halls River, N.S. ané were 6
weeks old at the beginning of the experiment. .

After sacrifice of hamsters, interscapular BAT was removed, cleaned
and weighed. Homogenization of the tissue and isolagti‘on of mitochondria
were done as outli/med in Methods A. Tissue protein, COX activity, DN—;\.
and mitochondrial GDP-binding were Aassayed ‘(Methods C, D, B). White
epididymal adipose tissue and testes were removed and weighed.

Groups of normal and myopathic hamsters were fed either chow or .,

chow pius sunflower seeds (hulled, not salted or ‘roasted).

Oxygen uptake of conscious, unrestraiped hamsters was measured as
in Methods H. (e

RESULTS AND DISCUSSION:

Adaptation of hamsters to a diet of ‘sunflower seeds plus choy
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resulted in the expected increase in the proportion -of energy intéke
derived from fat; from 12% in the chow fed hamsters to 62.5% (normal) or
60.5% (myopathnc) in the sunflower seed fed hamsters (Table 24). No
change in total energy intake occurred in either' group of hamstegg, but

body weight gain and body fay {wet weight of white epididymal adipose

o tissue) were both greater in hamsters on the high-fat diet (Table 24). wet

welght f the testes increased in both groups of hamsters fed the high-fat
diet (Figure 20). Hypertrophy of BAT in normal hamsters fed the
high-fat diet was due to increases in both wet weight and prote-in‘ content,
without any change in DNA content (Table 24 and Figure 25}, There was
no change in protein or DNA content of BAT of myopathic hamster.'s fed a
high-fat diet, although a small increase 'in wet weight occurred (Table 24
and Figure 235),

The myopathic hamsters gained much less weight than the normal
hamsters during the 5-6 weeks of the experiment and-‘iﬁéir body fat was
less, regardless of the diet (Table 24). *Their total éne,rgy intake was,
however, only slightly less than that of the normal hz;msters, being 86.6%
of normal on the chow diet and 88.8% of normal on the high-fat diet. The
compos-ition of their energy intake was ti';e same as that of normal
hamsters, regardle#s of diet (Table 24). Thus body weight gain per unit
of food eaten was pnly 70.3% and 70.6% of that of norrﬁai ham's?érs, when
the diet was chow or high-fat respectively (Table .25). This apparently
lower metabolic efficiency cannot be explained by thermogenic action of
BAT or by aichange in metabolic rate,‘ since both GDP-binding to BAT
mitochondria able-24) and resting metabolic rate (TaBlg 25) were similar

in normal an) myopathic hamsters. The increase in metabolic rate after
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. Effect of 2 high-

TABLE 24

fat diet on ngrmal or myopathic hamsters,

NORMAL MYQPATHIC
CHOW  * CHOW + SFS CHOW CHOW + 5FS
{1} (12) {12) (12)
Body wis, g
Initial 53.0 + 0.9 53.8 =+ 0.8 2.7 =2 11 52.0 = 1.4
Final 108.2 = 1.7 126.3 = 2,144 86.2 =+ 1.9+ 97.7 =+ 1,5%44
Change in 5-6 wk +55.2 : 2.0 +72.5 = 2,08 +33.5 = 1.7* +45.7 &+ 1.5%4:
Food intake kcal/d 28.3 =+ 0.54 27.7 =+ 0.45 24.5 = 0,45 24.5. + 0.29*
Wt gain/food eaten 1.95 = 0.054 2.62 = 0.0654% 1.37 =+ 0.070% 1.85 £ 0.047%44
g/ (kcal/d) )
Organ wts .
Epididymal adipose 1.62 = 0,10 3.11 = 0.14#4 0.82 = 0.06* 1.30 = 0.05%s#
tissue, g
Brown adipose tissue, 266 : 9 405 = 17d# 120 z G 145 = B*y
mg
Brown adipose tissue .
Mitochondrial GDP (4) {4) (4) (4)
binding
pmoles/mg protein 336.2 19,7 401.3 = 20.2 357.0 =141 409.2 =116.5
Composition of food (11) (12} (12) (12)
intake, kcal .
Chow 28.3 = 0,54 3.9 = 0.2944 24,5 = p_49* 4.3 = (0.2844
(14%) (17.1%)
SFs 23.8 = 0.36#9¢ 20.3 = 0,42%s4
(8% (82.59%)
Composition of energy
intake, kcal
Carbohydrate 17.6 =+ 0,33 5.6 = 0.1804 15,2 = 0,30* 5.4 = 0.1944
{62% (20%) (62%) * {22%)
Fat 3.3 2 0.06 17.3 = 0.2649 2.9 : 0.06* 14.9 : 0,31ess
(12%) {62,5%) (12%) {60.5%)
Protein 7.4 = 0,14 4.8 = 0.09#¢ 6.4 = 0.13* 4.3 2 0.09%4s
(26%) {17.5%) (26%) {17.5%)

-Yalues are means =SE for the number of animals or
parentheses. Hamsters from Canadian Hybrid Farms

for 5-6 weeks in May-June.
proportion of total energy 1

Significant effect of the high

Values in parentheses in th
ntake derived from the comp

#{p < 0.025) or #(p < 0.001).

Significant effect of myopathy, comparing hamsters fed the same diet,

of mitochondrial preparations indicated in
were fed chow or chow plus sunflower seeds (SFS)

Other information for these hamsters is fn Figures 20 and 25,

h .

e Tower part of the Table indicate the
onent listed.

-fat diet, comparing the same type of hamster, indicated by

indicated by *(p < 0.001).
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R R WHOPATAC
MYOPATHIC(MYO
HAMSTERS (o)
PROTEIN DNA
o b9
_ NORMAL
20f
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MYO 8
10t | ‘ i
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ClF| [clE : cl[F{ [c|F

DIET: CHOWI(C) OR HIGH-FAT(F)

Figure 25,1 Effect of high-fat diet on brown adipose tissue of normal
or myopathic‘hamsters.

For further data see Figure 20 and Table 24.
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TABLE 25
*
Effect of noradrenaline on resting metabolic rates of .
conscious normal or myopathic hamsters
NORMAL MYOPATHIC
(4) (4)
Body wts, g 122.8 = 1.0 103.3 =14
Metabolic rate, .
mi Oa/h, g
Resting 0.424 =+ 0.m37 0.395 = 0.025
Increase after NA +0.494 » 0.032" +0.339 = 0,021 "
% increase +118.6 = 0.0 +86.4 = 59"

Yalues are means = St for the number of animals indicated in parentheses.
Noradrenaline (NA) was administered subcutaneocusly, 0.8 or 1.5 mg/kg.

Significant effect of myopathy {s indfcated by *(p < 0.05), *+*(p < 0,01)
or *v*(p5 < 0.001). _

Significant effect of noradrenaline (paired t-test) is indicated by
“(p < 0.005) or #s(p < 0.001).

X0
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injection of noradrenaline wals lower in the myopath‘ic hamsters agreeing
with others (Horwitz and Hanes, 1974), and probably caused by_the
smaller amount qf BAT. |

It can be concluded that myopathic hamsters respond normally to the
avail_abi]ity of a more palatable high-fat diet in that thﬁe_y‘selec.t a higher
proportion of fat yet maintain a normal energy intake. -aThe.normaI trophi;:

response of BAT to the change in diet is, however, lacking in the

myopathic hamster.
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EXPERIMENT B-8 THE EFFE(:‘.T OF PINEALECTOMY ON GROWTH OF
BROWN ADIPOSE TISSUE IN HAMSTERS

BACKGROUND:

To this point the purpose of the experiments was to study the role of
the s'j;:npathetic nervous system in the growth of BAT in normal and.
myopathic hamsters. However,h since ‘noradrenalin-e did not appear-to
mediate BAT growth, a possible role for another mediator was studied.
Growth' of BAT in short photoperiod-adapted hamsters appears to be
mediated by the pineal gland (Reiter, 1975) and the pineal hormone,
melatonin, is known to have a trophic éffect on BAT (Heldmaier and
Hoffmann, 1974). Myopathicl hamsters did not grow more BAT when
adapted to short phqtoperiod {(Experiment B-Gj. This might suggest that
either their BAT'did not respond to the pineai-mediateci mechanism or that
their pineal glands were not functioning effectively. However, the normal
regression of their-te;tes, kno»:.rn .;Iso to b.e mediated by the pineal
{Reiter et of., 1976) suggests that their pineal glands were functioning
and a refract9riness to melatogin seems a more likely possibility.
Myopathic hamsters, however, als:o did not grow more BAT in response to
a high-fat diet .(Experiment B-7). It seems unlikely that this could be due
to 2 refractoriness to melatonin. However, the possible participation of

the pineal in the trophic effect of a high-fat diet could not be excluded.

OBJECTIVE:

The objective was to find out whether the pineal gland is involved in

_ the trophic response of brown adipose tissue to cold or to a high fat diet.
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METHOD:
Pinealectomized and sham-operated hamsters were purchased from

Cha.rles Ri\_/er C..'or-'npany, Boston.

| Pinealectomized and sham-operated hamsters were (1) acclimated 'to
- 24°C or 4°C for three weeks or (2) exposed to 4°C or 24°C for 17 hours
(1400 to 0700 i';) or (3) fed either chow or a high-fat diet of sunflower
seeds (hulled, not salted or roasted) and chow. _
| After sacri%ice of animals (7-8 weeks old) interscapular BAT was
remov;:d, cleaned and weighed. “Homogenization of the tissue and isolation
of mitochondria were done as outlined in Methods A. Tissue protein, COX
activity, DNA and mitochondrial GDP-binding were assayed (Methods C,

D‘, E, B). Epididy;nal white adipose tissue and testes were removed and

weighed.

RESULTS AND DISCUSSION:

Pinealectomized or sham-operated hamsters living in the cold for 3
weeks increased their food intake, reduced their rate of body
weight gain and white adipése‘ tissue" (Table 26). Cold-induced
gonadal 'regression occurred  in both sham-operated and
pinealectomized ani-mais (Table 26). The wet weight of BAf was slightly
iﬁcreased in sham-operated and not. altered in pinealectomized hamsters by
acclimation to cold, but iarge -inﬁreases in tissue protein and DNA and
increased - GDP-binding (Figures 26 and #7) indicate nc;rmal tissue

hypertrophy and activation in the cold in the absence of the pineal. The

only differences between pinealectomized and sham-operated animals was a
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TABLE 286 .
Effect of pinealectomy on the response of hamsters )
to acclimation to -cold
IS
SHAM-QPERATED PINEALECTOMISED .
Temperature of ' 24e¢ 4°c ' 24°¢ a°c
acclimation
{12} {12) _02) (12)
Body wts, g -
Initial 95.5 = 2.0 91.5 = 1.8 90.1 = 2.0 89.9 =+ 2.5
Final : 106.7 = 2.2 913 = 2.07 106.2 = 3.6 840 : a0
L2 F] 2
Change in 3 wk- +11.2 =+ 0.8 0.2 = 1,) +16.1 = 2.7 =5.9 = 3.7
Food intake
N e *J »
kcail/d 24.8 = 0.75 35.4 = 1.65 29.6 = 1.30 36,6 = 2.49
Organ wts -
: - . e
Testes, g 3.06 = 0,09 2.43 = 0.21 3.12:= o.n 2.19 ¢+ 0.23 )
Epididymal adipose . " e
tissue, g 2.03 = 0,09 0.94 = 0.08 2.01 = 0.18 0.83 = o.mn
Brown adipose -
tissue, mg ' 324 * 13.0 378 = 19.0 338 = 18,0 . 383 = 17.0
i S

~

Values a-r'e means = SE for tﬁe number of an;:‘m‘ls indicated 1n parentheses, Hamsters from
Cheries River Company were adapted to 24°C/or to 4°C for 3 wk in July-August.

Significant effect of cold, comparing the same type of hamster, indicated by
*{p < 0.05) or **{p < 0.001), )

Significant effect of pinealectomy, comparing hamsters treated in the same way, indicated by
#(p < 0.05) or ##(p < 0.005). .

| S | —

¢
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COLD~ACCLIMATION AND IBAT OF INTACT

(SHAM OPERATED) OR PINEALECTOMISED
(PINX) HAMSTERS '
WET WEIGHT PROTEIN DNA
mg . mg ug
600 600}
. SHAM  PINX SHAM  PINX | SHAM  PINX
400} ~ 7 aof 400+
R
200} 201 .20_‘0-
wlc| |w|c wic| [wlc wlc! |w|c
/ Temperature of acclimation: é4°C(W) OR 4°C (C)

Figure 26. Effect of acclimation to cold on brown adipose tissue of

b=

Further data are in Table 26.

pinealectomized or sham-operated hamsters.

F

Significant differences between warm-

and cold-acclimated animals are indicated by the black portions of the
bars. Significant differences between pinealectomized and sham-operated
animals are shown by cross-hatched portions of the bars.



GDP BINDING BY BAT MITOCHONDRIA OF
INTACT(SHAM) OR PINEALECTOMISED (PINX)
HAMSTERS pmoles/mg protein .
| COLD-ACCLIMATION® COLD-EXPOSURE HIGH FAT DIET
" PINX ' |
600} SHam PINX
400 o
SHAM '
-  SHAM  PINX [ //- E
b N=87
200p / .
wlc| |wlc w|c w c clF| |eclF
Temperature of acclimation or exposure: DIET: CHOW (C)

- 24°C (W) OR 4°C'(C) OR HIGH-FAT (F)

Figure 27, Effect of acclimation to coid, acute exposure to cold, or
adaptation to a high-fat diet on the thermogenic state (level of GDP-binding)
of mitochondria isolated from brown adipose tissue. ‘e .

Bars .are the means t SE of values for 4 (cold-acclimation, high-fat
diet) or 3 (cold exposure) mitochondrial preparations. For further data
and information see Tables 26-28 and Legend to Figure 26.
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slightly greater food intake, weight gain and greater cellularity [l'.?NA) i.n
BAT of pinealectomized anir‘nais at 24°C (Table 26, Figure 26).

Tissue protein (Table 27) and GDP-binding (Figure 27) was
sigr{-ificantly increased in sham and pinealectomized animals exposed to 4°C
for 17 hours indicating that early. activation mbf the.thermogenic response

and growth of the tissue also does not r"gquire the pineal.

Sunflower seeds added to the diet of hamsters resulted in a very

large increase in the proportion of energy derived %rom fat, a drastic
reduction in the proportion of carbohydrate and a2 smaller but significant
decrease in protein (Table 28). This diet either did n;at change the total
energy . intake (pmealectom:zed) or mcreased (c slightly (sham) (Table
28). Despite the almost unchanged energy intake, a large mcrease‘”r’h‘
body weight gain and whrf‘:: adlpose tissue occurred in both groups,
suggesting an increase in metabolic efficiency, as described previously
(Wade, 1982) The high-fat diet caused mcreased wet weight of BAT and
mcreased protem without 2 change in DNA (Flgure 28) or in GDP -binding
(Figure 27) and occurred in the absence of the pineal gland (Table 28,

Figures 27 and 28).

It is concluded wzethe pineal gland is not required for & r cold-

or diet-induced growth of BAT in the hamster. ] ‘

165

hh



. TABLE 27
-
; &
Effect of pinealectomy on the response-of
hamsters to acute cold exposure ) :
SHAM-QPERATED PINEALECTOMISED
Temperature - 24°C vec 24°C 4°C
N _ (4) (5) i () (6)
Body wts, g \'* 126.3 = 4.1 121.4+ 3.8 124.0 = 4.4 ‘119.5 = 5.0
8rown adipose tissye’
Wet wt, mg _ 488.3 = 22.3 312.0 =+ 26.3°  486.0 = 12.5 303.2 = 181"
.Protein, mg 4.4+ 2.0 3.4= 207 17.9: 1.8 N7 2™ .
k-]

' -~ E
Values are means = SE for the number of animals indicated in parentheses., Hamsters from

Charles River Company were placed at 4°C for 17 h (2400 h to 0700 h next day) or left
at 24°C, . : .

Significant éf?ect of éo]d-exposure. comparing the same type of hamster, indicated by
*(p < 0.005) or **(p < 0.001).

~ Ihere are no significant-effects of pinealectomy.



. TABLE 28
Effect of pinealectomy on the response of hani:‘.fé_m to a h1§h~fat diet.
SHAM-OPERATED PINEALECTOMISED )
y CHOW CHOW + SFS .. . CHOW CHOW + SFS . . o
- (12~ - 12y . (12){ (12) '
Body wts, g - - . BRI ) "
Initial 62.8 = 0.9 63.9 = 1.1 58.6 = 1.) 57.7 = 1.3 -
Final 107.3 =~ 1.9 132.8 = 3:1* 102.2 = 2.4 125.6 = 3.0%
Change in 5-6 wk 44 = 2.1 +68.8 = 2.4 4436 = 2.0 7.9 = Z2.1%
" Faod intake . . . . l )
kcal/d 26.23 = 0.65 29.56 = O.Bé‘_"- 26.72 + 0.78 28.94'_: 0.85
Wt gain/food eaten . . B o .
' . g/(kcalsd) 1.70 = Q.07 - 2.33 : 0.0 1.63 «+ 0.05 2.35 = 0.06%
Organ wts - ) . . .
Testes, 2.96 = 0.05 3:30: 0.10* 2.93: 0.09 3.10 = 0.07 T
Epididymal adipose : y ' ~y
tissuve, g 1.92 =+ 0.12 3.83 ¢ 0,24%~ 1.77 = Q.12 3.88 = Q,17%
Brown adipos . ) ‘ o
tissue, mg% 305 =10 an t 24w 276 = 12.5 420 * 19,3
Composition of food ) - .
intake, kecal ) v . ~
Chow 1 26.23 = 0.65 3.53 ¢ 0.37** 26.72°': 0,78 371 = 030 * - L
(100z) - (123) (100%) (12.4%) -
SFS ‘ S - 26,03 = 0.77* - 25,23« 0.72% .7
: - {88%) {87,5%) T
Composition of energy ‘ T Tee
intake, kcal " - - o
Carbohydrate 16.26 = 0.40 5.65 =+ 0.24%* 16.57 = 0.49 5.63 = 0.23% '
(622) . (15.1%) (62z) - {19.52) : -
- L} . . -
Fat 3.10.= 0.08 18.85 = 0.58* . 3,15 = 0.09. 18,30 = 0.52*~ .
(11.8%) (63.8%) Lo (M.ss) {63.2%) .
: Do . . - W
Protein. . 6.87 = 0,17 . ,506=: 0.17%* 7.00-= 0.2 5.01 = 0.16%
(26.2%) (17.1%) (26.22) (17.32) B
Values ére. means =SE for the number of animals indicated in par:nr.hesesl at the head of each .
column, Hamsters from Charles River Company were fed chow or chow plus sunflower sasds {SFS) -
for 5-6 wk in May-June. Yalues in parentheses indicate the proportion of total energy intake
. derfved from the component listed. . . C . . N
Significant effect of the high-fat diet, coﬁparihg the same_type of hamster, indicated by . ©.
*{p'< 0.005) or “(p;aﬂ.OOl?. ) : IR 0 _ L
There are'no significant effects of pinealectomy. ) . - , -~ ? S
. : . R \-yl
. \
[ - - Iv -
- - -t - ‘: .
- q .
R - e - “
2, _ S .
- ) - % .
- - ¥
. . / ». X . ] . “] \?-' ) - .
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tissue of pinealectomized or sham-operated hamsters.

HIGH-FAT DIET AND IBAT OF INTACT(SHAM
OPERATED) OR PINEALECTOMISED (PINX)
HAMSTERS
WET WEIGHT. PROTEIN *DNA
. . mg mg , ug
' 600 600}
SHAM  PINX SHAM  PINX SHAM- PINX-
400} aof- 400} T
I
b - -
_ 200} 20} 200+
clF| |c|E cle| |c|F clF| |clF
DIET: CHOW(C) OR HIGH-FAT (F)
Figure 28. Effect of adaptation to a high-fat diet on brown adipose

For further data and information see Table 28 and Legend to Figure

27.




EXPERIMENT 8:9 THE EFFECTS OF MELATONIN TREATMENT ON
GROWTH OF BROWN ADIPOSE TISSUE

BACKGROUND:

Melatonin treatment has been shown to cause growth of BAT in
hamsters. Melatonin in beeswax implants (Héldméier and Hoff/nann, 1974)
and injected late in the day (Wade and Bartness; 1984) results in growth
of BAT, in Djungarian and Syrian hamsters respectively. Implants of
melatonin in silastic capsules cause gonadal regression in Syrian hamsters
(Turek et of., 1975). ‘

To test fche possibility that* BAT of myopathic .hamsters may be
unresponsive to the‘tr—o.bhic effects of melatonin ana that thi_amay; be the
reason for the reduced size of the tissue, both normal “and myopathic
hamsters were treated with melatonin, first by continuous infusion with

mifipump and then by melatonin implanted in silastic capsules.

OBJECTIVE:

The objective was to study the growth of BAT in normal and

myopathic hamsters treated with melatonin. .

METHOD:

Male hamsters, myopathic (BIO 14.6) and normal, were purchased

from‘_Bio Research Consultants, Cambridge, MA (Group ) or from

. Ry
Canadian Hybrid Farms, Halls Harbour, N.S. (Groups 11-1V)

Four groups.of normal and myopathic hamsters were implanted with

devices which 3allow continuous release of melatonin. They were
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anaesthetized with Somnitol (0.35 ml Sémnitol/saline {(1:1) for normal

hamsters and 0.30 ml for myopathic hamsters).

T~

Group 1- At 11 week.s of age, melatonin or vehicle was inf'used over a
period ‘of si>; weeks By osmotic minipumps, impléntéd under-the skin
througﬁ- a small dorsolateral incision:‘Minipumps‘ were replaced after 2
weeks and 4 weeks alternating the side of placement. Melatonin was
dissolved in propylene glycol ‘fO,..?S% w/v) to deliver-100 ug/hamster/day.
The experimen‘t was carried <:;ut from 'October to December, for a total of 6
weeks. '

Grgu;:; 2 Hamsters in this group were 22 weeks old at the beginning
of the exper-iment. Melatonin was implanted in two, 50 mm capsules of
silastic tubing (0.058 in.1.D. by 0.077 in. 0.D.) sealed with Silicone
Type A Adhesive and placed beneath the skin of the back as described by
Turek et of. (1975). Empty capsules were placed in control hamsters.
The experiment was done during July to Octéber for 8 weeks .and 13
weeks.

Group 3 Twenty-two week old hamsters were implanted with two 50
mm silastic capsules containing me!;tonin or empty capsules for 10 weel::s
during September to December.

Group 4 Fourteen week oid hamsters were. implanted with two, 50 mm
silastic ca-psules containing melatonin or empty capsules for 8 weeks
during February and March.

At the end of the treatment period hamsters were sacrificed and
interscapular BAT was removed, cleaned and weighed. Homogenates were
ma.de, tissue protein and COX activity were measured (Methods A, C, D).
Testes and epididymal white adipose tissue were removed and weighed.
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RESULTS AND [‘)ISCUSSION: _ .
- In Group 1, interscapular BAT we,ight. protein ‘and epididymal -fat
pad weight were signifi;:ant]y ‘reduced in myopathic‘hamsters. Melatonin
had no effect on any of the parameters me’asu.red (Table 29).

At the'end of 8 weeks of treatment, animals in Group 2 had
Cinterscapular BAT which was slightly, although not significantly, larger
in melatonin treated anim-als, and testes of- some animals were smaller,
su'ggesting an effect of melatonin on these tiSét{es; Melatonin implants
were left in another five weeks at which ;time no dif’fere'nce was seen
between treated and non-treated groups (Table 30)..

In Groups 3 and 4, treatment for 8 weeks and 10 weeks produced no
significant growth of BAT (Tables 31 and 32).

It was then impossible to judge whetht‘erHBAT of myopathic hamsters
is less responsive to melatonin because of the failure to demonstrate the
trophic effect of melatonin in normal hamsters.” Since the effect of
photoperiod on BAT growth may depend on the season of the year
(Experiment B-4) hamsters were treated with melatonin at differ.ent
seasons, fall, summer and early spring. However, no response was
detected at e;ny time of year.

All four experiments failed to reproduce the gonadal regression of
the testes of Syrian hamsters with melatonin implants as seen by Turek et
al. (1975). To my knowledge there are no other reports of effects on
gonads on Syrian hamsters due to COI:Itil';\L‘IOUS]Y available melatonin
although afternocon injections of melatonin cause gonadal regression and

© growth of BAT in Syrian hamsters (Wade and Bartness, 1984).
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~ TABLE 29

-~ ' N
Effect of treatment.with melatonin implapts on brown adipose N
tissue of normal or myopathic hamsters

{Experiment Y:minipumps, 6 weeks)

P
, NORMAL , ' - ’ MYOPATHIC
Control Melatonin Control Melatonin
(&) - (4) ) (4)

Body weights; g * ! ' o

Inftial. - T 820 = 2.0 78.8 =25 . 755 = 3.3 73.5 = 2.2

Final 102.0 = 1.9 99.0 : 4.7 93.5 = 2.9 96.0 = 3.1

Change in 6 weeks . 20,0 = 1.1 20.3 =+ 2.6 18.0 = 1.6 20.5 =+ 1.8
Organ weights .

‘Gonadal fat, g 1.19 = 0.05 1.28 = 0.10 0.62 = 0,07 0.5¢ = 0.05"

Testes, g ’ 3.26 = 0.05 . 3.14 = 0.03 3.17 = 0.09 3,16 = 0.13
Brown adipose tiséue

Wet weight, mg 333.8 =12.0 318.3 = 8.9 148.8 '= 10.5’. 163.5 = 12.1"

Pratein, mg 3.9 : 0.9 8.7 =15 2. = 09" a0 : 1.3
Season: Fall .
Values are means = SE for the number of animals indicated in‘paréntheses. ’
gignificant)effect of myopathy, comparing hamsters treated in the same way indicated by -

(p < 0.001).

<
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TABLE 30
4 -
J .
. . §
Effect of treatment with melatonin implgnts on brown adipose tissue of
normal or myopathic hamsters - i
B {Experiment 2: silastic capsuleS, 8 and 13 weeks)
NORMAL A MYOPATHIC
.- Control : He1aton@n : Ccm:roi Melatonin
8 weeks ) (3) - (a) L (a) SN (4)

Body weights, g ' X
Initial 103.5 = 1.8 ‘155 2 7.3 102.5 '+ 0.5 95.8. = 3.2
Final 108.0 =+ 2. 119.8_ = 9.1 - 104.8 =2 100.3 = 3.3
Change in B weeks 4.5 +£-2.3 4.3 = 1.8 2.3 = 1.7 T30 = 2.5

Organ neighr.s' : . ' ) ~ <
Gonadal fat, g 1.50 = 0.41 1.55.: 0.32 0.72 = 0.0™ 0692 o.05"
Testes, g - 2.74 = 0.12 1.94 + 0.68 2.48 =+ 0.05 2.08x 0.13™

. Brown adfpose tissue _

~ ' . ’ iy

Wet weight, mg 0.3 = 17.7 4270 :s57.6 178.3 = s.sf 509 L4, .
Protein, mg’ 15.6 = 1.4 1.3 = 2.4 -7.08 = 08! 5 g3 g .t

13 weeks ) (3) ) (3) (3) o {3)

Body weights, g
e — 3

Inftial 130.7 =10.3 124.3 +10.4 9.7 = 4.8 104.8 = 5.5
Final 133.7 =2 10,4  123.3 s 9.9 100.0 = 1.2' 100 . 6.8
Change in 13 weeks 3.0 £ 21 -1.0 =+ 1.5 3.3 = 4.9 5.5 = 23

Organ weights .

Gonadal fat, g 2.00 + 0,23 1.45 = 0.07 0.66 = 0.04* 0.59 = 0.10%
Testes, g 3.40 = 0.1% 2.8 = 0.2 2.08« 0.1 155, 047
Brown adipose tissye .
F i
Wet weight, mg 489.3 = 38.7  453.3 493 160.0 = 115" 600 147"
Protein, mg 2.4 = 2 22.3 = 2.4 0.3 = 1.2%% gy L g0

Season: Summer-Fall

Values are means = S for the number of animals indicated in parentheses.

Significant effact of melatonin, compdring the same type of hamster indicated by

*(p < 0.02) or **(p < 0.05).

Significant effecf of myopathy comparing ha}nsr.ers treated fn the same way "indicated by

#{p < 9.05), 2#{p < 0.005) or s#s{p < 0.001). _\b

-,
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| TABLE 31 0

Effect of treatment with melatonin implants onrbrown adipose tissue
of normal or myopathic hamsters

(Experiment 3: silastic capsuies, 10 weeks )

~
NORMAL . | MYCPATHIC
Con_trol Melatonin -7 Contro} Melatonin
@ (9) C () (9)
' N
Body weights, “
Infttal 150.4 = 2.5. 1514 s 1.7 109.6 = 2.2* 0.1 = 26"
Final 5.3+ 40 1ded s oap - 105.3 = 2.4"  q041 . g !
. Change in 10 weeks -5.1 = 4,2 =3.0 ¢ 4.3 -4.4 2.5 -6.0 = 1.9
Organ weights \_/
Gonadal fat, g 2.9 = 0,28 3.33 = 0.40 0.66 = 0.04" 0.62 = 0.0a*
Testes, g ‘ 3.45 = 0.11 3,10 = 0.31 282201 ysgasog.ag™
Brown adipose tissu;e . n
Wet wefght, mg 5303 £21.7  629.1 :29.6°  165.8 « 517 163.3 = 5.3¢
Protein, mg 170 = 1.5 19.2 & 1.3 9.2 = 0.4! 9.4 = 0.7

0.4

Season: Fall
Values are means =+ SE for the number of animals indicated in parentheses.

Significant effect of melatonin, comparing the same type of hamster indicated by
*(p < 0.02) or **{p < 0.005). ‘

Signifiéant effect of myopathy, comparing.hamsters treated in the same way indicated by
f(p < 0.001), .
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TABLE 32

Effect of treatment with melaconm implants on Brown adipose tisgsye
of nomal or myopathic hamsters

-(Experiment 4: sijastic capsules, 8 weéks)

o NORMAL MYOPATHIC
Contral Melatonin Control Melatonin
(6) (6) (4) ' (4)
Body weights, g
Initial 107.0 = 3.2 105.2 « 2.8 1043 = 1,27 102.3 = 1.3
Finat : 121.2 = 3.6 1208 = 4.7 45 = 4.3 100 & 3.2
Change in 8 weeks 14.2 = 0.9 15.7 = 2.7 10.3 = 3.6 7.8 = 2.3
Organ weights
Gonadal fat, g .  2.03: 0.0g 2.23: 0.28 0.98 = 0.14" 91 . poof .
Testes, g 2.60 = 0.16 2.8 = g0 2.88+ 0.1 2.69 :+ 0.09
Brown adipose tissue . . .
Wet weight, mg 418.0 2184 4845 = 425 183.5 = 14.9" 1738 . 29 7%
Protein, mg ? 19.4 = 1.2 22.8 = 1.2 n.2 = . M1 e 2%
Season: Spring
Values are means = SE fﬁ. the number of animals indicated in parentheses. ¢

Significant effact of myopathy, comparing hamsters treated in the same way indicated by
#{p < 0.005) oF #4(p < 0001},
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CHAPTER 5 GENERAL DISCUSSION AND CONCLUSIONS

Growth of BAT in Rats

Growth of BAT due to cafeteria .feeaing of rats, previously found to
be an increase in fur.\ctional tissue (Rothwell and Stock, 1979), was found
to be a hyperplastic t{/pe of growth (E'xpe'rime'nt A-1). This was confirmed
by Tulp et of. (1982} e;nd Bukowiecki et af. (1982). Cell number in -

BAT did not increase after cafeteria feeding of Zucker lean and obese rats

(Experiment A-4) so this may be a strain specific characteristic. BAT was

thermogenically activated by cafeteria feedin‘g (Experiment A-1), as
reported by others (Brooks et a/., 1980).

Thermogenic activation of BAT in the cold was redt..:ced in
thyroidectomized rats (Experiment A-2). B‘AT of hypothyroid ra‘ts is
reportedly uru:ﬁsponsive to the effects of noradrenaline (Hemon et aof.,
1976: Mory et of., 1981; Kuroshima‘ et a/., 1967). Noradrenaline is seen as
the physiological activator of BAT.thermogenesis (Himms-Hagen, 1984)
and it now appears ‘that activation of the tissue by noradrenaline zalso
‘requirés thyroid h‘ormone. Growth of BAT in hyperthyroid rats was found
to be due to lipid accumulation and nof to an increase in functional tissue,
agreeing with Heick et af. (1-973). Tissue activation was lower in’ thyroid
hormone treated animals and it would appear that increased cold
resistance and noradrenaline sen-s.itivity seen by others after thyroid
hormone treatment (LeBlanc and Villemaire,-TQTO; He_ick et al., 1973) is
due to the action of thyroid hormone in tissues other thaﬁ BAT, possibly

due to the increase in oxidative capacity in heart and skeletal muscle seen

~
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by Harri (1978). Reduced activation of BAT was also seen by Sundin in
hyperthyroid rats at low temperatures suggesting that thyroid hormone

\
treatrnent lessens the need for cold- mduced nonshivering thermogenesis

in BAT (Sundln 1981)

Experiments on hypophysectomized rats‘ given maintenance amounts
of thyroxine and cortisone showed that growth fmd activation of BAT at
5°C does not require any of the hormones of the pituitlary (Experiment
A-3}. It is not known if glucocorticoids are necess‘ary for activation of
BAT in the cold as are thyroid hormones (Experiment A-2) but it appears
that the‘func'gion of the pituitary during cold accl_imation may be to
stimulate production of these two hormones. Some rqle ;‘or glucocorticoids
is suggested by the presence of specific glucocorticoid receptors on BAT

(Feldman, 1978). It had been suggested that TSH (Doniach, 1975) and

growth hormone (Pagé et of., 1954) might have a trophic effect on BAT .-

Growth hormone injections d:d not stimulate BAT growth (Expemment

A-B). Eievated levels of TSH in hypothyrond rats (Experiment A- ") also

did not cause growth of BAT. ACTH injections were earlier reported to -

increase BAT protein (Lachance and Pagé, 1953) but have since been
found not to cause growth of BAT in warm-acclimated animals (Laury and
Portet, 1877; 1980). Although TSH and ACTH are elevated during
acclimation to cold in the rat, they were not found to be necessary for
activation’ or growth of. BAT at low temperatures. Hypophysectomized
rats, without any replacement therapy, could adépt to mild cold (Laury et
al.., 1984). Their adrenals hypertrophied il;l the normal way. They
therefore seemed to have adequate amounts of glucocorticoids despite lack

of ACTH. Thus, the role of glucocorticoids remains uncertain.
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Growth of BAT in Obese Zucker Rats

As in the obese ob/ob mouse, BAT has been found to be defective in
the obese Zucke; rat (Experiment A-4). Both obese specnes have reduced
thermogenic activation of* BAT at thermoneutral temperatures [Desautels
and Himms-Hagen,, 1979; Experiment A-4). The obese' Zucker rat has
normal activation of BAT when acutely exposed to Io.w temperatur.es but a
reduced response when fed a cafeteria diet (Experiment A-4), d:ffer:ng
from the obese mouse wh:ch does not activate BAT in response to cold or
to diet (I41mms -Hagen and Desautels 1978; Himms-Hagen, 1983b). In this
respect, the obese Zucker rat resembies two other obese rodents, the [
GTG mouse and the VMH iesioned rat, in both of which BAT is
thermogenically activated by cola b‘ut not by diet (Hogan ‘and
. Himms-Hagen, 1983; Hogan et af., 1982). In the GTG mouse, obesity is
induced by'administratio;of goldthioglucose, which damages parts of the
hypothalamus, particularly in the ventromedial area {Himms-Hagen, 1984).
In the VMH- rat the ventromedial region is éiestroyed. It has been
concluded that diet sensitivity in B{!\T require.s the functioning of cells or
fibers in the ventromedial region of the hypotl:xaiamus {Himms-Hagen,
1984). Moreover, stimulation of this region promotes BAT thermégenesis
and lipogenesis (Perkins, et e/., 1981; Shimazu and Takahashi, i980). i
The defect in the obese Zucker ~r'at responsible for the suppression of
diet-induced thermogenesis in BAT is not known but, - because of
similarities with the GTG mouse and the VMH lesioned .rat, a fhypothalamic

defect would be a likely possibility,
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-M'pre recent work has verified that the obese Zucker rat has a
reduce;:i thermogenic response to diet. (Rothwell et al., 1981a; 1883a; '
Marchington et a/., 1983), and a reducec; activation‘oﬁ BAT by hdiet (Holt
et.al., 1983). A _"ge'ne dosage” effect:r was seen in that the heterc‘fz‘ygqte
(Fa/fa) has GDP-binding and thermic response to a meal, intermediate
between those of fa/fa and Fa/Fa rats {York et al., 1884). -BAT
“activation in response to cold in‘younger.but not older obese Zucker réts
has been found to be normal (Holt et aol., 1983) agreeing with results
presented here. Recent work also shows that.obesity andlthe reduced
thermogenic state of BAT an'd the reduced activation of BAT by diet are
all improved by adrenalectomy  (Yukimura et of., 1978; Holt and. York,
1882; Holt et af., 1983) and would seem to substantiate that a defect in™
BAT diet-induced thermogenesis m;y ‘b\e respém‘sible for obesity in this
animal. Central modulation of sympathetic stimula_\_tio:n by giucocorticoids or

ACTH may be an important factor in the regulation of BAT growth in

cafeteria feeding and also.in the defective response of BAT to diet in the

-

obese Zucker rat.
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Growth of BAT in Hamsters L - o

Two mediators were investigated for the growth. of-.BAT 1) hams.ters,
noradrenaline and melatonin. When-studies were begun it seemed. that in

rats, growth of BAT was under the control of the sympathetm nervous

system. Noradrenaiune injections in rats result in increaseﬂ’ functional size

.

of the tissue (Desautels and Himms- Hagen 1979, Mory et al., 1980}.

Growth of BAT (tissue mass)- in hamsters had been observed after -
yrJ
treatment with the pmeal hormone melatonin (Heldmauer and Hoffmann

1974} . Melatonin production by the pineal is controlled by noradrenaline
acting at receptors on the pineal (Klein and‘-Moore', 1979). To solve the
problem of whether noradrenaline acted to cause BAT grpwth in hamsters

directly as it appears to do in rats, or indirectly by acting on the pineal
. - - .
to produce melatonin, the strategy was to observe BAT growth-in both

intact and “pinealectomized - hamsters~ injec:ced with noradrenaline.
Noradrenaline treatment failed to .couse ..BAT.. gfowth in hamsters
(Experiment B-1) either at £he dose level used to -s"cimul'ate growto in
- rats, -or at double this dose, whtch resylted :n depletion of lipid from
w}?ite adipose tissue (Exper:ment B 1). Smce therle appears to be a
diurnal sensitivity in-the pineal for p:"odut:tion of m'elatonin; (Romero and -
Axelrod, 1974; Romero et of., 1975) and in the terg‘et tissues for
metatoni; receptors (_Vecas and'Cardi_naIi, 1979), noradr-enaline injections
were repeated a':c different times of the day and in pinealeotomized
animals,  and repeated at different times of tHe vyear, since the
reproductive effects of photoperiod vary according to _the season

-

{Goldman, 1983).'_ in all experiments noradrenaline injections failed to
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cause growth of BAT, and in some experiments a significant reduction of
the oxidative capacity of the tissue was seen. The effect of noradrenaline
oﬁ BAT growth in hamsters- has not been studied previously.
- Noradrenaline turnover in BAT, however, is knc;wn to be increased in
cold-exposed hamsters (Feist, 197(_)]. Noradrenaline probably mediates
the acute thermogenic response of the tissue since injection of
noradrenaline into hamsters results in a rise in metabolic rate (Experlment
B-7) and in the temperature of BAT (Horowitz et of., 1982), and isolated
cells from hamsters give a good thermogemc response to noradrenaline in
wtﬂdergaard 1982) The increase in GDP-binding to BAT
mltochondria in acutely cold-exposed hamsters seen in Experiment B-8 is
probably in response te moradrenaline.

Wh}t;a adipose tissue of hamsters contains a-receptors which are
inhibitory to [ipolysis. in that tissue and which are not present in white
adipose tissue of rats (Fa_in and Garcia-Sainz, 1980). To investigate
Mwhether BAT of hamsters and rats might vary in the same way, resulting
in a different response to noradrenaline injectioﬁs in the two species, the
B-adrenergic agonist, isoproterenol, which also causes growth of BAT in
rats (Heick et of., 1975) and tﬁe c-adrenergis agonist, phenylephrine, -
were injected intg hamsters. The former_was without effect on any of the
;;ar'.ameter's measured, but there was a marginal dec.rease. if‘ BAT protein
with phenylephrine (‘_Experimen?‘.B-Z). Because; of the short time that
phenylephrine would be expected to be available to the animal, and since
phenylephrme ’S. a2 mixed ;- and eoj-agonist, prazosin, a spemf:c
@ -antagonist was injected at a high 'dc;@age level (Experiment B='2-).

LY

Prazosin treatment resulted in considerabl grpwth of BAT in hamstérs
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and a reduction in body weight gain and fat accumulation (Experiment
B-2).

Prazosin is a hypotens‘ive agent which acts by decreasing vasc‘ular
resistance as a result of blockade of u,—adr.energic receptors with little or
no increase in heart rate or circulating catecholamine levels (Colucci,
1883). Prazosin also lowers triglyceride and increases HDL {high density
lipoproteins) serum levels in/humans (Lere‘n, 1884) and rats (Dall'Agilio et
of., 1983). The mechani/fn of these n:etah;oiic effects is not understood
but in patients on prazosin therapy for 3 months no change in body
weight was reported (Rolu'ffy‘and Jaillard, 1984).

It s not possible to satisfactorily explain the effects of prazosin
inje;:tions on BAT growth. One po'ssibility is that noradrenaiine, acting on
t,-adrenergic receptors, exerts a restraining }nfluence on growth that is
removed by the action. of prazosin. Two alternatives can also be
proposed. First, prazosin may cause BAT grc;wth by increasing blood flow
to BAT. Dilation of blood vessels in° BAT .has been noted in cold-exposed
and cold-acclimated rats (Bukowiecki et af.. 198§Although biood flow in
- BAT has not been studied in relation to tissue growth, blo?)d flaw to the
tissue in rats is increased with noradrenaline infusion, cold exposure and
cafeteria feeding (Foster and Erydman, 1978; 1979; Rothwell and Stock,
1981), all conditions resulting in tissue growth. Although the increased
blood flow to BAT caused by noradrenakne is secondary to the elevated
metabolism of vthe tissue (Foster and Depocas, 1980), as is also considered
to be the case in exercising skeletai muscle {(Thompson and Mohrman,
1983), the possibility exists that by manipulat?ng‘ blood flow per se, tissue

growth might be affected.
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Secondly, prazosin may cause BAT growth by increasing sympathetic
stimulation. Although it was not measured, a fall in blood pressure almost
certainly occurs with prazosin t;eatment. Elevation of blood pressure by
phenylephrine infusion causes a suppression of BAT the_rmogenesis by the
baroreceptor reflex which is attributed to a decrease in sympathetic
nervous activity in BAT (Shibata, 1982). High doses of prazosin have
been found to increase nonadrenaiine. turnover in the brain and the
periphery (Cavero and Roach, 1980). Prazosin given to normal human
subjects increases the plasma noradrenaline levels and free fatty acid
levels during exercise (MclLeod et af., 1984). It may be then, that by
increasing sympathetic activity in BAT, possibly as a result of lowering of
blood pressure, prazosin treatment stimulates growth of BAT.

. Thus, the way in which prazosin acts to cause growth of BAT in
hamsters is not clear. It would be of interest to compare the response to
prazosin injections in rats and hams;cers. This may be a general
characteristic of BAT or like the response to noradrenaline injections may
be peculiar to hamsters.

When these experiments were begun, BAT was known to grow
(functional tissue) in hamsters exposed to cold temperatures (Hoffman et
af., 1965; Himms-Hagen and Gwilliam, 1980) and the weight of BAT was
increased in hamsters kep.t in short photoperiod (Hoffman et o/., 1965:
Reiter, 1975). Experiments were done showing that the growth of BAT
due ‘to. short photoperiod resulted in a large increase in tissue protein
(functional tissue) (Expe’r’*im';.nt 3-6). Curiously wet weight of BAT was
not increased by short photoperiod. as in the ab'ove experiments and in

those of Bartness and Wade (1984) althougl': the photop.eriod is similar to
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that used by Reiter (1975). The hypertrophic effect of short photoperiod
was not seen in castrated hamsters (Kott and Horwitz, 1984}. Growth of
BAT in rats kept in short photoperiod was minimal although statistically
siénificant. Hamsters fed a high-fat diet also grew more BAT and
increased their weight gain without increasing food intaké, confirming the
work of Wade (1982). Hamsters fed a high fat diet, whether suppliemented
with sunflower seeds (this experiment) or with lard (Wade, 1982),
increased their feed efficiency and growth of BAT. It should alse be
- mentioned that in BAT growth due to short photoperiod or to a high fat
diet, thermogenic activity (GDP-binding to mitochondria) did not increase
as during cold acclimation. This somewhat different type of BAT growth
can be seen as useful when the purpose of the tissue growth is for heat
production in the fu-tur"e and not for immediate use as during cold
acclimation. Hamsters, being hibernatc;rs, could then prepare for
hibernation by growing BAT before the arrival of low temperatures,
und-er the influence of shorfer days in the fall and a high-fat diet of
seeds and nuts, without increasing their dissipation of energy.

Rats' fed a high-fat diet also develop obesity (Schemmel et al.,
1970). The extent of overeating probably depends on the dlength of the
feeding period (Kanarek and Hirch, 1977) but in at least two instances,
rats consumed significantly less or the same amount as chow fed controls,
-while gaining more weight and increasing fat stores (Kuroshima et al.,
1877; Lemonnier, 1872). Increase weight of BAT, accompanied by
increased cold tolerance and increased thermogenic response to

noradrenaline is reported in rats fed a high-fat diet (LeBlane, 1957;
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Kuroshim‘a. et al., 1977} suggesting similarities with hamsters fed a
high-faé diet. -

BAT of hamsters grows in response to cafeteria feeding as well as to
2 high-fat diet but the tissue is not thefmogenically activated as occurs in
cafeteria-fed rats tSchimmel and McCarthy, 1984; Himms-Hagen,
unpublished; Experiment: A-1). Although a cafeteria diet is a high-fat
diet, it is not the equivalent of a diet made high in fat by the addition of
a fafc': like lard. In the latter case, animals become obese even when they
do not overeat (Wade, 1982: Kuroshima et al., 1977; Experlment B -7).
On a cafeteria dlet animals overeat but do not become as obese as would
be expected from the degree <;f overeating (Rothwell and Stock 1979).
Vamety and palatability of foods WO).IId appear to be important in

stlmulatmg animals to overeat on a cafeteria diet. The qualities of the

i’diet which trigger increased thermogenesis are not known.

A high-fat diet causes BAT growth in hamsters seemingly without

. activating it. Animals however have increased thermogenic potential when

challenged with noradrenaline or cold exposure (Wade, 1982). Animals
are energy efficient, probably because of the reduced energy costs of
storing fats from dietary fats compared to dietary carbohydrate, as shown’
by Pullar and Webster (1977).

Since the growth of BAT in short photoperiod is reportedly under
the control of the pineal (Reiter, 1975) and since the mediation of BA'.F
growth by the sympathetic nervous 2ystem was in question (Experiment
B-1, noradrenaline injections did not cause tissue growth in hamsters as

in rats), it was of interest to study the influence of the pineal and

melatonin on BAT growth. Acute exposure to cold stimulates pineal
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activity (Ralph et a/., 1979) and cold acclimation causes atrophy of the

testes in "hamsters (Hoffman et of., 1965) as does melatonin (Reiter et of..

- 1976). In Experiment B-8 growth of BAT was found to occur equally well

in intact or pinealectomized animals in the cold or when fed a high-fat diet
and it would appear the pineal is not involved in growth due to cold or
high-fat diet.

fn hamsters fed a high-fat diet, weight gain and BAT growth are
considerably enhanced when animals are kept in short photoperiod (Wade,'

1983; Bartness  and Wade, 1984)}. Melatonin injections also cause an

‘exaggeration of the effects of a high-fat diet (Bartness and Wade, 1984).

At low levels of melatonin, an effect on weight gain could be seen without
a change in BAT (Wade and Bartness, 1984) suggesting weight gain and
BAT growth may be regulated ind'ependent'ly. Pinealectomy did not
prevent the increased weight gain and BAT weight in short rhotoperiod
on a high fat diet (Bartness and Wade, 1984).

The effect of melatonin on BAT growth was studied by continuous
infusion from melatonin implants (Experiment B-9). Melatonin implanted
in beeswax resulted in growth of BAT (tissue mass) (Heldmaier and
Hoffmann, 1974) and recently experiments by Heldmaier et af. (1981}
have shown increased respiratory capacity of BAT of Djungarian hamsters
implantea with melatonin. Melatonin implants. did not result in gonadal
regression as’ reported by others (Turek et a/., 1975) or stimulate BAT
growth (Experimer;t B-9). Where hypertrophy of BAT has been seen after
c?ntinuous infusion of melatonin the animal used was the Djungarian
hamster and not the Syrian hamster as in these experiments. Experiments

showing growth of BAT in Syrian hamsters have used afternoon injections
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of melatonin (Wade and Bartness, 1984). It may be that the Syrian
hamster does not respond to continuously elevated levels of melatonin as
does the Djungarian hamster. .

The mediator of BAT growth in hamsters remains unknown. The
pineal gland does not mediate the hypertrophy of BAT that occurs in -
hamsters® that are acciimated to cold or fed a high-fat diet. Noradrenaline
injections did not cause growth of BAT in hamsters, although the same
dose was given as resulted in tissue growth in rats (Experiment B-1;
Desaultels and Himms-Hagen, ]979; Mory et af., 1980). Recently, constant
infusion of noradrenaline (Mory et af., 1984) or- injection of loeng acting
catecholamines (Young, P. et o/., 1984) in rats has been found to result
in tissue growth, increased GDP-binding and increased proportion of
32 000 MW polypeptide, suggesting that nor-adrenalin.e is able to fully
reproduce the effects of cold acclimation on BAT growth and function in
this species and that the sym'pa.thetic nervous system controls growth of
BAT.

Denervation, however, ‘caused the tissue to regress (Experiment
B-5) suggesting that tissue size is indeed regulated by the sympathetic
nervous system and that some mediator other than or in addition to
noradrenaline coming from the sym;;athetic nerves may be responsible for
growth of BAT. A trophic effect of the sympathetic nerves in BAT of
hamsters is also indicated by implantation studies {Néchad and Olson,
1983).

The growth of BAT resulting from minipump infusion of
noradrenaline is thought to be the result of ‘noradrenaline acting directly

on BAT, since it occurred when the minipump was placed near-BAT and
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not when implanted 6 to 9 centimetres away (Ricquier and Mory, in
press). However, the same group (Mory et of., 1980) previously
reported hypertrophy of BAT (increased protein, DNA) after
noradrenaline injections in the scapular and lumbar region. This
sugg:ests that noradrenaline, when injected, could affect BAT growth
indirectly and that the lack of growth seen in hamsters injected with
noradrenaline could be due to a metabolic peculi.arit_y of this species. It
would then be wuseful to study BAT growth in hamsters after
noradrenaline infusion or after long acting catec};olamine treatment to

establish whether noradrenaline is involved at all in BAT growth in the

hamster.
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Growth of BAT in the Myopathic Hamster -

Because the myopathic hamster was found to, have a reduced amount
of BAT (Himms-Hagen and Gwilliam, 1980), a series of‘ experiments was
done to study growth of BAT in nofmal and myopathic hamsters.

Brown adipose tissue growth in hamsters was known to be stimul%:ed
by cold acclimation and this response was normal in myopathic harﬁsters
(Himms-Hagen and Gwilliam, 1980). 1In twcz other situations found to
stimulate BAT growth in hamsters, short photoperiod and feeding a
high-fat diet, the response of the myopathic hamster wa.s found to be
defective (Experiments B-6 and B-7). Since cold-induced growth is n.ear
normal, it would appear that the smaller size of BAT in myopathic
hamsters may be due to lack of a signal .relaying information about
lighting and dietary conditions, rather than to a fault in the tissue itself.

Growth of BAT in short Photoperiod is thought to be con.trolled~by
the pineal since increased BAT weight 'd].:e to short photoperiod was
prevented by pinealectomy (Reiter, 1975). However, increased BAT
weight due to short photoperiod in hamsters fed a high-fat diet was not
prevented by pinealectomy (Bartness and Wade, 1984). The pineal
hormone, melatonin has been shown to .have a trophi.c effect onr BAT of
hamsters (Heldmaier and Hoffmann, 1974; Bartness and Wade, 1984;
Rafael et af., 1981J. ‘Bécause ;:of failure to demonstrate growth of BAT by
melatonin infusion, ié was not possible to study a ;::ossible defect in the
response of myopathic hamsters to this hormone. Since testes regression
was normal in myopathic hamsters in shc;rt photoperiod, lit would appear

that the pineal is functioning normaily. It is not known if BAT is a target
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tissue for melatonin.q The antigonadal action of melatonin is thought to
occur primarily as a result of action -at the hypothalamus (Reiter et af., _
1981; Rusak: 1980; Turek et af., 1980). !mplants of melatonin in beeswax
in the anterior hypothalamus of the white footed mouse caus@ease
in intersca\pular BAT (fat free dry matter) and suggests a hypothalamic

site of action for melatonin in stimulating BAT growth (Glass and Lynch,

1882).

*
The mechanism regulating growth of BAT by a high-fat diet is also

not known, but may involve a hypothalamic_center as has been proposed
for growth induced by cafeteria feeding (Landsberg and Young, 1983;
Rothwell and Stock, 1983a): it does not require the pineal gland’
(Experiment B-8). Regulation of energy intake seems to functic-:m
normally' in myopathic hamsters in that energy intake did not change in
response to a high fat diet and a diet of similar composition was selected.
The myopathic hamster had a lower metabolic efficiency (smalter weight
gain per unit of food eaten). This agrees with the small amount of white
adipose tissue as well as BAT in these animals. The relative leanness
does not seem to be due to increased protein turnover I-:Fo/wn to occur in
their diseased muscles (Li, 1980; Nicholis et a/., 1980) since no increase.
in metabolic rate was detected (Experiment B-7). However, the existence
of an increased metabolic rate at other times of the day cannot be
excluded, for example, during the dark phase.

A defect then has been observed in the myopathic hamster which

s

interferes with the recognition of photoperiod and of a high-fat diet by

BAT but does not interfere with cold-induced hypertrophy of the tissue.

This' defect may be on a2 pathway common to both photoperiod and diet,
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before the signal derived from cold interacts and may be located in the
hypothalamus. The mediator of BAT growth in hamsters is not known but
seems to come from the sympathetic innervation (refer to DISCUSSION,
Growth of BAT in Hamsters). There appears to bé an abnormality in the
control of sympgthetic nervous activity in the heart of the myopathic
hamster (Angelakos et of., 1973; Sole et af/.,.1975: Jasmin and Proschek,
1983) and thﬁﬁgh levels of excretion of catecholamines in the urine
(Kabara et of., 1976) suggest altered sympathetic function. However,
noradrenaline turnover in BAT was found to be normal (Experiment B-3),
ruling out the hypothesis that excessive sympafhetic nervous activity is
responsible for the small size of the tissue. Denervation of BAT had a
smaller effect in the myopathic hamster (Experiment B-5) as would be
expected if a trophic factor associated with the sympathetic nerves were
lacking.

Prazosin causes a much greater increase in BAT growth in myopathic
hamsters than in normal hamsters (Experiment B-.2). Alpha,-receptors
were found to be equally abundant in BAT of the two types of animals
(Experiment B-4) suggesting-the_ growth inducing effect of prazosin is
due to its action at «,-receptors in the blood vessels, rather than those
on brown adipocytes. Adrenergic receptors of blood vessels in BAT have
not been studied. Lesions in heart and skeletal muscle may be caused by
~ excessive vascular reactivity to sympathetic agents (Factor et af., 1982).
Prazosin treatment has been reported to g.reatly ir;'aprove the ;:ardiac
lesions of myopathic hamsters (Factor and Cho, 1883) supporting this
idea. Similarly, growth of BAT in myopathic hamsters resulting from

prazosin treatment is greater than in normal hamsters and may be due to.
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the release of vasoconstriction and increased blood flow. Also supporting

the vascular hypothesis is a report by Hunter and Elbrink (1983) of
increased contractility of aortic strips from myopathic hamsters in"

response to noradrenaline, phenylephrin_e, isoprotereno!, histamine or

5-HT. This would agree with the hypothesis that the permissive ef;‘ect of
catecholamines and alterations in calcium ;'novements as suggested by
Jasmin and Proschek (1983}, and Wrogemann et a/. (1979) are responsible
for the increase contractility of blood vessels in the myopathic hamster,
Stimulation of a,-receptors is associated with calcium movements which
méy be altered with pr"aZOSil.:"l treatment.

Elevated metabolism in BAT is thought to increase blood flow (Foster
and Depocas, 1980). When stimulated by cold, the increased metabolism
in BAT may be enough to overcome vasocons;criction due to the disease
allowing growth of the tissue. BAT growth is normal in cold-acclimated
myopathic hamsters (Himms-Hagen and Gwilliam, 1980). Since growth of
the tissue due to short photoperiod or a high-fat diet is not associated
with increased metabolism, the tissue may conti-nue to be inhibited by
constriction of its blood supply, thus inhibiting grox;th Resting blood
flow to BAT is greatly reduced in myopathlc hamsters reflecting the small
size of the tissue (Wickler and Horwitz, 1984). When expressed per gram
—of tissue, blood flow was found to be lower, but not significantly so, in
three BAT deposits (Wickler and Horwitz, 1984). isoproterenocl-stimulated
blood flow per gram of BAT is norma.l in'myopathic hamsters (Wickler and
Horwitz, 1984). The positive effects of prazosin on BAT growth could
also be due o to improvements in the myocardium, improving blood
circulation to -the_body as a whole. .
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Increased blood flow may explain the improved condition of muscle
and of BAT in the myopafhic hamster after prazosin treatment. This
exblanagion is also compatib[ew\:ith the therapeutic effect of isoproterenol
when given at low dosage levels (Jasmin and Prosch‘ek. 1883). At high
dosage levels, Isoproterenol oromotes the development of lesions in the
myopathic hamster (Lossnitzer, 1875). At these levels, |soproxe;'enol may
act as an c-adgenergic agonist, as suggested by the work of Hunter and‘
Elbrick (1983) pPromoting damage to muscle possibly by a mechanism
invoiving calcium. At |ow levels, isoproterenol. may stimulate muscle
metabolism enough to dilate blood vessels and improve the blood supply
leading to amelioration of muscie lesions.

BAT of myopathic hz’ams'ters, although reduced in amount, appears to
be relatively normal. Cold-induced growth and activation is normal
(Himms-Hagen and Gwilliam, 1980) as is depo!ari-zation of plasma membrane
of BAT by noradrenali.ne (Horowitz et of., 1982). Some abnormalities
however, have been reported. The rise in temperafure over B-AT in
response to 'noradrenaline in vivo is lower (Horowitz et of., 1982), brown
adipo;.:ytes from myopathic hamsters have a reduced thermogenic response
to isoproterenol (Morwitz and Wickler, 1983) anc_:! the activity of some
oxidative enzymes is reduced (Wickier and Horwitz, 1983). Studies on
ver\} young myopathic hamsters would indicate whether or not thes~e

abnormalities are of Primary or secondary origin since BAT of the

myopathic hamster is reduced as early as 4 weeks of age (Himms-Hage‘n

and Gwilliam, 1980).
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APPENDIX A. PROCEDURE FOR DEHYDRATION OF MIT&)CHONDRIA
AND EMBEDDING IN VESTOPAL-W -

-t

*
Mitochondrial fragments are in 3.0 m! osmium tetroxide solution

30% ethanol  add equal volume, remove half
wash 2 times more
wait 3 minutes
. .- wash ‘once more 5
, wait 5 minutes '
repeat above steps with 75% and
95% ethanol

'q' © 100% ethano!  add equal volume, remove half
wash 4 times more

. ' wait 15 minutes
O wash 10 times more, rapidly
styrene transfer to clean oven dry vials
using 100% ethanol
add equal volume, remove half
wash 4 times more
wait 5 minutes

. 1
wash 5 times more
"wait 5 minutes

styrene * fresh Vestopal remove as much styrene as
(1:1 mixture) possible
add styrene-Vestopal mixture
on rotator for 10 minutes

Vestopal remove mixture

add Vestopal

on rotator for 10 minutes

change solution and transfer
mitochondrial fragments to
clean oven dry vials

on rotator for 10 minutés

change solution

on rotator for 2 days

- transfer mitochondrial fragments to oven dry gelatin
capsules, add sVestopaI.

- cure samples for 4 days in'a 60°C oven.
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APPENDIX B. PROCEDURE FOR DEHYDRATION OF TISSUE AND
EMBEDDING IN SPURR

L~
- .
h I
. ) . 2
\,. ' Tissue pieces are in 3.0 ml uranyl acetate solution
h .
50% ethanol add equal volume, vortex, remove as much
\ S | #s possible N
. wash 3 times more :
- leave tissue in 3.0 ml ethanol 2 min.
wash once more B
\Qave tissue in 3.0 ml ethanol 5 min.
wash once more
leave tissue in 3.0 m! ethanol 5 min.
repeat above steps with 75% and 95%
ethanol. ' '
1/90'9 ethanol ‘add equal volume, vortex, remove as much
i .f \ as possible -
- L *  wash 3 times more

leave tissue in 3 m! ethanol 15 min.
wash 6 times more

" ‘leave tissue in 3 ml ethano! 15 min.
wash 10 times more, rapidly

Spurr remove ethanol ' -
add 3'ml Spurr (standard medium) on
otafor for 10 min.
~ ~change solution |
on rotator for 24 hours
change solution 6 times more during this
period.

- transfer gissue pieces to oven dry gelatin capsules, add
Spurr medium

- cure samples for 24 hours in a 70°C oven.

L

o
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