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ABSTRACT

The purpose of this study was 10 determine the cffec:
of chronic endurance exerc:ise on brown adioneose tissue stzZe
and function :n the rat.

Young male Wistar rats were randomly allocated 1to
experimental and control groups. The exper:imental rats were
taught to run on a motortzed treadmll and were gradually
trained over a period of ten weeks so that they could run
cont:inuously for one hour, once a day, 5 days per weck, at
25 meters/min on an incline of 10°.

The control! rats were {(as much as possible) treated
the same as the experimental group except that they did not
take part in the cxercise process. All rats were kept at
thermonentral temperature (27°C) to avoid cold-induced
changes in their brown adipose tissue. They were housed 1n
separate cages and fed Lab chow ad lib.

At the e¢nd of the 1tratning program the rats were
sacrificed by decapitation. The brown adipose tissue of each
rat was excised and assayed to detect any changes that could
have occurred 1n several biochemical parameters. Protein and
DNA content were assayed to assess the stze of the brown
ad)pose tissue active mass and the brown adtpose tissue

cellularity respectively (Himms-Hagen 1983).



Cviochrome oxidase activity was measured to get an
indication of the mitochondri1al mass and ox:idative capacity
of the brown adipose tissue (Himms-Hagen 1983). Purine
nucleotide binding was measursd to determine the specific
thermogeni ¢ capacity of the brown adipose Ti1ssue
mi tochondri1a (Himms-Hagen 1983).

All data were expressed as means +/- standard
deviations. The statistical analysis used was a two-tai:led
Student "t"-test. A value of P>0.05 was considered to define
the limit where results were not significant.

The results showed a significant i1ncrease 1n brown
adipose tissue s:zZe 1n the exercise-trained rats. The
interscapular brown adipose tissue protein content and DNA
content were found to be significantly 1ncreased n the
cxercised g}oup.

When compared to rat weights, these parameters were
also significantly higher.in the exercise-trained rats. The
total cytochrome oxidase activity to ra: weight ratio was
also significantly higher i1n the trained rats.

The total! cytochrome oxidase activity, total GDP
binding, and total GDP binding capacity to rat weight ratic,
were also higher ::n the trained rats, however these

differences were not significant.



The rat wenght§ were stignificantly lower i1n  the
exercise-trained group while the heart weight 1o rat weight
ratios were significantiy higher. These results i1ndicate a
training effect took place.

The 1nterscapular brown adipose ti1ssue wetl weights and
the rat food 1ntakes were not found to be significantly
different.

These findings are discussed 1n relation 1t& éther
studies which have measured some of the same biochemical
parameters. Exercise-induced hormonal changes and thear
possible 1nfluences on the results 1n this and other studies

are also discussed.
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CHAPTER |

INTRCOUCTION

THE PROBLEM

Obesity 15 a health problem of epidemic proportions in
the Western World. Approximately 30% to 50% of males and 20%
to 40% of females over 25 years of age are classifred as
overweight in Cénada, the United States (data for whites
only), and Britain, according to the body mass i1ndex {Millar
& Stephens 1987). Weight control has developed 1nto a
several billion dollar 3industry, vyet treatment has been
woefully i1neffecttve 1n the long term -- most adults who try
to lose weight will regain 1t. Obesity has thus come to be
known as a chronically recurring and self-propagating
disorder.

It is axtomatic that obesity results from an energy
imbalance, vet the traditional belief that overeating causes
this imbalance has becn challenged -- at least 1n some cases
(Mitller & Parsonage 1975). Studites have found that some
overweight people have low energy expenditure due to a low
basal metabolic rate (Miller & Parsonage 1575) or a low
level of diet-induced thermogenes:s (Jequier 1983; Schwartz
et al 1983b), thus showing that they suffer from a low

energy output rather thanm an excessive energy Input.



Diet-induced thermcgenes:s 1s the production of heat
that accompanies overeating and 1s not due to energy used 1in
food storage or waste disposal (Himms-Hagen 1976). In some
animals this phenomenon has been shown to occur as a result
of brown adipose 1tissue thermogenes:s (Rothwell & Stock
1979).

This link between brown adipose tissue and diet-induced
thermogenests has led to the proposal that brown adipose
tissue plays a major role 1n the regulation of weight
(Himms-Hagen 1933, 1983¢c; Rothwell & Stock 1979).

Brown adipose tissue thermogenesis has also long been
known to be responsible for cold-induced non-shivering
thermogenesi1s (Foster & Frydman 1978). Stimulation of brown
adipose <tissue thermogenesis during both dnet-inducga
thermogenests and cold-induced non-shivering thermogenesis
occurs through the sympathetic nervous system (Jessen 1980;
Rothwell & Stock 1979).

The sympathetic nervous system is also implicated in
the onset of exercise (Astrand & Rodahl 1977) and studies on
exercitse have shown that cold tolerance can be i1mproved in
humans (Anderson et al 1966; Herberling & Adams 1960) and
rats (Chin et al 1978; Stromme & Hammel 1967) by physical
actnvxty: -

It has also been shown that moderate exercise may

potentiate diet-induced thermogenes:s in humans (Miller et

‘7



al 1967, Miller & Wise 1%975b) and rats (Gleeson et al 1979,
1879b, 1982).

The possibility that exerclse can atfect both
cold-induced non-shivering thermogenes:s and dtet-induced
thermogenestis, as well as the role that the sympathetic
nervous system plays tn both brown adipose tissue
thermogenesis and exercise, points to the poss:bility that
exerctise may have an effect on brown adipose tissue.

If exercise does affect brown adipose tissue
thermogenesi1s then 1t must be assumed to have more :influence
on the energy balance than simpl!y to increase energy oufput
through muscular activity. This implies that exercise could

have a more complex role 1n regulating obesity than 1s

presently known.

AIM OF THE STUDY

This study wtll attempt to determine whether an aerobic
training program of 10 weeks, 1nvolving running for 5 days a
week on a treadmill for one hour at 25 meters/min at an
tncline of 100, will significantly affect brown adipose
trssue size or thermogenic capac:ity i1n a group of trained
rats as compared to a control group.

Brown adipose tissue size and thermogenic capacity will

be determined by measuring brown adipose t:issue protetn



content, DNA content, cytochrome oxidase activity, and

mitochondrial GDP binding capacity.

LIMITATIONS

The study will use male Wistar rats. Therefore
extrapolation of the results to females, other strains of
rats, or other species (such as humans) 1s limited. Also,
financi1al and rtemporal constraints limit the size c¢f the
test groups to |3 exercise-trained subjects and 10 controls.

The type of exercise used 1n this study involves
running on a motorized treadm:ll. Therefore comparisons with
other forms of exercise (such as swimming) are limited. It
should also be noted that due to the machinery available,
the exercise-trained rats will regularly be subjected to the
stresses of electric shock and noise when on tﬁe treadmill.

The contro!l rats will not experience such stress.



CHAPTER 11
REVIEW OF LITERATURE

PREFACE

Brown adipose tissue {BAT) 1s an organ that specializes
in heat production (Himms-Hagen 1976, 1983, 1983¢). 1t has
long been known to play an important role 1i1n cold
acclimation of animals, such as hibernators, through a
process known as cold-induced non-shivering thermogenesis
(Himms-Hagen 1983). More recently BAT thermogenesis has been
shown to be stimulated by overeating, thus contributing to
diet-induced thermogenestis and implicating BAT tn weight
regulation (Himms-Hagen 1983).

) This study deals with the pessibility that physical
activity may also act as a stimulus for BAT thermogenesis.
Most of the work done on brown adipose tissue has involved
studies on rodents. Therefore this review will deal
primarily with evidence of brown adipose tissue groﬁth and
function gathered from animal studies. Work that has

involved humans will be stated spectfically.



BRCWN ADIPOSE TISSUE

BAT 1s found throughout the body 1n a number of small
depcsits (Himms-Hagen 1983, 1983b, 1983d). It is primarily
found i1n the interscapular, subscapular and cervical
regions, at the nape of the neck, the axillary and perirenal
areas, as well as along the great vessels in the thorax and
abdomen, and between the r:ibs (Himms-Hagen 1983, 1983b).

BAT 1s richly supplied with sympathetic (Himms-Hagen
1976, 1983, 1983b, 1983d; Nnodim & Lever 1985}, vasomotor
and parenchymal (Nnodim & Lever 1985) 1innervations. The
vascular supply to BAT 1s also extensive (Himms-Hagen 1983,
1983b, 1933d). This allows heat to be dissipated rapidly and
oxygen and substrates to be supplied rapidly as well
{Himms -Hagen 1983).

Rapid communication is also promoted between BAT
adipocytes through their many gap junctions (Himms-Hagen
1976). Cells of active BAT are multilocular, unlike white
adipose tissue (WAT) cells which are larger and unilocular
(Himms-~Hagen 1976, 1583, 1983b, 1983c, 1983d). However cells
of 1i1nactive BAT can have fat droplets so full that they

appear to resemble unilocular WAT cells(Himms-Hagen 1983b).

BAT Mitochondr:a

Also contrasting with WAT s the fact that BAT

mitochondria are larger and more plentiful (Himms -Hagen -
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1983, 1983b: Nnodim & Lever [985). 3AT mitochondria are
distinct from those oi other 1I1i1ssues 1n tha:_ they have
multiple (Astrup 1986), densely packed c¢ristac (RBimms-Hargen
1976, 1933, 1983d) and a speciral proton conductance pathwayv.

When BAT 1s thermogenically active, this pathway allows
some protons 1o pass through the tnner mitochdr:ial membrane
without being associated with oxidative-phosphorylation
(Himms -Hagen 1983, 1983b, 1983d). This wuncoupling of
oxidative-phosphorvliation 1s what enables BAT to produce
heat (Himms-Hagen 1976, 1983d).

At the center of this uncoupling path 1s a 32 kpa
uncoupling protern {(UCP) found i1n the inner membrane of BAT
mttochondria (Bukowieck: 198%). This protein 1s unique to
BAT (Bouirllaud et al 1985; Cadrin ct al! 1985; Hansen et al
1984) and immuncological studies (Afong et al 1985; Hansen et
al 158%4; Lean & James 1983), cDNA probing of UCP mRNA's
(Souirllaud et al 1985), sequencing of UCP's (Ridley et al
1986), and size evaluation by electrophoresis (Freeman et al
1985) have shown close similaritties between UCP's from many
spectes 1including hamsters and rats (Afong et al! 19385;
Boutllaud et al 1985; Ridley et al 1986), mice (Afong et al
1985; Bouillaud et al 1985), rabbtts (Freeman et al 19835),
and even humans (Afong et al 1985; Freeman et al 1985; Lean
& James 1983).

The UCP from different species have si1ze variations of

about 1.5 to 2.0 kDa (Freeman et a! 1585) with the human UCP

being about ! kDa smaller than that of the rat (Afong ct al



[985). The stze sequence of UCP's 1s: human UCP < rat <=
mouse < hamster <= rabb:it (Freeman et al! 1985).

Kiliingenberg & Winkler (1985) found the UCP to be a
proton translocator dritven by the membrane potential. The
passage of protons via this uncoupling pathway 1s regulated
by purine nucleotides which bind and 1nactivate BAT
mitochondrial UCP, and are released from UCP's of
thermogenically active BAT (Himms-Hagen 1983, 1983b).

The translocation site, which 1s weakl!y dependent on
pH, appears to be different from the highly pH-dependent
purine nucleotide binding si1te (Klingenberg & Winkler 1985).
However a cystetne residue has been found 1o be part of the
purtne nucleotide binding site of BAT UCP (Rial & Nicholls
1986) and an essential sulfhydry! group has been shown to be
tnvolved 1n UCP-mediated H+ transport (Jezek 1987).

It 1s believed that long chain fatty acids (Bukowieckl
1984, 1985; Cunningham et al 1986; Himms-Hagen 1983, 1983b;
LaNoue et al 19836; Rial et al 1983; Strieleman et al 1985)
or long chain fatty acyl Coenzyme A esters (Himms-Hagen
1983; Strieleman & Shrago 1985b) are released when BAT is
stimulated and are responsi:ble for activarting the proton
conductance path by reduéing the binding of purine
nucieotide to the UCP. Thus lipolysis and respiration are
functionally coupled 1n BAT (Bukowiecki 1985). After the

fatty acids activate the proton conductance path, they enter



the mitochondria to  be used as a substrate for
beta-oxidation (Bukowreck: 198%).

When BAT thermogenests 1s stimulated the mitochondrial
uncoupling path is activated witiiin an hour {Himms-Hagen
1983; Swick & Swick 1986), wh:ch_has been thought to be too
rapid for de novo synthes:s of the UCP (Horwitz et al 1985).
Furthermore, this rapid activation of the uncoupling path 1s
revers:ble (dimms-Hagen 1983; Swick & Swick 1986). Thrs has
led to the suggestion that the UCP can exist 1n masked forms
(Ashwell et al 1985; Gribskov et al 1986; Himms-Hagen &
Triandafillou 1981, Himms-Hagen 1983).

The existence of such masked or unavailable forms of
UCP has been disputed (Nedergaard et al 1984, Nedergaard &
Cannon 1985; Rial & Nicholls 1984). In fact in stimulated
BAT the amount of UCP mRNA has been found to increase very
raptdly (Ricquter et al 1984, 1986}, implying a rapid onset
of de novo synthesis of the UCP. However, changes in purine
nucleotide binding without changes in UCP concentration have
been shown (Desautels 1985; Himms-Hagen % Triandafillou
1981), thus supporting the existence of masked forms of UCP.
Also supporting this 1s the finding that washing with
albumin increases the number of GDP binding sites of BAT
mitochondrira from cold-adapted as well as non-adapted rats
(Gribskov et al 1986).

The rapid increase i1n GDP binding to BAT mitochondria

which occurs when BAT thermogenesis is stimulated can be
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measured. This provides a sensitive wavy to detect the onset

of BAT thermogenes:s (Himms-Hagen 1983).

BAT Na+/K+ ATPase

I: has been suggested that an 1ncrease in BAT Na+/K+
ATPase act:vi:y; also coniributes to thermogenesis 1n BAT
cells (Chinet et al 1977; Rothwell et al 198ib). The
stgnificance of this contribution has however been
questioned (Svoboda et al 1986). As well there is some
question as to whether this mechanism can operate at the
same ti:me as the uncoupling path, s:ince uncoupltng would
lim:t the ATP avatlable for the Na+/K+ ATPase pump
(Himms -Hagen 1979).

Nevertheless an increase 1n Na+/K+ ATPase activity 1in
BAT has been seen 1n rats that overeat when fed a cafeteria
diet. This increase correlates well with the increase in VO2
that 1s also seen (Rothwell et al 198ib). As well
norepinephrine, which stimulates brown adipose tissue
thermogenesis (see p.21), causes a beta-mediated,
cAMP-dependent 1ncrease tn Na+ influx in BAT (Connolly et al

1986).

BAT 1n Humans

The importance of BAT 1n humans 1s not yet fully
established. It has long been thought 1o be of little

importance 1n adult humans (Himms-Hagen 1983) although it is
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known to produce heat i1n human infants (Blaza 1983; Dawkin %
Hull 1965). There 1s a growing body of evidence, however,
which demonstrates similar metabolic behavior in human and
experimental animals in respose to both food and cold
(Himms -Hagen 1983). This metabolic behavior 1n experimental
animals has been attributed to BAT (Himms-Hagen [983). BAT
depos:its have been found i1n adult humans (Astrup 1986; Blaza
1983; Himms-Hagen 1[983c}, butr to what degree this BAT s
functional i1s still 1n question.

It is difficult to assess the functional capacity of
human BAT because the best known quantitative methods for
doing this involves the use of radioactive microspheres to
measure blood flow (Foster & Frydm;n 1973; Himms-Hagen
1983b), which cannot be done 1n humans. Qualtitative methods
of measuring BAT capacity, such as thermegraphy or
thermosenstitive 1mplants, have demonstrated that after
consuming the BAT-stimulating drug ephedrine, adult humans
show an 1ncrease in heat product:ion in areas where BAT has
been found 1n lab animals (Rothwel! & Stock 1979). However
tt has been argued that this heat production is due simply
to an tncrease in blood flow and not to BAT thermogenes:s
(Astrup et al 198%4).

ﬁs:rup (1986) attempted to measure the response of
human 1nterscapular brown adipose tissue to ephedrine using
the Xenon-133 clearance ﬁethod which measures the blo;d flow

directly. After verifying that this method was valid by
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comparing 1t to the microsphere technique developed by
Foster & Frydman (1578), thev measured the blood flow across
interscapular areas that had been shown, using thermography,
to be warmest when stimulated by ephedrine. These
measurements, both from before and after ephedrine
sttmulation, were found to be similar to blood flow
measurements of white adipose tissue from the lumbar region.

This apparent lack of active brown adtpose tissue in
the inaterscapular area of humans was confirmed by the
absence of brown adipocvtes in histologically examined
biopsies of the interscapular area. In fact necropsy studies
that have involved histological studies have found that few
cases had brown adipose tissue depos:ts 1n the 1nterscapular
area (Astrup 1986). Perirenal brown adipose tissue depos:ts
were more frequently found, though fhe abundance of brown
adipocytes was small and the deposits were not found to be
active.

Astrup has suggested that tn humans skeleta! muscle
plays a greater thermogenic role than brown adipose tissue.
He argues that, though skeletal muscle contributes only a
minor percentage of cold-induced nonsh;verxng thermogenes:s
1n rodents, the more favorable surface area to volume ratio
in humans may allow that skeletal muscle_the;mogenests ts

-

sufficient.

Furthermore, measuring adrenergic stimulation of

skeletal muscle oxygen'conSumptxon has led him to suggest
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that 50% of human thermogenes:s could be due to skeletal
muscle (Astrup 1936). Skeletal! muscle fibers, however, are
not thought to receive significant sympathetic nervous
system thnervation, though indirect stimulation by
norepinephrine released nearby could occur. The mechanism by
which skeletal muscle could contribute to thermogenesis
might 1nvolve the Na+/K+ pump (Astrup 1986) or futile cycles
(Newsholme 1980).

Evidence pointing to the poss:bility of functional BAT
existing 1n humans is the finding of the 32k UCP in infants
(Hu!l & Vinter 198%4; Lean et :gl 1986) and, to a lesser
extent, 1n adults (Afong et al 1985; Freeman et al 1985;
Lean et al 19865 Nicholls et al 1985). As well, like BAT
from cother species, human BAT has been found to have the
biochemically unique features that give it the potential for
thermogenesis {(Lean et al 1986b; Lever et al 1986).

Furthermore, the importance of BAT thermogenes:s 1n
human metabolism is demonstrated by the fact that humans
undergo both diet-induced thermogene315 (Acheson et al 1984;
Danforth & Sims 1983; Kasper et al 1973; Miller & Parsonage
1975) and cold-induced non-shivering -thermogenests (Blaza
1983; Jessen 1980).

Although there 1s no clear evidence that these
phenomena are responses to BAT activity, there 1s
circumstantial evidence 1n the fact that cold-induced

non-shivering thermogenesis (Jessen 1980; Jung et al 1979)

¢
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and diet-:nduced thermogenes:is (Jung et al 1979) in humans
are s:m:lar to those 1n lab animals and both cold-induced
non-shivering thermogenes:s and diet-induced thermogenesis
have been attributed to BAT activity 11n these animals
(Himms -Hagen 1983).

As well, human brown adipose tissue has been shown to
undergo adaptive changes typical of thermogenically active
brown adipose tissue 1n pattents with conditions resulting

in high levels of circulating catecholamines (Astrup 1986).

FACULTATIVE THERMOGENESIS

Facultative thermogenesis, a component of energy
expenditure; has two forms, cold-induced non-shivering
thermogenesis (CINST) and diet-induced thermogenesis (DIT)
(Hnﬁns-Hagen 197%). Cold-induced non-shivering thermogenesis
has the same function as shivering thermogenesis: the
productton ofjheat during eiposure to cold; however it does
not tnvolve muscle contractton. Diet-induced theréogenesis
refers to an (ncrease 1n metabolic rate that accompanies

overeating {(Himms-Hagen 1979).

Cold-Induced Non-Shivering Thermogenesis

The degres of CINST varies “from one animal species to

another (Himms-Hagen 1976). It is greater‘ in smaller

animals, hibernators, and cold-acclimated animals
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(Himms-Hagen 1976). It is also greater in newborn animals
than adults (Himms-Hagen 1976). Generally characteristic of
animals that are homeotherms (James & Trayhurn 1981), CINST
allows for the maintenance of constant body temperature

despite a decrease 1n the environmental temperature.

Diet-Induced Thermogenesis

DIT 1s the production of heat accompanying overeating
which 1s not due to the absorption or storage of food or to
the disposal of waste (Himms-Hagen 1976). The idea that
excess itntake of <calories can be disposed of by the
production of heat originated with work done by Neumann in
1902 (Danforth & Sims 1983; Hervey & Tobin 1983).

The study of DIT, or Luxuskonsumption (as it was called
by Neumann), was tinspired by the common observation that
otherwise similar 1ndividuals can have vastly differing
levels of food intake without differences 1in weight
(Bradfield & Jourdan 1972; Himms-Hagen 1979; Miller 1982).
In fact some individuals of the same age and sex who have
similar levels of physical activity can maintain similar
builds when one consumes twice as much food as the other
(Jequier 1983).

Studies have shown that DIT occurs both i1n lab animals
(Glick et al 198%; Granneman & Campbell 198%4; Himms-Hagen
19793 Levain etual 1984; Moss et al 1985; Perkins et ai 1931;
Rothwelf;& Stock 1980, 1982, Rothwell et al 198i, 1981b;

~—
~
-
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Seydoux et al 1981; Stephens et al 192:; Stirling & Stock
1968) and humans (Bradfield & Jourdan 1972; Miller &
Parsonage 1975, Miller & Wise 1975b, Miller 1979; Rothwell
et al 1986éb).

The study of DIT has received a considerable amount of
attention in view of 1ts implications for the control of
cbesity. It 1s thought that‘a defect in the process of DIT
can contribute to obesity (Bouillaud et al 1985; Himms-Hagen
1979; Jequier 1983; Seydoux et al 1981; Stiriing & Stock
1968). This i1mplies that there is a strong genetic component
tn some cases of obesity (Miller 1979).

In some animals the genetic component of obesity 1s
well establtshed. One animal! model that has been extenstively
studied 1s the ob/ob mouse, which has a recessively
tnherited genetic component resulting in obesity (James &
Trayhurn 1981). This animal has been found to have an
unusually efficient metabolism (Hinms-Hagen 1979). By
lowering their core temperature these mice can reduce their
demand {for thermogenesis, allowing excess calories to be
stored as fat (James & Trayhurn 1981).

Determination of the role played by DIT in human
obestty is complicated by a number of factors. ©One major
diffrculty is that obese people have widely varying
characteristics (Jequier 1983).

One study, by Miller & Parsonage (1975), tinvolved 29

women who claimed to be unable to lose weight. The women
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stayed at an 1solated country house for three weeks and were
kept on a 1500 kcal/day diet. Although most of the women did
lose weight, nine women maintained their weight within
+/-lkg. Findings such as th:s indicate that at least in some
cases of obes:ty, though not all, an excess daily i1ntake of
calories 1s not the cause, but rather a decrease i1n energy

expenditure may be more important. .

w

The nine women unable to lose weight 1n Miller &
Parsonage’'s study were found to have a low basal metabolic
rate (BMR) and daily metabolic rate. On the other hand many
researchers have found that obese people have a higher BW
than lean people (Jequier 1983), likely because cxcess body
fat 1s often accompanied by an increase in lean body mass,
on which BMR depends (Garrow 1982).

Studies looking specifically at DIT have shown that
this component of energy expenditure 1s reduced 1n some
obese people (Acheson et al 1937; Jequiér 1983; Schwartz et
al 1983b) but not 1n others (Nair et al 1983). Some obese
humans, like obese animals, have efficient metabolisms and
remain obese even without excessive energy intakes
(Bradfield & Jourdan 1972; Jequier 1983; Jung et al 1979;
Miller & Parsonage 1973).

Also, as with lab animals such as the ob/ob mouse,
humans with a tendancy to become obese have been found to
have a reduced capacity for CINST and a reduced metabolic

response 1o norepinephrine (Jung et al 1979).
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Some studies have found that this reduced response 1s
true for obese people and those who maintaln normal weight
with strict dieting (Bradfield & Jourdan 1972; Jequier 1983;
Jung et al 1979). For these obese people a defect 1n pIT
could be a primary factor in the development of their
condition.

Other studies show that the reduction in DIT seen 1n
some obese people returns to normal with a return to normal
weight (Acheson et al! 1987; Schwartz et al 1983b}. This
tmplies that a defect 1n DIT was not the cause of obesity in
these subjects, however such a defect could have contributed
to the maintenace of the obese state.

Another similarity between DIT 1n humans (Himms-Hagen
1983) and antmals (Rothwell & Stock 1979) 1s that the degree
of weight gain seen after overeating c¢an vary despite
simtlar energy intakes, and i1n the case of lab rats, despite
animals being the same strain (Rothwell & Stock 1979). This
implies that small genetic and/or environmental influences
can have a considerable effect on the metabolic response to
feeding (Rothwell & Stock 1979; Saxton et al 198%4).

The study of DIT is also complicated by the finding
that the different components of a meal, 1.e. carbohydrates,
fats, and proteins, stimuiate DIT to different degrees
(Glick et al 1984, 1984b; Kevonian et, al 1984; Nbréer &

Trayhurn 1984; Miller et al 1967; Nair et al 1983;

if
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Nedergaard et al 1983; Rothwell et al 1983; Schwartz et al
1983; Tyzbir 198%&).

High carbohydrate diets have been shown to i1ncrease DIT
(Cunningham et al 1983; Rothwell & Stock 1984c). Glucose
increases the in vitro rate of BAT respiration
significantly, more so than equi-caloric amounts of fructose
(Glick et al 1984). Glucose also increases the activity of
the sympathetic nerves innervating IBAT (interscapular BAT)
whereas other hexoses such as fructose, mannose, and
galactose show no effect (Niijima 1986).

Some studies have shown that a high carbohydrate to
protein ratio in a meal favours greater DIT (Miller 1982);
However excess intake of protetn also stimulates DIT (Miller
et al 1967). The amount of stimulation of DIT by the fat
component of a meal has been found 1n some cases to be less
than that stimulated by carbohydrate (Gleeson et al 19793
Glick et al 1984b; Rothwell et al 1981b), yet 1n other cases
the amount of stimulation of DIT by fat and ;arbohydrate has
been found to be the same (Mercer & Trayhurn 1984;
Nedergaard et al 1983; Rothwell et al 1983; Schwartz et al
1983) . :

Some studies have found that different types of fat,
e.g. corn oil as opposed to olive oil, have greater
thermogenicity than others (Miller 1982), which could

explain some of the conflict above. One study by Nedergaard
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et al (1983) found that essential fatty acids had a greater
effect on DIT than non-essential fatty acids.

Rothwel!l and Stock (1987) found that tube-feeding of
medium chain trigliycerides to young male rats suppressed
body weight, energy gain, and energy efficiency, and
increased energy expenditure significantly, relative to
water-intubated rats that consumed the same total
metabolizable energy.

In a study on cold-acclimated mice Mercer and Trayhurn
(198%) also found that a high fat diet significantly
increased BAT mitochondrtal respiration and GDP binding
capactty. BAT weight, protein content and cytochrome oxidase
activity were, however, unaffected. Thus the proton
conductance path of BAT can be directly affected by the
triglyceride level in the diet.

it has even been suggested that fat may affect BAT
through direct humoral stimulation as opposed to through the
sympathetic nervous system (Rothwell et al 1983). However in
lab animals high fat diets have been shown to stimulate the
sympathetic nervous system; tn fact some evidence indicates
that fat has a more prolonged effect on thezéﬁwmathetic
nervous system than carbohydrate (Schwartz et al 1983). In
human stud:es, however, it appears that carbohyqrate, but
not fat, stimulates sympgﬁhetzc nervous systeﬁ activity

(Schwartz et al 19383).
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Alcohol has also been shown to increase energy
expenditure 1n rats, even more than sucrose does (Rothwell %
Stock 1984b). The changes seen in BAT were similar n
alcohol- and sucrose-treated rats. This 1ndicated that
alcohol consumption stimulates BAT thermogenesis as well.

Sodium chloride (NaCl) affects energy expediture 1in
rats as well. Bryant et al! (1984) found that, when given
0.9% NaCl 1nstead of water, rats had tincreased resting
VO2's, greater thermogenic responses to either
norepinephrine or a meal, and were able 1o adapt to
cafeteria-feeding more rapidly than controls.

The BAT mass and protein content of these rats
significantly 1ncreased, though their GDP binding capactty
was reduced. Norepinephrine-stimulated Na+/K+ ATPase
activity increased significantly in the NaCl fed rats
compared with controls. This effect of NaCl on BAT
thermogenesis seems to indicate that plasma tor
concentration or osmolarity may be 1nvolved 1n the

thermogenic response of BAT to food (Bryant et al 1984).

Comparison of DIT and CINST

= One connection between DIT and CINST :s shown by the
fact that cold-acclimateg animals kept at 4-6°C and animals
that exhibit DIT are both hyperphagic (Himms-Hagen 1983). It
has also been found that hyperphagic (DIT) rats kept in a

warm environment exhibit CINST on acute exposure to cold
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{(Vioore et al 1986b; Rothwell & Stock 1980; Saxton et al
1984).

It has been established that CINST occurs primarily 1n
BAT (Foster & Frydman 1978). This has ied to an increased
study of DIT :n BAT (Gleeson et a] 1982; Glick et al 1984;
Granneman & Campbell 1984; Hervey & Tobin 1982; Levin et al
1984; Miller 1979; Rothwell & Stock 1980, Rothwell =t al
1981b; Stephens et al 1981}).

Almost half the caloric iﬁtake of cold-acclimated
animals kept at 4-6°C is used by BAT 1to produce heat
(Himms-Hagen 1983). This ts one demonstration of BAT acting
to maintatn a metabolic energy balance in hyperphagic
animals.

BAT was also shown to be responsible for the DIT seen
1n cafeteria-fed rats (Himms-Hagen 1983; Rothwell & Stock
1979). The 1dea of "cafeteria-feeding” was developed by
Rothwell and Stock (1979) to enable them to make rats
hyperphagic voluntar:ly. Rats were 1nduced to overeat by
supplementing their lab chow diet with a "cafeteria diet".

This diet of palatable food includes four new 1tems per
day including sandwiches (cheese, salami, peanut butter and
jam), a variety of cookies, candies, and flavoured crackers.
The animals on this diet gained much less weight than
expected and they lost the excess weight when the

cafeteria-feeding was discontinued, even after the palatable
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ditet was i1ntroduced and withdrawn three times (Rothwell X
Stock 1979).

In this study detatled measurements on siX animals
revealed that 11n spite of an 80% i1ncrease 1I1n energy
consumption only a 27% increase weight was seen in the
cafeteri1a-fed rats compared to chow-fed controls. It was
also found that cafeteria-fed rats had a 100% increase 1n
_total energy expéndnture which could not be attributed
either to an tncrease 1in activity or tn the energy cost of
increased fa:. The cafetéria-fed rats also had higher VO2's
than controls and were more sensitive to norepinephrine
throughout a dose range which went from 5-40 ug/l00 gms of
bedy weight.

No correlation was found between this increased
senstitivity to norepinephrine and body fat <content;
therefore the 1ncreased sensitivity was not due simply to an
increase in  far mass. The increase 1i1n VO2 caused by
norepinephrine was reduced tn cafeteria-fed rats but not
controls when a beta-blocker was used.

This implies the involvement of the sympathetic nervous
system 1n the control of DIT, which ts similar to that which
has been found for CINST. Since BAf thermogenests 1s
stimelated by the sympathetic nervous system (Danforth &
Sims 1983; Dawkin & Hull 1965; Rothwell & Stock 1984d), this

suggests that DIT and CINST are both a result of BAT

thermogenesis.
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Further evidence of this ts the fi~ding that changes 1n
BAT, similar to those found 1n cold-adapted rats, were found
tn cafeteria-fed rats (Rothwell & Stock 1979). Like
cold-adapted rats, increased deposits of IBAT were found :n
the cafeteria-fed rats . These i1ncreases were due 1o active
mass, not simply to an 1ncrease in lipid content. It was
also found thét the itncrease 1n IBAT mass of cafeteria-fed
rats correlated with the increase 1n VOZ found in these
rats, whereas no such correlation was found with contro!
rats.

Another study by Rothwell and Stock (1980), which
compared cafeteria-fed and stock-fed rats kept either at
thermoneutral! (24°C) or cold (4°C) temperatures, further
conftrmed the similarities between overeating and cold
adaptation. Rats that adapted either to cold or overeating
showed similar 1ncreases in VO2's, as well as similar
responses to norepinephrine and similar increases i1n IBAT
depos:its. These increases 1n VO2 were abolished by
propranclol, a beta-blocker.

It was also found that rats fed a cafeteria diet and
kept 1n the cold had greater increases in IBAT and VO2 as
well as greater responses to norepinephrine than rats that
underwent only one treatment.

The 1importance of BAT thermogenesis in DIT and in the
control of obeéity is also t1llustrated by the observation

that BAT lipectomy leads to an increased deposition of white
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adipose tissue (Moore et al 1985; Stephens et al 1981; Stern
et al 1984). BAT lipectomy also significantly reduces the
increase i1n VO2 seen 1n hyperphagic lean fa/fa Zucker rat
pups exposed to acute cold (Moore et al 1986b).

CINST was also shown to be significantly reduced in
Djungarian hamsters after BAT |lipectomy (Heldmaier X
Buchberger 1985). These results further demonstrate the
similarities between DIT and CINST and the involvement of
BAT 1n beoth these processes.

Many studies comparing CINST and DIT, and the
involvement of BAT 1n these processes, have made use of
genetically obese animals as experimental models
(Himms-Hagen 1983, 1983b, 1983c). These animals are
hyperphagic in the dynamic phase of obesity and have an
increased metabolic efficiency (Himms-Hagen 1983¢). They
become obese éven tf their energy :ntake is controlled by
pair feeding with lean animals (Himms-Hagen 1983c).

The ob/ob mouse 1s a frequently studied model of an
obese animal! (Himms-Hagen & Hogan 1981b, Himms-Hagen 1983,
1983b, 1983¢; Hogan & Himms-Hagen 1980; Hull & Vinter 1[984;
Knehans & Roms;; 198%4; Vander Tuig et a! 1984; Zaror-Behrens
& Himms-Hagen 1983). This strain of mouse 1s cold-sensitive
as well as obese (Himms-Hagen 1983b; Hull & Vinter !984) and
has a reduced energy expenditure which 1is quantitatively

related to a reduction in BAT function (Himms-Hagen 1983c).
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The reduced DIT and the tendency to become obese in the
ob/ob mouse occur primarily at temperatures of 17-23°C
(Himms -Hagen 1979; James & Trayhurn 1981). At  higher
temperatures, about 33°C, the thermogenic difference between
the ob/ob mice and normal mice 1s eliminated, and the
tendency to put on fat 1s decreased (James & Trayhurn 1981).

At moderate temperatures the ob/ob mouse may benef:t
from a more efficient metabolism 1f food 1s scarce, but it
cannot survive when temperatures go to levels as low as &°C
(Gleeson et al 1982). This was found to be due to an
tnability to produce enough heat by CINST.

The combination of the inability of the ob/ob mouse to
adapt to cold by CINST and i1ts inability to regulate 1its
weight by DIT gives convincing evidence that both these
forms of thermogenesis occur by the same mechanism (Gleéson
et al:1982; Miller & Wise 1975b).

There i1s some question as to whether the defect in BAT
function of the ob/ob mouse 1s due to decreased sympathetic
nervous system activity (Ashwel! & Dunnett 1985b, Ashwell et
al 1936; Astrup 1986), or not (Zaror-Behrens & Himms-Hagen
1983). Some researchers have suggested instead that the
mttochondria of these mice are abnormal (Hogan % Himms-Hagen
1980; Hull & Vinter 1984). Studies have shown however that
the higtodhemlcai characteristics of BAT transplanted from
obese ob/ob mice tnto lean mice and vice versa are those of

the host and not the donor (Ashwell et al 1986).
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As well 1t has been found that high fat cafeter:a-
feeding of ob/ob mice 1ncreases sympathetic nervous system
activity and results in BAT hypertrophy and i1ncreased BAT
thermogenesi1s (Himms-Hagen 1976). This indicates that the
ob/ob mouse can undergo DIT to some extent under certain
conditions, just as it has some capacity for CINST.

Food restriction also increases BAT thermogenesis in
the ob/ob mouse (Himms-Hagen 1985). Under these conditions
the response of the ob/ob mouse to cold is almest normalized
(Himms-Hagen 1985, Himms-Hagen et al 1986). This evidence
shows that the intrinsic properties of ob/ob mouse BAT are
not the primary cause of the animal's reduced BAT
thermogenests, but that low activity of the sympathetic
tnnervation of this tissue (Ashwell et al 1986) plays a more
sign:ficant role, and its perhaps the result of a central
nervous system defect (Himmgiﬂagen 1985, Himms-Hagen et al
1986). This central nervous system defect may be related to
the inappropriate occurrence of torpor tn the fed state
(Himms -Hagen 19835).

Whether or not it 1s a primary or secondary occurrence,
the mitochondria of ob/ob mouse BAT have abnormal
ultrastructure and reduced purine nucleotide binding
capacities, although they have a relatively normal
polypeptide composition (Hogan & Himms-Hagen 19830). The 32k
protein sites involved in the proton conductance pathway

appear to be masked {(Hogan % Hinms-Hagen 1980).
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Cn exposure to cold (4°C), the GDP binding of these
mi1tochondrita does not tncrease, nor does their wultra-
structure change unless the mice are exposed only 1o a mld
drop 1n temperature (14°C)3 At 14°C ob/ob mice can survive
and, almost like lean mice exposed to greater temperature
drops (4°C), their BAT undergoes tissue growth, tncreases in
mitochondrial number and purine bindtng capacities, as well
as changes 1n mitochondrial ultrastructure (Hogan X
Himms-Hagen 1980).

Thus the ob/ob mouse is able to withstand mild drops in
temperature, but unable to survive temperatures of 4°C. The
defect 11n ob/ob mouse BAT may also contribute <o the
animal's obesity (Hogan & Himms -Hagen 1980).

The diabetic obese (db/db) mouse, like the ob/ob mouse,
1s cold-sensitive with a low capacity to respond to
noreptinephrine and with an élevated metabolic efficiency
(Himms-Hagen 1983b}).

\ Unlike the two mouse strains (ob/ob and db/db), the
obese (fa/fa) Zucker rat is not cold-sensitive and BAT from
this animal s activated by cold but not by over-feeding
{Himms -Hagen 1983b, 1983c; Trtandafillou & Himms-Hagen
1983). The defect in fa/fa Zucker rat DIT 1s thought to
originate 1n the central control of the sympathetic nervous
system (Himms-Hagen 1983b; York et al 198%), possibly the

hvpothalamus (Triandafillou & Himms-Hagen 1983).
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Since the BAT of the fa/fa Zucker rat does respond to
cold, the tissue ttself would appear to be normal
(Himms -Hagen 1983b). However there is some evidence that the
BAT cells of these rats have a reduced number of
beta-adrenoreceptor binding sites (Levin et al 1984b),
reduced DNA content (Triandafillou & Himms-Hagen 1983), and
reduced mitochondrial GDP binding (Bazin et al 1984;
Triandafillouv & Himms-Hagen 1983).

This phenomenon, along with the increased lipi1d content
found in fa/fa Zucker BAT cells (Bazin et al 198%4; Levin et
al 1984b; Triandafillou & Himms-Hagen 1983), could simply be

a consequence of inactivity of the tissue.

ADAPTIVE CHANGES TAAT OCCUR IN ACTIVATED BAT

- BAT growth and development s stimelated by
norepinephrine resulting from sympathetic nervous system
activity (Bou1}laud et al 1984; Hinms-Hagen 1983, 1983b;
Néchad & 0150511983; Ricquier et al 1985; Rothwell & Stock
‘1984d). BAT also grows and increases i1n thermic capacity
during cold exposure (Bukowreck: et al 1982; Himms-Hagen
1983; chquné; et al 1985; Rothwell & Stock 1984d) and
overeating (Sﬁﬂowxecki et al 1932; Rothwell & Stock 19844d).

The effects of cold exposure and hyperphagia are due to

an 1ncrease 1n sympathetic nervous system activity and the
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subsequent release of norepinephrine at the level of BAT
(Himms -Hagen 1983; Rothwel! & Stock 1984d}.

The changes that occur as a result of chronic exposure
of BAT to these stimuli itnclude true hyperplasia, with: (a)
the production of new cells (Bukowiecki 1986; Himms-Hagen
1983b) -- measured by an increase iA DNA content
(Himms -Hagen & Triandafi!llou 1981, Himms-Hagen 1933b, 1983c¢c;
Schimme!l & McCarthy 1985), (b)) an increase in BAT size --
seen by an 1ncrease 1n protein content (Himms-Hagen X
Triandafillou 1981, Himms-Hagen 1983b, 1983¢; Schimmel &
McCarthy 1985), and (c¢) an increase in mitochondrial mass --
shown by an 1ncrease in enzymes such as cytochrome oxidase
{(Himms -Hagen & Triandafillou 1981, Himms-Hagen 1983b, 1983c¢;
Holloway et al 1984; Schimmel & McCarthy 1985; Trayhurn et
al 1983). These parameters regress to normal after a certain
period of time when the stimulus, such as a cafeferia diet,
1s removed (ilimms-Hagen & Triandafillou 1981).

There 1s also an increase in the size of gap junctions
between the BAT : adipocy:es, thus increasing cell
communication (Schneider-Picard et al 1984). Within the BAT
adtpocytes structural changes, observable by the electron
microscope, occur to the mitochondria (Himms-Hagen 1983).

As well there is an increase in the production of BAT
mitochondrial UCP (Falcou et al 1985; Mory et al 1984;
Ricquier et al 1984; Trayhurn et al 1983; Young et al 198%)

and an increase in GDP binding to BAT (Himms-Hagen X
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Triandafillou 193831, Himms-Hagen 1983; Holloway et al 1984;
Lupien et al 1985; Schimme! & McCarthy 1985). Other changes,
such as a decrease 1n fatity acid synthesis (Gibbins et al
1985) and an tncrease in lipoprotein lipase activity {Bertin
et al 1985), also occur.

The changes that occur 1n BAT as a result of chronic
stimulation, for example during overeating, increase the
animal's capacity for both DIT and CINST -- thus buffering,
at least 1n part, the increase in energy intake (Himms-Hagen
1983).

The ability of an animal's BAT to adapt to an
overeating diet varies with the sex and strain of the
animal; females seem to be less adaptable than males
(Hzmmg-Hagen 1983). The genetic influence on BAT adaptation
to overeating can be demonstrated by studies on antmal
strains that have autosomal recessive genes promoting
obesity, such as the ob/ob mouse and the fa/fa Zucker rat
(Himms -Hagen 1983).

Many of the changes that occur 1n thermogenically
active BAT are reversed or suppressed under conditions such
as fasting (Desautels 1935, Desautels et al 1986; Villarroya
et al 1986¢), pregnancy (Andrews et al 1986; Trayhurn et al
1982, 1983; Wade et a! 1986), and lactation (lIsler et al
1984; Moore et al 1986; Trayhurn et al 1982; Villarroya et

al 1986, 1986b, 1986c).
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BAT thermogenesis (Glick et al 1984; Hayashi & Nagasaka
1983), BAT mass (Higham et a! 198%4; Rothwell et al 198%;
Tulp 1983), tissue protein and mitochondrial protein
(Rothwell et al 198%4), and ad:ipocyte diameter (Tulp 1983)
decrease after short term starvation.

The capacity for BAT mitochondria to bind GDP also
decreases with starvation (Rothwell et al 198%). This
decrease i1n GDP binding, as well as a decrease 1in
lipoprotetn lipase activity, occurs even i f BAT
thermogenests 1s already reduced by lactation (Villarroya et
al 1986¢), thus tllustrating the role BAT plays in
controlling the energy balance.

Hibernation also suppresses BAT thermogenesis (Horwitz
et al 1985); vyet in arousal from hibernation BAT
thermogenesis ts a major source of heat, allowing the animal
to bring 1ts body temperature up to normal (Nedergaard &
Cannon 1987).

Aging of an animal 1s also related to a decrease in
size and thermogenic capacity of BAT (Ashwell et al 1985;
Holloway et al 1984; Levin et al 198%4; Rothwell & Stock
1983¢c; Schneider-Piéard et al 1984; Stock & RothweII:T;§5,
1986). This can however be reversed by sympqthetic.nervous
system rstimulation during, for example, cold acclimation

(Holloway et al 198%4; Schneider-Picard et al! 1984),
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THE REGULATION OF BAT THERMOGENESIS

Sympathetic Nervous System

BAT thermogenests 1s stimulated by the sympathetic
nervous system (SNS) (Danforth & Sims 1983; Dawkin & Hull
1965; Rothwell & Stock 1984c) through the action of
norepinephrine {(Bukowiecki 198%4; Danforth & Sims 1983;
Foster 1985; Hinms-Hagen 1983b, 1983¢c; Holloway et al
19843;). Norepinephrine acts primarily via beta-adrenergic
receptors {(Andrews et al 1985; Arch et al 1984; Bukowieck:
1984; Carneheim et al 1984; Fain et al 198%; Himms-Hagen
1983b, 1983c; Horwitz & Hamilton [984; Mohell et a' 1983;
Perkins et al 1981; Rothwell et al 1981b, 1985b; Young et al
1984, 19384b, 1985).

It is believed that BAT thermogenes:s 1s activated
mainly through agonist interaction with beta-l type
receptors (Bukowiecki 198%4; Harris et al 19863 Levin &
Sullivan 1986; Mohell et al 1983; Skala I98%4), or mixed
beta-1 and beta-2 receptors (Rothwell et al 1985b, 1986b).

It has evén been suggested :that in éddntion to beta-l
and beta;z adrenoreceptors, rat BAT adipocytes have a
separate betﬁiadrenoreceptor subtype which selectively
stimulates iipolysis (Arch et al 1984). Evidence has also
shown that alpha-adrenoreceptors are involved in stimulating
BAT thermogenesis (Fain et al! 1984; Foster 1985; Harri &

Valtola 1975; Horwitz & Hamilton 1984; Ma & Foster 1984;
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Mohell et a! 1983, 1984, 1984b, 1985; Raasmaja et al 1984,
1984b; Rothwell et al 198lb; Schneider-Picard et al 1985;
Skala 198%).

The action of norepinephrine on beta-1 receptors of
brown adipocytes results in the activation of adenylate
cyclase, which causes an 1increase 1n cyclic adenosine
monophosphate (cAMP) levels, which results in increased
lipolysts and increased respiration {(Bukowiecki 1984; Fain
et al 1984; Himms-Hagen 1983, 1983b, 1983¢c; Mohell et al
1983; Skala 1984).

Alpha-adrenergic action of norepinephrine on brown
adipocytes 1s not as clearly established. The alpha-
receptor-mediated effect appears to involve Ca++ (Connolly
et al 1984; Mohell et al 1983; Nanberg et al 1985, Nanberg &
Putney 1986), possibly initiating the mobilization of intra-
cellular Ca++ stores (Connolly et al 1984; Nanberg et al
1985). The Ca++-dependent alpha-adrenergic pathway appears
to require extracellular Na+ (Connolly et al 1984), implying
that i1t could be involved in stimulating BAT Na+/K+ ATPase.

Interaction of BAT adipocytes with norepinephrine
appears to invelve alpha-adrenoreceptors n the first
seconds, resulting in an inittal depolar:zation (Horwitz &
Hamt lton 198%4; Schneider-Picard et al 1985) accompanied by a
small rapid 1ncrease 1n K+ concentration (Schneider-Picard
et al 1985). This 1s followed by a hyperpolarization

(Horwitz & Hamilton 198%4) and then a second depolarization
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(Horwitz & Hamilton 198%4; Schneider-Picard et al 1985) which
1s accompanied by a slow 1increase 1n K+ concentration
(Schneider-Picard et al 1985).

The second depclarization 1s primarily due to agonist
interaction with beta-adrenoreceptors (Horwitz % Hamilton
1984; Schneider-Picard et al 1985). This early catechol-
amine-mediated effect on electrolyte concentration of brown
adipocytes implies early stimulation of the Na+/K+ pump
(Schneider-Picard et al 1985).

The alpha—adrenoreceptdr-mediated events of brown
adipocytes are thought to potentiate the cAWP thermogenic
response of beta-adrenoreceptors (Foster 1985; Ma & Foster
1984), possibly via alpha-2 type adrenergic activity
(Domingu>z et al 1986). It has been found that increased
CAMP levels in brown adipocytes promote the expres§ion of
- the gene for the UCP, and that this requires both alpha-~ and
beta-adrenergic stimulation (Jacobsson et al 1986).

As well as 1ncreasing BAT mitochondrial respiration,
stimelation of alpha-adrenorecept;rs on brown adipocytes
increases phosphatidyl tnosttol (P!) turnover (Mohell 1934,
1984b) and de novo synthesis of PI (Fain et al 1984; Nanberg
& Putney 1986) and phosphatidic acid (PA) (Fain et al 1984).

In isolated hamster brown adipocytes this breakdown of
Pl occurs as an early, though short-lived, event during

alpha-adrenergic stimulation. This may play an important
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role 1n the subsequent stimulation of BAT respiration
(Schimme!l et al 1986).

Prolonged catecholamine stimulation of brown adipocytes
as a result of cold-acclimation (Mohell 198%4; Raasmaja et al
1984; Rothwell et al 1986b) or cafeteria-feeding (Raasmaja
et al 1984; Rothwell et a2l 1986b), increases the number of
alpha-1 receptors relattve to beta-! receptors. A decrease
in beta-l receptor density has been shown with chronic
catacholamine stimulation (Mohell 1984; Senault et al 198%).
Thi1s desensitization of beta-adrenoreceptors results 1n a
decreased responsiveness of the cAWP system but lipolvsis

rematns elevated (Schimmel et al! 1985b).

The Hypothalamus

It has long been known <that the hypothalamus is
involved tn the regulatlon_of the appetite (Guyton 1981).
The ventromedial hypothalamus (VMH) 1nfluences the energy
balance through both the reduction of food intake (Guyton
19815 Perkins et al 1981; Seydoux et al 1981: Vander Tuig et
al 1985) and the promotion of energy output by increased BAT

/’__,_—/-"_"\a_—
thermogenesis (Fain et al 1984; Himms-Hagen 1984; Hogan et
al 1985; Imai-Matsumura & Nakayama 1!984; Minokoshi et al
1986; Perkins et al 1981; Saito et al 1985; Seydoux et al
1981; Vander Tutg et al 1985).

The response of BAT to stimulation of the VMH is

speci1fic since stumulation of an area 0.5mm dorsal of
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lateral to the VMH does not affect BAT (Fain et al 198%).
BAT responds to VMH stimulation 1n a manner similar to that
of direct SNS stimulation (Fain et al 198%; Perkins et al
1981). In fact it has been found that VMH stimulation acts
by increasing the activity of efferent sympathetic nerves to
BAT (Minokosh: et al 1986; Nitjima et al 1984).

Animals with hypothalamic obesity, such as gold
thioglucose (GTG) cbese mice and ventromedial hypothalamtc
obese rats, have defective DIT but functtonal CINST
(Himms -Hagen 1983b, 1983c; Hogan et al 1982, Hogan X%
Himms-Hagen 1983; Rohner-Jeanrenaud et al 1982). These
animals tend to have more BAT than lean animals (Himms-Hagen
1983b; Hogan X Himms-Hagen 1983) and in the case of GTG mice
they have a larger capacity to respond to norepinephrine
than lean mice (Hogan X Himms-Hagen 1983.

Exposure to cold in both the static and dynamic phases
of obesity of these animals causes stimulation of BAT
thermogenes1s whereas cafeteria-feeding during the dynamic
phase of obesity does not (Himms-Hagen 1983b; Hogan X
Himms-Hagen 1983). Thus the VMH does not seem to be an
essential central nervous system link for CINST (Hogan et al
1982), but it 1s 1i1nvolved in DIT. Lesions of the VMH
contribute to obesity both by promoiing hyperphag:a and
tncreases in metabolic efficiency (Perkins et al 1981).

Stimulation of the lateral hypothalamus (Lﬁ) 1nduces

hunger and thirst and increases the general!l activity level
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of an animal {Guyton 1981). The LH has also been shown to be
tnvolved in BAT thermogenesis (Lupten et al 1986; Rothwell &
Stock 1982). Lesions of the LH result in an increase in the
amount of BAT (Park et al 1986), and increased GDP binding
to BAT mitochondria (Lupien et al 1986). LH-lesioned rats,
l1ke VMH-lesioned rats, have a normal respose to cold (Park
et al 1986).

LH-lesioned rats are also capable of BAT hypertrophy
and thermogenests in response to cafeteria-feeding; in fact
this response 1s pgreater than that of normal rats of a
sim:lar or lower body weight set point (Park et al 1986).

The increase in BAT thermogenesis medtated through the
hypothalamus does not appear to depend on the piltuitary, as
some studies have found hypophysectomy does not inhibit BAT
* thermogenesis; rather removal of the pltuitary increases BAT

thermogenes1s (Goubern et al 1985; Rothwell & Stock 1985).

The Adrenal Gland

1t has been found that adrenalectomy increases BAT
thermogenests (Allars & York 1986; Fukushima et al 1985;
Marchington et al 1986;. Rothwell & Stock 198%¢, 1986;
Wickler et al 1986; York et al 1985), likely due to a
decrease 1n levels of corticosterone (Allars & Ydfk'1986;
Fukushima et al 1985; Rothwell & Stock 1984c; York et al
1985). Adrenalectomy reduces energy intake and increases

energy output of ob/ob mice (Vander Tuig et af 198%4) and
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obese fa/fa Zucker rats {(Marchington et al 1983), showing
that the adrenal glands affect the energy balance i1n these
rodents.

In the fa/fa Zucker rat, BAT thermogenic response to a
single meal 15 restored to normal by adrenalectomy, and BAT
protein content, mitochondrial vield, and GDP binding become
simtlar to lean rats (Marchington et al 1983). The mechanism
by which adrenalectomy restores DIT 1s not clear, although
corticosterone treatment of adrenalectomized rats suppresses
BAT (Marchington et al 1983). On tﬁe other hand, :t has been
shown that glucocorticoids have a permissive effect on BAT
thermogenesi1s 1n response to cold and norepinephrine
(Marchington et al 1983).

A decrease in the level of male steroid also apﬁears io
promote BAT thermogenesi1s as castration of male rats
tncreases BAT activity (Rothwell & Stock 1986). This tends
to confirm the suppressive action of corticosteroids, since
sex hormones aand corticosteriods are closely related 1in
structure (Leﬁninger 1975).

The 1ncrease 1n BAT thermogenesis seen with
adrenalectomy, and brevented by corticostercne, ts believed
to be due to changes in SNS activity (Marchington et al
1986; Rothwell & Stock 1984c; York et al 1985).

X
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Thyroid Hormones (T4 and T3)

Like norepinephrine, thyroid hormone 1s a thermogenic
hormone (Danforth & Sims 1983). 1[It does not act solely on
BAT, but does play a role 1n regulating BAT activity,
tncluding thermogenes:s and growth (Ar:ieli & Chinet 1985;
Hayash: & Nagasaka 1983; Himms-Hagen & Hogan 198ib,
Himms -Hagen 1983b; Kates & Himms-Hagen 1985; Knehans &
Romsos 1984; Puerta et al 1984; Rothwell et al 1983b; Silva
& Larsen 1985; Sundin et al 198%4; Williams & Ellis 1985).

The effect thyroid hormone has on BAT thermogenesis is
tllustrated by the fact that, like the ob/ob mouse, thyroid-
ectomsed rats cannot survive in the cold (Himms-Hagen &
Hogan 1S81b). Also improvements of some of the defects in
ob/ob mouse BAT can be achieved with thyroxin (T%4) treatment
(Himms-Hagen % Hogan 1981ib; Knehans & Romsos 198&).

Thyroid hormone increases the low GDP binding capacity
of ob/ob mouse BAT mitochondria and normaiizes the ultra-
structure, permitting an improved thermogenic response to
cold and norepinephrine (Hnmms-Hagen & Hogan 1981b). Thyroid

hormone increases the amount of Na+/K+ ATPase in both lean

and obese mice (Knehans et al 1984),7 thch_ may also
contribute to lmproved BAT thermogenesis in the ob/ob mouse.

it has also been foun& that treatment of rat BAT
membranes with 3,5,3'-tr1iodothyronine T3> increases the

number of both beta- and alpha-receptors without affecting

the alpha-l to beta-l ratioc (Rothwell et al 1985¢).
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An 1mportant source of thyroid hormone i1nvolved i1n BAT
activity appears to be endogenous T3 (Glick et al 1985;
Kates & Himms-Hagen 1985; Si1lva & Larsen 1986). This
endogenous source of T3 has been found to be important ia
promoting the optimal response of BAT mitochondrial UCP to
celd (Bianco & Silva 1987). BAT thyroxin 5'-deiodinase
activity has been found to be stimulated by cold .exposure
{(Jones et al 1986; Kopecky et al 1986), norepinephrine
(Jones et al 1986; Obregon et al 1987; Silva & Larsen 1986),
insulin, and glucagon (Silva & Larsen 1986}, and suppressed
by pregnancy and lactation {Giralt et al 1986).

Noréptnephrine—mediated stimulatiog of thyroxin
5'-deiodinase activity i1s blocked by the alpha-1 antagonist
pra2051n,‘but the beta-antagonist alprenolol has either no
effect o; increases the stimulation by norepinephrine
(Obregon et al 1987). This implies that thyroxin
5'-deiodinase stimulation 1s an alpha-mediated event and
that beta-agonists could tnhibit this activation.

The increases in thyroxin 5'-deiodinase activity caused
by cold exﬁosure (Jones et al 19836), norepinephrine (Jones
et al 1986; Silva & Larsen 1986), and 1insulin (Silva &
Larsen 1986) were blocked by cycloheximide, an inhibitor of
protein synthesis. This shows that the i1ncreased enzyme
activity was due to de novo synthesis of thyroxin
5'-deiodinase, and not to an,increase In activity of enzyme

already present. BAT thyroxin 5'-geiodinase has also been
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thought to provide a systemic as well as a local source of
T3 (5:11va & Larsen [§85).

A further indicatton of the importance of endogenous
BAT T3 1s the finding of subnormal ¢old-induced increases in
type 11 5'-deiodinations i1n BAT of the genetically obese
ob/ob and db/db mice strains (Kaplan & Young 1987). As both
these strains have defective CINST (Himms-Hagen 1983b), 1t
1s possible that low intracellular BAT T3 could contribute
to the impaired thermogenesis experienced by these mice upon
exposure to cold (Kaplan & Young 1987).

However obese fa/fa Zucker rats, which do notr have
defective CINST (Himms-Hagen 1983b, 1983¢c; Hogan et al 1982,
Hogan & Himms-Hagen 1983; Rohner-Jeanrenaud et al 1982),

have reduced endogenous BAT T3 production on exposure to

T cold (Wu et al 1987).

Although there appears to be a relattonship between
thyroid hormone, cold exposure, and BAT thermogenesis,
studies on hamsters and rats have shown that while BAT
thyroxin 5'-deiodinase activity increases due to cold
exposure, 1t 1s not affected by eating a palatable die:

(Kopecky et al 1986).

Insulin
Insulin is another hormone that appears to be involved
in BAT thermogenesis (Andrews et al 1985; Bartness et al

1986; Begin-Heick & Heick 1984; Habara & Kuroshima 19833

ff
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Mercer & Trayhurn 1984b, 1986; Perkins et al 1981).
Supporting this 1s the demonstration of receptors for
tasulin 1n BAT (Begin-Heick & Heick 1984; Peyron et al! 1985;
Tant: et al 1986), which are decreased in number 1n BAT from
the gen=2tically obese obfob mouse as well as from mice
rendered obese by GTG tnjection {Tant1 et al 1936).

The effect of insulin on BAT thermogenesis 1s complex:
with decreased tnsulin, BAT thermogenes:s decreases
(Bartness et al 1986), however excess insulin also reduces
BAT thermogenesis (Bartness et al 1986). Insul:in ts required
for DIT 1n hyperphagic rats (Perkins et al 1981), and the
reduced respiration found i1n an in vitro preparation of BAT
adipocytes from fasted rats can be corrected with the
addition of glucose and insulin (Glick et al 1984).

Rats on cafeteria diets who have an impaired glucose
tolerance do not experience the decrease in metabolic
efficiency associated with overfeeding (Cunningham et al
1983). BAT mass 1ncreases in cafeteria-fed rats with or
without impaired glucose tolerance, but the DNA content does
not ncrease i1n the rats with impaired glucose tolerance
(Cunningham et al 1983).

lnsu]:n:srimulates the SNS (Landsberg 1936). Infusion
of i1nsulln in rats for seven days increases resting VO2 by
22%, an effect which is blocked by beta-antagonists (Andrews
et al 1985). This insulin treatment also significantly

increases BAT mass, protein content, and total thermogenic
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capactty as assessed by GDP binding 1o BAT mitochondria
(Andrews et al 1985).

These effects were prevented by prior sympathectomy,
confirming the likelihood that nsulin effects on BAT are
mediated by the SNS (Andrews et al 1985). Furthermore it has
been found that in the ob/ob mouse BAT 1s the main site of
glucose utrtitzation when chronic beta-adrenergic treatment
15 given (Young et al 1984b). Insulin therefore serves to
couple dietary 1intake with SNS-mediated thermogenesis
(Landsberg 1986).

Insulin 1njection also prevents the suppression of BAT
thermogenes:s caused by subd:aphragmatic vagotomy (Andrews
et al 1985), implying that the effects of vagotomy on
thermogenests are a result of a relative insulin defictency.

Insultn res:stance has been found to affect BAT
thermogenes:s (Danforth & Sims 1983; Jequier 1983; Mercer &
Trayhurn 198&b, 1986). The obese ob/ob mouse develops

%:nsulﬁn reststance early in life, at which point it also
shows a marked reduction 1n the cold-induced increase in ;DP
binding to BAT mitochondria (Mercer & Trayhurn 1984b, 1986).

One study also found rthat obese people with :insulin
reststance experience a reduced thermic response to an oral
ddse of glucose (Jequier 1983). The impairment of BAT
thermogenesis during acute cold exposure resulting from
tnsulin resistance could be due to a decreased abi!it} of

BAT to take up glucose (Mercer & Trayhurn 1984b).
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Glucose has becen suggested to be an important
thermogen:ic fuel 1n BAT (McCormack et al 1986). In fact 1t
has been shown that BAT uptake of glucose can play an
important role in removal of glucose from the blood (Cooney
et al 1985; Young et al 1984b). 1In vivo glucose utilization
by rat BAT can be increased 60-fold to very high rates by
insulin (Ferré et al 1986).

It has been suggested that 1insulin not only acts
directly on BAT (Travhurn & Mercer 1986) but that tt also
serves as a central signal stimulating BAT thermogenesis
(Stock & Rothwell 1986b; Travhurn & Mercer 1986), possibly
through activation of the i1nsulin sensitive V&é (ﬁéﬁdsberg

1986; Stock & Rothwell 1986b).
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THE EFFECT CF EXERCISE

BAT Thermogenests

Intti1al i1nterest 1n studying the effect of exercise on
BAT stems from the finding that exercise enhances cold
tolerance 1n humans (Anderson et al 1966; Herberling & Adams
1960) and rats (Chin et al 1978; Herberling & Adams 1960;
Hirata & WNagasaka 1981; Stromme & Hamme! 1967) and that
exercise may potentiate DIT 1n humans {Bukowieck: 1985;
Miller et al 1967, Miller & Wise 1975b) and rats (Gleeson et
al 1979, 1979b, 1982; Hi!ll et al 1983).

Speculation concerning a possible relationship between
exercise and BAT thermogenes:s 1s reinforced by the
involvement that the SNS has been shown to have in the
control of BAT growth and thermogenic response (Himms-Hagen
& Tri:andafillou 198i; Rothwell et al 198lb). As the SNS 1s
also known to be stimulated during exercise (Astrand &
Rodahl 1977: LeBlanc et al 1932, 1982b: W:ck}er et al 1987),
1t has been suggested that BAT 1s'st1mulate& as well. This
would result 1n exercise being associated with an increase
in BAT growth and ‘thermoéentc capacity as seen with
cafeteri1a-feeding and cold exposure.

1{f exercise can be shown to enhance BAT thermogenesis,
then exercise ﬁéﬁt be assumed to play a more complex and
proefound role 1n modifying the energy balance than that of

simply increasing energy output through the demand of the
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exercise task itself. On the other hand, it ts possible that
exercrse, by providing an alternate form of energy
expenditure, could inhibit BAT thermogenests.

Studies so far completed on the effects of exercise on
BAT have vyielded conflicting results (Arnold et al 1985,
Arnold & Richard 1987, 1987b, 1987c: Bell et al 198%;
Dallosso & James 198l; Gohil et al 1984; Harr: & Valtola
1975, Harri1 et al 1982, 1984; Hayash: & Nagasaka 1983;
Hirata & Nagasaka 1981, Hirata 1982, 1982b; LeBlanc et al
1982, 1982b, LeBlanc & Diamond 1988:; Richard et al 1986;
Shibata & Nagasaka 1987; Tokuvama & Okuda 1983; Wickler et
al 1987).

In one study comparing physical exercise, cold
acclimation, and repeated i1soprenaline injections i1n rats,
Harrt and Valtola (1975) found that the IBAT hypertrophied
in all treatment groups. In later studies however Harr: et
al (1982, 1984) found that IBAT weight was unchanged by
‘exercise tra:ning.

These later studies used running on a treadmill to
train the rats, whereas the first study used swimming. Due
to the fact that the swimming was done at 30°C, and that
evaporation during the drying process would lower the body
temperature of tSe animals, 1t could\ggkthat the effects on
IBAT found 1n this study were due mainly to cold exposure
and not to exercise. In the later studtes the animals were

housed and run at 20°C. This s not a thermoneutral
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temperature, and therefore the animals would have been
chronically exposed to a certain degree of coid, the effect
of which may have masked any effect of exercise on BAT.

Other studies i1nvolving both swimming (Bell et al 1984;
LeBlanc et al 1982, 19382b, LeBlanc & Diamond 1988) and
ruaning on & treadm !l (Wickler et al! 1987) have also found
that exercise did not change BAT weight. Sti1ll other studies
have found that exercise in the form of treadmill! running
(Arnold & Richard 1987, 1987¢c) or swimming (Hirata &
Nagasaka 1981, Hirata 1982) actually decreases BAT weight.

Hirata (19832) found that the weight of IBAT of
exercise-trained rats was signitficantly decreased compared
to controls unless the rats were not exercised at-
thermoneutral temperatures, 1e. the average BAT weight was
significantly lower than controls if the animals swam at 36
or 38°C, but signif.cantl} higher if the swimming was done
ar 32°C.

Arnold and Richard (1987¢c) showed that training on a
treadmill resulted in a decrease tn BAT size whether the
rats ate a high fat dtet or lab chow. Yet in an earlier
study using swimming to train male and female rats, LeBlanc
et al (1982b) found that, regardless of the animal's gender,
BAT weight decreased in exercised rats relative to controls
1f both were fed a cafeteria diet, but that BAT weight
remained unchanged if both treatment groups were fed lab

chow.
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The differences in the effect of exercise on BAT weight
found 1n the various studies could be due to the fact that
BAT weight can vary greatly depending on the amount of [:p:id
present n the tissue (Himms-Hagen 1983¢c), thus making
weight a poor tndicator of BAT mass.

Studies that have measured the effect of exercise on
BAT protein content have found 1t to be either unchanged
from control values when the training was by running (Arnold
& Richard 1987, 1987b; Harr: et al 198%) or swimming
(LeBlanc & Diamond 1988), or lower than controls after
running on a treadmill! (Arnold & Richard 1987c; Richard et
al 1986). Also, the DNA content of BAT has been shown to be
unchanged by exercise training, whethe+ running (Arnold &
Richard 1987b) or swimming (LeBlanc & Diamond 1988) was
used.

Assessments of BAT mitochondrial mass made by measuring
the acfivzty cf oxidative enzymes have shown that exercrse
tn the form of treadmiil running has either no effect (Harr:
et al 1984) or decreases BAT mitochondrial mass and
oxidative capacity (Gohil et al 1984).

The GDP binding capacity of BAT from rats trained on a
treadmil! has been shown etther 1o be unaltered regardless
of the temperature the rafs were housed or trained 1in
(Richard et a! 1986), or unaltered 1f training was at 2s°C

(Arnold et al 1986, Arnold & Richard 1987, 1987¢) or 20°C



5C

{(Harri et al 1%98%), but was found to decrease when the rats
were acclimatized te and irained 2t a temperature of £%¢
{Arnold et al 1986).

GHP binding has also been shown to be unaltered,
comparced to controls, 1n exercised rats trained on a
treadmill, whether both treatment groups are fed labk chow or
a hizh fat diet (Arnold & Richard 1987¢).

As well exercise, like caffeine or cold, has been
reported to 1nduce an 1ncrease n adipocyte proliferaton tn
brown adipose tissue (Bukowteck: 1985). However relat:vély
few other studies reporting this are available for
compar:son.

The acute stimulat:ion of BAT thermogenes:s can be
demonstrated through the administration of norepinephrine
(Himms -Hagen 1983c). LeBlanc et al! (1982, 1982b) have shown
that in rats trained through swinming there was no i1ncrease
in the catecholamine-mcdiated thermogenestis typically found
in CINST and DiT, 1f 1t was assessed by measuring colonic
temperature.

Thrs 1s also found with the results of Stromme & Hammel
(1967), who used treadmill running and activity cages to
exercisc therr rats. and Hirata & Nagasaka (1981), who
trained their rats through swimming. However these latter
authors found that when catecholamine-induced thermogenests

was measured using oxygen consumption (VQ2), a significant
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increase was seen in exercise-trained rats (Hirata X
Nagasaka 1981, Hirata 1982).

Cn the other hand, the carlier work bv Stromme & Hammel
{1967} did not show an increase 1n VO2 after norepinephrine
thjection 1n exercise-trained rats. These rats, however,
were not anaesthetized so the authors were required to take
measurements after about 25 minutes because the rats were
initially restless. 1[It is possible that any increase i1n VO2
of the rats due to norepinephrine could already have
decreased to control levels by 25 min.

Hirata has also shown that not only does VO2 increase
more tn  exerc:se-tratned rats than controls during
norepinephrine infusion (1981, 1982, 1982b), but that the
blood flow to BAT increased more as well (1982). This result
1s similar to the increase in blood flow to BAT shown 1in
cold-acclimated rats (Foster & Frydman 1978) and it implies
that exercise can increase the thermogenic capacity of BAT.

It should be noted however that the studtes .by Hirata
(1981, 1982, 1982b) 1nvolved swnnnﬁng and therefore the
possibiltity exists that the animals were cxposed 10 cold
after each swim due to water evaporation, déSpite the fact
that they were quickly wiped dry with towels before being
returned to their cages. =

Wickler et al (1987) found 1n their study using
treadmill running as exercise that not onily was there no

tncrease i1n VO2 of exercise-trarned rats in response to
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norepinephrine infusion, but neither was there an increase
in blood flow to BAT as a result of norepinephrine 1nfusion
1n these rats.

Studies of rats by Gleeson et al (1979, 1979b, 1982)
and Hill et al (1933) have shown that DIT 1s potentiated by
an exercise task (Gleeson et al 1979b, 1982) as well as by
exercise tratnming {(Gleeson et al 1979, 1979b;- Hill et al
1983), whether the exercise 1s 1n the form of swirmmng
(Gleeson et al 1979; Hill et al 1983) or running (Gleeson et
al 1979b, 1982). A number of researchers (Bray et al 1974;
Miller et al 1967; Samueloff et al 1982; Segal & Guttn 1983)
have also found that DIT in humans 1s augmented by exercise.

An enhancement of DIT by exercise was not seen however
1n other studies (Arnold & Richard 1987, 1987c; Dallosso &
James 1981; LeBlanc et al 1982b, 1984, 1984b). LeBlanc:§} al
found that training of rats through swinming (1982), and
training of humans (1984, 1984b), decreased DIT, whereas
Dallosso & James (1981) found that acute exercise in humans
had no effect on DIT. Arnold & Richgrd (1987, 1987¢) found
that exercise traitning of rats through treadmill running
also had no effect on DIT.

Stud;es on the effect that exercise has on CINST have
shown that either there 'is no effect (Arnold & Richard 1987)
or that CINST 1s inhibited by éxercise (Arnold & Richard

1987b; LeBlanc & Diamond 1988; Shibata & Nagasaka 1987).

——
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In a study comparing rats that were: (a) sedentary and
kept at 24°C, (b) exercise-trained on a treadmill for 2 hrs
daitly atr 24%C, (¢) exposed 1o cold (-5°C) for 2 hrs daily,
or (d) exercised at -5°C for 2 hrs daily, Arnold and Richard
(1987b) found that only the rats that were exposed to cold
with no exercise had changes in BAT that were 1ndicative of
BAT activity (ie. an increase in total BAT protein and DNA
content). In this study, therefore, exercising while exposed
to cold appeared to prevent BAT thermogenesis and CINST.

Leblanc and Diamond (1988) also found that exercise, 1in
the form of swimming at 37°¢, may inhibit CINST 1n rats in
that 1t accele;ates the rate of de-acclimatization to cold
as measured by a decrease in IBAT si1ze, protein content, and
DNA content. However this same study showed that the
thermogenic effect of noreptnephrine (as measured by colon}c
temperature) was significantly higher 1n rats that exercised
during de-acclimatization to cold c;ﬁpared to those who did
not exercise during this period.

The finding of LeBlanc and Diamond that a training
program involving swimming appears to inhibit CINST brings
into question the significance of the cold exposure rats
would presumably undergo while drying after each swim.

In LeBlanc and Diamond's study (1983) the rats swam at
37°C and were housed at 2¢°C. There were no particular
precautions described with respect to drying the rats after

each swim. [t i1s therefore reasonable to assume that the
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rats were at least as vulnerable 1o post-swim cold exposure
as any other rats involved 1n a swim training program, yet a
cold-mediated effect on BAT was not found.

Harri et al (198%) found thar rats acclimatized to cold
(5 +/- 1°C) and eirther sedentary or exercise-trained on 2
treadmi Il showed no significant differences between their
IBAT weight, protetn content, or mitochondrial oxidative
capacity =-- 1mplying that exercise ne:ther :nhibits nor
enhances BAT thermogenes:s during CINST. They concluded that

exercise replaced shivering activity and did not affect

- ~
—_—>

CINST. | : A

—

Thts was the same conclusion made earlier in a study by

Hart and Jansky (1963).\Cirnold et al (1986) also found that

exercise totally replaced shivering in rats acclimatized to

=

24°C, but that 1t also replaces BAT CINST in cold-

acclimatized rats. VT

As the resultvs from these studies remain contradictory,
further 1nvestigation qf the relationship between exercise
an@ BAT growth ts necessary. This study proposes to look at
the effect;of exercise training on BAT by measuring various
biochemlcal'changes in the BAT of male rats affer they have
undergone an aerobic training program 1nvolvfng running on a

treadmi 1.

= “Zndocrine Systems arnd the SNS

Exercise_ is associated with a number of hormonal



53

changes. Like other forms of stress, i1t elicits a response
from the SNS as well as the hypothalamus, the pituitary and
the adrenal gland (Luger et al 1987).

The SNS 1s stimulated by exercise (Astrand & Rodahl
1977; Fleg et al 1985; Hartley et al 1972, 1972b; LeBl#nc et
al 1982, 193832b; Luger et al 1987; Pequignot et al 1985;
Wickler et al 1987). Plasma concentration of norepinephrine
(Hartley et al 1972, 1972b; Kjaer & Galbo 1983; Luger et al
1987; Pequignot et al 1985) and epinephrine (Hartley et al
1972, 1972b; Jobidon et al 1985; Kjaer &% Galbo 1988; Luger
et al 1987; Pequignot et al 1985) are increased in response
to exercise.

This has been found 1tn humans (Hartley et al 1972,
1972b; Kjaer & Galbo 1988; Luger et al 1987), and in animals
such as dogs (Pequignot et al 1985), and rats {Jobidon et al
1985).

Exercise also results in an increase in plasma levels
.of adrenocorticotropic Hormone <ACTH> (Luger et al 1987))and
cortisol iAskew et al 1975; Buuck & Tharp 1971; Hartley et
al 1972, 1972b; Luger et “al 1987; MacConnie et al 1986).
These increases are more pronounced as the exercise
intensity increases (Hartley et al! 1972; Luger et al 1987).

Other hormones influenced by exerc{se include :§£:W?h?;u
hormone <GH> (Hartley et a! 1972, 1972b), prolactin'ﬁnd

= R—

N I =
testosterone (MacConnie et al 1986), whose levels increase =

during exercise. Insulin levels decrease during exercise

.4_‘_-_::_
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(Hartley et al 1972, 1972b; Winder et al 1987) while
glucagon levels rise (Winder et al 1987).

Exercise 1training leads to adaptive changes in both
nervous and endocrine systems. In studies on humans 1t has
becn shown that aerobic exercise training reduces the
response of the SNS (Hartley et al 1972, 1972b; Luger et al
1987) and the hypothalamic-pttuttary-adrenal hormone system
(Luger er al 19387).

In  humans the exs.cise-induced rise tn  plasma
norepinephrine {(seen at the s;me relative work loads) has
been found to either be reduced in aerobicly-trained
subjects relative to nontrained subjects (Hartiev et al
1972, 1972b), or unchanged (Kjaer & Galbo 1988). However
plasma eptnephrine concentrations were ;bund to be higher in
response to exercise in trained than uatrained humans (Kjaer
& Galbo 1983). —

Trained fats, normal or mildly diabetic, also: had
higher basal plasma epinephrine concentrations (Jobidon et
al 1985). This indicates a tra:ning-:naﬁced z1ncrease 1In
secretion from the adrenal medulla (jobidon et al 1985;
Kjaer & Galbo 1988).

Aerobic training also increases the potential of white
adipose tissue cells to release free fatry ?F'qf In response
to eptnephrine stimulation {(Askew et al 19;3). It has also

been found that endurance training increases -the oxygen

)
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consumption of skeletal muscle cells stimulated by
epinephrine {Richter et al 1984).

Compatible with these results s the suggestion that
the decrease tn SN§ output after training leads to an
tncreased sensit:ivity of targer tissue to catecholamines
(Krotkiewsk: et al 1983).

The response of the adrenal cortex to exercise has been
found to be similar to that of other stress factors such as
cold and electric shock (Buuck & Tharp 1971). Training leads
to a decrease 1n this stress response to exercise (Luger et
al 1987).

Studying rats, Buuck & Tharp (1971) found that chronic
exercise 1n the form of treadmill running led to increased
resting levels of corticosterone. These resting levels
remained high for four wecks at which point the training
program reached 1ts maximum intens:ity (i1 mph, 1 hr/day, 5
day/wk). The resting corticosterone levels were lower by six
weeks but stitll above control levels until after eight weeks
of training.

The adrenal cortex was shown to still be functional
following this training program because after exhaustive
exercise both trained and untrained rats had similarly high
corticosterone levels. Thts implies that the reduction in

resting plasma corticosterone seen after training was an
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adaptive change. The stress of chronic cold exposure also
results 1n a decrease in plasma corticosterone levels (Buuck
& Tharp 1971).

Exercise has an important influence on i1nsulin levels.
During exercise plasma 1nsulin concentration decreases 1in
both humans (Hartley et al! 1972, 1972b) and rats (Winder et
al 1987). Physical training attenuates this decline in
insulin levels during exercise (Hartley et al 1972, 1972b).
Exercise training also improves glucose tolerance in rats
and partially prevents the decrease in glucose tolerance and
tncrease 1a 1nsulin secretion found 1n rats fed a cafeteria
diet (Richard et al 1982).

Exercise has been known for some time to be useful 1n
treating diabetes mellitus (Jobidon et al 1985). Physical
training helps control glucose homeostasis in humans and
anitmals with experimental diabetes (Jobidon et al 1985).
This 1s believed 10 be a result nf the i1ncrease in insulin
sensttzvnt?lseen after training (Jobidon et al 1985; Kjaer &
Galbo 1983).

This training-i1nduced nﬁcrease tn tnsulin sensitivity
15 thought to:Be due to the increase in plasma epinephrine
seen:gur:ng exercise (Jobidon et al 1985). In fact healthy
rats given repeated injections of epinephrine show i1ncreased
nsulin sensitxvity, posstbly due to down regulation of

adrenal receptors (Jobidon et al 1985). Epinephrine has also

been shown to be important in fasted rats for endurance



59

during exercise, presumably by preventing hypoglycemia
(Winder et al 1[987).

Exercise has a significant effect on a number of
hormones associated with the hypothalamus. ACTH, cortisol.
GH, vrolactin, and the sex hormones estrogen and
testosterone are wunder the control of the hypothalamus
acting through the anterior pirturtary gland (Lchninger
1975).

The phenomenon of overtraining is thought to involve a
hypothalamic dysfunction (Barron et al 1985). Barron et al
(1985) studied this condition and found that overtrained
runners have a number of sympto%s, tncluding: 1mpaired
traintng; reduced racing time; apathy; and a "heavy-legged"”
feeling. Maie runners with these symptoms were shown to have
reduced cortisol, ACTH, GH, and prolactin levels 1n response
tc the stress of insulin-i1nduced hypoglycemia.

Asymptomati¢c runners had hormone levels indicative of
norﬁa! responses to 1nsulin-induced hypoglycemia whether
they were tested one month before, or 24 hours after a 42 km
race or 48 hrs after a 92 km race. This shows that a reduced
hormona! response was not due to the stress of a race 1tself
as measurements soon after did not affect the results. After
four weeks of rest the previously overtrained athletes had
test results similar to those of the asymptomat:ic runners

{(Barron et al 1985).
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Excessive training 1s also associated with hypothalam:c
dysfunction causing reduced hypothalamic gonadotroptn
releasing hormone (Barron et al! 1985; MacConnie et al 1986).
This 15 common tn female athletes (Barron et al 1685
MacConnie et al 1986) and ballet dancers and results 1n low
estrogen levels (MacConnie et al! 1986) and amenorrhea
(Barron et al 1985; MacConnie et al! 1986).

Highly trained male athletes have also been found to
have low levels of hypo{ﬁalam:c gonadotropin releasing
hormone but plasma testosterone levels were not affected,
perhaps due to a reduction :n steroid clearance (MacConnie
et al 1986). _ e

Aging 1s assocrated with a reduced response to
environmental stimul: such as exercise {(Mazzeo et al 1986):
Mazzeo's group (1986) found that in female rats cardiac
catecholamine, especially norepinephrine, decreased with
age, both at rest and i1n response to exercise. This trend is
counteractred though to some degree by endurance traintng
(Mazzeo er al ‘1986). Also, adrenal catecholamine levels
tncrease with age 1n female rats (Mazzeo et al 1986).

- -Plasma catecholamines are increased 1n healthy elderly
men, réefative to young men, in response to exercise (Fleg et
al 1985). A study by Fleg et al (19855 found that plasma
- norepinephrine levels alsoi:ncreased with age in response to

other stresses such as cold pressor testing.
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As well, aging 1s associated with a reduction 1n the
maximal heart rate. This age-related difference 1n exercise
cardiovascular performance may be due to a decreased target

organ sensitivity to adrenergic stimulation {(Fleg et al

1985}.
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TARLE 1: EXERCISE AND_BAT SUVMARY

All studies used rats, except where noted.
*» - acute exercise, all other studies used chronic exercise.
§ =z exercise by swimming. T_= exercise by treadmill running.
¢ = exercising temperature (°c). h = housing temperature ("C).
F- < females used, FVi = females & males used (all others used males
only).
Studies that Studties that Studies that
show exercilse show exercise show exercise
stimulates BAT has no effect inhibits BAT
thermosenes1s on BAT thermogenests
Size Harra: & Harrt: et al Arnold et al
measured valtola 1975: 19832:7, 20eh 1987a:T, 2%eh
by 5, 30e 1984:T, 20eh 1987¢:T,24eh
wet Bell et a! (mice) Hirata et al
welght 1984:5,33/36e 1981:5,36e,24h
: LeBlanc et al 1982a:5,27h
1982:5,35e,260h,F Tokuyama et al
1982b:5,36e,27h,FV 1983
1988:5,37e, 24N
%tckler et al
1987:T, 2%eh
Shibata et al
1987:T,24eh
Protein Arnold et al Arncld et al
content 1987a:T,2%eh 1987¢:T,24eh
1987b:T,24eh
Harr: et al Richard et al
1984:T,20eh 1986:T,2%/%eh
LeBlanc et al
1988:5,37e,24%h
DNA Arnold et al
content 1987b:T,24eh
LeBlanc et al
1988:5,37e,24h
Mitochondrial fdarc: et al Gohil et al
mass 1984:7,20eh 1984:T
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TABLE 1

Continued

Studies that
show exercise
stimulates BAT
thermogenes:s

GhP
binding
capacity

Response

to NE
measured by
caelontc
temperature

Studies that
show exercise
has no effect
on BAT

- o e s o W E A w owow

Arnold et al
1986:*,T,24eh
1987a:T,2%eh

Richard et al
1986:T,24/teh

Harri1 et al
1984:T,20eh

- e e W A oW T W MR W R TR MR W AR W N W A A A W e W W

LeBlanc et al
1982:5,35e,26h,F
1882h:5,36e,27h,F

Hirata et al
1981:5,36e,24h

Stromme et al
1967:7T,26eh

Shibata et al
1987:T,2%eh
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Studies that
show exercise
inhibrts BAT
thermogenesi s

Arnold et al
1986:*,T,%eh

R R e L L L

Response
1o NE
measured
by vO2

Htrata et al
1981:5, 3%e,24h
1982a:5,32/36/
33e,27h

1982b:S, 36e,25h

Response
1o NE
measured
by blood
flow to
BAT

Hirata et al
1982a:5,32/36/
38e,27h

Stromme et al
1967:T,26eh

Wickler et al
1987:T,2&eh
Shibata et al
1987:T,24eh

wWitckler et al
1987:T,24eh

NE = norepinephrine.
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SUMMARY

A clear picture of the effect that exercise has on
brown adipose tissue has not been developed by the studies
that have been done so far. A wide varietv of exercise
protocols have been used (various regimens of swimming or
running} and conflicting results have been found even 1n
studies done by the same research groups (A}ndfd & Richard
1987a, 1987b, 1987c; LeBlanc & Diamond 1988; Richard et al
1986; Harr: & Valtola 1975, Harri et al 1982, 198z).

It s necessary that this situation be clartfied. This
study will attempt to 1mprove the understanding of the
cffect that tre;dmnll runntng has on rat IBAT through the
use of a simple aerobic training program and an analys:s of
severa! of the critical birochemical factors that define IBAT

si1ze and thermogenic capacity.
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CHAPTER I11

METHODOLOGY

INTRODUCTION

The purpose of the study was to determine the effect of
aerobic exercise training on the thermogenic capacity of
brown adipose tissue 1n the rat. The exercise ztraining
program 11nvolved a duration run on a treadmill. The
thermogenic capacity of brown adipose tissue was assessed by
measuring the total protein, total DNA, cytochrome oxidase
activity, and the level of purine nucleotide binding to
brown adipose tissue mitochondria. These measurements give
an ndication of the active 1tissue mass, cellularsty,
mitochondrial mass (oxidative capactity), and the

avatlability of uncoupling protein (UCP) respectively.

THE TRAINING PROGRAM

Young male wistaf rats (195 to 220 grams ar the start
of the prdgram) were ?ihdomly divided i1nto an exercise group
of thirteen rats aﬁd a control group of ten rats.

All the rats were weighed once a2 week. They had no
restrictions on water consumption and were fed ad 1lib with

Purina rat chow. ' The weight of foed consumed was recorded
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once a weck. AlIl the animals were kept on a regular light
cvcle. The dark cycle began at l7h and ended at 5h. All
training and handling was done durtng the dark cvcle. The
rats were all housed :n separate cages. The cages were
approximately 48 x 27 x 20 cm and were made of transparent
polycarbonate and covered with stainless steel grids. The
animals were housed 1n a room kept at 26-23°C.

The exercised rats were tratned by running once a day,
5 days a week, on a motor-driven Quinton rodent treadm !l
adjusted to an i1ncline of 10° The initial run of 5 minutes
at 9.0 meters/min 1ncreased gradually, reaching 20 min at
1.4 meters/min by the end of week #!, and 40 min at 2&4.%
meters/min by the end of week #2. The maximum speed of 25
meters/min was reached by the end- of week #4, and ;ﬁe
maximum time of the run (1 hour) was reached by week #7.

The maximum i1ntenstty of the run was therefore | hour
at 25 m/min, once a day, 5 days a weeck. This intensity was
reached by week #7 and maintained for another 3 weeks -- a

total program of 10 wéeks. This exercise regime was expected

—
=

to result in tratning as a similar program gave i1ncreased
oxidative c¢apacity i1n the rat gastrocnemius as measured by
succini¢c dehydrogenase activity (Williams et al l984i.

The running of the rats was done at room temperaturc
(20°C). The rats were run tn two groups, the first group
consisting of seven rats (E! to E7), the second group
consisting of six rats (E8 to.EI3). The runs were begun

between 17h and 19h, which was the beginning of the dark
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cycle. During the time that the rats were being run the
lights were turned on in both the housing and the running
room. This was for a maximum of 2 hrs 15 min. per sesston.

While the first group of rats was running, the second
group of runners and the controls remained in the housing
room. After runnting, the first group of rats was inmediately
returned to the housing room before the second group of
runners was taken out to run. The time required to bring one
group of rats f{rom the housing room to maximum speed on the
treadmill was 106 +/- 9 sec.(see appendix) The time between
the end of the run and the return of the rats to the housing
room was 188 +/- 36 sec.(see appendix)

The control rats received the same treatment as the
cxercised rats with regards to everything except the actual
exercise training. This is to say that_the control rats did
not run on the treadmill, nor were they subjected to the
m:!ld electric shock occasionally necessary to induce some
of the exercising rats to keep running. The use of electric
shock to encourage the exercise-trained rats to run varied
from rat to rat and from day to_dayf

Some rats received few or no shocks throughout the
entire training program. Various other rats would usually
receive shocks only at the beginning of each run, or
thfoughout, or Sonly at the end of each run. Still other rats
would require a3 number of electric shocks one day, and

receive few or none another day.
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The contro!l rats were not subjected to the sound of the
treadmi [l motor, nor to the 20°C temperature of the training
room as regularly as the exercised rats. They were however
frequently brought into the training room when the treadm:!l]

was going, while being weighed or being made accustomed to

handling.

SACRIFICE OF THE ANIMALS

The animals were sacrificed 1n groups of five or six
between 6hl5 and 7h. The time of sacrifice was therefore
just after the end of the dark cycle, at which time the GDP
binding levels are highest (Rothwell. et al 1983d). The
tratned group of r;ts were rested 36 hours before sacrifice
tn order to measure only the chronic training effect on
brown adipose tissue and not the acute effect of the

exerclse.

PREPARATION OF THE CRUDE HOMOGENATE

Immediately after each rat was sacrificed and
desanguinated the interscanular brown adipose tissue was
removed and kept at 4°c for alf subsequent steps. Any
adherent muscle, white adipose tissue, or connective tissue
was dissected away from the brown adipose tissue and the

titssue was weighed. The interscapular brown adipose tissue
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was then mnced and homogenized with a teflon/glass
homogenizer.

The t1solation buffer was: 0.25 M Sucrose; 6.2 mM EDTA
(free acid); 1.0 mV Hepes pH 7.2 (adjusted with XOH) (3aito
et al 1985). 1.0 ml of this homogenate, from the total of
5.0 mls, was saved for protein, DNA, and Eytochrome oxidase
assays, and the remainder was used for 1isolation of

m: tochondr:ta.

1SOLATION OF BAT MITCCHONDRIA

The mirochondrial :i1solation method used was based on
the method of Siinde et al (1975). The crude homogernate
was centrifuged ar 755 g (2500 RPM) for 10 minutes. The
supernatant was removed from between the pellet and a
superficra! layer of {ip:d.

The lipid andlpellet were resuspended in a fresh 5 mls
of 1sclation medium anmid“this was spun again at 755 g for 10
minutes. The supernatant from this spin was removed in the
same manner as the first.,

The two supernatants were combined and centrifuged at
17,000 g (11,700 RPM) for 14 minﬁtes._ The supernatant from
this high speed spin was dnscarded and the mitochondrial
pellet was gentlyh resuspended 1n a minimum volume of

tsolation buffer;(ISO to 250 ul).

ST
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All centrifugation was done on a Sorvall RC2-8
centrifuge at +% using an S$5-3& rotor. The brake was left
off for these spins. The method used a 'low-speed' spin thar
was lower than the 3020 g (50006 RPW) recommended by Slinde
because this caused a signitficant amount of mitochondr:ia to
pellet out.

The final 'high-speed' spin (17,000 g x 14 min) was
shown by Slinde to be the best method of sedimenting
mitochondria from both thermically active and 1nactive brown
adipose tissue. No washing of the pellet was done after the
'high-speed' spin because this caused too great a loss of
mt tochondria. The 1nitial homogenization volume of 5 mls
{not the 42 mls described by Slinde) also was used 1n order
to 1ncrease ;he mi tochondrial vield.

These modifications of the method of Slinde et al were
made because of the limited number of rats used. The brown
adipose tissue from each rat was tsolated and analysed
separately with no p&oling of rat brown adipose tissue from
similar treatment groups.

=~

PROTEIN ANALYSIS

[

Protein was assayed according to a modifred Lowry
procedure devised by Schacterle & Pollack (1973). The
samples were prepared bﬁltaking 1G ul of every homogenate

and mitochondrial suspension and adding each to a (separate)
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tube containing 5 mls of cold 10% TCA. The 10 ul volume was
measured with a Hamilton syringe to ensure accuracy.

The samples were allowed to precipitate :n the 10% TCA
on i1ce for at least half an hour. The tubes were then spun
down at 4080 g (5700 RPM on an HB%406) for 15 minutes. The
supernatants were then poured off and the test tubes were
allowed to drain,

The precipitates were dissolved 1n 1.0 m! of G.5 N
NaCH, and then 1.0 ml of alkaline copper reagent was added.
The samples were then incubated at room femperature for 10
minutes. The alkaline copper reagent consisted of: 10%
Sodium Carbonate; 0.1% Na,K-Tartrate; 0.05% Copper Sulfate.
Na,K-Tartrate was used rather than the K-Tartrate
recommended 1n the original procedure due to availability.

Following the 10 minute alkaline copper incubation, 4.0
mls of a freshly prepared 1.0 N solution of Folin-Ciocalteu
pheno! reagent were added to each sample. The addition of
the phenol reagent was done forcibly and rapidly with
immediate vortexing. The samples were then i1ncubated in a
55°C water bath f&izlc minutes. After this the samples were
cooled rap}dly 1n :ce water and read on an LKB Biochrome
spectrophometer at 650 nm.

A standard curve . was prepared using different
concentrations of Bovine Serum Albumin (Sigma). The standard

curve conststs of a graph of absorbance vs mg protein from
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which the amount of protein 11n each sample can be

determined.

MEASUREMENT OF PURINE NUCLECTIDE BINDING TC MITOCHCNDRIA

The method used to measure purine nucleoctide binding
was based on the method of Nicholis (1976} as modified by
Desautels et al (1973). The purine binding stites were
determined from the binding of <3H>-labelled GDP 1n the
presence of atractylos:de. Each mitochondrial sample was
measured for total binding and non-specific binding.

Tubes containing 300 ul of incubation medium were
prepared at room temperature. The incubation medium
contatned: 20 mvM TES; 10 mvi Choline Chloride; 1.0 mM
di1-Sodium EDTA; 5.0 uM Rotenone; 100 uW Potrassium
Atractyloside; 120,000 dpm <14C>-Sucrose. The tubes
measuring non-specific binding contatned 1n addttion: 100 uM
ADP (non-radioactive).

Each measurement (both specific and non-specific) was
done in triplicate or quadruplicate. To each tube 20 or 25
ul of 1solated mitochondria (approx. 8-13 ug/ul) was added.
One minute after this addition the binding reaction was
inttiated by rapidly adding 5 ul <5H>-GDP (10 uM, 450,000
dpm final assay concentra;ton). After 30 séconds the
“ mitochondria were pelleted by a ‘2 minute sptn 1n an IEC

micro-MB centrifuge. The supernatants were aspirated and
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discarded. The pellets were dissolved tn NCS Tissue
Solubilizer (Amersham) overnight at 55°C  then counted
(ligquid scintillation counting 1n the presence of PPO).

The binding of the nucleotide was calculated from the
amount of tritiated nucleotide present after correction for
the amount trapped 1n the water 1in the pellet, which 1s
determined from the values for <14C>-Sucrose present

(Desautels et al [973).

CYTOCHROME OXIDASE ASSAY

The cytochrome oxidase assay used was that of the
Himms -Hagen laboratory (3ehrens & Himms-Hagen 1977;
Desautels & Himms-Hagen 1979). This assay makes use of the
Clark oxygen electrode which measures the rate at which
oxygen 15 removed from the reaction medium by the action of
cytochrome oxidase.

The reaction medium consisted of: 0.2 mVM reduced
Cvtochrome c¢; 0.02 M Ascorbrie Acid 1n 0.1 M Potassium
Phosphate pH 6.6. The samples used were aliquots of brown
aditpose tissue homogenate activated by solubtilization 1in
Lubro! WX and frozen overnight.

The fina! protein concentration of the samples was 0.5
to 0.8 mg/ml. The reac;ions were carried out tn a closed
reaction vessel ar 37°C containing 3.0 mls of reaction

medium, to which 30 ul of sample was added.
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The cytochrome ¢ solution was prepared according to the
method of Wharton & Tzagaloff (1967) though dialysis to
remove excess ascorbate was not done. The concentration of
the total and reduced cytochrome ¢ was determined using the

extinction coefftcients of Yonetani (1967).

DNA ASSAY

This method of measuring DNA uses the _fluorescence
enhancing dve Bisbenzimidazol! (Hoechst 33258) which binds to
- DNA  {(Downs - & =Wilftnger 1983). Samples of 1.0 ml were
prepared from brown adipose tissue homogenates 1n a buffer
containing: 100 mM NaCl; 10 mM EDTA; 10 mM Tris; 0.025 N
Ammon tum Hydroxndef 0.005% Triton X-100.

This buffer was used because i1t maintains the double
stranded structure of DNA, tnhibits endogenous DNAse
acttvity, and prevents the interference of chromosomal
protein 1n the binding of the DNA rto_the dye. This allows an
accurate determination of DNA Ecﬁtent by fluorometry.

The Hoechst 33258 dye stock of 209 ug/ml water was
diluted before each assay to a final concentration of 1.5
ug/ml with assay buffer. Just before reading, 1.0 ml of
dilute dye solution was added to the 1.0 miI samples. The DNA
fluorescence was measured on 2 Turner 430 fluorometer set at
-an exci%ation wavelength of 350 nm and an emission of 455 nm

with a I0 nm slit width.
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The readings were done at room temperature and with
each set of samples a standard curve of 5 to 150 ng DNA was
prepared using calf thymus DNA (Sigma). This stock DNA
so!utfon was prepared by dissolving 9 mg DNA 1n 25 mls of
5.0 m\l NaQH. The final concentration of this DNA was

veri1fied spectrophotometrically.

STATISTICS

Results are expressed as means +/- standard deviations.
The statistical analys:is used to determine significant
differences between the test groups was the two-ta:led
Student "t"-test. Differences with P>0.05 are not considered

to be si1gnificant.

/"!
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CHAPTER 1V

RAT WEIGHTS AND FOCD INTAKE

The exercise-trained rats had sign:ificantly lower final
weights compared to the sedentary controls (P<0.0005, Table
2). The average weight gain was also significantly lower n
the trained group {(P<0.006G5, Table 2) Lower body weights and
wetght gains are commnonly-found effects of training (Harpur
1980). .Despite the difference 1n bodvy weight and weight

gain, no significant difference was found i1n the food intake

or food 1ntake per rat weight of the two groups (Table 2).

HEART WEIGHTS

Heart weights were not found to be s:gn;fucantiy
different. However the heart weight to body weight ratio was
stgnificantly larger 1n the trained rats (P<0.0G5, Table 2).
Similar tratning effects in treadm:!l run rats were found by
3uuck & Tharp (1971) and these were accompanted by a
reductlon tn gesrngg ﬁ;art rates 1n the trained rats. A

decrease in resting . heart rate as well as cardiac

hypertrophy are considered to 1ndicate that tratning has

taken place (Buuck & Tharp 1971).
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[BAT APPEARANCE

The IBAT from the control rats was pale and small, one
organ being so pale and small that 1t was hard to locate.
The IBAT from the trained rats was dark, well-defined, and

not as fatty as the tissue from the control rats.

IBAT SIZE

A comparison of the IBAT wet weights showed no
sigmificant difference.(Table 3) The IBAT wet weight to body
weight ratio was not different etther.(Table &) The protein
content of the IBAT from the trained rats was significantly
higher .(P<0.00L, Table 3) As well the IBAT protein to rart
weight ratio was significantly greater in the trained

group.(P<0.0005, Table &)

IBAT CELLULARITY: DNA CONTENT

The DNA content (P<0.00l, Table 3), and DNA content to
rat weight ratio (P<0.0005, Table 4), were both signif-

icantly higher 1n the trained rats.
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IBAT MITOCHONDRIAL MASS AND OXIDATIVE CAPACITY

The ratio of total cytochrome oxidase activity to rat
weight (Table 5) was significantly higher i1n the IBAT of the
trained rats.(P<0.05) There was however no significant
difference between the specific or total cvtochrome oxidase
activities of the two groups, though the tota! cytochrome
oxidase activity was greater in  the IBAT of the
cxercise-trained rats.(Table 35) The protein yield of
mi tochondria iéolated from the IBAT was significantly larger

tn the exercise-trained group.{P<0.0l, Table §)

GDP BINDING CAPACITY

A comparison of the GDP b:inding capacity of the IBAT
mitochondrta from the exercise-tratned rats and the
sedentary controls showed no significant difference.

The specific binding (pmol/mg) was slightly higher 1n
the control group (Table 6), however tﬁis difference was not
stgnificant. The tortal binding (pmol) and the total binding
per. rat weight (pmol/kg) were both higher 1n the IBAT
mitochondria of the exercise-trained rats (Table 6), but

neither of these differences was significant.
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TABLE 2: RAT REIGHTS AND FOCOD INTAKE

Final weight
(gm)

Total weight
gatn (gm)}

Food 1ntake
{gm/dav)

32
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Lg].7

+f~ 25.2

236.5

+/- 20.5

23.05

+/- 1.29
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Sedentary
control
rats

508.9

+/- 45.9

299.3

«/- &1.6
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Exercise-
tratned
rats

P<0.6G005

Food intake/
rat weight
{gm/day/gm)

P<0.0005

Heart wetght
{gm)

Heart weight/
rat weight
(mg/gm)

S N N M T MmN o E M M MR AL ML SR dm R R MR e M TR R TE Em W R Am R W AR M M M M M wr mr wm owm W

Sedentary
control
rats

2.70
+f- 0.20

NSD = no s:gnificant difference (1e. P>0.05)

P<0.0G5
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TABLE 3: CHARACTERISTICS OF IBAT

IBAT Total protein Total DNA
wei weight in [BAT 1n 1BAT
{mg) {(mg} {ug)
Exercise- 309.8 11.82 167.8
trained
rats +/- 83.1 +/- 3.20 +/- 37.6
Sedentary 3¢0.2 6.79 112.8
contirol
rats +/- 68.9 +/- 1.95 «f- 27.7
NSD P<D . 00! P<0.001

TABLE &: I1BAT PARAMETERS RELATIVE TO RAT WEIGHT

mg IBAT ug IBAT ug IBAT

wet weight protetn DNA

/gm rat /fgm rat Jem rat
Exercise- 0.70 25.1 0.331
trained .
rats «/- 0.19 +/- 7.9 +/- 0.092
Sedentary 0.67 13.5 | 0.224
control
rats +/- 0.12 ‘+l- £.0 «/- 0.062

NSD . P£0.0005 P<0.0005

NSD = no significant difference (1e. P>0.05)
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TABLE 5: MITOCHONDRIAL CYTOCHROME CXIDASE VALUES

Spectfic Total Total Activity
Activity Activity fecat weight
{ug C/meg/min) {(ug O/min) {ug O/min/gm)
Exercise- 5.86 67.70 0.155
trained
rats +/- 1.87 +/- 34,98 «/- G.08¢
Sedentary 5.88 L2.79 0.G385
control
rats «f- 1,99 /- 24,77 «f- 0.0&7
NSD NSD P<D.05
TABLE 6: MITOCHONDRIAL GDP BINDING CAPACITY
Mitochondrial Total
total Specirfic Total binding
protein binding binding [frat wt
(mg) (pmo ! /mg) {pmol) (pmo!l/kg)
Exercise- 2.12 11.7 26.6 61.1
tratned
rats +/- 0.81 +/- 5.9 /- 19.7 /= 47.0
Sedentary 1.23 15.5 20.9 £1.3
control
rats +/- 0.58%8 «/- 8.0 +/- 14,3 +f/- 27.7
P<0.01 NSD NSD NSD
0

oxygen atoms; wt = weight;
© significant difference (1.e. P>0.05)



CHAPTER V
DISCUSSION

In thi1s study aerobic exercise training was shown 1o
promote some of the adaptive changes typically seen 1n
thermogentically active brown adipose tissue. The protein and
DNA contents of the interscapular brown adipose tissue from
the exercised rats were significantly higher than those of
the sedentary controls. The cytochrome oxidase activity and
GDP buinding capacity of the interscapular brown. adipose
ttssue mitochondria were not, - however, significantly
different 1n the two treaiment groups.

These results tmply that, though there was 1nterscap-
ular brown adipose tissue growth 1n the exercise-trained
rats, there was no increase 1n the brown adipose tissue
thermogenic capacity. It should be noted however that both
the tnterscapular brown adipose tissue total tissue
cytochrome oxidase activity and the total tissue cytochrome
oxidase activity/rat weight ratio were greater in the
exercise-tratned rats, though only the latter was
significantly greater.

This shows that the exercise program i1n this study
favors an 1ncrease 1In Lnterscépular brown adipose tissue
mi1tochondrial mass and therefore an 1ncrease 1n oxndai:ve

capacity. Likewise the totail GDP binding capacity and the
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total GDP binding capacity per rat weight were higher 1n the
exerci1se-traitned rats, though these 1ncreases were not
statistically significant.

It appears therefore that the exercise program i1n this
study promoted interscapular brown adipose tissue growth and
a mild i1mprovement 1i1n tnterscapular brown adipose tissue
thermogeni¢ capacity.

The average wetight as well as the average weight gain
of the exercise-trained rats was found to be signtfrcantly
lower than that of the control group. This occurred desptte
there being a very small and 1i1nsignificant difference i1n the
average daily food intake of the two groups.

It is reasonable to attribute this lower weight level
of the trained group to the Iincreased energy output
resulting from regular exercise. However some contribution
from brown adipose tissue thermogenesis to this i1ncrease 1n
evergy ocutput seems possible 1n view of the adaptive changes
seen 1in the interscapular brown adipose txssu;i of the
trained rats.

Neither the interscapular brown adipose tissue wet
weight nor the interscapular brown adipose tissue wet weight
to body weight rattio were found to be s:gnificantly
difierent between the two groups. This ts likely due 1to
differences in lipid content, and is ‘not an accurate

reilection of any differences in active tissue mass between

the tnterscapular brown adipose tissues (Himms-Hagen 1983c).

Fa
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A better :ndication of active tissue mass 1s the total
protein content, which was 11.02 +/- 3.20 mg for the trained
rats compared to 6.79 +/- 1.95 mg for the controls. This
shows a significant increase 1n the 1interscapular brown
adipose tissue mass in the exercise-trained rats relative to
the sedentary controls. Confirming this :s the significantly
higher DNA content found 1n the tissue from trained rats
compared to the controls. This shows an increased number of
cells 1n the 1nterscapular brown adipose tissue of the
trained rats.

Also, the protein content to rat weight ratio and the
DNA content to rat weight ratto were both significantly
greater i1n the traitned rats, which further demonstrates an
increased i1nterscapular brown adipose tissue growth in the

TR
rats that were exercise tratned, compé??BQégxthe sedentary
control group. E

The specific activities of the interscapular brown
adipose tissue cytochrome oxidase from the trained and
untrained rats were 5.86: 4/~ 1.87 ug O/mg/min and 5.38 +/-
1.99 ug O/mg/min respectivély. These activities are very
similar, indicating thg;:i;the oxidative capactty of
tndividual mitochondria from the interscapular brown adipose
tissue of exercise-trained rats was the same as that from

sedentary rats. However the total tissue cytochrome oxidase

activities were 67.70 +/- 34.98 ug O/min from the
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interscapular brown adipose tissue of the trained rats and
42.79 +/- 24.77 ug C/min from the sedentary rats.

This shows an 1increase in total tissue cytochrome
oxidase activity 1n the 1nterscapular brown adipose tissue
from the exercise-trained rats and though this i1ncrease was
not significant 1t shows that these rats tended to have more
mxtochondr;aiand therefore a higher total tissue oxidative
capactity. Further confirming this 1s the signniicant!y
higher t?tal tissue cytochrome oxidase activity to rat
weirght ré}to found tn the interscapular brown adipose tissue
of the exercxse-tra:ﬂed rats. A significantly higher protein
vield was also found from mitochondria isolated from the
interscapular brown ad:pose tissue of the exercise-trained
rats relative to the sedentary controls.

This gives a further indication of an increase 1in
mitochondrial mass in the exercise~trained rats, although
the possibrlity exists -that the protein yield of the
mitochondria isolated from the controls could have been
adversely aififected by the higher white fat content that
appeared to be present. It was clearly observed, however,
that the interscapular brown adipose tissues from the
exercise-trained rats were a much darker brown than those
from the control rats.

Since it i1s the large number of mitochondria in brown
adibose tissue that give 1t 1ts typical brown color, one

would think that the darker brown color of the interscapular
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brown adipose tissue of the exercise-trained rats indicates
a larger amount of mitochondria 1n these tissues compared to
the very pale, almost white, i1nterscapular brown adipose
tissue found 1n the controls.

The specific and total GDP binding capacities of the
interscapular brown adipose tissue mitochondria were both
found to be not signxf:céhtly altered by exercise. Also,
though the total GDP binding to rat weight ratio was higher
tn the exerctse-trained rats, 6l.1 +/- 47.0 pmol/kg versus
41.3 +/- 27.7 pmol/kg for the controls, this difference was
also not signtficant. These results are in agreement with
other studies (Arnold 1986, Arnoid & Richard 1987, 1987c¢c;
Harri et al 1984; Richard et al 1986).

However the finding that exercise did not tncrease the
interscapular brown adipose tissue GDP binding capactty is
not conststent with the finding of aﬁ increased
tnterscapular brown adipose ttssye growth and oxidative

capacity, as indicated by an 1increased protein and DNA

- —

centent and an tncrease 1n total cytochrome oxidase to rat
weight ratio. -

The  explanation for this could be that the last
exerctse bout was at least 36 hours before sacrifice. This
means that the last stimulus was at least 36 hours before
the GDP binding was measured in the exercised rats. In this
time 1t ts possible that some of the UCP's in the

interscapular brown adipose tissue mitochondria of the



(7]
(7]

exercise~trained rats assumed masked forms and thus were
unavailable for GDP binding.

Even though there was no increase in the GDP binding
capacity of the interscapular brown adipose ti1ssue
mi tochondria of the exercise-trained rats, the thermogenic
capacity of the i1nterscapular brown adipose tissue from
these rats was still greater than controls in view of the
small itncrease 1n mitochondrial mass.

This slightly greater mitochondrial mass 1n the
tnterscapular brown adipose tissue of the exercise-trained
rats would give the tissue from these rats an i1ncreased
ability to produce heat despite the fact that the i1ndividual
mi tochondria had a no greater capactty to produce heat than
the mitochondria from the control rat tissue.

5

Tﬁe finding of an increased brown adipose tissue size
with only a small increase in oxidative capacity and no
increase 1n GDP binding capacity may be because the exercise
program in this study resulted tn a small stimulus to brown
adipose tissue thermogenesis, one much less effective than
cold or overeating. The training program may have provided
sufficient stimufation only to c&use an increase in tissue
growth and favor an 1ncreased mitochondrial ma;s, but
without c¢reating an increase tn UCP.

The results of this study are in partial disagreement
with a number of other studies (Arnold & Richard 1987,

1987b, 1987¢; Gohil et al 1984; Harri et al 1984; LeBlanc &
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Diamond 1983; Richard et al 1986). The explanation for this
may be found 1n the differences 1n the exercise programs
used, itn the ambient temperatures that the animals were
exposed to, or to a difference 1n experimental procedure.

One critical aspect of the experimental procedure
tnvolves the dissect:on of the interscapular brown adipose
ti1ssue and the removal of all other adherent tissue. While
removal of white fat and muscle 1s relatively easy, the
removal of blood vessels and 1n particular connective tissue
1s difficult. Extreme care was taken during this step of the
procedure because 1f this dissection 1s not done well the
excercise-induced changes (in protein content particularly)
could be masked by the excessive contribution from other
tissues.

As well, great care was taken not to dissect away too
much of the white adipose tissue 1n c;ose proximity to the
brown adtipose tissue. This was done 1in order to avoid
removing  the brown adipocytes i1nterspersed with the white
fat at the periphery of the brown adipose tissue.

Another factor that could mask the effect of exercisé
tratning on brown adipose tissue is cold exposure. Cold
clearly stimulates brown adipose tissue thermogenesis
(Foster & Frydman 1978), therefore exposure of one of both
treatment groups to cold could result 1n the measurement of .
the cold-induced effect on brown adipose tissue rather than

an exercise effect.
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To minimize any effect of cold, strict regulation of
the amb:ent temperature was maintained in the room where the
rats were housed. This temperature was kept at 27 +/- 2%.
Under these circumstances the i1nterscapular brown adipose
ti1ssue of all the rats -- trained or untrained -- should not
have undergone any adaptive changes due to cold-induced
non-shivering thermogenesis.

The treadmill runs were done at cooler temperatures:
20.8 +/- 1.9°C. This was done because the animals produce
heat while running, thereby risking excessive heat stress if
the exercise room temperature had been Kkept art 27°¢.
Furthermore the exercise-1nduced tncrease in body
temperature would presumably compensate for the cooler room
temperature.

When the rats were brought into the cooler exercise
room, they began their run immediately -- generally reaching
"maximum speed approximately two minutes after leaving the
warm hbusing room.(see Appendix) Whén the run was finished
the rats were quickly returned to the 27°%¢ housing room.
This generally took under four minutes.(sec Appendix)
DeSpite the fact that this transfer time was very brief, a
slight cold effect on the interscapular brown adipose tissue
of the frained rats may have been possible.

However this effect should have been minimal, as during
the run, and for- some time after the run, the body

temperature of the animals was elevated. Although th:s
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increased body temperature was not measured, 1T was clearly
evident when the animals were removed from the treadmi!l and
returned to their cages.

[t 1s therefore only the time span between leaving the
houstng room and reaching an elevated body temperature at
the beginning of the run that actually posed a significant
risk of causing a cold-induced effect on the interscapular
brown ad:pose tissue of the exercise-trained rats. This time
may have been siightly more than two minutes as it mav have
taken a short while afrer reaching maximum speed on the
treadmill for the rise i1n body temperature of the rats to
compensate for their exposure toc a temperature about 7°c
lower than their housing room.

It should be noted, however, that though the training
room was cooler than the room where the rats were housed,
the temperature difference was very small -- no more than
106°C and usually only 7°C. In a study by Arnold & Richard
(1987b), rats housed at 24°C were subjected to either: two
hours of daily exercise on a treadmill at 2¢°C, or two hours
of daily exposure 1o -5°C, or two hours of daily exercise on
a treadmill at -5°C. They found that only the sedentary rats
exposed to cold had fncreases in interscapular bro@% adipose
tissue protein and DNA‘content.

Thus, this experiment indicated that not oniy did
exercise not affect interscapular brown adipose tissue, but

that i1t prevented the effects of cold exposure when the
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treadi1l!l running was done at -5%c.  This study states that
"Upon entering the cold room, trained cold rats immediately
started exercising and upon completion they were guickly
moved back to their 24°C environment.” Clearly Arnold &
Richard faced the same problem of a brief cold exposure
before and after exercise that was present n this study,
however the temperature difference i1n the Arnold & Richard
protocol was approximately 29°¢.

In spite of a2 far greater temperature dtfference, no
effect was found from the brief cold exposure incurred
before and after the rats' exercise period. This casts.
serious doubt on the posstibility that the brief exposure to
a much less s:gnificant temperature drop of only about 7°cC
could have played a major rele 1n causing any changes i1n the
interscapular brown adipose tissue of the exercise-trained
rats tn this study.

Furthermore an attempf was made to balance the effect
of the brief exposure to slightly cooler temperatures that
the trained rats were subjected to, by occasionally exposing
the control! rats to the same 20.8 +/- l.9°C environment for
brief per:tods. The exposure of the control rats to the
cooler temperature of the ;raln;ng room was not as regular
as that of the exercised rats. ;Thxs was largely due to the
diificulty in determining exactly what length of exposure
time would be -equivalent to the exposure titme of the

training rats.
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It would have been 1napprcpriate to keep the control
rats at 20.8 +/- 1.9°C during the entire time of the run as
the exercising rats had an exercise-induced rise 1n body
temperature that the sedentary controls did not experience.
For this same reason, 1t would not have been appropriate to
include the time between the end of the run and the return
of the rats to the housing room (about four minutes) 1n any
calculation of the daily exposure to the running room 1to
which one might subject the controls. Th:s leaves only the
brief time between the moment the rats left the housi1ng room
and the potnt at the beginning of the run when they achieved
a sufficiently elevated body temperature.

The ti:me to reach a body temperature that would counter
the drop in temperature‘of the training room relative to the
housting room was not meésured, as 1t would have been hard to
define and also there was a lack of the necessary equipment
for such a task. This time span was also hard to estimate
and may have varted from rat to rat or changed with the
progression of the train}ng program. Some rats may have
experienced an anticipatory ri1se i1n body temperature before
even getting on the treadmill.

These concerns, pluﬁ the mild and brief nature of the
cold exposure endured by the exercise-trained rats, made the
assignment of a particular datly cold exposure for the
control rats wunjustified. Thus, the cont;ol rats were

exposed to the cooler exercise room only when time
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permitted, such as when thev were being accustomed to berng
handled.

It seems likely that the cxplanation for the increase
1in 1nterscapular brown adipose 11ssue protein and DXA
content found 1n the exercise-trained rats of this study
must be found i1n some aspecti of their treatment other than
thi1s brief and mild exposure to a2 cool (approximately 0%
temperature beciore and after each run.

It 1s aiso 11mportant to note that 1n this study no
significant difference was found between the food intake or
food ntake per rat weight of the traitned and sedentary
rats. Any significant difference 1n food i1ntake betwecen the
treatment groups could i1ntroduce an effect on interscapular
brown adipose tissue due not to exerctse but to overeating
or undereating. Overeating stimulates BAT thermogenes:s
{Rothwell & Stock 1979) whereas undereating supﬁ}esses 1t
(Desautels 1985, Desautels et al 1986; Villarrovya et al
1986c), thereby interfering with an attempt to 1solate any
effect-due specifically to exercise.

It 1s perhaps 1n the variety of exercise protocols uscd
10 Etudy the effect of exercise on brown adipose tissue that
one may find the most interesting explanation for the
dlffgrences tn the results of the different studies.

The studies that have used blpchemiéal assays to
analyse the ref&tlonshxp between exercise and brown a?xpose

titssue 1n rats have used a number 0f exerctse programs.
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These programs have i1ncluded acute exercise bouts (Arnold et
al 19865 Gohil et al 1984}, and long term training (Arnold %
Richard 1987, 1987b, 1987c; Gohil et al 198%; Harr:i et al
1984; LeBlanc X Diamond 1983; Richard et al 1986).

The training programs have been of different
intensitres and have included treadm:ll running (Arnold et
al 1986, Arncld & Richard 1987, 1987b, 1987c; Gohtl et al
1984; Harr: et al 1984; Richard et al 1986) and swirmming
(LeBlanc & Diamond 19388). Most of the studies have used male
rats but one used females (Goh:l et al 198%&).

These vartables have led to different results even 1n
studies done by the same research groups (Arnold & Richard
1987, 1987b, 1987c; Harri & Valtola 1975, Harr: et al 1982,
1984; LeBlanc & Diamond 1988; Richard et al 1986). The
differences 1n results obtained with different exercise
protocols could be due to different stress levels. The
protocol used 1n this study was a straightforward gradual
aerobtc tratning program which emphasized minimizing stress.

Stress and exercise are assoctated with increased
sympathetic nervous system activity {Luger et al 1987) and
with an increase 1n plasma cortisol levels (Luger et al
1987; Buuck & Tharp 1971). Sympathetic nervous svstem

activity stimulates brown adipose tissue thermogenesis

.(Danforth & Sims 1983; Dawkin & Hu!l 1965; Rothwell & Stock

1984d), however cortissc! has been shown to suppress brown

adipose tissue thermogenes:s (Allars & York 1986; Fukushima
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et al 1985; Marchington et al 1983; Rothwell & Stock 1934d;
York et al 1985).

The effect, therefor=, 1hat stress and exercise have on
brown adipose tissue must depend on the balance achieved
between hormone levels resulting from the degree to which
secretion from the sympathetic nervous system and the
adrenal cortex are stimulated.

The exercise-induced increase in circulating cortisol
increases further with higher levels of exercise intens:ity
(Hartley et al 1972; Luger et al 1987). Training however has
been shown to reduce the response of the adrenal cortex to
exercise (Buuck & Tharp 1971; Luger et al 1987).

In a study involving rats trained by a treadmill
running program which by four weeks reached 1 mph (approx.
27 m/min) for 1 hr/day, 5 days/week, Buuck & Tharp (1971)
found that resting plasma corticosterone levels were high
dur:ing the first four weeks and lower by six weeks but still
above control levels until the eighth week.

This shows that while the exercise intensity 1S
increasing to reach the maximum speed and duration of the
training program, the resting plama corticosterone levels
are high. They also remain high for some time after the
maximum tntensity has been reached. At which point in a
training program the resting blasma corticosterone level

would return to normal may well vary with different maximum
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intensities and rates at which the maximum 1ntenstty 1S
reached.

In the present stqdy the maximum 1ntensity of the
tratning program was treadmill running at 25 m/min, |
hr/day, 5 days/week. By the fifth week the rats were running
at 25 m/min for 50 min, and were therefore close to the
maximum intensity. The £full inte&suty was reached by the
seventh week of the ten week program.

With this gradual approach to a moderate 1intensity
training program 1t seems likely that the resting plasma
corticosterone levels of the exercise-trained rats should
not have reached high levels and should have returned to
normal by the time of sacrifice. This, however, was not
verifred.

Although plasma cortisol levels are predicted to have
been }ow 1n the exercise-trained rats in this study, this is
not a sufficient explanation for the finding of brown
adipose tissue growth. It is also important to consider the
ceffect of training on the sympathetic nervous system.

Some evidence has shown that exercise training reduces
the response of the sympathetic nervous system to exercise
(Hartley et al 1972, 1972b; Luger et al 1987). However other
studies have found an increase in plasma epinephrine after
exercise training, possibly due %o increased secretion from

the adrenal medulla (Jobidon 1985; Kjaer & Galbo 1983).
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It has aiso been suggestaed that the reduction tn firing
of the adrenerg:.¢ nervous system results 11n 1ncreased
sensi1tivity of target 1tissues (Krotkiewsk: et al 1933).
Richter et al (1984) have found that endurance training
increases the ability of epinephrine to stimulate oxygen
consumption 1n perfused skeletal muscle.

Aerobic exercise training has also been [and to
increase the epinephrine-mediated release of free farty
acids from white adipose tissue (Askew et al 1975). This
evidence 1$ 1n agreement with the possibility that exercise
training results in an increase in the sensitivity of some
tissues to catecholamine stimulattion.

If brown adipose tissue sensitivity 1o catecholamine
stimulation 1s augmented by aerobic training and adrenal
secretton of epinephrine 1s :1ncreased as well, then a
decrease 1n firing from sympathettic nerves after training
would not decrease the sympathetic nervous system
stimulation of brown adipose tissue.

This would mean that the chotce of a tratning program
which allows plasma cortiso!l levels to return to normal may
be critical! in order to show an exercise-induced increase in
brown adipose tissue growth and thermogenic¢ capacity. This
therefore could explain the difference between the results
found in this study and the results of others.

To show this conclustvely more study must be ‘done 1o

compare training programs at different intensities with
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plasma cortisol levels and changes in brown adipose tissue
thermogen:ic capacity. Demonstration of an i1ncrease in brown
adi1pose tissue sensttivity to catecholamine after training
1s also 1mportant.

[t may be that i1n order 1o increase brown adipose
ti1ssue thermogenesis the intenstity, or stress level, of a
training program must not only be low enough to keep
cortisol levels down but high enough to get a sufficient
stimulatory effect from catecholamines. "

Another factor that would be useful to investigate is
the role played by 1nsultn in influencing the results in
thts and other studies. Insulin levels decrease with
exercise (Hartley et al 1972, 1972b; Winder et al 1987)
though this decrease 1s less severe after traintng (Hartley
et al 1972, 1972b). Since insulin stimulates the sympathetic
nervous system (Landsberg 1986) and therefore brown adipose
tissue thermogenesis, the exercise-induced decrease in
plasma 1nsulin lJlevels could act to suppress brown adipose
ti1ssue thermogenesis.

On the other hand, exercise training increases insulin
sensitivity (Jobidon et al 1985). Therefore the decrease 1in
plasma insulin levels during exercise 1n a trained animal
might not acte 10 suppress brown adipose tissue
thermogenesis. This remains to be investigated. in fact,
since insulin resistance has been associated with possible

suppression of brown adipose tissue thermogenesis (Jequier
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1983; Mercer & Trayhurn 1984b, 1986), i1t may be found that
the i1nfluence of exercise training cn insulin could lead to
the stimulation of brown adipose tissue thermogenesis.

Also, different . exercgise protocols may produce
different changes 1n plasma insulin levels and 1nsulin
sensitivity. This factor may further explain the variation
in results found i1n the studies -done thus far on the
interaction  between exercise and brown adipose Tissue
thermogenesis.

It ts therefore 1mportant to do more detatled studies
which will examine the nfluence of exercise on hormones
such as 1nsulin, cortisol, and catecheclamines, and compare
these hormone changes with changes in brown adipose ‘tissue

thermogenesis.

/)
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CHAPTER VI

CONCLUSION AND RECOVMENDATIONS

The fact that training would 1ncrease brown adipose
t1ssue size and lead to a mild improvement i1n the
thermogenic capaclty is in some ways perplexing as brown
adipose tissue thermogenesis and exercise are processes that
would compete for calories. Also both processes produce
heat.

The finding that brown adipose tissue thermogenic
capacity can be i1ncreased with aerobic exercise training may
be due to the fact that physical activity may act to 'tune'
the body generally. The advantage of the attendant increase
in the thermogenic capacity of a trained animal may be to
have its brown adipose tissue primed and ready to increase
heat production quickly.

This may be very useful i1f the animal 1s suddenly
exposed tc cold. Sudden drops in temperature are common in
the wild, particularly in the spring and fall in temperate
climates when night-time temperatures are much lower than
those during the day.

An ability to increase brown adipose tissue
thermogenesis 1in the <cold would reduce the need for
shivering and preserve intramuscular . fuel stores for

physical activity such as flight from a2 predator.
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An increased capacity for brown adipose tissue
thermogenes:s would also be useful for an aerobically
trained animal in allowing it to maintain a lower body
weight. Excessive weight would interfere with physical
performance. Thus an animal that needs to run frequently and
for signitficant lengths of time would have an advantage L f
1t were relatively lean.

It is also 1true that exercise results 1n the
mobilization of fuel such as fatty acids (Astrand & Rodahl!l
1977). When exercise stops tt 1s likely that the fuel
remaining in transport 1i1n the blood would be used 10
replenish muscular stores and be returned to white adipose
tissue for storage. However 1t 1s possible that brown
adipose tissue thermogenesis would be useful to use up some
of this fuel, thus returning the body to homeostasts and
resting blood fuel levels more quickly.

I1f the exercise stress that an animal 1s subjected to
1s too great, the benefits of an increased brown adipose
ti1ssue thermogenic capacity may be counteractea by other
factors. Higher levels of exercise intensity require greater
use of fuel, therefore fuel conservation may outweigh the
need to maintain the animal's body in a state of readiness
for cold exposure.

At the end of an intense exercise bout the body may
need to use all extra fuel mobilized for replenishing

intramuscular stores. This would negate any benefit of brown
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adipose tissue thermogenes:s 1n returning the bodv to
resting blood fuel levels. Brown adipose ti1ssue
thermopgenests would also be unnecessarv for the maitntenance
of a relatively low body mass 1f the intensity of the
physical activity that the animal 1s subjected to remains
sufficiently elevated.

A great deal of work ts yet required to give a fully
clartfied picture of the effect that exercise has on BAT
thermogentc capacity. More detailed work relating
exercise-induced hormonal levels to changes i1n brown adipose
tissue thermogenesi1s are needed.

It would be useful to do a series of studies using
exercise programs of graded intensities, measuring changes
tn blood hormonal levels, and comparing these changes with
any changes 1n BAT biochemical characteristics such as
protetn and DNA content, mitochondrial mass, oxidative
capacity, and mitochondrial GDP binding capacity.

Further 1nvestigation of the effect of exercise on
brown adipose tissue thermogenes:s would 1ncrease the
understanding of the influence of exercise on mammalian
physiology. It would also add to the understanding of the
mechanisms by which brown adipose tissue is activated.

A better comprehension of brown adiposg tissue
thermogenesi1s and exercise and the role they play in human
physiology 1s of great importance. Since brown adipose

ti1ssue may be found to play an important role in the control
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of human obesity, knowledge of the 1nfluence that specific
exercise regimens have on human brown adipose Ttissue
thermogenesis could provide valuable i1nformation for the
establishment of 1mproved methods of treating obesity.

As obesity leads to a vafiety of health problems, thts
study and others on the effect of exercise on brown adipose

tissue could provide a significant benefit te the human

community by facilitating a more effective system of health

care.
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APPENDIX

1. RAW DATA: INDIVIDUAL SUBJECT VALUES

WEIGHTS AND FOOD INTAKE

Final Weight Food Heart IBAT
weight gain 1ntake weight weight

Rat (gm) (gm) (gm/day) (gm) (gm)
Control 1 445.5 232.5 21.77 1.252 0.312
2 565.5 345.5 25.3% 1.477 0.355
3 452.5 252.5 22.56 1.081 0.340
& 51%8.5 309.5 24 .34 1.387 0.363
b 453.0 251.0 21.08 1.341 0.327
6 >40.5 332.5 25.28 1.503 0.219
7 564.5 345.5 25.37 1.392 0.4338
3 535.5 318.5 23.47 1.620 0.452
9 532.5 321.5 25.02 1.460 0.317
10 480.0 284.0 24.64 1.232 0.279
Exercise 1 419.5 223.5 21.08 1.253 0.244
2 446.0 237.0 23.29 1.734 0.346
3 456.5 249.5 22.72 1.305 0.362
4 442.5 236.5 22.30 1.198 0.234
5 438.5 235.5 22.25 1.139 0.320
6 417.0 213.0 21.90 1.272 0.254
7 444 .0 242.0 21.64 1.314 0.393
g 442.0 236.0 25.92 1.299 0.480
9 412.5 209.5 23.61 1.318 0.354
10 422.5 215.5 23.58 1.512 0.243
11 425.0 . 230.0 22.78 1.373 0.191
12 473.5 263.5 24 .57 1.530 0.370C

13 303.0 283.0 24.24 1.722 0.236
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IBAT & MITOCHONDRIAL PARAMETERS

IBAT IBAT Mito. Cy1.0x. GDP
protein DNA protein spec.act. spec.bd.
Rat {mg) (mg) (mg) (ug O/mg/m) (pmot/mg)
Control 1 7.20 0.141 1.12 7.32 12.6
2 3.33 0.076 0.33 2.82 0
3 5.63 0.100 0.83 4.90 27.2
4 5.63 0.108 0.87 4.75 13.4
5 7.35 0.121 1.10 &.57 18.8
6 6.90 0.105 1.68 7.64 15.6
7 5.33 0.083 0.7¢& 4.93 12.3
8 10.35 0.171 2.14 8.72 14,2
9 8.85 0.123 1.9& $.47 28.1
16 7.25 0.095 1.52 4,63 12.6
Exercise | 11.48 0.155 2.25 7.385 11.0
2 9.08 0.153 1.64 €.23 1.3
3 15.75 0.198 3.23 6.59 10.0
4 6.38 0.100 1.06 5.08 12.4
5 9.30 0.165 2.28 6.16 5.1
6 14.40 0.1%5 2.65 5.53 19.1
7 11.70 0.207 2.33 5.81 8.5
3 11.33 0.202 2.45 7.93 22.3
9 17.10 0.225 3.81 3.36 17 .4%
10 10.73 0.150 1.77 5.12 12.1
11 6.33 0.108 1.16 3.52 10.3
12 $.78 0.175 1.18 1.44 6.0
13 10.43 0.148 1.82 6.51 l16.3
Mito. = Mitochondrial; Cyt.Ox. = Cytochrome oxidase;
spec. = specific; act. = activity; bd. = binding

O = oxygen atoms; m = minute.
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2. TIME ESTIMATES

An Estimation of the Time Required to Bring Six Exercise-
Trained Rats from the Housing Room to Maximum Speed on the
Treadm: !l at the Beg:inning of their Run:

Tria! Time {(min X sec) Time 1n sec

1 1' 45* 105

2 1 347 94

3 1' 48" 108

4 2' gav 122

5 1' &go" 100

6 I' 44 104
Average ' 4 106 +/-79
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An Estimation of the Time Required to Remove Six Rats from the
Treadmill and Return them to the Housing Room after the End of
their Run:

Trial Time (min & sec) Time i1n sec
1 3+ Q8" 138
2 2' 30v 150
3 2' 58n 173
4 3t 55» 235
5 4+ Q3» 243
6 3* 18" 198
7 2' 330 153
3 2' 41" 161

Average 3' og" i 188 +/- 36





