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SUMMARY -

During acclimation of the rat to cold brown adipose tissue grows

and its mitochondria proliferate. Brown adipose tissue is known to be

 the major site in the cold-acclimated rat-of nonshivering thermogenesis,

the pffgess by which extra heat is produced and body temperature
m&ntai;ed when the rat is in a cold environment. The extra heat prodUced
is known to be controlled by the sympathetic nervous systeﬁ and cold-
acclimated rats have an enhanced capacity to respond to catecholamines
by an increase in metabqfic rate {calorigenic response). vBrown adipose
tissuefmitochondria are known to Be especially adapted for heat produétion.
They possess a unique and controliable proton conductance pathway,
sensitive to pur%ne puc]eotides,_;hat allows a high rate of respiﬁatioh'
(and hence of heat production) when open. -The mechanism underlying the
very large capacity of brown adipose tissue for heat production involves
futile proton cycling across the mitochondrial inner membrang, dissipating
a§ heat the enerdy normally utilized in.other types of mitochondria for
ATP production. '

The work described in this thesis has as its objective the

description of some of the changes in mitochondrial composition, structure

and function which occur in brown adipose tissue during acclimation of

the rat to cold and the elucidation of the mechanisms by which such changes -

are brought about. |

Results show fhat acclimation to cold is best described as
occurring in tivo phases. The first phase is termed acute cold stress,
involves rapid changes and occurs during the first few hours of exposure
to cold. - The second phase, termed the adaptive phase, jnvolves slower

changes and extends from the first day to approximately the second week

xvii
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of exposurento cofd.

The first phase, termed acute cold stress, is characterized by
an 1ncrease in purine nucleotide binding to brown fat mitochondria -
(a measure of the amount of proton conQuctance pathway), which is not
accomﬁanied by any chaﬁge in the proportion of the 32 000 M.W. polypeptide,
known to be the binding site of the purine nucleotides on the mitochondrial
1nnér membrane. Mitochondria are larger and have an altered internal
structure resulting in an increased inner membrane surface. A similar
increase in purine nucleotide binding can be produced in vivo by an
'1ntravenous infusion of norep1nephr1ne and in vitro by 1ncubat1ng isolated
‘ mitochondria in KC1 medium at alkaline PH. Mitochondrial 1nterna1
structure is also altered following these treatments. The norepinephrine-
induced 1ncrease in purine nucleotide binding is totally reversible and
protein synthesis is not required for either the norepinephrine or the
cold-induced incr@ase in purine'nuc]ebtide binding. Thus, the initial
response to cold stress appears to involve unmasking of mitochondrial
proton conductance pathways, most probably mediated by norepinephrine.
The actual mechanism of unmasking is still unknown but may involve a
reorganization of mitochondria] membranes,

- During the adapti}e phase, which occurs during prolonged cold
exposure, there is a large increase in brown adipose tissue mass and a
proliferation of mitochondria within the tissue. Mitbchondria are also
larger and their cristae mofe numerous and arranged in a parallel
fashion. Simultaneously, there is also an increase in the proportion il
of the 32 000 M.u. polypeptide accompanied by an additional increase in
purine nucleotide binding resulting in a higher concentrat1on of proton

conductance pathways. AJ1 these changes regress rapidly and at the same



rate when cold-aétlimated rats are returned to a warm environment '-The-t;
increase in purine nucleotide binding sites is dependent on cytosolic.~
but not mitochondriai protein synthesis A]tbough the tissue hypertrophy
may itself be mediated by norepinephrine the changds in mitochondriai
-composition are not. | | |

Thus an increase 1n .the mitochondrial concentration of proton
conductance pathways, which occurs simultaneousiy with tissue hypertrophy

'-and mitochondrial proIiferation constitutes the adaptive response to

- cold and most probab]y contributes to the enhanced capdtity of the rats

for: nonshivering thermogenesis. However, the 1n ~itro mitochondrial
respiratory capacity does not appear to be directiy'dependent on the
concentration of proton conductance pathways and a regu]atory fuhction i
for the increase in proton conductance sites 1n mitochondria of c01d~ :
~acclimated rats is suggestedﬂ )

Several questions remain unanswered; particuiariy concerning ) ‘,\\\:"
the mechanism of action of norepinephrine, the identification of the - B
hormone(s) responsible for the development of brown adipose tissue and
of the changes in its’ mitochondria as we11 as the phySioiogical
1mportance of the unmasking observed in the acute phase of cold exposure
Further research is needed to explain more fully in biochemical terms
theé calorigenic action of norepineohrine on brown adipose tissue and
the nature of the adaptive changes in brown adipose tissue mitochondria
which underlie the increased capacity of coidfacciimated rats to respond

calorigenically to norepinephrine.

e



INTRODUCTION

~

Qver the last few years, brown ad1pose t1ssue has been the subJect
of intensive research to exp]ain its role and function in 11v1ng organisms.
Its 1mportance in the process of h1bernat1on has long been recogn1zed
This tissue was or1g1na11y called the "hibernating g]and" a1though its.
actual role was poorly understood.. However, the dominant role of this .
small tissue, representing only few per cent of total body weight, in
heat production has only been firmly estab1ishé& very recently. New
__rese;rch trends also point to an important role in overall energy
balance not only in small mammals and newborns, but also possibly in
aduit hﬁmans; '

Brown adipose tissue is basically an energy dissipating.organ, a
biological furnace. Its specialization in heat production is reflected
by its composition and function. When the metabolism of brown éﬂipose
tissue is stimulated by cold exposure -or at the time of arouéaT from
hibernation, the adipocyte oxygen consumption and heat production
increase. Norepinephrine is known to mediate this response Brown
adipose tissue has indeed a 1arge capacity for fatty ac1d ox1dat1on '
About half the volume of a brown fat cell is occup1ed by tﬁ1g]ycer1de
droplets (fue]) and the other half by mitochondria (furnace). Brown
adipose tissue mitochondria are also specially adaptéd for a hfgh
"oxidétive metabolism. They possess ap unusually high content of
substrate dehydrogenases and oxidative enzymes. In addition, mitochondrial
respiration can escape normal respiratory control so that a high rate of
respiration, (heat production) may be sustained from substrate (fatty
acids) oxidation without stoichiometric production of ATP. A special

mechanism underlying this uncoupiing of oxidative phosphorylation has
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recently been describe&_(pfbton condqctance'pathway) and will .be
discussed thoroqghly inithe'1itérature:reviéw;

The capacity of animals for nonshivering heat production is

.reTéted to the.preséhce of brown adipose tissue which is found in larger

A

. amounts in cold-acclimated animals, hibernators and neonates of various

species including man. ‘ T
: ‘ RS
Two differgnt responses of brown adipose tissue to cold exposure
hay be distinguished: There is a rapid response characterized by an
increase in oxygen éonsumpfion and heat production upon acute cold stress.
This reaction may Ee easily reproduced in vitro by addition of norepine-
phrine to a suspension of isolated brown adipocytes. This response is
present in brown fat ce]lé of all animals independently of species-or
adaptation differences. Howeveﬁ, the' thermogenic capacity of brown
adipose tissue from hibernators and cold-acclimated animals is much -
greater than that of brown adipose tissﬂe.from non;hibernatdrs and non-
acclimated animaIs.— Several laboratories have been carrying out research
to elucidate ihe mechanism of the calorigenic action of norepinephring
with a particular attention to the mechanism of induction of mitochondrial

thermogenesis.

r

A slower response of brown adipose tissue to cold exposure of non-
hibernators involves the enhancement o% its capacity for heat production.
The tissue growg and long-term changes occur in the mitochondrial
composition and function. Few datq afe available concerning this-
adaptive phase of céld aéc]imation and the interrelationships between
the acute and adaptive phases have not been clearly defined. The
mechanism underlying mitochondr%d] energy dissipation described in

hibernators may probably be extrapolated to miﬁpchondria of brown adipose

t
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tissue of cold-accl1mated or newborn animals, known to: have a maximum
and comparab]e thermogenlc capac1ty dowever, its development and
1mportance at:varijous times dur1ng adaptation of non-hibernators to co]d
have not been" stud1ed 1ntensively ’ Sim11ar1y, hormone(s) fespons1b1e
for the deve]opment and transformation of brown adipose tissue and of :
1;s‘m1tochondr1a during adaptat1on to co]d is (are) not fu11y jdentified.
The work described in this thesis concerns the changesﬂin
mitochondrial energy dissipation in brown adipose t%ssue of cold-
< .‘acc11mated rats, in which the t1ssue is enlarged and has an enhanced
;4///)‘\\hcapac1ty for thermogenesis. The compos1t1on, structure and funct1qp of‘.
S m1tochondr1a 1so1at;d~?rom brown ad1pose tissue _Of rats exposed to cold
for short and -1ong time per1ods is described. Changes which develop in
;,/’the energy- dlssapat1ng mechanism during exposure to co]d are studied
and an attempt is made to .dent1fy the hormone(s) respons1b1e for their
development. |
‘Finale, the'mechanisn of the.c01d-induced changes is studied,
with particular reference to the role of protein synthesis and to the
nature of the intracellular mediator. |
A'detailed baekground for the work described in this thesis is
_, inen_in the 1itefature review that follows. The literature review is
i divided into several sections corresponding to the different subject
- areas touched upon in the study. A summary of present knowledge of
cold adaptation is followed by a detailed discussion of possible
mechanisms of intracellular heat preduetion. Then, the role and function.
of brown adipose tissue is reviewed with a special emphasis placed upon
its mitochondria. Mitochondrial composition and structure as well as the

mechanism of energy dissipation unique to this tissue is reviewed. This



is followed by a deséription of the chain o?'events occhrfing during
adaptation to cold and by a. discussion of the control of tﬁérmogenic

activity in the acute and adaptive phases.
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" LITERATURE REVIEW

PART I. COLbrACCLIMATION AND NONSHIVERING o

- THERMOGENESIS

™

A. Nature’hnd definitions

mmals are Hascribéd as w§rm-b1o$ded'animdfq becaﬁge of their

t} to maintain a blood temperature higher than that of ;héir
enviroﬁment. They are charactefized'by a remarkable capaciéy to

regulate their body temperature so that it remains constant under a

great variety ofiinvironmental conditions. The méintenaﬁce of. bédy '
temperature is a de]iéate;ba1ance betweeﬁ heat pfoduption and heat loss.
Heat is prqduced by metabo1ic processes. Metabol%sm is g:teﬁﬁ whicﬁ
refers to the various chemical reactions characteristic of the 1iving

cell and heat is a by-product of these reiFtions; The more active the -

' metabo]ism; the grqaper‘ii the heat productﬁpn. When a rat is-exposed

" toa c&1d'environmentfthat is below its thermoneutral temperature,
experimentally, 4-6°C), iEs heat loss is minimized by piloerection and
vasoconstriction. This'fe tion of heat Toss is under sympathetic
control (124). The extra ::jé‘heeded to maintain its body temperature

" constant is produced.maiﬁ1y in muscle By shiver{nﬁ. The rat thus
transferred from a warm to a cold environment will be referred as being
"cold-exposed"} After having been in the cold for a fairly long period
(3-4 weeks), the rat is able to maiﬁtain its body E;mperature constaﬁt
without shivering (124). It is said to be "coid-acc]imated? and to rely
on nonsh{yerjng thermogenesis (NST) for its heat prbgucfipn. Nonshi@ering

thermogenesis is then the production of heat by acceleraticon of metabo}ic"

‘processes other than those invo]ved'in shivering thermogenesis. It must

4
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T ~“however be pointed out that e1ther shxver1ng_or nonsh1ver1ng thermogenes1s

are regu]atory heat product10n" mechan1sms not to be confused with ‘the

S

essent1a1 and ob11gate heat product1on resu1t1ng from energy exchange
and metabo11sm necessary for the ]1fe of every ce1l (92). As such they

do not 1nc1ude_the basal metab011c activity. The "regulatory heat

-

production" is a” facultative thermogenesis which.may or may not.be
activated according to the environmental conditions, According to

Leblanc (174); what appears EB’Eg of importance in'adaptat{on to cold .

is the suppression of shivering which is nof-economical (142} and

mentally distorbing. In fact, the relative contribution of shiverfng'

and nonshivering thermogenesis upon Co1d exposure varies with the adaptive
state of the an1ma1 or depends upon some specific built-in capacity of
the an1ma1 to use NST For instance, newborns and h1bernators such as
the hamster, the hedgehog or the ground squ1rre1 possess an inherent
capacity to use NST a]though.newborns lose it relatively early in life"
whiTe'hibernators keep it through their adult life. In certain non-

hibernators such as the rat, guinea pig, mouse and rabbit, nonshivering

. thermogenesis appeans t0 be an adapt1ve process be1ng only present in

__..J-u
the adult to any apprec1ab1e extent after adaptat1on to cold. In man

or in some other large mamma]s such as, the sheep, the capac1ty to use
NST is Tost early after b1rth‘and the adu]t appears to be unable to
undergo to any apprec1ab]e-extent”the necessary adaptat1on for non-
shivering thermogenesis (125).L

There is considerable evidence that nonshivering thermogenesis is
under the control of the sympathetic nervous'system'and that the capacity
to use nonshiveniho thermogenesis,'nhether adaptive (as in the cold-
acclimated rat) or'constitutive (as-in the'hamster, an hibernator)~is,n

|
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associated with a capacity to respond to catecholamines by a large
increase in métabd]ic rate (Ea1origeni¢ response} which may be as
greﬁt as 4-5 x the basal metabolic rate (124). This enhanced
calorigenic response in the cold-acclimated rats is best observed
during an intravenéus infusion of catecholamines (Fig. 1). The 1éve1
of NE. (norepinephrine) in the plasma during parallel infusions is
actually lower in the cold-acclimated rats than in the warm-acclimated
animals and compares quite well with the concentration needed to

that the plasma level of NE durihg the infusion apprbximates the synaptic

stimulate oxygdm uptake by tissuzzwin vitro (60). _It has been suggested
concentration of NE during 0013 exposure. Thus, the enhanced calorigenic
response to NE in cold-acclimated rats is not due to higher circulating
‘levels of NE as suggested by Leblanc and Pouliot (175).

Since mammals are aerobic oéganisms and heat is a by-product of
metabolic activity, the rate of heat production is eqha1
to the rate of respiration. In the rat (the animal under study in this
thesis) as in most speéies, the enhancement of the éa]origenic response
to catechoTamines deye]ops slowly during the first four weeks of cold
exposure. During this period, the extent to which the'rat shivers while
in the cold decreases slowly and reacheQalninimum at about the same time
as, the ca1orﬁgeﬁic respénse to catecholamines reaches "a maximum (124).

(Compare Fig. 2 and 3).

Nonshivering thermogenesis can now thus‘be defined as:

. an INCREASE .IN) HEAT PRODUCTION not due to muscle movements, above

(an not inclyding) the basal metabolic activity

. -which FACULTATIVE, i.e. being subject to an on/off switch under

the control of the sympathetic nervous system
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FIG. 1. Enhancement of calorigenic r'espclmse to norepinephrine
(noradrenaline) by cold acclimation. Oxygen uptake of a warm- and a
cold-acciimated rat during infusion of norepinephrine is shown.

Norepinephrine was infused intravenously (O.Sug/100'cm2 per min. )
from 0 to 30 min. Rats were lightly anesthetized with sodium
pentobarbital. Warm-acclimated rat weighed 478 g, and cold-acclimated
rat weighed 373 g; they had lived at room temperature (25-28°C) and in
the cold (4°C) respectively, for 13 weeks, and| their weights at the
start of the acclimation period were 202 g and| 192 g respectively.
Values of 80.5 and 22.0 on the graph are obtainkd from the area under
the curve during the 30 min. of infusion of norepinephrine, and they
regresent total increase -in oxygen uptake in mifl Timeters of 05 per 100
cm® in 30 min. Increases shown are typical of jrats kept under these
conditions. (From Himms-Hagen (124) ).
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FIG. 2. Development of enhanced calorigenic response to
noradrenaline during acclimation to cold. '

Metabolic response to intravenously infused noradrenaline at
level of 1 ug free base per minute per rat in rats previously maintained
at 30°C (s) and 6°C (o) is shown. Metabolic response is given in. square
centimeters and corresponds to the area under the curve of oxygen
consumption vs. time during noradrenaline infusion (100 min) minus area
corresponding to initial oxygen consumption in same period of time.
The average increase in ml O, consumed per minute for each rat, during
infusion of noradrenaline can be obtained by dividing metabolic response
units by 20. . '
(From Depocas (57) ).
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FIG. 3. Increase and decrease in shivering as measured by
electrical activity, during acclimation to cold.

Muscle electrical,activity as related to time of exposure
to 6°C is shown (solid 1ine) in the left-hand part of the diagram
(Tower tracing). Broken lines show range of variation. Vertical
bars at 0 and 29 days show muscle electrical activity in warm-
acclimated rats living at 30°C. Upper tracing shows heart rate.

At 30 days cold-acciimated rats were moved to -6°C (right-hand part
of the diagram).

(From Hart et al., (110 ).
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aﬁd ADAPTIVE, i.e. in animals with no built-in cépadity for usé of
NST the process is present in the adult to any appreciable extent
only after adaptation to living in the cold. _
The ultimate.goal of the research on NST is, the full exp]anagion
in biochemical terms of the large increase (4X} in metabolic rate upon
catecholamine administration in animals adapted to use NST. Any
explanation or hybotheﬁis to be accepted must satisfy the main
characteristics of NST'as defined above. In studying the factors that
regulate NST, it will be necessary to distinguish between those that are
associated with the rapidly-occurring responses initiated when the animal
is acutely exposed to cold from those that are associated with the
changés induced by prolonged cold exposure. In this regard, a §o1d
environment refers fo.any temperature below the thermoneutral one of the
animal and sufficient to induce some adaptive changes. However, in this
thesis, the term "cold-acclimated" will refer to animals who have lived
at 4-6°C for a minimum 0% 3-4 weeks and ”con-exposed"_wi1] refer to

animals exposed to 4-6°C for a shorter period.

B. Sites of nonﬁhivering thermogenesis

The major site of NST appears to be Brown Adipose Tissue (BAT)
(84, 85). Although it is not possib&e to measure directly from which-
organs.NST originates, an indication of the regional importance in heat
production can be obtained by measuring blood flow to various organs
in the intact animal. Earlier work estimated the contr{bution of BAT
to NST from co]d-acc]iﬁated rats not to exceed about 6-10% of the total
heat production (126, 127, 155). The contributiﬁn of skeletal muscle
was estimated at about 50% (155, 156). However, récent work by.Foster

pointed out that the contribution of BAT had been considerably under-



estimated (84, 85). Measurements of blood f19w.with'microsp
pointed to BAT as the dominant site of the caiorigenésis induces

norepinephrine, accounting-for 60% of the calorigenic response of the

e

cold-acclimated rats. Skeletal muscle could not be responsib1e for mofe
than 12% of the calorigenic response to NE in CA rats. More recent work
performed on conscious warm- and co]d-acc1jméted rats also demonsiréted
the dominant role of brown adipose tissue in the replacement of shivering
by nonshivering theyﬁogenesis as can be seen in Fig. 4 (86).

The contributi;p of BAT to the increased thermogenesis of'wA
rats exposed to cold (4°C) is‘fa{r1y 1a}ge but is c1ear1y.much more
. ddminant in CA animals. Muscle shivering is important in WA animals
but becomes minor in CA animals exposed to low temperature.

Further evidence for the important role of BAT in NST is the
correlation between the amount of brown fat and the metabolic response
of the animal to NE (39). The existence of a large calorigenic response
to NE js always associated with the presence of abundant deposits of BAT
(39, 264). Brown adipose tissue also undergoes dramatic changes in
structure, composition and metabolic characteristics when the capacity
of the animal to use NST changes {39, 264}. The changes takjﬁa place in
BAT upon cold acclimation will be described in detail in a later chapter.

Skeletal muscle, even though it is a minor contributor to NST in
small mammais, also undergoes changes during cold adaptation (14). For
comparison, a short revjew of the changes occuﬁring in skeletal muscle |
will also be preseg&ed in a-later chapter. It is also important to
note that the relative contribution of BAT and skeletal muscle to NST in
small mammals such as the rat hight be different from the contribution

in large -cold-acclimated animals, such as the seal for example, where -
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FiG. 4. Approxihate contribution of tissues to cold-induced
“increase in metabolic rate in warm- and cold-acclimated animals.

The changes in biood flow to various tissues of cold-exposed
(6°C or -19°C) W-A or C-A rats is expressed as percentages of the
sum of the increases in flow to the tissues. The changes in. flow
were calculated by taking flow at 25°C (W-A rats) or 21°C (C-A rats) .
as the base. ’
(From Foster and Frydman (86) ).
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PART II. BIOCHEMICAL MECHANISMS OF HEAT PRODUCTION

From a thermochemical point of view, a human or an animal may be
regarded as jyst a catalyst for the combustion of foodstuffs: Indeed,

it has also been Tong recognized that the production of heat is associated

with respiration and the concomitant oxidation of foodstuffs. The amount,u

of energy released during combustion of a substrate is essentially the
same whether it occurs in a test tube or in a living cell. However, in

a cell, the process is stepwise and controlled. The purpose of this

. combustion is usually not the production of heat but rather the production

of a useful form of conserved energy, namely, ATP. From calculations based
on the free energy of combustion of various substrates and intermediates,
it appears that virtually all the energy released during oxidation dccurs
in the reaction of reduced mitpchondria] substrates {such as NADH or |
succinate) with 0, (221, 222). The mitochondria are presently accepted
as being the major site of heat production in a mammalian cell. However,
some (if not all} of the energy released during mitochondrial oxidation
is conserved in the form of ATP. There is still controversy about the
relative proportion of the energy conserved as ATP or dissipated as heat
{i.e. about the effibiency of coupling of thg oxidative phosphorylation)
(126). As regard to heat production; the main questions are then how
much energy is conserved or'dissipated upon mitochondrial oxidation and
how the process is regulated and activated.

There are several theories about the way cells can make ATP or
preserve energy but the prevailing one at present is the "chemiosmotic"
hypothesis. The theory was developed between 1961 and 1966 by Mitchell

who postulated the existence of a gradient of electrochemical potential

15
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of hydrogen ions across membranes,competent‘in respiratory phosphorylation
(186, 187). Basically, the oxidation of substrates drives protons aﬁross
the mitochondrial inner membrane nofha1]y 1mperméab1e to proton§ (Fig. 5,
site a); the energy-rich compound ATP is formed when the protons flow
back through a complex of enzymes, the ATP synthefﬁse (Fig. 5, site c).
Actually, the hroton gradient established by oxidative electron transport
(Fig. 53 site a) represents a store of free energy. It ié, as well as
ATP, a convertible form of energy in the 1iving cell that can be utilized
for a whole variety of types of work (259).

The factors controlling the rate of mitochondrial respirafion
vary according to the state of coupling of the mitpchondria. In the
tightly coupled state (where e]ectrons cannot pass through the electren
transport chain without generation of ATP), the rate o%\rESpiration is
regulatéd mainly by the phosphorylation state ratio ATP/ADP-P, (73, 209).
The mitochondrial adenine nucleotide translocator maintains a high

ATP/ADP ratio in the cytosol relative to the intramitochondrial space

and has been demonstrated to be the rate-l1imiting enzyme for oxidative-

© phosphorylation in vitro (119, 171) and in vivo (1). The electron

transfer reactions are apparently always near equilibrium with the
phosphorylation reaction within the mitochondria and deviations from’
equilibrium by small changes in the ratio of internal ATP and ADP have
large effects on the rate of electron transfer. Thus, as long as the
oxidation is tightly coupled to phosphoryiation, the rate of fuel
combustion will be controlied by the requirement for ATP. It is then
obvious that one way of obtaining an increase in heat production would
be to increase the activity of ATP hydrolysing systems. It must be

pointed out Eyat in such cases, the heat produced would result mainly



inner
_ membrane . IN

ouT

Substrates + O,

H-=x---->H°
[_ . "

- “ | ADP
ATP < ATP
e d
ADP » ADP

FIG. 5. Schematic representation of an inner mitochondrial
membrane where (a) represents the respiratory chain, (b) a proton
conductance pathway, (c) the ATP synthetase, (d) the adenine
nucleotide translocase and (e) the ATPases.



mitochondria in heat production would then be reduced. Examples of
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from the free eﬁérgy re]easéd upon ATP hydrolysis and the role of the

this ATPase mechanism of heat production are well-known in nature. The

classic example is the shibering of the muscles of an animal expgsed

to cold. Muscle activation leads, to ATP hydrolysis and the rate of

substrate oxidation in the mitochondria is in turn accelerated by the
increased ADP supply. Another process that must also contribute to the
increase in heat production during muscle activity, at least to a minor

extent, is ion pumping. The restoration of the normal polarized state

- af the sarcolemma must involve pumping of ions bj the Na'/K'-ATPase (126).

An increase in the activitylof the Na+/K+~ATPase has also been'proposed
to explain the increase'in heat production upon thyroid thermogenesis H
(71, 265) and after cold-acclimation in brown adipose tissue‘(94, 141,
146) and in skeletal muscle (267). Other ATP hydrolysing systems are
the so-called futile or substrate cycles in which 2 opposing enzymes
{such as fructose 1, 6 diphosphatase and phosphofructokinase) catalyse
reactions that on the whéle, accomplish notﬁing but the cleavage of

ATP. The F6P/FDP interconversion is important as the main source of

heat in the flight muscle of certain insects such as moths and

bumblebees (138). The same accelerated substrate cycle has a]solbeen
féund in the muscle of the malignant hyperthermic pig (48) but would
appear to be of m{nor quantitative contribution to the overa11 thermo
genesis in these animals (126). The acceleration of a triglyceride
cycle (lipolysis followed by re-esterification) as an ATP tonsuming.
process has also been found in brown adipose tissue and proposed as
a possible mechanism of NST in CA rats (129). However, there is no

strong evidence at the present time that the futile substrate cycles

18
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represent maJor thermogenic processes in an1ma1 t1ssues.

It can also be seen from F1g 5 that there are other ways than
ATP hydrolysis to increase substrate oxidation and heat production. One"
way to:achieve this, is to uncouple the oxidation of substtate by the -
respiratory chain (a in Fig. 5) from the normally obligatory expulsion
of protons from mitochondria. In other words, it is to prevent the
formation of the proton gradient. EXamp]es'of this sort of mechanism
exist in nature. In some plant tissues, the rate of respiratfon is high
enough to raise the tissue temperature-appreqiab]y above the ambient
temperature. Such heating occurs in ripening fruit, germinating seeos
and opening inflorescences of certain plants. but is most marked in the
spadix of the Araceae where the increased temperature facilitates the
volati]ization of compounds that attract po]]inat}ng insects (138). The
mitochondria from this tissue Possess an a]ternate electron transport
pathway {cyanide- 1nsens1t1ve) consisting of the same set of dehydrogenases
as the normal resp1ratory chain, but entirely by-passing the eytochromes
via a second oxidase. This alternate pathway is regulated by the activity
of the normal cytochrome pathway (6). No such alternate respiritOry-chain
has ;owever been demonstrated in animal‘tissues.

A tﬁird way to increase respiration and heat production would be
to dissipate the proton gradient formed upon substrate oxidation (pathway
b in'Fig. 5). There is aiways normally a certain recyoﬁing of protons
consisting of a passive leakage of HY ions into the matrix fo]]owed by
an act1ve extru510n of these ijons out of the 1ntram1tocho§ﬁr1a] space.
This has been shown\to be an_important engrgy dissipative process giving
rise, at leastxfn part to the state 4 resp1rat1on of the mitochondria

(269). An~qne#eased Teakage of HY ions back into the matrix Teads then



to.uncoupled (compiete dissociation of-ATP synthesis from Oz-uti1ization

as occurs upon DNP.or FCCP addition) or loosely-coupled (decrease in ATP
synthesis per 02 hti]ized) mitochondria;.iTheée mitochoﬁdr%a are )

- characterized by a high rate of respiratfon‘with no or very little
respiratory control. The rate of respiration is then cﬁntro]]ed by the
avai]ab{lity of substrate for oxgdation. Brown adipose tissue mitochondr;ia
are loosely-coupled (31); They are uﬁique in possessing a specific and
controliable proton conduéfance pathway (b in Fig. 5).that allows the
protons to 1eQb back info the matrix and gives rise to a high rate of
.respiration (futile proton cycling) (194, 195). ' =

There is an othgr way of increasing energy dissipation via the
active‘trans1ocaiion ;f_ions."The-éccelefated éyc]ing of ions such as
Ca*' can give rise to Toosely-coupled mitochondria. For,instance, Na+-_.
induced Ca** cycles are known to occur in heart, brain, adrenal cortex,
parotid gland and BAT (2, 29, 51, 52). An example of such a cycle as
it is known to occur in heart is given in Fig. 6; ‘

Indeed, the acceleration of catt cycles has Been proposed as.a
possible mechanism of uncoupling to explain the catecho]amine—iﬁduced
increase in heat production from skeletal muscle (101) and brown adipose
tissue (2, 43, 135). |

In conclusion, there are'basica11y two mutually exclusive hypo-
Fheses to explain the increase in heat production of CA animals:

The ATPase hypothesis which regquires tightly coup]ed.mitochondria,'
respondiﬁg to dhanges in tﬁe phosphorylation state ratio. .

The loose-coupling hypothesis in which the mitochondria are in a
Toosely-coupled state; their rates of respiration are being controlled

by the availability of the substrates.
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'FIG. 6. Schematic representation of the ca’™ translocation cycle
in heart mitochondria showing some of the metabolite exchagge system
also located in the inner membrane which influences the Ca™ fluxes.

(a) is the electron transport chain, (b) the Ruthenum Red
sensitive Catt carrier, (c) Ca**/Na* exchange and (d) the Nat/H*

exchang
(From Bygrave.F.L. (29) ).
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It must.also be pointed out that the site of the
'l the sahe, being the cytosol or the plasma membrar

. the mitochondria in hypothesis B.

e in

(

%

heat production is not

hypothesis A and
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PART III. BROWN ADIPOSE TISSUE AND NONSHIVERING THERMOGENESIS

‘ A. Structure, composition and function of_BAT .

As stated earlier, BAT is the méin site of heat production id -
animals exposed to cold. It is the only organ with .the main function of
thermogenesis. BAT is\found in homegtherms and is most abundant in
aniﬁa]s having a large capacity to use NST such as newborns, hibernators
and cold-acciimated animals. BAT occurs in discrete masses within the body.
The most common are the cervical, interscapular, axillary, paraaortic,
mediastinal and perirenal (85. They contribute about 0.5-3% of the total
.body weight depending on the species and the state of adaptation (264).
Thé vascularity of the tissue is extensive (264) and the amount of blood
-ﬁassing through it may take a considerable proportion of the cardiac
output (85, 86). Its rich network of blood.capillaries, as well as
its high cytochrome content contribute to its chéfacteristic brownish
, go]or_(éI). BAT.also possesses an exten;iwe adrenergic innervation
(49). There are two different sympathetic nerve supplies to the BAT
of the rat, one to the blood vessels and the other predominantly to the
fat cells (50, 62). BAT is then under neural control and the thermo-
genesis in the organ is mediated by way of the sympathetic innervation
(49, 122, 250)l Fully differentiated, BAT is a rather hémogeneous.tissue.
A typical brown adjpocyte is a polygonal cell having numerous and large
mitochondria, a varying number of 1ipid droplets and’ few membranes in
the cytoplasm (8). The predominant ultrastructural featute bf the BAT - -
is certainly the abundance of mitochondria which appear as particles
with a matrix of medium to high density, exhibiting a complex internal

structure characterized by numerous , tightly packed and regularly
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érranged Eristae (81); The mitochondria are distributed throughout
the cytoplasm, surrounded by and often in close contact with the
numerous 1ipid droplets,. favouring a rapid oxidafion,of lipids. The
number of mitochondri; as well as their stru;ture and the number of
their cristae varies with the species and the state of adaptation (81).

.In the neonatal rat, BAT is present at an advanced state of differentia- |
tion characterized by a high rate of respiration associated with a high
functional activity of the tissue (8, 10). Thié period is followed by
a regression of the tissue which can be considered to continue for the
remainder of the life of the laboratory rat (8). This period of
. regression may be reversed to the typical bost-natal condition by chronic
exposure of the adult to cold (264). Afsefies of changes occurs in BAT-
during these periods of differentiation and regression. .These will be
reviewed in the next chapters.

Bas?ca]]y, well differentiated BAT is adapted for an aerobic
ehergy metabolism characterized both by a high capacity.for fatty acid
and triacyl glycerol synthesis as we]} as a high ecapacity for fatFy
acid ?xidation (264). BAf has also a high citric acid cycle activity -
but a Tow glycolytic capacity (292). This highly aerobic‘metabo1ism is
the maip fundamentﬁ] difference between BAT and white adipose tissue, -
the 1étter, being specialized for the storage and release qf fatty acids,
although BAT is also capable of exporting fatty acids (18, 33). However,
the origin of the BAT, its precursof'ce1ls,jand whether it can be -
classified as a completely different tissue or as a more (or 1e§s)
differentiated form of white adipose tissue is still not clear. In

- general, the differences between BAT and WAT are more quantitative than

qualitative (264). Although there are dissimilarities in structure and



composition t264) and there is an inéreasipg amount Qf evidence shoﬁing
differences in their'responses to Various_hormones (19, 74, 154, 173, 260,
262), no single criterion has yet been fodnﬁ entirely reHiable to ﬁﬁearly
differentiate BAT and WAT. A recent rEﬁort even shows the in vitro
transformation of BAT. into HAT (70) and supports the suggestion by‘Cannon
that the classifiééiion of all the fatty tissues in two clearly sepdrate
groups is a gross oversimplification. She proposes the possiBi]ity of
these being a spectrum of adipose tissues in which, perhaps, the epididymal
white fat and the BAT of the newborn are the extremes (33). Certainly,
more research is needed towards the identification of adipocyte'precursor
cells and their differentiation pattern in order to fully elucidate the

problem.

- -

B. Brown adipose tissue mitochondria

‘In BAT, the chemical energy of the substrate oxidized by the
‘mitochbndria1 respiration is mostly converted into heat, whjie in other
tissues,.it is.hdstTy converted into ATP. BAT mitochondria therefore
differ in a number of characteristics from other mitochondria and have
been studied extensively (81, 194). There are three major points that
wi11 be reviewed here and that are most important with regard to the
function of the brown adipose tissue. BAT mitochondria (1) have a very
high respiratory Eapacity, (2) have a very h%gh capacity for fatty acid
oxidation, (3) are de-energized upon isolation due to a high proton
conductance of their inner membrane. ‘

Z. C'ompoailtion and respiratory capacity of BAT mitochondria
- The sedimentation.behavfour of BAT‘mitochondria from guinea pigs
is very different from that of liver mitochondria frﬁm the same animals

(263, 280). The lipid/protein ratio is higher in mitochondria from BAT
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than in those from liver (265. 286) In addition, BAT mitochondria from .
C-A rats have a h1gher phospho11p1d/prote1n ratio than those from W-
an1mals_(280) Th1s is in contrast to guinea pigs where the lipid/protein
_ratio is similar in the cold- or warm-acclimated states (263). Differences
also exist in specific lipid an& prqfein compositioh of BAT mitochondria .
from C-A or W-A rats. Chgonic cold exposure increases the amount of
phosphatidy1ethano]am1ne (greatest_effect),.phosphatidy1choline,‘cardiolipin
and lysophospholipid in the mitochondrial membrane (239). At the same time,
~ there may .be alterations in the fatty acid composition of the m1tochondr1a]
phospholipids (239) although this is not always ob!erved (32). Var1at1on
in diet or strain of animal may explain-the discrepancy between these reports.
\ The mitochondrial membrane of the BAT, compared to that of liver,
possesses a very high activity of oxidative -enzymes (36, 151, 254) but a
Tow activity of F,-ATPase (36, 150, 151). It also has a higher content of
the respiratory chain components (cytochromes and flavoproteins) (151).
There js however no increase in the mitochondrial confent of these
respiratory chain components upon cold adaptation (226). However, the N
specific activities of the oxidative enzymes (succinate dehydrogenase,
cytochrome oxidase) are higher in mifbchondria from cold-acclimated rats
when compared to warm-acclimated rats. Their activities actually rggch.
the same value as obsefved during the early post-natal development of the
rat (254). Similarly, the mitochondrial inner membrane content reaches a
maximum short1y af;er b1rth and then regresses slowly to reach a minimum
in the aduit 11fe but can be increased maximally, back to its post-natal
_appearance,upon cold -accTimation (10). It appears that there is a 1imit

to which the individual mitochondrion can. increase its content of inner

membranes. SDS-polyacrylamide gel electrophoresis of m{tochondrial
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membrane proteins confirms that the Fe]ative]y larger amount of respiratony
components and the reiative]y smaller amount of FILATPase in BAT mitochondria
wheﬁ compared to liver mitochondria is due to an'a]?ered content of the
enzymes under study (151). This modified proportion between the ATPase and
the bxidativé enzymes is‘consistent with a thermogenic role (energy
dissipating) for thé‘mitochondria of the brown adipose tissue. It is
inconsistent with the energy-conserving role (ATP production) this organelle
has in otﬁer tissues such as the 1iver. This point will be developed
further in sectioq ITT d. The SDS-polyacrylamide gel electrophoresis
pattern of mitochondrial membrane proteins from cold-acclimated rats also
appears different from the one obtained from warm-acclimated rats. There
is one major differenhe,.name1y, an increase in a polypeptide of 32 000
M.W. which disappears during readaptation of the animals to a normal
temperature (236). This polypeptide has been identified recently as being
an important regulator involved in the control of the conductance of protons
_across the inner mitochondrial membrane (114). There is then no doubt
that the metabolism of proteins is altered in BAT and particularly in
mitochondria. Further evidence is available, showing a decrease in the
half life of certain mitochondrial proteins in cold-acclimated rats (26).
More recently, an increase in amino acid incorporation observed in vivo
anq in vitrb has been reported duriﬁg the acclimation process (27). These
changes are absent in non-thé?magg?ic tissues.
2. Fatty aeid oxidation fapacity of BAT mitochondria.

Fatty acids are the main fuel utilized by BAT for thermogenesis.
Accordingly, the rate of transport, activation and oxidatiqﬁ of fatty
acids by isolated mitochondria are very high. BAT has a long chain acyl CoA

synthetase located exclusively on the outer mitochondrial membrane as

—~



28

opposed to the liver where the enzyme is found in the endoplasmic
reticulum and mitochondr%al fractions (214). In cold-adapted guinea pigs,
the rate of the synthetase activity exceeds by 10-15 times the capacity

of the mitochondria for fatty acid oxidation (214). is enzyme is then

most probably not a rate limiting step for the respiratory rate of the BAT.
The secoﬁd important enzyme in the chain of events leading to/fatty acid
oxjdation is the "outer" long chain acylCoA transferase in‘wAich the
actiJity in BAT mitochondria from po1d-acc1imated_guinea pigs exceeds. that
of liver by 20 x and is. comparable to the activity of the acylCoA synthetase
(206). The ac&] carnitine/carnitine exchange and the "inner" long chain
acleoA transferase appear to be even more active (206). A high activity
of the B-oxidation.comp1ex of BAT mitochondria is a1so.evident from the
high rate of long chain acyl carnitine oxidation (31, 69, 211}. An iron-
sulfur (Fe-é) flavoprotein has been identified as a component of the
acyl-dehydrogenase complex in brown fat mitochondria (82).V There is
actually a 5-10 fold increase in mitochondrial Fe-S centers (protein) /wef‘
weight of BAT during cold acclimation but this is due to the large
increase in the concentration of the mitochondria within the tissue (82)'.
Fatty acid oxidation in the mitochondria is dependent on the
operation of the TCA cycle. The enzymes of the citric acid cycle in BAT
mitochondria appear to be of sufficieﬁt activity so that all the acetyl
groups generated by the g-oxidation can be rapidly and completely oxidized
’(226, 227). In the hibernat%ng hamster, however; the pody temperature is
too Tow to allow normal functioning of the TCA cycle. Acetate is the
end-product of fatty‘acid oxidation and is formed from acetyl CoA by an

“active acetyl CoA hydro]aée (17). This allows continual fatty acid

oxidation by removing the acetyl-CoA formed and thus preventing an end-



i product inhibition of the process. BAT mitochondria also oxidize
glycerol-3-phosphate very rapidly (25, 226) by means of a flavoprotein-
linked enzyme located on the outer face of inner membrane (25). In
addition, a cytoplasmic NAD-linked enzyme is also actfve in BAT suggesting
that a glycerol-3-phosphate shuttle for thé mitoghondria] oxidation of
"NADH "generated in the cytop1asm is Quantitatively jmportant in brown fat
(149). Thus, the mitochondria of brown édipose tissue have a higher
capacity for respiration and fatty acid oxidation than an& other non-
thermogepic tissue. These capacities are also further enhanced by cold
adaptation. They are very well guited for contributing significantly to
the main function of BAT, namé]y, heat ﬁroduction. )
3. Energy state and proton conductance of isolated BAT mitochondria.

BAT mitochondria, in common with all mitochondria, convert the
enérgy resulting from the oxidation of substrate into a proton electro-
chemical gradient across the inner membrane. (see Fig. 4, section II).
Durﬁng sustained respiration, the rate at which protons are expelled by
the respiratory chain is equal to the rate at which they re-enter the
matrix. If these rates are unequal, a proton gradient is built up and
the respiration is inhibited. Indéed, it has been demonstrated in hamster
BAT mitochondria that the rate of‘contro11ed respiratfon decreases linearly
as the proton electrochemical gradient increases {Fig. 7).

The rate of respiration depends on the effective proton current
going across the inner membrane which is itself dependent on the magnitude

of the proton gradient established across the same membrane. The proton

conductance of the mitochondria is defined as the effective proton current

crossing the membrane per unit of proton electrochemical gradient (199}.

A large proton gradient resu]ti/fgpm a low permeabiiity (current) of the
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membrane to protons. The respiratory chaiﬁ is translocating protons
against the proton gradient. A large proton g;adient thue, gives rise
to a low fate of respiration.

It is possible to measure the proton electrochemical gradient of
isolated mitochondria (197). The measurement of this gradient appears to
pfovide a valid indication of the mitochondrial “energy potential". lIt
is also possible to quantitate the energetic state df the mitochondrial
“inner membrane by measuring the fluorescence activity shown by incubated
mitochondria in presence of certain f]uorescent‘dyes (224) or by measuring
. the degree of reduction of the cytochrome b coﬁq\gié%%ed as an internal
probe (81). Using these three methods, it has been found that BAT &
mitochondria from hamsters or coId~adapted guined pigs are completely
de-energized when freshly isolated (81, 200, 224). They fail to maintain
any proton electrochemical gradient during fespiration {200). This ig
also fef1ected by the respiratory and ehosphory1ative-properties of the
mitochondria. Indeed,'BAT mitochoﬁdria, when'iso1ated and incubated
under conditions cenventiona1]y used for studies of.other mitoehondrial
systems are character1zed by a Tow P/O ratio, a high state 4 respﬁrat1on,
and little or no effect of ADP, Ca » uncouplers, or oligomycin (81, 9

S
coupled since some ox1ﬁ9t1ve phosphory1at1on is still observed (99) and

194, 224, 227). They ae; not however fully uncoupled but rather Toosely-
some Ca+f can still be taken up in an energy dependent process (135). 1In
~fact, Nicholls calculated that in brown adipocytes, during NST, the |
mitochondrial-oxida ive phosphorylation alone would be adeqlate tefme}nfhjﬁ?_f
the cellular ATP ezlle (201). The high state 4 respiration could resu]t
from an 1ncrease in proton re- entry into the matrix or from a breaking of

the Tink between resp1rat1on and proton extrusion. The proton extrusion

&
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is however normal in BAT mitochondria and does not differ from that
obsgrved in mitochondria from other sources (200). However, hamster BAT
mitochondria exhibft an effective proton conductance which is at least a
100 x greater than that‘of liver mitochondria orepered' under patal1e]
conditions {195). The protons are leaking back into the matrix of the BAT
mitochondria at a very rapid rate. Norma11y, protons re-enter the mito-
chondria via the ATb synthetase, with the formation of ATP. However, in )
BAT mitochondria the ATP synthetase act1V1ty is extreme]y Tow (28) and
cannot account for the observed resp1ratory rates. It appears then that
BAT mitochondria possess a pathway of proton re-entry which is not coupled
to the ATP synthesis. 'hig. 8 IiI depicts the proton circuit as it is
thought to occur in BAT mitochondria.

‘ The proton conductance pathway of the BAT mitochondria possesses

ap effective proton current which is proportional to the proton electro-
chemical grad1ent (199) Therefore, any factors that will 1nduce the'
bu11d—op or the co11apse of the proton gradient will then effect;ve]y |
regu}ate the respiratory rate of the m1tochondr1a. Exper1menta11y, proton ‘
entry is not distinguishable from'en bH‘ ex{t. From permeability studi
the channel appears to be actually an OH™ uniport (195, 198,_203: 205).
Here, to avoid confusion, the term proton conductance will be used. This
pathway must however ‘be contro11ab1e in V1Vo to prevent the mitochondria

A
from de-energizing when the t1ssue is not in a period of act1ve thermo-

genesis. There are three main factors known to control the rate of

'respirat1on of BAT mitochondria (Fig. 9) (200, 224). The rate of resp1rat1on

is dependent on the. pH of the incubation medium, the removal of endogenous
fatty acids and the presence of exogenous purine nucleotides.. The proton

electrochemical gradient of the inner membrane is dependent on the same

2
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' FIG. 9. Alternative factors required to restore the

energy coupling in BAT mitochondria.
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- coupled BAT mitochondria (0% energy conservation) may be
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the presence of exogenous
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parameters (200). N
Freshly isolated mitochondria aré unco®pled regardless of whether

or not the tissue is in a thermogenic state because of the Targe amount

fBecome bound during the iso1atidn. By careful manipula-
shation conditions, it is possible to restore the respiratory

\\\\ conérol af tﬁé mitochondria. .The removal of fatty acids recouples the
mitochondria. Fatty acids are known to increase ihe éonductance of the
inner membrane of the'mitochondria and those from BAT appear to be extremely
sensitive to their uncoupling effect (112). Fatty acids can Be removed
by albumin (81, 99) or by oxidation upon addition of carnitine, ATP and
CoA (28, 136). Significantly, the degree of recoupling of albumin-treated
mitochondria appéars to .be related to the thermogenic state of the animal.
For example, BAT mitpchondria-from newborn or cold-adapted guinea pigs

~ show a reduced P/0 ratio when compared with mitochondria from fetal or J
warm-adapted guinea pigs (45, 81). However, the recoupling induced by
albumin alone is not as extensive as the one observed after carnitine
treatment. Only the addition of nucleotides to the albumin-treated
‘mitochondria induces the same degree of recoupling as the carnitine
treatment (see Fig. 9). Extramitochondrial nuc]eotides'are then essential
to restore fhe energy conserving system of the mitochondria. Nucleotides
effectively modu}ate the-prbton permeability of BAT mitochondria. .At pH
7.1, the effective proton conductance of freshly prepared hamster BAT
mitochondria is greater than 35 neqqiyluﬁ+—min‘1 -mg'1 -mv-) at 23°c. This
figure is reduced to 7-10 in preséﬁce of a16umin, to 2 in presence of
nucleotides and to 1 in presence of both albumin and nucleotides (200).

Nuc1eotidgs inhibit the prdton Teakage toward the matrix, promote the \\\““-_“*

build-up -~ of the proton electrochemical gradient and, hence, restore the
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respiratory control of the mitochondria. Thus; the maximum recoupling
inducedlby the carnitine treatment is due to both the removal of fatty:
acids and the presence of ATP needed for the activation of the fatty
acids. | .

The interactioﬁ of nucleotides with hamster BAT hitochondria has
_ been studied and a specific nucleotide binding sipg has been identified
on tHe outer face of the inner membrane (196). A whole range of nucleo-
tides can bindrto this site and restore the respiratory control of the
mitochondria. GTP, GDP, ATP, ADP are very effective. IDP, ITP are
somewhat less effective while ﬁuc1eotide monophosphates and p&rimidine
nucleotides are totally ineffective (113, ]56). GDP is commonly employed
to measure the number of sites‘because it is not transpdrted into the
mitochondria and does not introduce the difficulty of having to.
differentiate between.binding and translocation as is the case for other
nucleotides such as ADP or ATP. One pecuiiarity of the binding éite is
that a11'nucleotides capable of inhibiting the proton current of the inner
membrane compete with GDP for binding {113). The action of the added
nuclieotide on the proton conductance of the mitochondria is extremely rapid
and freely reversible (113). Only externally added nucleotides are |
effective and the large amount of nucleotides present within the matrix
of the mitochondria is without any effect on the membrane proton conductance
{(196). The nucleotides bind at a site on the inner membrane different from
the adenine nucleotide translocase (196) to a specific polypeptide of 32 000“'
molecular weight (114, 235). There is a single class of site, sensitive
to pH (196). The apparent dissociation constant varies from 4 uM at pH
6.7 to 30 uM at pH 7.9 in hamster BAT mitochondria. This probably explains

the in vitro pH dependency of the oxidative phosphorylation of BAT mito-



chondria. It has been reported that the P/0 ratio of BAT mitochondria
iﬁcubated-in presence, of nucleotides increases progressively as the pH of
the medium is lowered (81).

As far as cold adaptation is concerned, several lines of evidence
point to the proton short-circuit as being the mo1ecu1§r site 2f non- .
shivering thermogenesis in BAT. ‘Some measure of respiratory control is
obtained with mitochondrﬁa from warm-adapted rats or guinea pigs but not
with cold-adap%ed animals (45, 81). Unfortunately, the energy Mate of
cold- and warm-acclimated animals has not been systematically studied.
Proton electrochemical gradients for examﬁ]é, have only been measured in
hamster or in cold-adapted guinea pigs without warm-acc]imatedicontrols.
However, using the redox state of the cytochrome b complex as an internal
probe, Pedersen and Flatmark (212) foﬁnd differences in the energy state

of mitochondria from warm-readapted guinea pigs whgn‘compared to cold-

stressed guinea pigs, depending on the incubation conditions. "~ Significantly,

a-higher concentration of ATP was needed to obta%h half maximum energization
in mitochondria from cold-stressed animals than in mitochondria from warm-
.readapted animals. The importance of the nucleotide-sensitive pro£on
conductance pathway in heat production has been demonstrated recently by‘
direct calorimetry of isolated mitochondria from cold-acclimated rats (234).
A large decrease in heat output from the mitochondria was observed after

the addition of GDP.

BAT mitochondria from hamster or newborn guinea pigs have a large
capacity to bind purine nucleotides (225). 1In the guinea pig, this large -
binding éapacity is not present during the prenatal period and is lost
10 da}s after birth (225). The relative amount of the 32 000 polypeptide

correlates well with the nucleotide binding capacity of the mitochondria

f
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and with the thermogenic state of the BAT (114, 236). On the other hand,

a non-thermogenic tissue such as the 1iver, has a very 10w\b1nding capacity .

for GDP (196). This is consistent with a specific thermogenic role for \
this unique nuclectide-sensitive proton conductance pathway in the mito-

-

chondria ofAthe BAT. ' \\~—J

C. Control of BAT thermogenesis on acute cold exposure.

During adaptation of rats to co]d, the cel1u1ar.morphdlogy of the.

BQT changes markedly. The response of BAT to cold involves two stages:
an initial rapid]y-occurrjng stimulation of thermogenesis
characterized by an increase in blood flow, 1ipolysis, heat
production and heat loss.
a more gradual and sustained r%sponse of the tissue as the cold
exposure is prolonged-over several days. This.phase involves

- an increase in BAT mass and of its mitgchondrial content and is

characteristic of the'process of cold acclimation.

The changes observed in BAf upon acute exposure to cold are
independent of its thermoéenic state. In newborns and in cold- or warm-
acclimated rats acute exposure to cold (<24 h at 4°C) induces an increase
in blood flow through the tissue (86, 117), a depletion of its glycogen
and 1ipid content (270, 271) and an increase in size of its mitochondria
(270, 271). The temperature of the brown adipose tissue is maintained
above that of the other tissues (152). According to Bruck (21), cold
stimulates cutaneous thermoreceptors that actiﬁate the sympathetic nervous
system and lead to NE release in BAT. This activation is controlied by
the hypothalamus in which the action is itself reguTated bylthe core body
tempe%ature. There is considerable evidence that the achte phase of cold

exposure is mediated by NE. The calorigenic response to infused catecho-
3.
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lamines is known to bccur ih BAT (85). Large amounts of édiechoiamihes
are secreted by.the sympathetic nervous system within BAT in response

to cold (58, 59). The‘tempe;ature of the BAT is also maintained ébove
that of other tissues after NE treatment an@ this temperature increase is
abolished by g-adrenergic blocking agents (54). The,u]trastructura]
changes observed in the tissue'éfter acute cold exposure are mimicked by
NE (270, 288) aﬁd also abolished by g-blocking agents (270). The recent’
development of methods for isoIating'adipOCytes from the brown fat has led
to a muﬁh clearer picture of the ﬁechanism of action of NE. NE.stimulates
respiration of the brown adipocytes (18, 76, 134, 164, 192, 216, 217, 219,
220, 230, 231) and there is a good agreement betweéﬁrthe measurements of
the 0, consumption rate gathered fn vitro or in vivo {33). Some sequences
of the events occurring after the binding of the catecholamines on tﬁe

-

adipocyte meémbranes and leading to the increase in respiration are now well
understood while some other; are still obscure. Basically, the response

of the brown fat depends on three different sequences of events which are
intimately interlinked. The first control is at the level of the plasmé
membrane and the synaptic space, where the coﬁcentration of the NE reaching
the"ce11 is regulate .subsequently fo]]owéd by the binding of the hormbne

to the membrane receptors. After this step, two phenomena may bz distin-

_ quished. There is an increase in substrate supp1y'(1ipo1ysis) an

increase in substrate utiljzation (respiration). ’
1. Membrane and intersynaptic epace events.
Neuronal and extraneuronal uptake followed by the inacfivation of
NE‘can modify its concentration in the vicinity of the adrenergic receptors
and hen:é, affect the thermogenic response of the BAT. In vitro, neuron{]

uptake is able to decrease the concentration of NE in the BAT interstitial
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sﬁace to at ‘least 1/3 of.its concentration in the medium_(ﬁ }. The NE

thus taken'up into the neurons is eithé;‘stored in vesicles or catabolized

by monoamine oxidase (MAO). _The extr$~neurona1_qptakercatecH01~Q;héthyl
transferase system (COMT) seems tb play also a ;ighificant role iﬁ terminating
the action of NE (66). This énzyme catalyses the trﬁnsformatibn of NE to
nofmetanéphrine. In fact, large responses to nanémo]ar'concentratjén.of

NE are only obsefved when both COMT and neuronal qptake are blocked (40,

“67). This suggests that such a control of the hormone concentration at
.

the membrane Tevel maylbe operative even undér basal conditions. With -

respect to the nature of the adrenergic receptors, experiments in vivo as
well as in vitro indidate that BAT ‘possesses both a and B-adrenergic

binding sites (140, 146). The g-receptor site appeérs to be of the

Pl
s

IFI-subtype of adrenergic receptofs'(isopréterenol >-NE2;E)(24)- Both & and
B—adrenergic agonists appear capable of sfimu]ating brawn faf heat pro-
duction (134, 140), although the contribution of the B-pathway may be
quantitatively more significant (23, 217). However, tﬁere is a difference -
between the o or B-adrenergic stimulation as regard to their effect on
1ipolysis. Isoproterenol, a'8~agonist,enhanées glycerol release from
brown adipocytes while phenylephrine, an afagonist;does not (146). This
may explain, at least in part, the greater calorigenic response of tﬂe
cells to the B-agonists. | |

The first observed effect in vitro {94, 252) or in vivo (147) of
the. binding of catecholamines to the Brown adipocytes is a depo1azi§ékion
-of the plasma membrane. A sudden change in Na+ and‘K+ perméﬁbi]ity'has
heen proposed to explain this depolarization (94) which occurs prior to
the stimulation of 02 consumption of the bfown fat (252). Cyclic AMP

o

does not mediate this-NE-induced depolarization (166). Depolarizatipn is

40
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aiso obtained after glectrical stjmu]étion of the ner;e innervating

the inferscapular brown fat {147, 252) or by intravenous infusion of NE,

iﬁoprotenenoT'or phenylephrine (78, Qp).‘ Propanclol, a é-antagonist.

at a dosage sufficient to abolish the témperature increase of the BAT

in vivo inhibited by 55% the depolarization upon NE.édministration (147).

However, the fe]ation’of.the depﬂfarizatjon of the cell membrane to the -«

subsequent. enhancement of l{po1ysis and respiration is still unclear.
-For‘insténcé, it is possible to get an increEse in r6§piration without

the depolarization with a low amplitude e]ectriéa] gtimuTation of the
| nerve supply to BAT (251). ' . .o

- 8. Substrate mobiliaation. - - “
Simultarieously or just aftér_the depd]atizapion; there is a rapid

but transiént rise in cﬁMP (134, 217, 257) and cGMﬁlintra¢e11uIar
“‘concentrations (257). Part of the rise in cGMP may be brought about
through an indirect mechanism. In white-fap%u%aﬁfy acids-aré’knoWn to..

-

activate the guanylate cyclase and could possibly be involved in the
ihdire;ﬁ stimulation of the guanylate cyclase by B-adrenergié stiﬁulaéion-
in Brown fat (257){ The CAMP jnc easg“ié mediated through the g-adrenergic
receptors (217, 257} while the cGﬁP levellis___.__under a-aqgenergiék
control (257).: i '

The rise in cAMP.in turn activates specific protein kinases (256,
162). In vivo, the aéf%vation of protein kinases is observed on adminis-
tration of NE and is.also significantly high at birth and on acute cold
exposurg (256). The activation of a protein kinase is thought to result
fn a subsequent activation of trig]yceride lipase. Indeed, lipase
activity correlates well in tissue fragments with the protein ‘kinase

activity (256) although, at the présent time, no specific triglyceride

Aﬁﬂ\mgf ‘ .
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lipase has been identified in BAT. However,_there is no doubt that
1ipolysis is greatly stimulated in brown adipocytes after NE addition

as measured by ‘glycerol (76, 230, 231) or fatty acid release (18 76
192, 230, 231), These measurements may however underestimate in some
_1nstances the real rate of 1ipolysis s1nce there are three possible
fates for the fatty ac1ds released from the .breakdéwn of triglycerides
in the BAT. “The free fatty acids may be re~esterified, be exported -
.outs1de the cell or enter the mitochondria for combust1on Simu]taneous_
enhancement of both ]1po]ys1s and re- ester1f1cat1on has been suggested
as -an energy d1ss1pat1ng mechanism ‘in BAT (129) and re-esterification

of fatty acids is actually enhanced by cold acc11mat1on (129). Both
g]ycero1 kinase and glycerol- -3-phosphate dehydrogenase are very active
in- BAT (25, 161). However, it appears that the 11po]ys1s-re~esterificatioo
" futile cycle would not be sufficient to account for the elevated rate of
05 consumption occurring during thermogenesis (161, 179). Fatt} acid ,
export may_a1so be regarded as Physiologically important (18, 192). During
“NE-stimulated 11poly51s in isolated brown ad1pocytes, the level of cell-
associated free fatty acids remains constant or decreases gradually (but
does not increase), while the concentrat1on of extracellular fatty acids
increases linearly (18). These exported fatty acids are presumably
1mportant as substrates for other tissues during active thermogenesis.

‘F1na]1y, and of most 1mportance fatty acids produced upon NE administration

. may enter the m1tochondr1a for their subsequent combustion. As mentioned

in the -preceding section, the mitochondria are very well geared for the
combustion of.fatty acids. However, in isolated adipocytes, there is a
need to maintain a certain energy level in order to get maximum fat

‘oxidation. A high ATP level is needed for the activation of fatty acids
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prior to'their tranSpo}t and oxidation in the mitochondria. A decline

in ATP 1eve1 (w1th concomitant rise in ADP and AMP levels) upon NE
add1t1on to brown adipocytes has a negative effect on the resp1ratony
rate when endogenous fatty acids are oxidized (217) It is poss1b1e to
avoid the dec11ne in ATP level and the subsequent inhibition of ad1pocyte
respiration by bubbling the buffer with CO2 prior to the addition of
cells and NE (2]6). This beneficial effect of CO2 is caused by its
participation in the carboxylation of pyruvate to yield oxaloacetate in

order to increase the level of citric acid cycle intermediates necessary

- for the rapid oxidation of fatty acids (33). In the brown fat cell, ATP

is produced from 3 main sources: glycolysis (179) mitochondrial substrate-
level phosphory1atiqn (33, 228, 229) and by oxidative phpsphory]atidn -

(194). The relative contribution of these processes to ATP production

-

as well as the relative demand of the various ATP utilizing reactions
‘

are not clearly established. This, however, represents the central

“problem in the understanding of the mechanism of thermogenesis in BAT. ",

3. Substrate wtilization and enerngy dissipation.

NE stimul€tes respiration of brown adipocytes. The_ﬁgte of heat
production by the BAT is proportional to the mitochondrial fatty acid
oxidation. But, concurrently with the enhancement;of the mobilization
of substrates, NE must also increase the rate of energy consumption of
the cells. There is still controversy about the way NE does so. Two
hypotheses are proposed to eipIain the aﬁfioﬁ’of NE on the cell respira- e
tory rate: the Nai'/K+lATPase and the 1oose-coup?ing hypothesis.

The plasma membrane Na+/K*lpump has been proposed as playing a
major role in brown fat thermogenesis (143). According to this'hypothesis,

“

the NE-induced increase in 0, consumption {and ‘heat production) is due to
» ’ ’
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an increased activity.of the‘Na*'/Kf-ATPase. T elpossfb1e involvement
~of this énzyme in BAT thermoéenesis is suggested by Seve:pl lines of

evidence. There is no doubt that NE inducés'a'depolafizﬁfion of "the
" brown adipocyte membrane and that there is a#redistribution of ioﬁs, ////////
particularly Na* and k¥, associated witn it (80, 93, 94, 251). This Y
occurs prior to the increase in heat production or in‘respifafion pt/»/’

the BAT and'tﬁe 1qn_di§tribution is restored shortly d%ter the removal

of the stimulus {nerve electrical stimulation or NE administration) =

(147). However, as mentioned earlier, it is also péssible to obtain
ap‘increase in respifation wifhout depolarizing the cé]] membrane (251)." ’
Nevertheless, Eﬁe key experiments supporting the NafJK+-ATPase-hypothesis
make use of the inhibitidn of the activity of the pump by ouabain

(sQecific inhibitor) or by lack of Na*. 'A 60-66% décg@ase in NE-induced,
increase in respiration is obtained.by the incubation of normal (143} .

or FCCP-uncoupled (208) isolated adipocytes'with-ougbain: Thé Oz-coqsump—
tioﬁ elicited by either'iﬁobroterenol or pheny]ephriqé-i;)a]so decreased

by 70% in the presencé of ouabain (140)}. A direct stimu1£tion‘of;the
Na+'7K+—ATPase by NE, through cyclic AMP, hag_,t{\en "iown.on membrane ‘>
fractions isolated from the BAT of co]d-accliﬁéfi' rats (1201 ]44)_1”’ )
. However, it must be pointed out that ouabain-ha; a:1ot of va}{a51e and
secondary effects. Not only is there a markedia]teféfion of the intra-
ceilular ion concentratipns aftef quab&iﬁ b}ﬁding, but this compound
has a1§o an inhibitory effect on enzymes such as adenylate cyclase (137).
.An alteration of glucose uptake in some tissues is also observed (88).
Thus, respTFation may be altered by ouabain because of a change in an

energy-requir%ng process other than the Nat pump. Moreover, Chinet and

co-workers (41) measured the -energy expenditure due to active sodium-



po£assium transport in BAT of-thejfat; the Ndﬁ/K+-ATPase (as assessed’
by ouabain binding) appears to be only a m{noF céﬂtributor to the overall
thermogenes1s There 15 at present no report comparing the actua1 |
act1v1ty_of the Na /K -ATPase in BAT of cold- and warm-acclimated
an1mq1s ' =‘*%—\.

1O;her arguments can be presented against a major role for

2;N5F/R*FATPase_in BAT thgrmogenesis. BAT mitochondria possess a low

,,cbﬁtent of F]-ATPase and a high content of respiratory chain components

when compared with Tiver mitochondria (see section III ¢). In addition,
no difference in the activity of the adenine nucleotide traﬁ§1ocase is

observed between warm- and cold-exposed (6-10 days) guinea pigs (44).

It would be expected that a tissue with a large demand for cytoplasmic

ATP would have high rate of translocation of adenine nucleotides. The .
translocase activity of the BAT mitochondfia &ppears similar to thqt of
liver mitochondria (44, 183, 293). In heart, a tissue with a continuous
and high demand for ATP; the translocase activity as well as the number
of translocase sites,%are 3-4 x higher than those of 11vef mitochondria
(160}. The NdP/K+lATPase hypothesis requires tightly coupled mitochon-
‘dria in which the ATP prpduction and transport towards the cytosol need
to be maximum. The brown fat mitochondria simply do not seem to be
fitted to fu]fi]lthis function. This is not to say that the activation
of the Na pump upon NE administration is of no importance. This pump

is certainly the site of some heat production but its contribution to
overall thermogenfsis appears to be minor. However, other plausible
functions for the enhanced activity of this pump have been proposed.

For instance, the activity of the Na+'/K'+-ATPase may be responsible for

the generation of an intracellular signal that alters the mitochondrial
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~coupling ip BAT (1413, possibly via its alkalinizing effect on the
cytoplasm (42). |

The experiméntal evidence presgnted so far (see Section 3) supports
the view that mitochondrial 1oose-coup11n§ is a major thermogenic process
in BAT and that the nucleotide-sensitive proton conductance pathway
represents the molecular site of nonshivering fhermogenesf;. At the
ce11ufar level, the mitochondria appear to be Toosely-coupled. Brown
:adiﬁocytes stimulated by NE gradually lose the{r reépiratory control,
as demonstrated by a diminishing response to FCCP, an uncoupler of mftd;
chondrial respiration, promoting the re-ent}y of protons into the matrix
(219). However, when the respiration of .the cells is maximally stimuTated
by NE, an inhibitory effect of oligomycin addition (which blocks mito-
chondrial ATP production) is still apparent. The fact that oligomycin
can inhibit the increase in respiration (219) and 1ipolysis (75) induced
by NE indicates that the mitochondria of the NE—étimu1ated tissue are
still capable of producing\the ATP needed for the activation of free
fatty acids. Iﬁ*vivo, the effect of DNP (an uncouE]er) was studied in
cold-acclimated rats treat;d with sufficient NE to elicit a maximum
témperapure response from the brown fat (145). Following the thermogenic
stimuTation by the injection of NE, the subsequent injection of DNP still
produced a sma]i'increase in the temperature of the tisﬁug. Therefofe,

the mitochondria are not uncoupled, but rather loosely-coupled in the

BAT, even after maximal stimulation by catecholamines.

While there is good evidence that cyclic AMP is the second
messenger for the stimulation of lipolysés,,the nature of the messenger™
regulating the coupled state of the mitochondria is stiil unknown. The

messenger involved must be capab]é of both activating proton conductance
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during induction of thermogenesis, and by its removal, inhfoiting';
it at its .termination. Purine nucleotides, fatty acids, acyl CoA and
an intracellular increase in pH have alirbe;B‘ﬁroposed as second
messengers for NE-induced thermogenesis |

Pur1ne nucleotide concentrat1ons do not change suff1c1ent1y on
NE add1t1on to be able-to modulate the conductance of the mitochondrial
proton conductance pathway directly in brown adipocytes (217). In
- addition, the hydrolysis of ATP to ADP occurring after NE addition (217)
would not make any differeoce as far as the regulation of the proton_
conductaoce is concerned since ADP is almost as potent es ATP, at Teasf
in vitro, to induce the recoupling of ﬁhe mitochondria .(196). JZ_

_ Fatty acids have been proposed as the physiological moduiators of
the proton conductance (23, 220). Addition of fatty acids (palmitate
or oleate} to isolated brown edipocytes stimulates the respiration of
those cells to the same extent as does NE {23, 220). The fatty acids
also elicit this calorigenesis at physiological concentrat1on even when
B ~adrenergic receptors are blocked by propanolol (23). Fatty acids can
actually influence the respiratory rate of adipocytes in several ways.
They may act as substrate, as ATP consumer (1h‘th91r‘actiVation to CoA
esters) or as uncoupler of the mitochondria BAT mitochondria are
extremely sensitive to the uncoupling effect of fatt& acids (112) There
. is a 30 fold greater inérease in the effectiv proton conductance for
each nmole of palmitate bound to BAT m1tochondr1a than in 11ver mitochon-
dr1a (112) Iso]ated mitochondria from the BAT contain a substant1a1
amount of bound fatty acids. Some of them, however, originate during the
preparation of the mitochondria (28, 112). The elimination of the bound

fatty acids alters some of the respiratory characteristics of isol&ted



‘mitochondria as well as their morpho]ogy (28, 112). However, mitochondria
in tissue sections from NE-treated or cold-exposed newborns are swollen
‘and have an expanded matrix (270, 288) while fatty acid treated, uncoup{gz
mitochoridria are characterized by a condensed'conforhatiOn (28). 1In
addition, isolated resting'bfown adipocytes conta{n a suBstantiaI amount
of %ree fatty acids which does not appear to change upon NE stimuIatfon
(18).
Thus, fatty acids themselves as physiologica1 messengers fail to
account for‘the regulation of the,specffic nucleotide-sensitive proton
conductance pathway present in BAT mitochondria. But their CoA deriva-
- tives are Enoﬁn to decrease GDP binding to hamster BAT mitochondria and

to increase their chloxide permeébi]ity (35) and the acyl CoA derivatives
of the fatty acids hav:\h\pn proposed as physié]ogical messengers (35).
They are believed to act as "antinucleotides", competing with the purine
nucleotides for the binding sites. Their effect appears to be of an
allosteric éature (112). Bésica]]y, the hypothesis proposed is the follow-
ing: NE binds to the cell membrane and activates cyclic AMP production
and 1ip91ysis. The resulting increase in the level of f;tty acyl CoA
displaces the purine nucleotides from the inner mitochondrial membrane

&
and gives the signal fof the enhanced proton cycling. As a consequence,

the respiration ihcréases. This hypothesis is attractive since it is
self-regulatory. The rate of respiration wﬁu]d be controlled by the
. increased or decreased level of the fatty acyl CoA upon NE addition or
removal. The fatty acyl CoA would then act both as the substrate ‘and
inducer of the thermoggnesis; However, the effecthf acyl CoA on ion

permeation -in BAT mitochondria is only apparent at extremely high acyl

CoA levels which cannot be generated enzymaticéle in the cell and which

a8



lead to a general inc}ease in ion permeability not only in BAT but also
in Tiver. (194). This lack of specificity drgues_against a _possible role
in the control of thermogenesis in BAT.

Another way of displacing the purine nucleotides froh the inner
membrane is by increasing-the intracellular pH. The mitochondrial purine
nucieotide binding is extremely pH sensitivé (196}. It has been suggested
that increased energy dissipation in the mitochondria of;BAT might be
started by an intracellular alkalinization which wou]p dec;ease the affinity
of purine nucleotides for the proton channel and thus increase proton
conductance (42). The action of intracellular alkaline pH ;éy a@lso be
indirect by enhancing lipolysis and formation of acyl CoA (42). However,
direct evidence that NE can actually induce a r{se in 1ntrqce11u1ar pH
has not been obtained so'f%r. fﬁere is also no evidence that a small
pH perturbation can quickly influence the mitochbndria] respiration in
the intactlce11.

| It appears that fhé;main difficulties in identifying the physio-
1og1ca1 mediator of NE come from the tight relationship between 1ipolysis
and respiration and the impbssibi]ity of dissociating one from the other.
Another difficulty is the Tack of information about the actual state of
coupling of the mitochondrié in vivo or in the isolated adipocytes. At

the present time, it has not been possible to demonstrate directly the

‘mitochondrial loose-coupling effect of NE in intact BAT cells. Most

probably, the recent development'by Nicho]]s (139) of a method allowing
the determination of the mitochondrial proton motive force directly in
isolated cells will prove to be the ultimate tool in finding the .

answer to this question. .



D. BAT and chronic (1ong-term) cold exposure

The response of BAT to chronic cold has been studied in detail

(240, 254, 264, 271, 279). The brown fat mass increases due to hyper-

. trophy and hyperplasia of the tissue and there is an increase in