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SUMMARY.

A rat which is exposed to cold is able to produce heat
and maintain ifshbody temperéture by'shiéering. However, if the
rat. is allowqd td?femain in the cold'fqi's or 4 weeks, the .rat
undergoes an.adaptive change allowing,it to produce heat and
\maintain itg body temperaturé without/shiveriﬁg. An animal ca-
pable of producing heat without shivering,is.séid to Be cold-
achimated and the term nonéhfveriﬁg'thermpgéngéis has been
used to describé the prqﬁess which allows for the increase in
heat production, |

The mechanism of heat production by shivering is fairly
well pnde}stood and'appeafs to be similar to heat production
during light excercise.' In contrast to this, the mechanism of
nénshivering thermogénes{s is not well undefstood. It is known
that.noradrenaline, égcreted by an animal using nonshivering‘
thermogeﬁesis, is resbonsible for switching on the process and
that the response takés place largely in tﬁe brown adipose

tissue,  The capacity:of an animal, such'as the rat, to respond

to noradrenaline by an increase in heat production increases

2 -

during acclimation to cold, Cold-acclimated rats have a large
capacity for nonshivering thermogenesis.

In brown adipose tissue, as in other tissues, heat produc-

tion i3 the result of combustion of substrate molecules during
sed respiration. For this reason, the mitochondrion of .

brown adipose tissue has been the logical place in whieh

v
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Fo look for biochemical differences that might explain an
increased capacity for nonshivering thermogenesis. Bfown
adipoke .tissue mitochondria isolated from cold-acclimated

rats have been found to be different morphologically and
biochemically when compared with brown adipose'tissﬁe
mitﬁchondfia isolated from warm-acclimated rats; however,

the differences observed cannot explain the mechanism of

~—

nonshivering thermogenesis in-this tissue.

Most of the recent evidence indicates that heat produc-
tion by nonshivering thérmogenesis involves a logse-coupling
type of-mechanism. This means that the rate of electron
transport }s:no longer dependent on the availability of ADP
but is controlled by other factors. A loose-coupling type of
mechanism can occur when the cycling of ions is prﬁmoted.
Since it has Qeén shown that removal of mqgnesium ions from
mitochondria causes an increase in the permeability of the
mitochondrial inner membrane to ions and stimulates ion
cycling it was of interest to investigate the possible role
~ of magnesium ions in nonshivering thermogenésis.

The purpose of tﬁe work described in this éhesis was 'to
investigate the role, if any, of,mitocﬁbndrial magnesiumrions
in nonshiverj ther nesis. In order to do this, brown
adipose tissue’ m1t0chon&>1a isolated from warm-acclimated rats
were compared with mitochondria isolated from cold-acclimated
rats to find out whether any differences exisfed and whether

these differences, if found, might give a clue to the mecha-

nism of nonshivering thermogenesis in.brown adipose tissue



R

of the cold-acclimated rat. Experiments were also performed
‘using mitochondria isblétéd from a 'tissue, the liver,

known not to undergo changes in thermogenic activity during
cold-acclimation. This was done in oraer to_determine
whether any changes in interscapular brown adipose tissue

mitochondria following cold-acclimatidn were indeed related

.to the altered thermogenic activity of this tissue observed

in the cold—acélimated.rat.
The major findings' of the'study were as follows:

1) Interscapular brown adipése tissue (IBAT) mitochondria

'qisolated from cold-acclimated rats display a greater rate of

calcium-indaced swelling than IBAT '-dghondria'isolated from
warm-acclimated controls. /;llt

2) There 1is a-decfease in_the levél of endogenous magnesium

in IBAT mitochondria of c01d>acélimated rats.

3} Only 5% of the total content of magnesium is located in

the intermembrane space of IBAT mitochondria_isolated'from
warm- pand cold-acclimated réts.

4)(yiver mitochondria isoléted from warm- and cold-acclimated
raéé show no differences in calcium—induced swelling gnd have
‘similar levels of endogenous magnesium.

The results suggest that one éf the adaptive changes that

brown-adipose tissue mitochondria undergo during cold-accli-
mation is loss of endogenous magnesium. This loss is not

observed in liver mitothondria isolated from cold-acclimated

rats. Although the results suggest that the observed loss of

 brown adipose tissue mitochondrial magnesium in the cold-

Y

_—— e h
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acclimated rat ole in the control of the
mechanism of ngnshiverjng thermogenesis in IBAT mitochondria,
further work is necessary to establish the nature of this

role.
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CHAPTER I; . INTRODUCTION AND STATEMENT OF THE PROBE?M

An animal which is pléced in a cold environment must
maintain ifs body temperature in order to survive, The first-
‘defence mechanism of a rat against- the éold is heat produc-
tion through shivering, However, if the rat remains in the
" cold for an extended peribd of time, shivering thermogenesis
is gradually replaced by another mode of heat production not
involving muscle contractién, known as nohghivering thermoge-
nesis. A rat using this form of heat production is said to
be coﬁd-acciimated.

In contrast to earlier conclusibns, brown adipose tissue
appears to be the major site of nonshivering thermogenesis,
The contribution of skeletal muscle to the overall heat produced
in nonshivering thermogenesis appears to be small, Brown
adipose tissue is an organ which proliferates during acclima-
tion to cold and is especially adapted for producing heat,

An animal using nonshivering thermogenesis’(i.e. a cold-

o~ :
acclimatedsfat) responds calorigenically to infdsed noradre-
naline to a much greater extent than an animal not adapted to
use nonshivering thermogenesis (i.e, a warm-acclimated rat),
Nonshivering thermogenesis is known to be switched on by
noradrehaline secreted by sympathetic. nerves in the animal
exposed to cold, The large enhancement of the metabolic rate

in response to catecholamines is an important characteristic

of animals possessing the-adaptation for nonshivering thermo-
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Alfhough the existénce of nonshivering thermogenesis and
the involvement of catecholamines in its regulation have been
known for several years: the biochemical mechanism of the process
is still not understood. 'In brown adipose tissue, as.in other
tissues, heat production is the result of combustion ﬁf subs-
“trate molecules, i,e, of respiration, An increase in respira-
tion results in an increase in heat production, For this
reason, the mitochondripn is the obvious place in which to look
for biochemical differences that might explain an increased |
capacity for nonshivefing thermogenesis. With this in mind
studies have been undertakeﬂrto study brown adip;se tissue mi-
tochondria from cold-acclimated rafs since brown adipose tissue
is the major site of heat production in nonshivering thermoge-
nesis in these animals in which the capacity for this form of
heat production is increased,

Brown adipose tissue fmitochondria undergo alterations
associated with the development of nonshivering ther%dgenesis
in the cold-acclimated rat, The mass of the tissue itself
ETOWS iﬁ response to cold, The mitochondria become larger
and more numerous per cell, They have more tightly packed
cristae and have a greater respiratory capdcity than mitochon-
dria obtained from other tissues, When mitochondria are
isolated from brown adipose tissue they are usually uncoupled
or loosely coupled, ﬁitochohdrial binding of ADP or GDP, which

has been shown to be necessary to recouple these mitochondria,

is higher in mitochondria isolated from cold-acclimated rats,



The binding site of thése purine nuclébtides is known to be

a polypeptide of moleculan\weight 32,000, It has been
observed that the amount of this m&tochondrial protein also
““increases during cold-acclimation., Brown adipose tissue
mitochondria in the cold-acclimated rat are thus clearly “‘;>
altered, but the differences observed .so far cannot explain
the mechanism ofinonéhivéring thermogenesis in this tissue,

Ion transport is known to have the potential to providé‘
a significant thermogenic process, The uptake of many ions
is.an energy-requiring process, If the accumulated ion 1s
allowed to be released it would then be available for active
re-uptake, The operation of such a futile cycle could
represent é major thermogenic process, One method by which
an accumulated ion could be released would be if the permea-
bility of the membrane were to increase. The removal of
mitochondrial magnesium has been showﬁ to increase the
permeability of mitoqhbndrial membranes and hence could be
implicated in a given futile cycle,

The purpose of the research reported in this thesis is
to compare one aspect of ion transport, namely calcium-induced
swelling, and to measure the endogenous magnesium content
in brown adipose tissue mitochondria isolated from cold- and
warm-acclimated rats in order to find out whether any diffe-
rences exist and whether these differences if found, might
~give a clue to the mechani%m of nonshivering thermogenesis

in brown adipose tissue of the cold-acclimated rat, Similar



exﬁeriments were performed using mitochondria isolated from
; tissue known not. to undergo -changes in thermogenic.activity
during cold-acclimation, namely, the liver, This was done to
ensure that‘any changes in brown adipbse'tissué mitochondria
isolated from-warm and cold-acclimated rats were indeed

related to the high thermogenic activity of this tissue obser-

ved in the cold-acclimated rat, The problems examined are as

-

follows:

(a) Comparison of céltium-induced swelling in mitochondria
from warm- and cold-acclimated rats isolated from the
tissue known to be involved in nonshi%ering thermogenesis,

- namely, h;own adipose tissue, .

(b) Comparison of the magnesium content of brown adipose
tissue mitochondria isolated from warm- and cold-acclima-
ted rats, -

(c) Comparison of célciumrinduced swelling in mitochondria
from warm-'and cold-acclimated rats isolated from a |
tissue knowﬁ/not to be involved in nonshivering thermo--
genesis, namely, the liver,. - |

(d) CompaTisoﬁ of the-ﬁagnesium content of liver mitochondria
isolated from warm- and cold-acclimated rats,

The literature review that follows is divided into threé
parts. In part A, the characteristics of cold-acclimation
and nonshivering thermogenesis are discussed and the role of
the sympathetic nervous system in the process and the

biochemical mechanism of heat production in brown adipose



tissue are reviewed, Part B discusses how ion transport can
provide a potgntiélly_significant qhé;;Qgenic mechénism and

"how such a mechanism might be rgguléted. The role of ions in
acclimation to cold and the current.knowledge of the ionic
cﬁhnges which occur in mitochondria as a result of cold-accli-

" mation are discussed in Part C. THis review provides a detailed
background for the experiments described in the remainder of

L~
* the thesis,

b
Vi
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gyAPTER II:'LITERATURE“RPVIEW : &

™

PART A: COLD-ACCLIMATION AND NONSHIVERING THERMOGENESIS

An animal which is exposed to ;he cold.must'maintain its
body temperature in order to survive. This maintenance of
body temperature is usually achieved by decreasing heat loss,
through piloerection and peripheral vasoconstriction, and by
increasing heat production, This review will concern itself
only with the mechanism of iqcréasing heat producticn,

There are two distinct mechanisms which enable an animal
to increase heaf production when exposed to the cold, shivering
thermogenesis and nohshiveriﬁg fhermﬁgenesis. As the name
implies, shivering thermogenesis is the production of heat in
muscle by metabolic processes that are accelerated by shive-
ring, The mechanism of heat productior througﬁ$shivering
thermogenesis is fairly well understood and appears ‘to be simi-
lar to heat production during light excercise, In contrast to
this, the mechanism of nonshivering thermogenesis is.not well
understood. Alfhough_much is known about it, the biochemical
processes which allow for its large production of heat are
still not clear, Before discussing the current concepts
concerning nonshivering thermogenesis it is neceésary to review
briefly the Tole of shivering thermogenesis in heat production,

I. Cold Stress and Shivering Thermogenesis

When a rat is placed in the cold (4°C) it responds by

shivering and its body temperature is maintained by this



_ procéss. Shivering has been defined by Hemingway {1963) as
“"a rhythmic involuntary contraction of vbluntary muscle which
is ﬁctiVatéd as a response to cold and.is under the control
of the central nervous system'", The mechansim of shivering
thermogenesis is relatively well understood, The ATPase
associated with'shivériné_produces an increased supply of
ADP to the‘mitochondrion. ADP then stimulates the oxygen
consumpéion of the t{;htl§ coupled muscle mitochondria and its
own rephosphorylation into ATP (Owen & Wilson, 1974), Increa-
sed quantities of heat ére produced during the breakdown of
ATP and du}ing the stimulated respifatioﬂ of the mitochondrion.
The first and essential stimulus for shivering thermoge-
nesis is the'release of acetylcholine by motor nerve;. Cottle
and Carlson (1956) showed that if a warm-acclimated rat 1s
treated with tubocurarine,~a drug which paralyzes skeletal
muscle by blocking synaptic transmission at the neuromuscular
ehd plate, and then exposed to coid, the animal quickly
becomes hypothermic and dies. The cold stress also activates
the sympathetic nervous system so that the sympathetic nerve
endings and the adrenal medulla secrete noradrenaline and
adrenaline respectively., The released catecholamines, in turn,
perform two important functions, They give rise to piloérec-
tion which reduces heat loss and secondly, they mobilize the

-

substrates required to support the increased metabolic rate

.-

resulting from shivering, Free fatty acids derived from the

triglyceride stores ‘of the white adipose tissue are a major
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fuel; glucdse derived from liver glycogen stores and formed
gluconeogene51s is also used (Himms- Hagen, 1972).

fGoiﬁ Acclimation and Nonshivering ThermOgeneSﬂs

Tk?s the first g¥fence mechanism of a rat agalnst the
cold is heat production through shivering, However, if the
rat is allowed to remain in the cold,shivering gradually de-

creases and disappears by the 3rd or 4th week

then said to be cold-acclimated, The decrease in shivering

with time is shown in Fig, 1 (Hart et al,, 1956).

Since the rat is still in the cold another mechanism of

heat production must be present. This alternative method has
R / y

. been called "nonshivering theérmogenesis" and its biochemical
g g .

mechanisms have not as yet been completely elucidated. The
fact that shivering thermogenesis and nonshivering thermogene-

sis are separate entities 1is shown by the experiments of

Cottle and Carlson (1956) who administered tubocuxarine to

‘"heat-production mechanism liberating chemical energy du

a2 cold-acclimated rat and noted tHat the animal was still able

to maintain a high metabolic rate and a normal body temperature

i
in the cold,

Jansky (1973) defined nonshivering thermogenesis as a
to

processes which do not involve muscular contra ons''. He

further stated that most of the heat productidn under condi-

tions of basal metabolism, i.e. at rest and at, the temperature
of the thermoneutral zone, is due to obliga "@

thermogenesis, However, the additiona " heat production Wthﬁ \
N

occurs -at ambient temperatures below the thermonﬁutral zoné\1§ \
v

.
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Fig. 1. Increase and Decrease in Shivering as Measured
by Muscle Electrical Activity, During Acclimation to Cold,

Muscle electrical activity as related to .time of expo-
sure to 6°C is shown (solid line) in the left-hand part of .
the diagram (lower 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-acclimated
rats were moved to -6°C (right-hand part of the diagram).
(From Hart et al., 19§g).
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due to regulatory therﬁogenesis. This review .will only be
concerned with regulatory thermogenesis (nonshivering thermo-
genesis, NST), |

~ NST has, two important characteristics; The firsé is that
it is an adaptive process, This is indicated by the observa-
ltioﬁ that it takes about 3 or 4 weeks of cdid exposure before
the rat can rely on NST as a source of heat, Other species
such as the rabbit and guinea pig must also remain in the ,
éold for’EIrelatively tong time to be able to produce heat by
NST. It is also used by hibernators {e.g, bat, hamster, ground
squifrel) particularly during arousal from hibernation, The

.

nevborn of most species (e,g. rabbit, fat, guinea pig, human)
-also'use ST as'a heat producing mechanism, but this ability
is lost quite soon aftef.birth and 1s absent in the adult
animal (see review'by Himms-Hagen, 1970),

The second important characteristic of NST is that it is a
facuitative process, This means that it can be switched on
an& off according to the needs of the animal‘(Depoéas, 1960 a).
If a cold-acclimated rat is transferred from a cold environ-
ment to a warm environment it wjll turn off NST; if the same
animal is then transférrea back to the cold it has the ability
to turn on and-utilize NST once more,

The‘physioiogical significance of NST is mosf evident in
newborn animals, Some animals, such as the rat, are born
immature and are incapable of shivering and so they must‘rel}

entirely on NST to prevent hypothermia. Another example is the



ha;p seal pups born on opeh ice floes in the -arctic seas, uxifse y
,ﬁéwborn animals are exposed to a thermogradlent approaching
70°C and NST plays a decisive role in their defence against
this extreme cold stress (Grav et al,, 1974). ‘

3. The Role of the Sympathetic Nervous System in Nonshivering

Thermogenesis

In contrast to the feéulation of shivering thermogenesis

by the central nervous system, NST appears to be regulated by

the sympathetic nervous system, It was'méﬁtioned earlier that <
\\;;this.system was imbortént in shivering fhermogenesis_by redu-

cing heaf loss and by mobilizing the necessary Substrates,

While this is still true for an animal which is using NST, thére’

is ample evidence which indicates that noradr%naline,secretgd

from sympathetic nerve endings, piays a direct role in both the

adap;iveiand {hcﬁlﬁmive properties.which are characteristic of

NST (Himms-Hagen, 1975) |

N Two lines of ev1dence for the importance of the sympathe-

tic nervous system ‘will be discussed.

(a) The Mimicking Effects of Catecholamines

Hsieh and Carlson (1957) were the first to suggest that ’
noradrenaline was the mediator in the regulation of NST by
noting the effects of infused noradrenalggg\on oxygenkgonsump;
tion, Fig, 2 (Depocas et al,, 1978) iI}ustrates the dramatic"
difference in oxygen consumption raFes between warm-acclimated
and cold-agclimated rats during such an infusion, The inctﬁase

”~

in oxygen consumption in response to noradrenaline of the cold-

-

»

FTY
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Fig. 2. The Rates of Oxygen Consumption Before. During, and
After Infusion of Noradrenaline into Barbital- Sedmted
Warm~- and Cold-Aeclimated Rats,

Average oxygen consumption (averaged for each anlmal
during 5-min intervals from readings made at 30-s intervals)
measured in barbital-sedated WA (0) or CA (@) rats before,
during and after continuous infusion of NA bitartrate at
rates of 0,2.5,5.0 and 10,0 ng (free base) min-1 g0.74
body weilght, Infu510ns into the tail vein were started at
60 min .and stopped at 90 min, There were three rats in each ¢
group, The standard error of the mean is plotted for each
group at 87,5 min,
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acclimated rats illustrates the most characteristic property
’of an animalrusing NST as a mechanism of heat production. The
facultative nature of NST is illustrated by the rapid increase
in oxygen uptake when the infusion starts and the rapid
decrease when the infusion stops. .

_‘The possibility that thé enhancement of the calorigenic
respdnse is due to an 1increased senéitivity to noradrenaline
is eliminated by the fact that the dose-response curve is the
same between warm- and cold-acclimated rats (Himms-llagen.et al.,

_ 1972). Moreover, measurements of plasma noradrenaline levels
during infusion of noradrenaline'into warm- and cold-acclimated
rats at room temperature (Depocas et al., 1978) have shown
that at a given infusion rate, the arterial concentration.9f
noradrenaline is lower in cold-acclimated rats than in
warm-acclimated rats (Table 1). This finding disagrees

with the suggestion put forward by LeBlaﬁc and Péuliot (1964)
that higher circulating levels of “NA could be responsible

for the increased calorigenic response to NA in the cold-
acclimated rats. Table 1 indicates the molar steady-state
concentrations of plasma NA during its.infusion into warm-
and cold-acclimated rats. The walues reported in Table ] are
estimates of the concentrations of NA acting on the receptors
for thervarious degree of activation shown in Fig. 2. In

rats receiving no NA, the plasma levels were 2.0 and 1.4 ™
-

, in cold- and warm-acclimated rats respectively. In rats

receiving 10 ng NA lﬁin-lg-o‘74 body weight the corresponding



-TABLE- I

Avé}age Molar Concentrations of NA in Arterial Plasma
During Intravenous Infusion of NA into Barbital-
Sedated Warm- and Cold-Acclimated Rats,

Infusion rate Concentrations, nM
ng min-lg'0‘74 ) WA CA
0 1,38 +#0,91 1,93 +0,58
2.5 28,5 £ 1,3 19.3 + 1.2
5.0 | _ 48.1 + 0.2 33.2 + 3.3

I+

10.0 . : 108.,0 4,0 59.7 + 4.3

(From Depocas et al,, 1978)

N ——
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values were 60 nM and 110 nM, These values are of the same
order of magnitude as tho?e‘found to be effective in increasing
the respiratory rate of isolated ﬂamster brown adipose piséue
cells (Pette®Son & Vallin, 1976) and of perifused interscapular
brown adipose tissue fragments (Seydoux § Girardier, 1978},
Depocas (1960 b) provided further evidence that NA was
involved in the adaptation of the rat to the cold by noting that
the time course of development of increased response to NA
(Figure 3) paralleled other changes, related to heat prodiction,
~which have been observed during development of cold-acclima-
tion,such as an iﬁcrease in food consumption, iqgréase in
survival at iethal cold, increase in resistance to body cooling
and replaE;ment of shivering by nohshivering means .of heat
production (Hart, 1958), That the development of the enhanced
response to catecholamines in the cold-acclimated rat is closely
. associated with the replacement of shivering thermogenesis
with nonshivering thermogénesis is evident when one compares
the timé course of the increased response to NA (Figure 3) to
the time course of the decrease in muscle eléctiical activity
as a function of'time of exposure to 6°C (Figure 1), Muscle
electrical activi%& was found to return to the basal level
dbSGrvéd in rats at 30°C in about 4 weeks, This corresponds
approximately to the time required for development of maximal

capacity to respond to NA,

Bartunkova et al, (1971) noted that if«a cold-acclimated
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Figure 3. Development of Enhanced Calorigenic Response to
: Noradrenaline During Acclimation to Cold

Metabolic response to noradrenaline, intravengasly in-
fused at level of 1 ug free base per minute per rat in rats
previously maintained at 30°C (e) and 6°C (o) is shown, Meta-
bolic response is given in square centimeters and corresponds
to the area under the curve of oxXygen consumption vs, time -
during noradrenaline infusion (100 min) minus’' the area corres-
ponding to initial oxygen consumption in same period of time, J
The average increase in ml 0. consumed per min for each rat
during infusion of noradrenafine can be obtained by dividing
metabolic response units by 20,

(From Depocas, 1960 b)



17
L "
rat is removed from ;he cold and pléced in a warm environment
there was a gradual disappearance of the enhanced metabolic
response to NA which paralleled the loss of ability to pro-

duce heat by NST,

(b) Activation of the Sympathetic Nervous System -

It is evident that if NA is directly involved in NST
then the secretory activity of peripheral sympathetic nerves
during exposure of mammals to cold should be increased, If
this is so then part of the secretqd NA ﬂhich escapes reuptake
or metabolic degradation should overflow into the body fluids.

The major difficulty, until recently, in ﬁeasuring
plasma levels of NA had been the low amounts whlch were
present, Earlier studies which attempted to demonstrate that
the sympathetic nervous system "was activated during cold
exposure had been based on chronic procedures such as measure-
ments of the.NA levels in urine which had to be collected
over many hours or days (Leduc, 196i; Shum et al,, 1969).

Using the recently developed radicenzymatic procedure, Depocas
and Behrens (1978) measured the plasma NA levels of warm-accli-
mated and cold-acclimated ¥ats at three.different temperatures.
As is shown in Fig, 4 there was a 3-fold increase in NA con-
centrations in the plasma on exposure to 5,5°C and an
approximately 9-fold increase at -18.2°C which took place in
both warm-acclimated and cold-acclimated rats, Another
ekperiment performed under the same exposure conditions, but

with more frequent sampiing of blood, indicated that the changes
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Figure 4, Average Plasma NA Concentrations in Warm- and
Cold-Acclimated Rats as a Function of Temperature

The figure compares the average concentration of NA in
plasma of 4 WA and 4 CA rats exposed to various degrees of
cold, Rats were initially at 28°C and then exposed to 5.5°C

and -18.2°C for intervals of 30 min and then returned to
28°¢C, :

(From Depocas & Behrens, 1978)
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observed in Fig, 4 occurred during the first few minutes of
exposure to cold énd that these increases were maintained as
long as the exposure was maintéined. In other words when the
rats were transferred from 28°C to 4°C the 3 fold increase in
the NA level in their plasma occurred during the first few
miﬁutes of cold exposure, If the rats were then taken from
4°C and placed at -18,2°C a further 3 fold inérease occurred
a few minutes later,

There results, therefore provide strong evidence which
indicates that NA secreted from sympathetic nerves plays a
direct role in NST,

4, The Site of Nonshivering Thefmogenesis

Thére has been a long controversy about the site of heat
production duringsNST and until fecently, much of the evidence
pointed to skeletal muscle rather than brown adipose tissue
(see section 5) as the major site of NST, Different approaches
were.taken in order to evaluate the increase in rate of 0,
ﬁonsumﬁ%ion of individual drgans and to compare it with the
increase in the rate of 0, consumption of that speéifically
produced by NST in the cold-acclimated rat,

The different approaches used were:

(a) removal of the tissue, either surgically or funcfipnal-
ly to assess its contribution to the total 0, consumption,

. {b) measurement of cftochrome oxidase activity to é;SESS‘
the metabolic capacity of a given tiséue.

{c) blood flow measurements together with arteriovenous
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differences in blood oxygen, .
The first approach has been useful in assessing the
contribution of the viscera, such as liver, intestine,

stomach, spl%Fn and pancreas in NST, Depocas {1958, 1960 a)

Ay

funﬁtionall{ eviscerated rats by preventing blood flow through
these organé.' By demonstratihg that noradrenaline was as
effective in raising the oxygen consumption of ﬁunctionally
eviscerated cold-acclimated rats as it was in- sham-operated
rats, he was able to conclude that the viscera were probably
not significantly important sites of NST,

The second approach has proved to be too indirect and
conclusions concerning the potential involvement of varioué
organs using their respective cytochrome oxidase activity ‘
are highiy speculative, X

Blood flow meaéurements.have provided the most reliable
infarmation concerning tissue involvement in NST. Jansky (19719
stated the major problem of Ehis approach:

”Tﬁe best and ideal technique would be one baged on organ
blocd flow and on extraction of oxygen'from the blood,
However, this represents ;1éreat obstacle in small animals
where cannulation of small vessels under physiological condi-
tions 1s pratically impossible,"

Because of this problem indirect methods of measuring
blood flow had to be used, The a%proach taken is to measure

the cardiac output and its fractional distribution to indivi-

dual tissues, These measurements allow calculation of tissue

i
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ﬁlood flow. The maximum possible O, consumption of a tissue,
-and thus -its ﬁoteﬁtial thermogenic activity, can be determined
from the calculated blood flow together with.the measurement
of the concentration of O2 in arterial blood. Where it is
possible to measure arteriovenous differences'in OXygen across
a tissue, the actual O2 consumption of the tissue can also be
obtained. There are basically two ways for estimating fractio-
nal distribution Of-cardiac output. Early studies used the
Sapirsteié technique (Sépirstein, 1958) which uses uptake of
86Rb* as an index'of the distribution of cardiac output. Results
of these studies showed thathskeletal muscle contributes about
50% and brown adipose tissue-less than.ld% to the calorigenic
response to NA (Jansky and Hart, 1968; Kuroshima et al., 1967; -
Evonuk and Hannon, 1963). °

However, more recent work (Alexander et al., 1973;

Foster and Frydman, 1978 a) has shown that the use of 80pp*

as a quantitative indicator of capillary flow is unreliable

issues, particularly for brown tissue, and
that the micrdsy efg technique should be the method used.
Alexander et al. (1972 § 1973) measured blood flow to
various organs in young lambs using the rubidium and microsphere
 techniques respectively. Table II sho#s the differences in
blood flow values obtained’ for brown adipos tissue. They
concluded that the microsphere technique was 5/ more valid
measurement because it relied on simple plysical principles,
whereas the rubidium method:dependgnf/;n the assumption that .

&
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TABLE 11 | -

Comparison of the Saplrsteln and Mlcrosphere Techniques for
Estlmatlng Blood Flow Through Perlrenal Brown Adipose Tissue

//y\?-Blood Flow {(ml/100 g tissue-minp*

Method — Thermoneutral ‘ Cold-Exposed
. Sapirstein 71° | 145
Microsphere 188 1125

The table Cdmpares the mean blood flow obtained using
the Sapirstein and microsphere techniques to perirenal brown
adipose fissue\i:'young lambs under thermoneutral and cold-
exposed conditions, Cardiac output was estimated by thgﬁ
dye dilution technique and also?by the Fick metth‘bEs§g,gn
oxygen consumption and the oxygén content‘;f'arterial and
mixed venous blood, The dlstrlbutlon of cardiac output was
determined using either the Saplrsteln technique (Alexander
et.al., 1972) or the microsphere technique (Alexander et al.,
1973). The significance of differences comparing blood flow
values obtaiped at thermoneutral conditions with those obtained

under cold-exposed conditions were P<0,005 using, the

Sapirstein technique and P<0.01 using the microsphere technique.
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%the {ndicator extr tion retio of each tissue wes essenoiallj
the same as the mean £0r the whole body; Since Sapirstein °
(1958j had shown thai/ﬂ igh diffusion barrﬁE?\}n brain exis-
ted which gave“QXGEEdingly low blood flow values} the conclu-
51ons oﬁ Alexander et al,, (1973) appear to béﬁreasonable.
| Foster and Frydman (1978 a) extended the study concerning
the rubldlum method and by comparing flows estimated with
86

Rb” with™ flows estlmated 51mu1taneously with mlcrbspheres

_foaﬁﬁAT and other- tlssues they concluded that for some tlssues,

(”e pec1ally BAT the Saplrsteln method of asse551ng fractional

T

dlstrlbutlon of cardiac output to the tissue gives. hlghly
erroneous values, _ l

¥f$ﬁngé~it was shown that fhe-labelled microspheres did
not appear to have the above mentioned disadvantagelkmterrmub
Frydman {1978 b) used this approach and nzevahmmed the problem

.concerning organ contrlbutlon to NST in the cold- accllmated

“rat, In their re%wahxmlml. they discovered that. during

. NA-induced calorigenesis there was a very large increase in

blood flow to BAT (Tablé III). Increased flow to BAT was
accomplished partly through an increase’in cardiac output and
partly through:e change in the distribution of cardiac output
(Table III), their'results also indicated that IBAT exhibited
a remarkable abiigty toyextract O, from the blood flowing
through it (Table IV) ey concluded that BAT contrlbutes
60% or .more to the metabollc response of the cold accllmated

4

rat to NA.

-
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TABLE I1I

The Fractional Distribution of Cardiac Output and the Blood
Flow to Tissues of Barbital-Sedated Cold-Acclimated Rats at,
Rest or During: NA-Induced Calorigenesis .

¥

Percentage of CO : Blood Flow (ml/min)

Tissue At Rest ﬂ}th NA P gt Rest With NA " P
BAT 2,06 ;0.1 33.5 11.5'<Q;001 2,3.£0.2 57.2.i3.8 <0,001

Muscle 11,2+0.5 8.,4£0.4 <0,05 9.9+1.2 14,5%1,2 <0,02

-

The effects on tissuye blood flow of infusing barbital-
sedated rats with NA at a dose sufficient to achieve a maximum
calorigenic response in cold-acclimated rats is shown.

Changes 1in tissue ‘blood flow related to NA-induced calorigene-
sis were assessed from measurements of flow in rats at rest
followed by measurements in the same rats infused with NA at

a dose of 12:5 ng g~ % 4 min-1,

(From Foster § Frydman, 1978 b)

——
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‘/ v
' . TABLE TV -
e . 4 .
. Concentration of Oxygen in the Arterial Blood and in the Venous
'Effluent from IBAT .of Barbital-Sedated. Cold-Acclimated Rats at

Rest or Responding Calorigenically 'to NA

b

"ml of O3 per 100 ml blood

At Rest With NA
Arterial . - | " 16,8£0,3 13,4£0,3
ignous (Sulzer's vein) | 12,7£0,4 . 0,1+0.04
A-V difference | 4,1£0,5 13.3+0,3

‘Table IV gives the concentration of__d2 in arterial blood;
its concentration in thé venous effuent from IBAT; and the
(A-V)O2 across the IBAT of bafbital;sedated cold—aéclimated
rats at rest and during NA{induced calor@genesis. The 02
contents of samples ofhartériél blood gné of venous blood
were dete;ﬁiﬁé% witHJa NatelSon microgasometer.

B

(From Foster § Frydman, 1978 b)
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In conclusion, BAT is the major site of NST, regaxdless
of its small size. The anatomicai anﬁ physiological charac-
teristigs of BAT which make it unique in its thermogenic
capacity are reviewed in the, next Section, |

5, Brown Adiposé Tissue

R

Brown adipose tissue appears ip some 56 specieé of mammals
distributed through at least six orders. It is generally more
abundant in those sp;cies and under those conditions in which
nonshivering thermogen351s occurs (Smith and Héfwitz, 1969).
In nonhibernators the tlssue grows durlng acclimation to cold
and the mitochondria become larger and more numerous (Suter,
1669). In hibernators, which appeaf always to have browﬁ
adipose. tissue, the'tissue undefgoes less marked changes during
acclimation to cold (Ahlabo and Barnard, 1974).

The characteristic brownish‘colof of the tissue is partly
due to the high'contént of respiratory chain pigments, notably
cytochromes, and also to the rich network of blood capillaries
(Flatmark" and Pedersen, 1975),

' There are several areas in which brown fat occurs reg
iarly in the rat (Smith and Roberts, 1964), The tlssuev{)ulo-
c;ted around major blood vessels %gd nerve tracts in the chest'
and neck areas. It is‘also closeréo the spinal cord all the
way down to the kidneys. The tissue is richly vascularized
and both blood vessels %Ed cells are innervate& by the

sympathetic nervous sxﬁtem.

The anatomical site of interscapular BAT is of special

1
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interest since its venous drainage, via Sulzer's Vein; is
short and in §lose conlact with the spinal cordl' It has been ‘=m3
postulated (Smith and Horwitz, 1969) that ‘it plays a role in ~
thersuppressioq of shivering since heat\dérived from the
interscapular region could warm up certain spinal cord thermal
receptors which in turn are respo#siblé for the control of
shivéring.
. Thus, brown fat provides an internal heating jacket that
overlies parts of the systemic vasculaturé and on signal
becomes an active metabolic heate? épplied directly to the
flowing bloodstream-as it passes to and from the cooler peri-
phery.
| When a warm-acclimated rat is transferred to the cold
the brown adipose tissue undergoes several characteristic
changes (Suter, 1969), Among the earliest changes observed
in BAT of cold-exposed rats is hyperemia, which is present ¥
~throughout the first 24 hours of cold exposure and disappears
'by day 4, Enhanced vascular permeability seems to be associa-
ted with it, leading to an increase in the water content of
‘the tissue, Lipid droplets diminish in size and small
droplets are formed, These droplets are believed to fuse
together and form the larger 1lipid droplets which are obser-
ved after longer exposure ,and in fully cold-acclimated rats, -
Hypertrophy and hyperplasia of the tissﬁe occur,,appérently
due to proliferation'and differentiation of precursor cells,

There is also extensive growth and development of mitochondria.
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An increase in mitochondrial volume develops early and
persists as long as the animal remaineﬂin the cold, Mito-
Achondrial cristae are remodeled first into a more irregular
battern composed of semicircles and loops., Subsequently, the -,
cristae become straight and also more numerous.

Thus, as BAT grows in response to cold so too do the
mitochondria: ‘They become larger and more numerous per cell.

-

R . =
They have more tightly packed cristae and hence have a
greater respiratory capacity than mitochondria obtained from
other tissues (Flatmark and Pedersen, 1975).

6. Biochemical Mechanisms of Heat Production in Brown Adipose

Tissue

In brown adipose tissue, as in other tissues heat pro-
duction is the result of combustlon of substrate molecules,
i,e., of respiration. ‘An 1ncrease in respiration results in
an increase in heat production., Current concepts of the
regulation of respitation in mitochondria are based upon
_Michell's chemiosmotic hypothesis which proposes that the,
respiratory chgin (Fig. 5 a) and the mitochondrial ATP (
synthetase (Fig, 5 ¢) are linRed by a circuit of protons,Jthe
proton electrochemical gradient generated by the expu151on’of
protons from the mitochondrial matrlx being ut111zed to drive
the synthesis of ATP, If the sole pathway for the protons to
re-enter the matrix is via ATP synthetase, linked stoichio-
metrically to the production oflATP and controlled by availa-

bility of t+ke substrates, ADP and Pi, then when ATP synthesis
| -~
~
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Figure 5, The Proton Circuit Across -the Inner Membrane of
Respiring Mitochondria .

The figure displays the proton circuit proposed by the
‘chemiosmotic theory to function during steady-state respira-
tion. (a) Respiratory chain, (b) Proton leakage pathway,
(c) Proton translocating ATP synthetase, JH*: proton current,

Ap: proton electrochemical gradient, CmH+: effective proton
conductance of the membrane, .

(From Nicholls, 1976 a)

/// T\‘
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ceases proton re-entry in turn ceases, This is turn résults -
in a'buila—up in the proton electrochemical gradient, stop-
ping further proton release and hence respiration by the
respiratory chain (Fig. 3 a§c),.

From the above description, it can be seen that there
are two ways in which heat production can be increased.

1) Decrease the phosphorylation'state ratio (Owen agd
Wilson, 1974; Wilson et al,, 1973). h ‘ e

Shivering therhogenesis is a good gxample of this type of
thermogenic process, Muscle contractions utilize ATP and
thus provide ADP which permits the acceleration of mitochon-
drial respiration,

2) By allowing protons to re-enter the matrix by an
aternative pathway not linked to the synthesis of ATP
(Fig. 5 b). An example of this is DNP-induced stimulation
of respiration whose uncoupling action is betieved to be due
to its ability to transport protons across the ﬁembrane, thus
short-circuiting the proton current (Mitchell, 1976).

The above mentioned mechanisms introduce the two major
theories concerning the mechanism of NA stimulated heat
production,in BAT. The first theory proposes that %ncreased
pumping of Na* and K" by the,Na+-K+ ATPase is responsible for
a significant part of the increase in metabolic rate,

The second‘theory proposes that mitochondrié,obtained
from BAT are loosely coupled and therefore their réSpiration

is no longer ceontrolled by the availability of ADP,
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a) The Na® k' -ATPase Mechanism

A role in BAT for the Na® K+=ATPase derives from Ldelman's

hypothesis concerning its cbntribution to heat production in

response to thyroid hoﬁmone (Edelaén: 1974); This hypoth?sis
is applicable to BAT since it has been shown that NA depolari-
zes this tissue (Williams and Matthews, 1974), increases ‘
membrane permeability to ions (Horowitz et al,, 1971) and
causes efflux of K' and influx of Na® (Girardier and Seydoux,
1971), In addition to allowing distribution qf ions which
would by itself stimulate the Na® bump, NA and cAMP have been
shown to directly stimulate Na* k' -ATPase activity in homoge-
nates of BAT (Herd et al,, 1970; Horwitz & Eaton 1975),

Seydoux et al, (1977) and Seydoﬁx and Girardier (1978)
have detefmined the temporal sequence of events indugced by
stimulation of the nerve supply of brown adipose tissue, Three
events were studied; .

a) membrane potential which reflects transmembrane ionic
movements,

b) pyridine ﬁdtleotide redox state which indirectly
reveals the activation of the adenylate cyclase system
and subsequent lipolysis and mitochondrial events,

c) intratissue PO2 tension whigﬁ reflects thé overall
thermogenic response of the iissue.

They noted at stimulation frequencies above 3. Hz*, the

“*The response of brown fat is a function of the number of

nerve impulses delivered per unit time and not of the number
of nerve fibers activated, :
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first event to occur was the depolarization of the cell mem-
brane, then the increase in NAD(P)H and finally, the increase
iﬁ cell respiration,

While the above mentioned evidence would appeaf to in-
dicate that an ATPase type of mechanism could play a potential-
ly significant role in producing heat it is unlikely that this
type ﬁf mechanism makes more than a minor contribution. While
Seydoux et al, (1977) have determined the temporal sequence of
the events induced by stimulation of the nerve supply to
brown adipose tissue they also discovered that if stimulation
frequencies below 3 Hz were applied no depolarization whatso-
ever occurred even though there was an increésé in metabolic
activity, This then indicates that depolarization is not
ébsoluteiy requirgd for the thermogenic rééponse to occur,

The capacity of IBAT mitochondria for ATP synthesis is
ratﬁer low, as indicated by their low ATPase activity (Gannon
& Vogel, 1977) and by the absence of the characteristic

protrusions on the inner surface of the inner membranes,

believed to correspond to the ATPase complex (Lindberg et al,,

‘1967). ‘Translocation of ADP and ATP into and out of BAT

-~

mitochondria is highly sensitive to inhibition by acyl:CoA
and would appear to have limited activity in vivo.during
NA-induced thermogenésis (Christiansen et al.,-1973). Thus
it is unlikely that an ATPase mechanism, which would require
extensive rephosphorylation of ADP, could Bé a major thermd—

-

genic process during nonshivering thermogenesis,
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Since BAT mitochondria appear to become 1oose1y coupled
during nonshlverlng thermogenesis (see (b) below), an alter-
nate source of ATP for the operation of the Na® K'-ATPase is
necessary. A subgtantial amount of ATP can be formed in the
mitochondrion by substrate level phosphorylation (Rafael et
ali, 1974; Nicholls & Bernson, 1977) derived from the tricar-
boxylic acid cyéle which is accelerated under thermogenic
conditions'and hence this process’gould provide a source'of
the ATP required by the Na® K+-AT?ase.

In conclusion, while it 1is known that an ATPase type of
mechanism does contribute to the calorigenic response to NA

in BAT, its relative contribution would appear to be small,

b) Loose-Coupling Mechanism

The second theory, which applies to BAT mitochondria,
is that they arte loosely coupled, There are two ways in
yhich this can bé achieved. 1., A loose-coupling mechanisﬁ can
occur when the cycling of ioms is promoted. If the upgake
of fhe jon is energy-dependent and if the ion is allowed to
leak out, thus making it available for active transport, then
this would make the mitochondria-loosely-coupled; An example
of this is calcium transport, This tygge of loose-coupling
mechanism will be examined further inﬁ%hg’next section,
2. A loose-coupling mechanism can occur if protons are allowed
to re-enter by a proton 1eakagé pathway. The evidence 1n
favor ‘of this type of mechanisﬁ will now be discussed.

BAT isolated by conventional methods are usually uncoupled
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or loosely coupled, This is indicated by theilr rapid rates

of respiration; low P/C ratios and lack of respiratory control
(Flatmark and Pedersen: 1975): Recause recoupling requires
treatment with ATP and carnitine ér with albumin (Flatmark,

G Pederseh; 1975) it hés been generally concluded that

removal or combustion.of a small proportidn of the fatty acids
bound to the mitochondria is necessary. It therefofe appears
that free fatty acids play a dual role in BAT mitocﬁondria;
fuel as well as uncoupling agent (Bulychev et al., 1972).

In addition, it has been shown that a purin? nucleotide (eg..
ADP, ATP, GDP, GTP) is also necessary for recoupling (Cannon
et al,, 1973). The importance of these added nucleotides. is
shown by the fact that in their absence even éxhaustive Temo-
val of endogenous fétty acids does not recouple the mitochon-
drié and the mitochondria still have a rapid uncontrolled
respiration without synthesizing ATP, Addition of purine
aucleotides to the medium in low concentrations produces a
transformafion into classic respiration-controlled mitochondria.
Until recently, the action of these added nucleotides was

not understood, In 1976 Nicholls descibed a purine nucleotide

binding site present in BAT mitochondria land absent from liver

mitochondria. It was suggested that €cupation of this site,.
. which was shown to be located on the outer surface of the inner
membrane, by added purine nucleotides inhibited proton ion

conductance which was noted to be high in freshly isolated

mitochondria, This site has recently been identified as
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involying a polypeptide of molecular weight 32,000 and acccounts
for 10% of the inner membrane of haTster brown adipose tissue
mitochondrig (Heaton et al,, 1978),

In other words; brown adipose tissue mitochondria possess
a proton conductance pathway which enables ﬁtotOns fo apak
back across the inner membrane thereby lowering the proton
electrochemical gradient (Figure § b) and stimulating respira-
tion, It is clear that the rate at which protons are expelled
by the respiratory chain must equalcthe rate at which they re-
enter the matrix either-via,the proton transleocating ATP
synthetase (c in Figure 5) or via the 32,0b0 p@lypebtide pathway
(b in Figure 5), If the conductance of the two pathways is
inadequate, the difference in the proton‘electfochemical
gradient will build up and respiration will be inhibited (see
Nicholls, 1977 for review);

Th&f the purine nucleotide binding is related to the ther-
mogenic capacity of a tissue is shown by several findings;
Nucleotide binding is high in newborn guinea pigs and decreases
with age (Rafael § Heldt, 1976), It is also high in the cold-
acclimated rat (Desautels et al,, 1978; Sundin § Cannon, 1978)
and high in the éold-acclimated hamster (Nicholls, 1976 b},

The amount of the 32,000 polypeptide is also high in.cold-‘
acclimated rats (Desautels et al,, 1978), guinea pigs and
hamsters (Heaton et al., 1978). |

Desautels et al, (1978) have studied the adaptive changes
in purine nucleotiaé binding by following the increases in

binding of ADP and GDP ahd in amount of the 32,000 polypeptide

-~



as a'fﬁnction of cold exposure, As can be seen (Figure 6)
there is an increase in binding of both GDP and ADP which is
_ apparent within an hour and reaches a maximum in 3+7 days;
/""’ﬁowever, the amount of the 32;000 polypeptide only begins to
increase at 12 hours and reaches a maximum only after two .
weeks Fig., 7). These results suggest that there is an initial _
unmasking of sites before the amount of the 32,600 polypeptide .
increases,
The presence of a proton leakage pathway in BAT mito-
chondria which ¢ n.be made open or closed provides a mechanism
for physiological\uncoupling, Howe;er, the nature of thé

messenger which is/capable of switching on and off the proton

conductance is nft known. The fact that purine nucleotides

themselves do not“appear to change extensively or rapidly.
enough on addition of NA indicates tha%’it is improbable that
they are the meggengef (Pettersen § Vallin, 1976). Cannon ét
al, (1977} have suggé;ted that acyl CoA formed as a result |
-of NA-induced lipolysis and subsequent -activation of fatty
acids could disPIacé the bound nucleotides and hence cause
alloosening of couplingiin these mitochondria.
Although all thg events of NA-induced thermogengs&s in

1

BAT have not been ﬁeduce& the following:is a méch;ﬁTSM\Fhichf

attempts to summarize the present .concepts of NST (Figure 85..
On stimulation of' the sympathetic nerves, NA is Teleased

and binds to a réqpptor on the pl&sma membrane which causes

stimulation of.adenylate“cyclasé to produce cAMP, Depolari-

—-
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-Fig. 6. Binding of.GDP and ADP by Brown Adipose Tissue Mito-
chondria During Acclimation to Cold,
: ) | '
The graphs compare the binding during acclimation to
cold (COLD) with the binding in control rats (WARM). The
"left-hand part of each section of the figure shows changes
diring the first day and the right-hand part shows changes

during the subsequent 8 weeks. Values are means (* SEM) of
. three observations. T :

(From Desautels et al., 1978)
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Figure 7, Proportions of the 32,000 Polypeptlde of Brown
Adipose Tissue M1tochondr1al Membrane Protein
During Acclimation of Rats to.Cold,

The figure shows tHe increase in the proportlon of
the 32,000 polypeptide to cold, For each point, the number
© of rats studied is two or three. Note that the scale on
the x-axis does not start at zero, The time scale 1is
expanded in the left-hand portion of the flgure to 111ustrate
events during the first 24 h,

(From Desautels et al., 1978)
' ' \
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zation of the membrane may also occur, cAMP activates a -
triglyceride lip;se and thus caﬁses increased lipolysis to
occur, The fatty acids'so'liberatgdfare‘aCtivated to fatty
acyl CoA which displacés'purine n&;legtides from their

binding sites on the 32,000 polypeptide of the proton conduc-
tance mechanism and makes the mixochondria loosely coupled by
increasing proton conductance.' The end result is to stimulate
respiraiion and produce heat which warms the blood flowing

through the tissue,
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PART B: IONS IN.MITOCHONDRIA AND THE REGULATION OF CELLULAR

METABOLTSM

——— ettty

1. Introduétion

As we have seen, evidence has favoured a loose-coupling
mechanism, rather than an ATPase type of mechanism, to explain
the higﬁ thermogenic capacity of brown adipose tissue. Loose-
coupling mechanisms can be further classified into twg}fypes:
I} one in which the usual impermeability to protons of the inner
mitochondrial membrane is specifically disrupted (as described
.in Section 6(b) above) II) one in wﬁich the cycling of other
ions is promoted. In the latter type of mechanism an apparent
uncoupling occurs when the electrochemical gradient is utilized
for ion transport. The purpose of this review is to in?roduce
the concept of ion transport as a contributing factor in the
control of respiration in mitochondria and to indicate how
such a mechanism might be regulated.

2.'Mitochondrial Ions and Their Distribution

Before discussing how metal ions could play a role in
energy metabolism, and hence thermogenesis,‘it is necessary to
review the contents and distribution of metal ions in the mito-
chondrion. Table V shows a summary of the content of, various
metal ions in mitochondria from several different tissues, As
can be noted, the level of K’ is usually quite high in isolated

mitochondria, The low K  level of brown adipose tissue

mitochondria can be explained by the high permeability to mono-
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valent cations of the freshly isolated mitochondria (Nicholls,
e '

et al,, 1972),

+ : - : .
K appears to serve as the principal ‘cation for numerous

-
L]

anions of metabolic importance, such as the tricarboxylic acid
cycle intermediatés, phosphate and the adenine nucleotides

which are formed in the matrix compartment of isclated mitochon-
dria (Brierly, 1976}, The K' of mitochondria can be d#vided
into three components, a rapldly exchangeable component is
thought .to represent cation bound on the membrane surface, a
rapidly removable component which represents soluble K seques-
tered in the intermembrane space, and a component whlch exchanges
only slowly and is retained on washing. This component is
considered to be K' sequestered or bound in the matrix'compart-
ment (Brierley, 1976), \

| The ca1c1um content of mitochondria obtained from a variety
of tissues is generally in the range of 5-1% nmoles/mg mltochon—
drial proteln Brown adipose tissue mitochondria are an
exception hqv1ng calcium contents much higher than other tissues
(Christiansen, 1971; Greenway § Himms-Hagen, 1978). Calcium

ions can interact with the mitochondrion in one of three ways

(Binet § Volfin, 1975), . T

I) They can regulate or interfere with many mitochondrigh
. functions, They do this by binding to specific Tegulatory

binding sites which may either be located on the membrane

dgﬂ?ﬂv or in.soluble form.

l‘"
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II) They can bind to strugtural sites and hence be implicated

+

‘in electrostatic binding between negative charges of
membrane proteins and phospholipids.

IIT) They can bind to a specific‘calcium carrier,
As shown in Table V, Mg2+ is usually more aBundant in the

- . . + . . .
mitochondrion than Ca2 . It too can interact with the mitochon-

drion in much same way as Caz+ with the possible exception of
binding to carrier sites (Brierley, 1976): Table VI indicates
that significant portions of endogenous Mg2+ are found in the
intermembrane and matrix compartments (Bogucka § Wojtpzak,
1971), Since the intermembrane space contributes only a small
portion of the total mitochondrial volume and contains a small
percentage of mitochondrial protein, the concentratiqn of
maghesium in this space must be very high. The finding that the
outer membrane‘is permeable to Mg2+ (O'Brien & Brierley, 1965)
and that washing liver mitochondria in isotonic sucrose contai-
ning EDTA does not appreciably diminish thetmagnesium ﬁontent

in either compartment (Bogucka & Wojtczak, 1971) suggests that
the magnesium present in the intermembrane space is in a bognd,.
non-diffusible form. Bogucka and Wojfczak (1976) provide&
further evidence supporting this suggestion by-demonstrating

. the presence of at least. two distinct high molecular weight
compounds, located in the intermembrane compartment, capable

of binding magnesium. The higher molecular weight component

was found to have a lower affinity; but a higher binding capaéi-

ty for magnesium than the lower molecular weight component,
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) TABLE VI

Distribution of Magnesium in Mitochondria from Rat Liver and Heart

Tissue Quter Intermembrane Inner Matrix Total

Membranes Compartment'/ " Membranes mmoles/mg protein
Liver 4% 50% . 5% 41% 22,0
Heart ‘ 5% 31% 21% 43% 17.6

(Fram Bogucka § Wojtczak, 1971)



Neither the identification nor the role of these magnesium
binding proteins is understoﬁd, The inner membrane and matrix
compartment of rat liver mitochondria contain approximately
half of the mitochondrial‘magnesium; i.e; about 10 nmoles/mg
mitochondrial protein, Since this is approximétely equal to
the amount of mitochondrial adenine nucleotides, which is also
contained in the matrix compartment (Ernster et al,, 1967),
it supports the assumption that most of the mitochondrial ade-
nine nucleotides are present as magnesium complexes. .

3, Ion Transport in Mitochondria

{(a) Introduction

According to the chemiosmotic theory, the proton gradient
established by oxidﬁfive electron trénsport represents a
store of free energy. The energy is stored in the proton
‘gradifnt in two forms, or in other words, the gradient has two
components. One component is the difference in concentration
or chemical activity of protons on opposite sides of the
memb%ane. The energy of the cgﬂsentrafion gradient is deter-
mined by the difference in pH across the membrane (ie., A pH).'
‘The électric charge carried by the proton contributes the
second component of the enérgy of the gradient. The net movement
of charge across the membrane creates a difference in electric
potentiél, and all charged particles are affected by the resul-
Eing electrostatic field (ie, A ¥). The total energy of the

proton gradient 'is the sum of the concentration component and

the electric component,
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‘Therefore, a proton which has been expelled from a mito-
chondrion- experiences a force tending to draw it back across
the membrane. The movement of the proton to that force can be
made to do work; such as actively transporting certain ions.j
Experimentally, the transport of ions across the ﬁitochendrial
inner membrane is usually revealed by osmotic swelling and
contraction techniques (Brierley, 1974), Ogﬁotic éwélling
in the presence of electrolytes will occur only when both an
aﬁion and a cation can enter the matrix compartment so that
the internal oémolarity‘can be increased without inducing a
large diffusion-potential (Chappel § Crofts,‘1966). Large
accumulations have been observed when either an insoluble
salt, such as calcium phosphate, is formed which removes the
accumulated solutes from-solution, or a soluble anion-cation,
such as pptassium acetéte, is taken up under conditions which
permit osmotic swelling of mitochondria, "

This review will be mainly concerned with the transport
of cations across the mitochondrial inner membrane. The
necessary accumulation of anions in order to obtain swelling
would appear to limit the usefulness of osmotic swelling as an
assessment of the entry mechanism of a given cation, However,
by intefchanging various anions in the suspending medium and

by using ionophores* of.estaylished properties it has been

{
*Ionophores are melecules that carry ions across membranes.
The ionophore valinomycin is a cyclic molecuyle that is soluble
in membranes and selectively carries potassium ions. Nigericin
also transports potassium, but only in exchange for protons,
Gramicidin A forms a pore in the membrane, made up of two heli-
cal molecules, that is permeable to ions with one positive chargesw.
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possible to gbtain useful information,

‘Before discussing the characteristics of cation transport
1t is necessary to review the different:types of anions used
experimentally and their known mode of entry into the mitochonl
drion, Theré are three.fundamental mechaniéms for anion pene-
tration in nonrespiringmm%tochondria (Fig. 9).

- 1) anion exchange, Fig, éishmm that ﬁ2P04'exchanges for ﬁOH‘on
the phosphate transporter, This reaction is equivalent to

the entry of un?issociated H3PO4 followed by a loss of a proton
to the alkaiinetmatrix.

2) electrogenic anion penetration, Several anions, such as
Eitrate and thiocyanate appear. to diffuse across the>§embrane
at neutral ﬁH in response to either a chemical or electrical
gradient, | -

3) free acid penetration, Most weak acids, such as acetic

acid penetrate the membrane undissociated. Ionization in the

. . . +
interior results in H release,

(b) Characteristics of Monovalent Ion Uptake

"Nonrespiring mito;hondria suspended in acetate or phosphate
salts of XK' do not swell, while mitochondria suspended in Na”
salts undergo rapid spontaneous swelling. This has been v
attributed to the presence of an electrically neutral exhanger
specific for Na® and H' which is present in the inner membrane
(Fig, 10, Brierley, 1974), Passive swelling, i,e, swelliﬂg in
the absence .of respiration, can be induced in mitochondria sus-

pended in k' salts by the use of reagents, such as ionophores,

which increase the permeability of the membrane to monovalent.

N



Mechanism - Ein;on o Electrogenic Free Acid_.
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204 —» HOAC OAc + H'

e

Figure 9,

See text for details

(From Brierley, 1974)

“OH
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Pathways for Penetration of Anions into Mitochondria
in the Absence of Metabolic Energy
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Elgctrically Neutral

Electrogenic

Mechanism . Exchange Cation Penetration
val
- +
+
-Na ' ' ) X

, X ad k"
’ Example Nat ﬁ*-valinomycin
Passive swelling: Requires Requires val
Nitrate Salt uncoupler =
Passive swelling: Spontaneous Requires (valé-unqoupler)

" Acetate Salt

or nigericin

Figure 10.

See text for details.

(From Brierley, 1974)
e

Pathways for Penetration of Cations into Mltochondrla
in the Absence of Metabolic Energy
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cations, Passive ‘swelling in,K+ acetate requires not only a

pathway for k¥ entrance, but also a-pathway for the removal

;of the internal H" accumulat;on generated by the entry of

acetic acid {see Fig; 9): A pathway.for K" influx and H+
.efflux can be achieved simultaneously by the use of nigericin,

which induces K+/H+ exchange, or achieved separately by using

the moblle _cationophore valinemycin, which allows K 1nflux

in the presence of an uncoupler which allows H* efflux (Flg. 10,

.In contrast to the results for passive swelling, mitochon-

" dria suspended in acetate.or phosphate salts of K" and other

cations take up ions and swell extensively when the mitochondria

are energized by addition.of substrate or ATP. The reaction

‘bccurs in the absence o£~;Lagehtwahich modify perﬁeability,

is sen51t1ve to uncouplers 1nh1b1tors of resplratlon, and to

ollgomyc1n when exagenous ATP is used as the energy source,

Monovalent ion uptake is belleved to occur via an electrophoretlc

pathway (Fig. 11) . Thege is no clear cut evidence that the

™~
,electrophoret1c movement of K* or Na© is carrler medlated The

\
most ¥1de1y accepted mechahifm (Fig, 11) involves the use of
the electrochemlcal gradi nt generated by resp1rat10n as the

prlmary'fvent Phospha?e and acetate are pulled into the 31ka~

\

/line matrix of resplrlng mltochondrla because of thelr capacity

to donate protons, Thelr éntry thus:converts a gortlon of the
A pH to a phosphate and acetats gradie t respectively (i.e, A Y

‘\
is 1ncreased). Electrogenlc catlon flow follows sufficient

A ——

\
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"Figuré'll. Electrogenic Uptake of Monovalent Cations

Electron transport generates a pH gradient across the
membrane, This is followed by the exchange of anions for
internal OH; Thus, H2P0Z (left figure) may exchange for matrix
hydroxide ions on the phosphate-hydroxide antiporter, a reaction
formally equivalent to the entry of undissociated H3PO4,
followed by loss of a proton to the alkaline matrix, Salts of
weak acids, such as acetate (right figure), are pulled into the
alkaline matrix because they actually pass the membrane-as the
corresponding free acids which then yield their protons to the
excess ~“OH in the matrix, The net effect of the entry of
these anions into the matrix of respiring mitochondria is to
convert theé alkaline-inside electrochemical gradient of protons
generated by électron transport into a negative-inside gradient

- of the transported anion. The normal impermeability of the

membrane to cations would be overcome by this negative interior
potential and cation penetration would then result in K* aceta-
te (or phosphate) accumulation and osmotic swelling,

: .

(Adapted from Chavez et _al,, 1977) -

[
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driving potential builds up, It is implicit in this model
that the process is limited by the low permeability of the
membranelto,cations under normal conditions: There are,
therefore; two ways in which menovalent cation flow and hence
swelling, can occur: 1) when the interior electric potential
becomes large enough (i.et by using acetate or phosphate salts)
to overcome the permeabiiity batrier or Z) by increasing the
permeability of the membrane to monovalent cations by using
ionophoree. ‘In addition,to increasing the passive permeability
to cations the use of ionophores aiso markedly activates the .
energ& - dependent ion accumulation reaction, The most

rapid extensive energy - dependent swelling occurs with K salts b
(Brierley et al., 1971).

As Fig. 11 shows, k" uptake is driven by only one compo-
nent of the electrochemical gradient, namely the electrical
component (i.e, A ¥). This is because the transport of a
monovalent cation is entitely motivated by electrostatic forces
that-;ull it toward the negatively charged inner surface of
the membrene end hence net accumulation of cations will occur
when A& ¥ is large compared to A PH. Isotonic salts of acetate
or phosphate are generally used for ion uptake experiments"
because these compounds are capable of converting the A pH
component of the electrochemical gradlent into an acetate or

phosphate (1 e, A ¥} gradient respectively,

)’

Mltochondria swollen in Na or K nltrate are able to

contract and extrude the accumulated salt in a respiration -.de-
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pendent reaction. The contraction rééction is characterized
by “high rétes of respiration which return to normal when

jon extrusion is complete (Brierley, 1976; Brierléy et al.,
1977). It is believed that mono&aient cation extrusion occurs
via an exchange pathway (Fig. 12). The reaction is more rapid
and exfensiée in Na* than in K nitrate.

In the case of the efflux reaction, the difference in
proton concentration, A pH;.is the only driving force. The
membrane potentiai has no effect since while it accelerates
the proton's inward passage'it retards the outward movement
of the monovalent cation and the two effects exac£ly cancel.
The reason why most contraction studies are done in salts
of nitrate is due to the ability of the permeable Nog ion ta
dissipate the electrical component of the electrochemical gra-
dient thus.leaving a large A pH which is required for the con-
traction process. A model for monovalent cation uptake and
extrusion using K" as an example is shown in Fig. 13 (Chavez
et al., 1977). As shown, respiration produces a A& pH which
can be partiélly converted to a A.W Qy acetate or phosphate.

A voltage gated K" uniport permitsjgféctrophoretic K entry
when A ¥ exceeds a certain limiting value and a K+/H+ exchanger
comes into play when A pH attains sufficient magnitude.

The presence of both a monoﬁalent uniport and a monovalent/
BT exchanger would imply that some form of regulatory mechanism
be present to prevent futile cycling of these ibis. ‘It can

o

therefore be speculated that removal of this regulatory mechanism
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OH'g --l .\ + K
fl,0 { » H ?
H+\ N

NO3 : - » NO3

v .
Figure 12. Exchénge Mediated Extrusion of Monovalent Cations

Respiration produces a pH gradient and the resulting
exterior H* is able to exchange, for inte{éor C* via the mitochon-
drial cation/H* exchanger. The ehtry of M* by the exchanger
produces water in the interior with a decrease in net positive
charge causing an electrophoretic anion efflux which results \
in osmotic contraction.’ This mecharism assumes that the rate -
of cation extrusion on the. exchanger 1s greatar than the rate
of cation leak into the matrix, that electrophoretic H* permeabi-
lity is low, and that there is sufficient permeability to inter-
nil anions to permit their electrophoretic exit. C* = Na‘t or
K. :

(From Brierley, 1976)



- 56

L HOAC
& . -
[ ]
5 »
: < gt
‘—
N 4 <
K ‘ k1
OH“ ‘ “ . 3 . -
HoPOZ d—‘é H POy .

-

FJ

Figure 13. Proposed Model for K*Influx and Efflux in Mitochondria

The pH gradient generated by respiration (1) results in the
entry of phosphate (2) or acetate (5)., The entry of-thece ions
converts a portion of the A pH to A Y., A voltage-gated K+
uniport (3) permits electrophoretic K entry when A ¥ exceeds a
certain limiting value, and a K*/H* exchanger (4) comes into
play when A pH attains sufficient magnitude.

(From Chavez et al,, 1977)
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could provide a thermogenic mechanisﬁ since both the mormo-
valent uniport and the monovalent/H" exchanger would stimulate
respiration which would result in an increase in heat produc-
tion. In this type of thermogenic mechanism respirétion would
no longer be controlled by the hvailability of ADP.

{c) Characteristics of Divalent Ion Uptake

» {1)- Calcium Transport

Mitochondria isolated from all major tissues including
liver, kidney, heart, brain and spleen have the capacity to
accumulate Ca2+ at the expense of the energy of electron trans-
port or of ATP (Carafeoli § Lehninger, 1971). That thé transport
is carrier mediated is supported by several findings. Calcium
transport has the properties of substrate saturability (Bygrave
et al., 1971; Spencer § Bygrave, 1973). The fact that graphs
of Ca2+ accumulation as a function of increasing concentrations
of-added Ca2+ are sigmoidal rather than hyperBolic indicates
cooperativity. The affinityf;f m1tochondr1a ‘for Ca2+ uptaké 1s

very hlgh, w1t§;pé§§1red Km

about 5 uM (Reynafarje & Lehninger,, 1969; Spencer § Bygrave, 1973).

s ranglng fromrless than 1 uM to

Calcium uptake is inhibited specifically by lanthanideg-(Mela,
1969} and by the histochemical stain ruthenium red (Moore, 1971)
in micromolar concentyations, Mitochondria from yeast and “
blowfly flight muscle are unable to acéumulate Caz+ in a res-
.piration-dependent process gnd possess no high-affinity Ca2+

binding sites, This finding indicates a genetic determination

(Carafoli § Lehninger, 1971; Carafoli et al,, 1971).
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The transport. of ca’t can be yisualized as occuring in
several steps (Bygrave, 1977),

1; Interaction at the outer surface of the inner membrane:
a2+ pinds with high affinity to two interacting binding sites
for CaZ+; these contain carboxyl groups and are situated on
the carrier;

2, Translocation through the inﬁer membrane: The bound
Ca2+ is rapidly transported fromlthe outside of the membrane
to the inside of the membrane in respdnse té the membrane po-
tential. The process most likely inybives conformational
changes‘in the ca;rier molecule,

3. Release of the Ca?? into the matrix space: The release
of the transported 652+ into the matrix space is the rate-
11m1t1ng step 1in the entire transport system, It is promoted
by proton-yielding permeant anions, such as phosphate.

4, Presumably the carrier then reverts to its original
state in order to transport further Ca2+ ions®into the matrix
‘.space of the mitochondrion,

Since phdsphate promotes tﬂg rate-1limiting release of
Ca2+ into the matrix its presence enables large quantities of -
Cazf (over 3000 .nmoles Caz+/mg prbtein) to transported, In
~ the absence of phosphate, however,lthe caicium taken up does

-

not®appear in the matrix but is bound to the outer surface of -

e«

~ the inner membrane, This type of energy-dependent binding is
limited to about 100 nmoles Ca2+/mg protein and is called mem-
“brane loading. However these binding sites which are also lo-

cated on specific proteins in the inner membrane are not those
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/located on specific proteins in the inner membrane,
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of the Ca2+ carrier molecules, The addition of Ca2+ to respi-
ring mitochondria stimulates respiration‘aﬁd for each pair of
electrons passihg each energy-conserving site of the respirato-
ry chain, two calcium ions are accumulated: Simultaneously,

two H. ions are ejected for each ca’* taken up (Brand et al.,

1976). If a respiratory inhibitor is added, then the previously

bound C32+ is immediately dischérged with uptake of M,

A model for energized membrane loading has been presented
by Lehnlnger (Flg. 14, 1972) He has proposed that the Ca2+
binding sites, which are responsible for membrane loadlng, are
of, the respiratofy chain and Caz+ carrier molecﬁles. . These
proteiné are suggested to céntgin protonated groups exposed
to the innef or matrix side of the inner membrane., In the
absence of electron transport, these groups remain protonated
and in this state the ca%* is bound with low affinity to the
suter surface, - When respiration is instituted, with build-up

of hydroxyl on the inside, the protons on the inner surface of

the binding protelns are removed to relieve the internal alka-

\)‘,_;4n11\t10n, Simultaneously, theé protein undergoes a conforma-

¥

‘ respiration-linked Membrane loading“of Ca

tional transition to a state capable of binding external Ca2+

with high affinity, a change comparablg to the ‘Bohr' effect of

hemoglobin, in which the degree of oxygenation is linked to the

pH via conformational changes in the molecule, In this way

2+ may be coupled to

-, -

electron transport and o ejection, Uncoupllng agents would

independent
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Figure 14, Postulated Mechanism of Membrane Loadiﬁg of Cal* to
- the Inner Mitochondrial Membrane

Ca* binding sites, which are located on specific proteins
in the inner membrane, are suggested to contain protonated

groyps exposed to the inner or matrix side of the inner membrane.

In rhe absence of electron transport, these groups remain pro-
.tonated and in this state the binding sites have a low-affinity
for Ca2*, Electron transport converts the low-affinity sites

to high-affinity sites by deprotonating the CaZ* binding pro-
teins on the inside.

(From Lehninger, 1972). -

S
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collapse the membrane gradiené; causing the Ca2+ binding
proteins to revert to a low-affinity forml .
The membrane loading of calcium consists of two phases

" (Lehninger, 1974). When respiring mitochoﬁdria are exposed to

Caz+ there is 2 very fast respirationwdeﬁendent'binding of Ci&i
accompanied by H' ejection; which occurs prior to the onset
of stimulated oxygen consumptibn._ This rapid phase of ca’*
binding is essentially complete before CaZ+ stimuiated.respira-
tion oceurs. It is followed by a slower phase of ca?* accumula-
tion that is proportional to and thus presumably stoichiometric
with the séimﬁlatéd oxygen consumption,

" If a permean£ anion such as phosphate is present, greater
than 100 nmoles Ca2+/mg protein can be taken up. This process
is called matrix loading and results in the formation of
calcium phosphate salts in the matrix. This usually results‘
in mitochondrial swellingﬁ(Lehninger; 1974}, Lehninger (1974)
has shown that the only anions capable of supporting matrix

loading of calcium are those which can yield a proton, directly

or. indirectly, on passing into the mitochonfrial matrix. These

"include anions such as phosphate, acetate, bic¢arbonate,

arsenate and butyrate. As Fig. 15 shows,Ca2+ enters the matrix

without a countercurrent of any other ion. The uptake of Ca2+

by the mitochondrion is powered by the membrane potemtial and
is independent of the pH gradient, In contrast to is,‘Fhe
uptake of phosphate is d;iyen only by the difference in proton

concentration or A pH, In this case, the membrane potential

hY
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Figure 15. Postulated Mechanism of Calcium Uptake in the
Presence of Phosphate .into the'Mitochondrial Matrix

Respiration produces a 4 pH “which is alkaline inside.
Phosphate and certain other ions may be pulled glectrophoreti-
cally into the alkaline matrix of réspiring mitgchondria .
because of their capacity to donate protons. s shown, H,PO
may exchange for matrix hydroxyl ions on th phosphate-hydro-
xide antiporter, This reaction is equivaleht to the entry
of undissociated H,PO,, followed by loss of a proton to the
alkaline matrix, ﬁorgover, once the H,POj .ion has gained entry
~ into the matrix it may on further dissgciation yield additional .

protons to the alkaline matrix and thus further aid in genera-*
ting a phosphate gradient., The net effect of the entry of
phosphate into the matrix is to convert the alkaline-inside
electrochemical gradient of protons generated by electron
transport into a negative-inside gradient, The internal excess
of phosphate generated in this way is the immediate "pulling"
force for electrophoretic transport of Ca2+ from the medium
into the matrix on the specific electrogenic CaZ+ uniporter.

(From Lehninger, 1972).
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e’

has no—effect, since while it accelerates the outﬁard passage

of hydroxyl ions i£ retards the inward movement of phosphate.

and the two effects exactly cancélr

In other words;-the difference in proton concentration

drives the inward passage of phosphate which causes the forma-

tion of a transmembrane potential fhat is negativé inside,

This membrane potential becomes the '"pulling" force for

electrogenic tranéport of Ca2+ via the carrier into the matrix,
ﬁzj j A special case of matrix 1oading, called mas;ﬁve loading,

can take place 1if respiratory substrates, ATP or ADP, Mg2+ and

_phosphate are present, Under these conditions over 3000 nmoles

Ca2+/mg mitochondrial prqtein may be taken up (Vasingtoh—&

Murphy, 1962). In this case the accumulated calcium appears

in the matrix as insoluble calcium phosphate graﬁules (Lehninger,

1970). The presence of ADP or ATP, in addition to a respiratory

substrate, is requiréd to retain fhe‘accumulated calcium

(Klmura § Rasmussen, 1977; Sordahl & §51makls, 1978). If ADP

is omitted, the mltochondrla simply swell and fail to accumulate

more than a few hundred nmoles of Ca /mg protein, Therefore, _

whgn calcium .is accumulated, there is a simultanéous accumulation

of adenine nucleotides from the medium and these nucleotides

play a key role in the retention of the accumulated calcium by

the mitochondria, Carafoli et al. (1965) found that the amounts

of adenine nucleotides taken up from the suspending medium may

approach 8 to 9 times the normal level in mitochondria, N



‘Accumula}io of Ca2+ under massive loading conditions
.+ .causes irreversible démage to oxidative phosphorylation and
gréspiratory control mechanism; as well as characteristic
morphological changes (Greenawgi} et al.; 1964),

Another impértaﬁt characteristif_of mitochondrial calcium
uptake is that it usually takes precedence over ADP phosphory-
lation (Lehninger, 1970).. If as little as 10 uM ca®* is added -
‘to mitochondria in fhe presence of 3 mM AﬁP, concentrations
whicp aré in the physiologfﬁal_fange for each,_the mitochon-

, dria wili.very,rapidly and exclusively accumulate Ca2+ until
it is almost totally removed from the medium before begining
the phospﬁorylation of the ddded ADP. Pximacy of ca’® trans-
port over oxidative phospﬁorylation has béen found in all
vertebrate mito hondria studied to Aate except heart .mitochon- ~(/
dria. In these mitochondria calc1um:upake and ADP phospho—
rylation occur with equal aff1n1t1e5 (Jacobus et al,, 1975)
There has been considerable 1nterest if’ determlnlng what

f ' "‘-.__3‘9
2+
nafhral occuring compounds are capable of releasing Ca once

it has been acéumulated In 1974 Botrle reporf”% that cyclic
AMP in low concentrations could induce a rapld and complete
release of calcium from previously-loaded’ liver agd kidney
mitochondria (Borle, 1974). However,,his.results could not be
reproduced by a numbeér of 1a$oratories (Scarpa et al,, 1976)
and later by Borle himself (B0{3e¥‘1976). Therefore, the.
initial results obtainéd by Borle in 1974 appeaf'tb be in-error.

In contrast to the lack of effect of cyclic AMP on mitochondrial
- ! " .



calcium release, sodlum ion was shown to be Capable of

re}ea51ng calcium from heayp mltochondrla (Carafoll es{al.,‘

24 19?¢; Crompton et‘é}.,.197 ; 'Crompton et al.,(1978) have
'reported thg presence df c;trier;mediated exchangefbetweeh
'CaZ+ and Nao in mltochond ia of skeletal muscle and some
secretory tlssues (Flg .16). ,When the enqrgy-l;nked uptake
process for Ca2+ is completeiy inhibited ﬂy ruthengum red,”
Na® induces a rapid efflux,of ghg C—a2+ accumulatéd by mito-
chondria isolated from a number of tissues. Tﬁe.mifochopdria -
.fhst.exhibit Naf—ideCed efflux of Ca2+ also contaiﬁ Na+/Hf
:exchangéractivity) - |

- - £2) ﬁsgnesium Transﬁor; .
- Mitochondria_isolafed'from heart are.able to accumulate

.larg-eua!hountsiof'Mg2+ (Brlerley et al, 1962, 1963). The -
resplratlon deg}ﬁdent process occurs most rapldly in the pre-
sence_of . phosphate which results in the formatlon of MgS(PO )2
-in the matrlx, although some Mg 2+ can be takqn»up in the absence
of phosphate. Tﬁe;accumulation dmeg2+ is abolished by ighi-

‘bitors of respiration, by dinitrbphenol-and othey uncouplers,

but not. by oligomycin,

The energy-dependent“accumulation of M32+ By heart mito-
chondfiﬁhhas quite different cHaracterisfics”from the upﬁaké"
‘of ca’? (Cfompton_ef al. 1976). ,Mg2+ does not'normallyt “

~stimulate oxygen consumption by resting mitochendria and is

/,‘ﬁﬁt_atcumulated under limited-loading tenditions;favoqpable'fof

-

ﬁptake of Ca%*; Accumulatﬁon of Mg2+ is abolishe& by additioﬁ'
+ - ' b - :

- |
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Figureilﬁ.' The Interrelations Between the Fluxes of Na+,
. H and Ca2* ‘in'Mitochondria Isolated f£rom Various

‘Tissues

(A) Reépiration-dependent effiux of H+;
red-sensitive influx of Ca2+; (C,D) Na+-Cal*

porters respectively. Addition of ruthenium red
dria isglated from brain, adrenal cortex, parotid_gland and
skeletal muscle inhibits the further uptake of Ca
mitochondriagput induces little or no net Cal+ efflux. The

further additron of Nat, however,

IErom Crompton et al., 1978)

induces rapid e

(BY the ruthenium
and Na*-H" anti-

to mitochon-
2+ py these
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of Ca’t or ADP (Lehninge%; 1965) and the uptake of Mg2+ heart

mitochondria is not supported by ATP and is not inhibited by

ruthenium red,

These results suggest that the mechanisms of the uptake

2+ and Ca’? may be distinct although it cannot be con-

-

cluded that they ‘are completely independent processes,

F/

Jacobus et al, (1975) have shown that Mgz+ ions do biﬁg/%o the

of Mg

+ . . N
transport system for Ca2 in heart mitochondria, However,

Crompton et al, (1976) have shown ;hat'the affinity for Mg2+

of the transport system for ca?t is very low. Schuster and
Olson (1974) stated that magnesium transport across mitochon-
drial membranes consists of at least three phases:

a) an energy-indep@nhdent binding of the diwvalent metal to

* L]

the surface of the membrane

- oy

’ ‘ . :
b) an energy-dependent movement of the metal ion across

the.membragp
.¢) an anion—dependen% ansfer of the metal ion from the

‘membrane into the matrix space, C -

It is possible tﬁat Mgz+ pptake ﬁight not be'éarrier-media-
‘ted but there.is little firm basis to reach a definitive con-
clusion at this timeq&Bfierley, 1976},

Cromptéﬁ et.al._(1976) reported that energy-linked rés-'
piration can elicit an efflux of.Mgz+ from heart mitqéhondria
by a process that may require phosphate. When the extramito-

-~

‘ ‘’
chondrial concentration’ of Mgz+ was less than 2,5 mM an

5 4
efflux of Mg2+ was observed, whereas a net influx of Mg2+-

~

- -~

b
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~

occurred when the external concentration of‘Mg2+was,greater
than this,

2+

Rat liver mitochondria accumulate Mg and phosphate

rather poorly under conditions which result in massive accumu-
lation in heart mitochondridr(Lehninger;‘1967). In contrast

to the accumulation of Mgz+ by heart'mitochondria, Mg2+ uptake
by liver mitochondria is an ATP—dependent prbcese and is
1nh1b1ted by rutheniim red, Oligomycin at concen atlons
suff1c1ent to inhibi phosphorylatlon coupled elect on transport

and ATP synthesis does not modlfy'Mg 2+ flux, which is depe

dent on added ATP. Kun (1976) postulated the existence of an

oligomycin insensitive ATPase, serving as a Mg2+ pump.

4, Ultrastructural Changes in Mitochondria'after Calcium Uptake
Hackenbrock and Caplan (1969) used electron microscopy

to observe the conformational changes in mitochondrialcaused

by calcium upta}e.- They noted-that,calcium untake'in the

absence of phosphate did not cause any appeciable increase in
/ o '
the volume of the inner mitochondrial compartment. However,

\

when phosphaf“\was present the additi of calcium caused the
£ —,

“inner m1tochondrﬂa1 compartment to expand in proportion to the

. . Y
quantity of i6f accumulated, *r _ K

Hunter et al (1976) concluded that the increase inh- volume
L
of the<§nner m1tochondr1a1 compartment w4 due to an 1ncrease
in the permeablllty of the membrane caused by the dlsplacement

£

of Mg2 at spec1f1c 51tes by Ca ¥ ions, They noted that the

1ncrease in permeablllty of the inner membrane was paralleled
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__//Ey an increased uncoupling in calcium~treated mitochondria

and conditions which restored coupling also restored the

impermeability of the membrane, o _ ' .
Light sca?%ering methods have been used in several labo-

raté?ggg to ascertain that the energized accumulation of Ca2+

by ‘mitochondria leads to mitochondrial swelling (Chappell §&

Crofts, 1965; Azzi § Azzone, 1966; Siliprandi et al,, 1975).

Decrease in the light-scattering properties of mitochondria

+ ' . . .
zh_accumulatlon is consistent

-

under prescribed conditions of Ca
with the idea that ion movements can initiate water movements

in mitochondria (Lehninger, 1967). However, light scattering

‘methods have been criticized by Hackenbrock and Gaplan (1969)

who state that the-nonspecificity of light scattering leaves

doubt as to what per cent of the mitoch%ndrié of a2 suspension
""swells" and which compartment in the mitochondria undergoes
"swelling" duriﬁg ion accumulation,

A numBer of investigators have ségéested that a la;ae

. _ y
part of the decrease in optical density associated with energy-

"~ linked swelling of mitochondria occurs as a result of osmotical- "
ly~induced expansion of the inner membr;ﬁegygtrix'compartment
within the intact outer membra;e (Hackénbrock, 1968; Massari
et al,, 1872). _Iﬁ an attempt to resolve the problem of which .én

¥

compartment actuali§ swells during the decrease- in absorbance
Schmidt et al, ®1977) used the Coulter Counter to measure "T

directly the changes in overall mitocRondrial ij}ume during

energy-linked swelling, The Coulter Counter, which counts and
. . ' . . L

si;es small suspended particles; has been used by sevetal authors

- *( NN (* ~
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to measure mitochondrial volume (6Gear § Bednarek,1972;
- Glas & Bahr, 19663 Gebicki & Hunter, 1964),

' Schmidt et al, (1977) determined that although 84% of the
total swelling, as measiired by optical density measurements, -

was complete within 3 minutes, overall mitochondrial volume,

as determined with the Cou&ffr Cou‘.br, increased only 20%. B s
They %sdncluded that energy-linked swelling proceeds in three ‘;/.

N

distinct phases (Fig, 17): ‘
1, Phase I is the time of onset and is characterlzed by

the condensed conformatlon of the mltochondrla and both volume |

and opt1ca1 density changes are minimal. ) )
2. Phase II is the raﬁid swelling phase which is CbﬁfaCte-

rized by a large decrease-in optical density but with only
minor changes in overall volume, During this\phase there are
dramatic alterations in the inner membranegﬁntrix space as
reflected by the'transi;ion from the condensed to twisted to
orthodox conformation, This phase isienergy-linked
3. Phase III is termed the slow-swelling phase and is the

time during Wthh actual m1tochondr1a1 swelling takes place
Volume 1ncreases hre rapid during the 1n1t13;,ger10d'of this L d
stage,.whereas optical density changes are minimgl.

7LThese results indicate that optical density hanges durlng

swelling are a reflectlon of expansion of the inner membrane-

matrix compartment within. the intact outer membrane, However, |

L

there is one cr1t1c1sm to be made conce¥ning this study. The

-

opzzzailden51ty measurements were made with a mitochondrizl

. N . » . <
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Figure 17, Time Course of Volume and Optical Density Changes
- of Mitochondria Suspended in CaCl2

The ‘figure compares the time course of volume changes
(e---@ as measured by the Coulter Counter with the time course
of optlcalfﬁen51ty changes {e——o) determined at 520 nm of
mitochondrig suspended in 10 mM CaCl,. The time course 1is
divided into three phases:.a distinct time of onset; a rapid
decrease in optical den51ty with little change detected in
mitochondrial volume; and a subsequent slow decrease .in
optical density with a rapid change in mitochondrial volume,

(From Schmidt et al., 1977) ' _ ..

A
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protein concentration of 0,2 mg protein/ml while the Coulter

~ ) . . .
Counter measurements were made with a protein concentration of

w

0.2 ug pgotein/mll It is possible that the use of two dif-~

ferent protein concentrations could have affected the results,

5, Regulation of Monovalent Cation Tfanspdft in Mitochondria ~

by Magnesium lons

The electrochemical gradient generated by electron trans-
port‘usually provides the driving force for cation transport.

Before dlagu551ng the evidence indicating that ion transport

could play a thermogenic role in brown adipose tissue mitochon-

‘dria it is necessary to review the factors which are capable
of regulating these lon movements.

There is ample evidence indicatiné that Mg2+ ions can
control the permeabiliﬁy of mitochondrial membranes to mono-
valent cations (Chavez et al., 1977; Settlemire et al., 1968;
Brlerley, 1976; Binet §& Volfln, 1974). Both the operation of

the K /0" exchaTger and the inward K uniport are known to be

inhibited by Mg?® (Chavez et al,, 1977). It is thought that

specific pathways for electrophoretic penetration of monovalent

—

cations are present zgsthq inner membrane of the mitpgchondrion
and that Mg 2* pound by a limited number of high-affinity sites

“In or nea? these pathways can control monovalent cation per-

meability. The experiments of Wehrle et al, (1976) support éhms

hypothesis, They showed that removal of Mg2+ by addition of

high levels of EDTA altered the monovalent cation selectivity
. _ , _ ‘

of the respiragio+—dependent ion agpumulation_reaction from

4 ‘\\.

~
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K> Na* to Nat»Kf, This would then indicate that EDTA, by
‘Temoving Mg2+, activates recyciing of Na© (Fig: 18);’ Their
Tesults are therefore compatible ﬁith the idea that specific
lonophores for monovalent gation transport in mitochondria.are
unmasked by removal of a small émount of Mg2+.
These resulfs raise the question of how these specific
pathwayd can be unmasked in vivo, _If the presence or absence
of Mg2+ is postulated to be a controlling factor in detérmiﬁing
the permeability of mitochondria to other cations it is neces-

sary to consider how the level of Mgz+ in mitochondria is re-

gulated. | o

6. Control of Magnesium Levels' in Mito;hondria
Several authors have demonstrétéd ‘that_ calcium hptake
is followed by an efflux of Mg2+ (Huﬁter et al,, 1976; Binet
' § Volfin, 1974; Siliprandi et al,, 1973; -Siliprandi et al,,
1975). For example Binet and Volfin (1974), using rat liver
mitochondria, showed that in the absence of CaZ+, a limited
amount of Mg2 was ejected from the mltochondrla SJFig. 19J;
However, when ca’t was added they observed a fast an® total
efflux of the mifochondrial Mg2 . Also, at the same time the
'CaZ+, which was initially- 1ncorporated in the m1toch0ndr1a,,was
rapfﬁ}X released into the medium (Fig, 19).
It is generally agreed that some sites in the meébrane,
which are initially occupied by Mg2+, can be rémoved or dis-

placed by Caz+. These sites are thought to be present on the

external gldefof the inner membrane (Binet § Volfin, 1975), When
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Figure 18. Effect of'EDTA on'Energy-Dépendent K" or Na' Uptake

Osmotic swelling at 25°C was recorded at 546 am using an
Eppendorf photometer, Beef heart mitochondria (0,5 mg/ml) were
treated with rotenone and added to a medium of K* or Na* acetate

" (20 mM), sucrose (100 mM), Tris acetate (2 mM, pH 7.0),

and EGTA (30 mM), in the presence and absence of 2 mM EDTA (E)
The response to the addition of Tris succinate (2 mM) 1s shown.

(Froiéyehrle et al,, 1976)

ey e e e
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Figure 19, 'Kinetics of Mg2+ and Cal* Movements in Rat Liver ~
Mitochondria

-Mitochondria (1.8 mg protein/ml) were incubated in 0,15 M
KCl, 10 mM Tris-chloride, pH 7,2, 30 uM ADP, in shaking flasks
at 30°C., Reaction was started by addition of mitochondria,
Aliquots” were, taken out, centrifuged, and Mg2* and Cal* were
measured by atomic absorption spectrophotometry. (e---e---8):
Control (no Ca2+ added); (e=——e—e):  -+100 M Ca, ' :

(Froﬁ Binet & Volfin, 1974)

« N
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thié'Mgz*, which is present on a number of membrane sites,
is-displaced by Caz+: severe modifications of certain mitochon-
drial functions occur such as uﬁcoupling of oxidative'phospho-
rylation ‘and loss of the impermeability of the membrane to
monovaléht_cations and other ions or molecules. If a signifi-
cant amount of this Mgz+ is displaced by calcium, then the
fesulting permeability changes can cause the release of .the
aqcumulatéd calcium (Binet § Volfin, 1974; Binet & Volfin,
19;75). o | |
- Phosphate is also known to cause an efflux of Mg2+ from
mitochondria (Hunter et al,, 1976;‘Crompton et al;; 1976),
For example, Hoser e£ al, (1976) demonstrated that inorganic
.ph?spﬁéte induced a respiration-dependent delivef;, from rag . ‘l '
liver mitochondria, of'm%tochondrial Mg2+’intp Ehe medium, It

was also concluded that endogenous calcium, whikb leaks out of
. : et !
the mitoch®ndria during storage and incubation, is also required

~

since the specific calcium transport inhibitors EDTA, ruthenium

red and lanthanum prevented the release of Mg2+. Since these

2+

compounds prevehf re-uptake of Ca by mitochondria it suggests

that calcium recyéling at the mitochondrial level is involved.
That phosphate pla?s an essential role in the stimulation
of Mg2¥ ejection was indicated by the inhibitory action of
specific inhibitors Qf‘phésphate tganSpbrt sgfh as N-ethylma-
leimide which inhig;;s'.hé phospﬁate;hy&roxyl exchange system
and nigericin which preven%;‘phosphate hptaké by disgiﬁating
the t?ansmémbfanai_pH due tqlits aéti&% as a H+}K¥ éntiporter
Héser et al., 1976). ﬂ ~
( , ) —‘\ ,

» L -~
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As well as being good respiratory substrates; long chain
fatty acids are known to affect many mitochondrial functions
(Wtjthak et al;, 1969T/ Small aﬁounts of oleate, about
50 nmoles/mg, inhibit- the transport of ATP 1into the m1t0chon~
drion and cause an unspecific swelling of the mltochondrlon and
the release of some Mg2+ (Wojtckak et al., 1969), and some k'
"(Wojtczak, 1974), The swelling effect of fatty acids appear%
.to be due to increased cation permeability and this effect is
abolished by Mgz+ (Wojtctak, 1974), ILt is thought that low'’
amounts of fatty acids- induce the release of Mg2+ and as a J\
consequence increase the permeability of the mit;chondtion to
cations gs -indicated by swelling and loss of K", éince.the
fonophores vallnomYC1n and gramicidin are known to exert such-
an. effect an ionophoretic effect for fatty ac1ds has been
suggested by Wojtczak (1974). As with the ionophores, two
mechanlsms of action were described. A carriér’mmjmnién'waa
proposed for free fatty acids,? ‘This mechanism'assumes.that ;”
the.@enetratlng speci€s are. undissociatgd s,}ts of fatty acids
w1th(monova1ent metals or\catlon fatty cild complexes.l On
the other hand, a channel mechanism appearad more likely for
palmltoyl CoA since 1t is well known that acyl CoA cannot ;
pa;s the inner m1tochondrlal membrane,

| Thus, fatty aqids appear to effect'the mitochgadrion by .
some phySicai rather thaﬁ chemical.interaifion with the mole-.~

. i’ s L
cular arrangement of blologlcal,membranes, =
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PART C ROLE OF IONS IN ACCLIMATION TO COLD

1. Ion Transport in Brown Ad_pose TisSue Mitochondria’

_As we ~have seen in the last segtion, when the cycling
of certain ions- is pnomoted respirgtion is stimulated and
thus phosphorylation becomes loosely coupled,to respiration.
This .is relevent‘to the study of nonshivering thermogenesis

since both 1ncreased cycllng of calcium (Hlttelman et al.,‘1967

ChrlstlansenP 1971) and 1ncreased cycllng ﬁf ot ium

“in brown adlpose tissue mltochondrla.

TheﬂeVﬁdence s- far- avallabl gest tha actlve1uptake
of ions. in brown adipose tissue mitoch nd ia requf?%% resplra-
tlon\ln the presence of factors whlch promote tlght coupllng
Hlttelman et al. (1967) showed that m1tochondr1a 1sobated

fromjbrown adlpose tissue .of cold accllmated rats are capable

of accumulatlng CaZ+ in the presence of ATP or ADP and
£

substrate by means of resp1rat1on dependent mechanism, However,

~ since. CaZ+ uptake 13'@@? presence of substrate and[ﬁTP was-

1

~
-

fou d: to be 1nh1b1te8 by ollgomyc1n and since it was shown in

\

reV1ous experlment (Smlth et al., 1966) that olngomyc1n
14h 1ted ATP,hyd/;1y51s in these mltochondrla, Hlttelman‘et al

(196?) concluded that ADP was the actlve form of the nucleo—

s
B

tlde in malntalnlng Ca : uo\éke* Chrlstlansen (1971) studled

970) have been proposed as therm geniqrmecﬁﬁnisms
et . T ' ’

-

] ¢r

the release of controlled respiration with 1ow concentratlons C e

v

of calcium 1n.brown adipose tissue obtained . from gulnea plgs

_'He showed that in the absence.of a nmclaﬁnde,nutochondrla from-_j

. . N R
R — L = . v o
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non-thermogenic’ brown adhpoée tissue’ (fetal § weaned animals)
diéglayed a normal respiratory~response'to added”calcium while
mitochondria from thermogenic brown adipose tissue (newborn
§ cold<acclimated) hardly responded. qugver;‘the addition of
a nuclgotide.ﬂif or triphospﬁhte-cqnverted the mitochondria of
thermogenié brown adipose tisguet:L a type capable of respira-
tory rélease with added clacium, He concluded that the-calcigﬁf'
of brown adiﬁgi)';issue was metabolically #ctive and that it
copld p;ﬁy a role-in theﬂfespiratory events which lead to
thermogenesis iﬁ brown adipose tissue, . v

| Christiansen (1971) also aemonstrated that brown adipose

gissue mitochondria are unique in their low capaEity for utili-
zing-ATﬁ for enefgizing calcium uptake in the absence of respi-
ration and hence éupports the conclusion that .these .mitochondria
have a low capacity for oxidative phosphorylation, ~

| Thus, brown adipose tissue mitochondfialafe capable/pf:
acfively transporting calcium, If accumulatqd calcium-;;re
allowed to leave the matrix it would then be ava%}abie for
active re-uptake. Such a futile cycle could'repgsfent a major
thermogenic process, The fact that brown adipose tissue mito-
chondria possess a Na® -dependent efflux pathway fér caléium

INichoyls, 1978) .indicates that a high rate of<ii§5ijf.recycling

is possible, T

- Al

Fain and Reed (1970) proposed that increased cycling of
potassium could be a botentially significant thermogenic me-
chanism, As was the case with calcium transport, the active

transport of potassium by brown adipose tissue .mitochondria
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also requires regpiration in the presence of factors which
. promote -tight coupling (Thomassen et al,, 1975), In contrast

tothe ‘active transport of calcium and of potassium in mitochon-

drié,isorgtéd from.a variety of tissues, the active transport
of potassium in brown adipose tissue mitochondria is not
'aécompanied.by any detectable vélume changes, This result
led Thomassen et a%._(1975) to conclude that the energy-depen-

dent uptake of;potassium-is-followed by t&g}relegée of potassium
due to the ﬁermeability~of.thése mitochondria to .this ion. In
this case, the electrical potential gradient established through
respiratiog would be‘direétly counterbalanced by the potassium
influx which would leafe,the proton gradient int%ct.

The available evidence therefore‘indicatesztﬁét brown
~adipose tissue‘migochondria‘are capable of dctiyely trans-
porting calcium and potassium ions and that increased cycling
of either ion cbﬁld proﬁide.a thermogenic mechanism,

Since Section 5 pointed out that magnesium ions could re-
gulate ion transport it would be useful to review what is
known about the effect of cold-acclimat:on on the ioni; conient
of mitochondria isolated from brown adipose tissue and other

tissues,

2. Ionic Changes in®Mitochondria as a Result of Cold-Acclimation

-

~ Most of the ionic content measurements of mitochondrif/ﬂ
isolated from cold-acclimated rats have been made using liver
mitochondria., These studies were initiated at the time when

/’
it was believed~that liver was a site of NST. Smith and

N -
\
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Fairhurst (1958) determihed that coldwacélimation resulted in

an enha cement of liver mitochondrial-state 3 respiration

. A
(respiration in the‘presenceldf added ADP). Although the me-
chanism by which this enhancement occurs ﬁas not been fully
determined it is known that ions can influence mitochondrial
metaboli;;y?%ygraQe, 1967) and that alterations in the content
of intracellular ‘ions could play a central role in the control

T

of cellular réspiration. Bramante.and-Nirdiinger (1974) have

‘measured ‘the Na®, k*, ca®”

and Mng 1eq¢lé of liver mitochondria
isolated from warm- and cold-acclimated rats. There was a

small but significant difference found in the calcium content
which indicated that cold-ac&limation resulfs in a decreased’
ahount of this ion, Although the meaning of this"&ifference

is not readiiy apparent these results did not support the
hypothesis that massive 6a1cium accumulation 1s the ﬁaﬁor
E?chanism operative in the maintanance of NST in liver mito-

cﬂé dria. Bramante and Nirdlinger (1974) suggested that the
lowgr calcium concentrations found in liver mitochondria iso-
lated from cold-acclimated rats could be an indication ‘of a
decreased mitochondrial calcium sequestering ability, which

was caused bx uncoupling of oxidative phosphorylation; McBurney
and Radomski (1973) measured the calcium and magnesium levels

in liver mitochondria isolated from wapm;\?nd coiﬁ-acclimated
rats in the pfesence or absence of EDTA, Wﬂén the mitochondria

were isolated without EDTA they found that the level of magne-

sium was higher in the warm- than in the cold-acclimated



preparations with little difference found inrthe_caltium
1evels; The addition of 1 mM EDTA t?-the homogenization so-
lution reduced the level of magnesium and.calcium to a greater
extént in liver mitochondria isolated from qold-accliméted .
rats than liver mitochondria isolated from warm-acclimated rats
(Table Vll). McBurney and Radomski (1973) suggésted that -a
possible gxplanation for these findings was that liver mito-
chondria obtained from cold-acclimated rats possess larger
labile pools of calcium and magnesium than mitochondria obtained
from warm-acclimated rats, due to én‘uncouﬁling of liver mito-
chondria as a result of coldfacclimation.

There have been only two reports on the ionic change in
mitochondria from BAT as a result of cold-acﬁlimafion. Both
studies showed that cold-acclimation résulté'in a decreased
amount of mitochondrial calcium, Greenway and Himms-Hagen
(1978) found that IBAT mitochondria isolated from warm- and
cold-acclimated rats contained 44 and 20 nmoles/mg mitochondrial
protein respectively, There results were in agreement with
those of Christiansen {1971} who fﬁund that BAT mitochondria
isolated from weaned (non-thermogenic) and cold-acclimated
(thermogenic) guinea pigs contained 81,1 and 12,2 nmoles/mg
mitochondrial protein respectively,

The results obtained using liver and BAT mitochondrié sug?
gest that cold-acclimation results in an increase in the
permeability of the inner.mitochondrial membrane. Because of:

the involvement of magnesium ions on the permeability of mito-
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 TABLE VII
~ : v

Calcium .and Magnesium Contents of Liver. Mitochondria .Prepared in
the” Absence and Presence of EDTA

\

Cation 1.0 mM EDTA WA . CA
(nmoles/mg protein) ”
Calcium - 5.47°+0,16 (15) 5,59 £0,20 (17)
+ 3.35 x0.24 (10) 2,43 0,12 (9)
2.12 (39%) : 3,16 (56%)
- Magnesium - 42,69 +0,53 41,63 £0,53
- + 29,51 +0.66 23,85 +1.,18
13.17 (31%) 17.79 (43%)

The table shows the calcium and magnesium contents of
liver mitochondria obtained from warm- and cold-acclimated
rats, Mitochondria were prepared in one of two homogenizing
solutions: 0,25 M sucrose, 25 mM Tris-HC1l, 1,0 mM EDTA, pH 7,2;
or 0.23 M mannitol, 0.07 M sucrose, 25 mM Tris-HC1, pH 7,2,
Results have been converted from pg/mg N to nmoles/mg protein,
To convert from mg N to mg protein the former value was mul-
tiplied by 6,25, This was done because most proteins contain
about 16% nitrogen so that the weight of the protein nitrogen
multiplied by 6,25 (100 % 16) equals the weight of the protein,
Number of rats in each experimental group appears in brackets,
Percentage decrement in cation in presence of EDTA appears in
underlined brackets,

S—
From McBurney and Radomski (1973)
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_chondrial memhranes most of the experiments described 1in this
the51s are concerned with comparing the magnesium content of
_mltochondrla isolated from warm- and cold accllmated rats to
determine if this ion might be inVolved 1n_the‘mechan15m

of NST in cold-acclimated rats.

DUy PRIy S |
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CHAPTER III: MATERIALS AND METHODS

PART A: MATERIALS ' - )

1. Rats

Male white rats of the Holtzmann strain weighing 150-200 g
were purchased from Canadian Breeding Laboratories. Upon
arrival they were kept-at room temperature (27°t l°CJ for L
one week in large wire cages containing about 12 rats per cage.
Rats wefe then placed in individual wire cages and divided
into two groups: warm-acclimated contfols, left at room te?pe—
rature, and cold-acclimated, placed in a cold room having ;
temperature of 4° +1°C. Rats had free access to food and
water, and artifical lighting was maintained 12 hours a day

\

(0600-1800 hr). Rats were weighed weekly and just before each

!

experiment; -only rats showing normal growth were used in eipe—
riments. Rats were left 1in tiigiii: roqm_for'aﬁ ieast five 7
weeks before use, unless o Jise ﬁated, to ensure that f&ll
acclimation to cold had be achieved. Rats were killed by !
decapitation, ‘ \
2. Chemicals _ | . A
The following chemicals were obtained from'the Sigma &
Chemical Co.: ADP (adenosine 5'-diphosphate, sodium salt),
EDTA (ethylenediaminetetracetic acid, free acid), HEPES (N-2
hydroxyethylpiperazine-N'-2-ethanesulfonic acid), sucrose,
bovine serum albumin (fatty acid‘free), succinic acid, Tris
(trishydroxymethylaminomethane, acid), NTA (nitrilotriacetic
'acid), okaloacetic acid, B NADH‘(deiphosphofyridine nucleotide,

™

k)
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disodium salt), NADP (diphosphopyridine nucleotide phosphate,

rd . -
monosodium salt), calcium chloride, rotenone, and trichloroa-

cetic acid.

Lanthanum chloride (LaCl 6 HZO), calcium and magnesium

z°
reference solutions (1000 ppm, for atomic absorption spectro-
photometry), sodium hydroxide, potassium hydroxide and magne-
sium sulfate were obtained-from Fisher Scientific Co.

Potassium phosphate (monobésic) and hydrochloric acid were

_ obtained from Baker Analyzed Reagents.

A
PART B: METHODS

1. Isolation of Interscapular Brown Adipose Tissue Mitochondria

Intefscapular brown adipose tissue mitochondria were iso-
“lated by the procedure of Slinde et al. (1975) except that EDTA
and HEPES were omitted after the first mitochondrial washing.

Interséapular bréwn adipose tissue (IBAT) was éxcised,
cleaned of white faf and skeletal'muscle, weighed and chopped
finely wifh scissors. The mince was placed in 20 ml/g of
cold isolation medium and gently homogenized with a motor dri-
ven teflon-glass homogenizef (Dual #24) at 400 rpm. The iso-
lation medium coﬁsisted of 0.25 M sucroée, 0.2ZmM EDTA and 1.0
mM HEPES. The pH was brought to 7.2 with potassium hydoxide.
Centrifugations.were performed in the Sorvall RC-2B reffigerated
centfifuge using the HB-4 rotor. The homogehate was diluted
with isolation medium to 42 ml and centrifuged for 10 minutes
at 4,000 x'g and the resulting supernatant was filtered through'

2 layers of gauze. The sediment was resuspended and homogenized
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again at 400 rpm and resedimented as described above. The
combined supernatants. were then centrifuged for 14 minutes at
16,300 x g. .The supernatant was discarded and the walls of

the centrifuge tube were carefully wiﬁed‘with a tissue to
remove adhering fat. The mitochondrial pellets were resus-
pended in a small amount of isolation medium by gently stirring
with a glass rod and then homogenized by hand using a feflon-
glass homogenizer. After dilution with additional medium, the
mitoch&ndria were centrifuged again at 16,300 x g for 14
minutes. The pellet was resuspended in 0.25 M sucrose and

recentifuged. The final pellet was resuspended in 1.0 ml of

0.25 M sucrose.

2. Isplation of 'Liver Mitochondria

(/;‘ Rat liver mitochondria were isolated by .the ﬁrqcedure of

\
\

/

Johnson and Lardy (1967). The isolation medium was the same

y as that used in isolating brown adipose tissue mitochondria.

The liver was removed and rinsed three times in isolation
medium to remove excess blood., 2.5 g of iiver was taken and.
cut into smaller pieces; After addition of 20 ml of isolation
medium, the liver was homogenized with é teflon-glass homoge-
nizer at 400 rpm. The homogenate was adjusted to 40 ml with
isolation medium and Centrifuged using a HB-4 rotor for 10-

“minutes at 650 x g and -then resulting supernatant was filtered
thfough 2—1ayers of gauze. The sediment was resuspended,
homogenized by hand with a teflon-glass homogenizer and fecen-

trifuged as described above. The combined supernatants were

\\./



then centrifuged for > minutes at 14,700 x g. The resultant
supefnataht was discarded along with any lightly packed pink
microsomes. Lightly packed tan mitochondria were retained,

The pellets were resuspended in 20 ml of isolation medium

(0.25 M sucrose, 0.2 mM EDTA & 1 0 mM HEPES), and recentrlfuged
for 5 minutes at 14,700 x g, The pellets were washed twice
with 0 25 M sucrose and finally resuspended in 1.0 ml.

3. Proteln/éstlmatlon

Protein was determined by the method of Lowry et al. (1951),
as modified by Schacterle and Pollack (1973). Bovine serum
albumin was used as standard; Because a number of substances,
including sucrose, Tris, EDTA and HEPES have been found t6

.interfere with the Lowry protein determination (eg. Pete?s &
Fouts, 1969; Ji, 1973), mitochondrial protein was Toutinely
precipitated with cold 12.5% (w/v, final concentration) tri-
chloroacetic acid. After standing on ice for 30 minutes, the
}recipitated protein was centrifuged at 16,300 x g for 10 mi—i
nutes and the pellet dissolved in 1.0 ml warm 0.5 N.NaOH.

4. Measurement of Calcium and Magnesium in.Mitochondria

The-calcium and magnesium content of mitochondrial frac-
tions wés determined esséntially as described by Carafoli and
Lehninger (1971). To 0.5 ml of mitochondria suspended -in
0.25 M sucrose was added 0.3 ml of LaClSVand HC1 so that the
final concentration was 1.0% (w/v) La Cl3 and 0.5 N Hdl. This
was then placed in a boiling water bath for 10 minutes. After

centrifugation (10 minutes at 16 ,300 x g) the supernatants
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were withdrawn aﬁd the pellets extracted a second time as
before. The supernatants containing the extracted calcium
and magnesium were combined and the volume made up to 2.0 ml
with additional 0.5 N HC1 and 1.0% LaCls. The calcium_ang
magnesium concentrations were determined usi;g a Jarrell-Ash
Model 740 Dial-Atom II atomic -absorption spectrophotometer.
All samples and standards contained LaCl3 to suppress interfe-
rence by phosphates (Willis, 1961), and all had identical acid
concentrations of 0.5 N HCL.

Calcium and magnesium standards were prepared from com-

mercial stock solutions (1000 ppm, Fisher Scientific Co.).

5. Measurement of Calcium-Induced Swelling in Mitochondria

The incubation medium used for'ﬂuameasurement of calcium-
induced sweliing_in IBAT mitochondria was essentially the same
as thae used by Skaane et al. (1972) except that 155 mM su-
crose and a nitrilotriacetic écid buffer were used, 1.0 mM
MgCl2 was omitted and the reaction volume was 2.0 ml. The
lincubation medium of Skaane et al. (1972) consisted of 105 mM
sucrose, 50 mM glucose, 40 mM HEPES, 2% bovine serum albumin,
1.0 mM MgCl,, 2.5 mM KH,P0,, 10 mM succinate, 3 M rotenone,

1.0 mM ADP and 0.35 mg mitochondrial protein in a total volume
of 1.0 ml.

After addition of mitochondria (final ‘concentration 0.2 mg
ml) to the incubation medium a 3.0 minute warm up (from 0°C to.
25°C) was allowed before the addition oflgalciuﬁ.' The decrease

in absorbance was followed at 540 nm and 25°C with a Gilford
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. 7
spectrophotometer #2400-2, /7

/

Because it was of interest tb_compari/%he response of
liver ﬁitochondria to added calcium with.the response of IBAT
mitochondria to added caicium the same method was used for
measuring calcium-induced swelling in liver mitochondria as
was‘dsed'fér measuring calcium-induced swelling in IBAT mito-
chondria.

Among the varioushproblems associated with any in vitro
study involving calcium trﬁnsport there are two which are
relevant to thié experiment-(Reed § Bygrave, 1975). The first
is that it is impossible to ensure that incubation systems ére

completely free of endogenous calcium, which causes significant

dilution errors at low concentrations of calcium and secondly,

~calcium is weakly chelated by a large variety of organic

materials including dicarboxylic acids (such as the added
respiratory substrates), ATP and phosphate. However, both of
these problems may be solved by using a ”calciﬁm buffer" system
which ensures accurately known concentrations of calcium in

the micromolar range. Since the apparent K for the calcium

6 5

carrier system is within the range of 10 -10°° M (Bygrayve et

al., 1971); a suitable buffer must generate stable concentra-
tions of free calcium within this range. For.this reason
nitrilotriacetic acid (NTA)‘was added to the incubation medium
since it has been shown (Reed § Bygrave, 1975) to "buffer" iﬁ
6 4

-10°" M free calcium.

the region of 10 .
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. 6. Digitonin Treatment 'of Brown Adipose Tissue Mltochondrla

The technlque for. dlsruptlon of the outer membranes was
based on the study of - Zaluskaret al, [1975). To 0.5 ml of
250 mM sucrose, 1,0 mM HEPES y 0.05% serum albumin containing
digitonin, was added 0, 5 ml of 10 mg/ml mitochondria suspegded
in 250 mM sucrose and 1,0 mM HEPES to achleve a final digi-
tonin concentration of 0,2 mg/mg mitochondrial protein, The
resulting mixture was gently stirred at.0°C for 15 minutes,
The mixture was then diluted by addition of 3,5 ml of the '
incubation medium without digitenin (250 mM sucrose; 1,0 mM
HEPES and 0,05% serum albumin) and centrifuged at 10,400 x g
for 10 minutes to sediment mitochoﬁdria and mitoplasts, The
pellets were resuspended in 1ncubat10n medium without digi-
tonin and both- the pellets and supernate wera bTought to a
5.0 ml volume and sonicated for 3 x 30 seconds, 3,0 ml were
removed, acid extracted as described 1n Methods 3 and brought
to a 5,0 ml vohume for magnesium determination, The remaining
2,0 ml were used for the determination of enzyme activities,
To obtain 100% activity, 0.5 ml of 10 mg/ml mltochondrla was
added to 0, 5 ml of incubation medium and then brought to a
volume of 5,0 ml with 1ncubat10n medium without dlgltonln
The resulting suspen51on was sonlcated and d1V1ded into two
lots, one for acid extraction and the other for the determi-
nation of enzyme activity asd descrlbed above, Adenylate kinase
was used as a marker for the intermembrane space (Schnaltman

& Greenawalt, 1968; Sottocasa et al,, 1967), Malate



dehydrogenase was used as a marker for the mitochondrial

N ] f\' ' ' .
matrix— (Schnaitman-et al,, 1967), Adenylate kinase adtivity 3
was measured eccording to Sottocasa et al, (1967) in the :

pellet fraction to defermine the effectiveness of digitonin- -
- n ‘ '> [

induced'rupture of the'outer membrane. Malate dehydrogenase

was measured accordlng to ‘the. procedur% descrlbed by ‘the

same authors as above except that) T ﬁ 10" 3M amytal was also
iy

added: (Schnaltman et al,, 1967) / Its act1v1ty was ‘measured

in the supernatantffractidn to determine the extent of rup-
ture of the matrlx compartment _The reason why adenylate
klnase ‘activity was measured in the pellet fraction and not
in the supernate fractlon was due to the flndlng of
Schnaltman & Greenawe}t (1968), that adenylate klnase is
_qulte lablle at lom/proteln concentratlons

Dlgltomln W 3recrysta1112ed once from hot absolute
'ezggnol, dried an /graund:to a rine powder, All digitonin
containing solutions were prepared shortly before use,

.

Statistical Analysis .of . Results -

Results are expressed as means .t standard error of the
mean (SEM), Significance of differences in mean was measured

using rhe unpaired t-test,
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" CHAPTER IV: RESULTS AND DIS&USSION

L4

. . s ¥
The results of each experiment will be presented in the following

LS

manner:

- LY

Section 1: Purpose of the Experiment
2: Description of the Experiment’

3: Résults and Discussion

PART A: CALCIUM-INDUCED SWELLING RATES IN INTERSCAPULAR BROWN
' ADIPOSE TISSUE MITOCHONDRIA ISOLATED FROM WARM- AND
COLD-ACCLIMATED RATS : :

I1. Purpose of the Experiment.

P

The purpose of this experiment was to study one aspect of.
éaicium transport, namely, calcium-induced‘swelling; in'mité-
chondria isolated from warm- and cold-acclimated rats to see
if ény differences existed which might indicate an increa§ed
Capacity to dissipate energy and thus provide heat. ¢

Since cold-acclimatidn has been shown to induce chénges
in the mitochondria of brown adipose tissue, allowing thqﬁ to
be better suited to a tﬁermogeﬁgc function, much information can
be obtained by seeking differences ‘in properties between mito-
chondria which do not have a large thermoéenic capacity (i.e.
BAT mitochondria'isq{ited from the WA rat) and mitochog?fia
which possess a lérge thermogenic capacity. (i.e. BATrmitochon-
dria isolatéd from the CA rat).

The reason for studying any property of calcium transport

is that the movement of calcium across the inner membrane of

the mitochondrion is an energy requiring process. Calcium uptake
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could thus provide a potentiai energy dissipating process
in mitochondria of the coldtacclimatedhfat and therefore be
the basis of a mechanism for increasing oxygen consumption
and heat production in noﬁshivering thermogenesis,

2, Description of'thﬁ'Ekperimeht -

A total of 15 rats; 12 warm-acclimated (WA) and 3 cold-
acclimated (CA): had lived approximately 2 months at their
respective acclimation tcmperhtures before thg start of the
experiment, The mean weights of the rats were: WA: 478 % 9g;
CA: 421 *16g. - ' :

The reason why more WA rats were required than CA rats
was the lower quantity of IBAT and the lower quantity of mito-
chondria per cell present in the WA rat (Flatmark § Pederson,
1976). |

The homogenization of .IBAT and the first mitochondrial
"washing were performed using 0,25 M sucrose, 0.2 mM EDTA and
1.0 mM HEPES at pH 7.2; 0,25 M sucrose was used for the
femainiﬁg-two mitochondrial washings to remove the EDTA which
would affect the conéentratidn of free calcium generated ;;
the nitrilotriacetic acid (NTA) buffer (see Methods 5). The
incqbation medium used for measuring rates of calciumlinduged
swelling'consisted of 155 mM sucrose, 40 mM HEPES,:2% bovine
serum albumin, 2,5 mM KH2P04,310 mM”succinafe, ; pM rotenone,
1 mM ADP and 10 mM NTA buffer at pH 6.8 and 25°C, After

addition of 1,0 ml incubation medium (final concentration as

stated above) to 1,0 ml mitochondria stored in-0.25 M sucrose
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(final concentration 0.2 mg/ml) a 3.0 minute incubation period
was allowed before the addition of various amounts of calcium
(5.0—500 nmoles free calcium/mg mitochondrial proteiﬁ). The
rate for each particular calcium concentration was obtained

by following the decrease in absorbance and measuring its slope.

3. Results and Discu;sion
Using IBAT mitochondria obtained from a cold-acclimated rat
as an example, Fiéurc 20 shows how the mitochondria responded
to addition of calcium -(50 nmoles free calcium/mg mitochondrial
protein). After an initial lag period there was a linear
decrcase in absorbance lasting. approximately 3 minutes, referred
to as the first swelling, followed by a second and usually
more rapid decrease in absorbance, referred to as the second
swelling. Three types of measurements were made for each
different calcium concentration (Fig. 20) (see appendix).
. 1. The rate of the first swelling
z. The rate of the second swelling
3. The time required after addition of calcium
for the second swélling to occur
Figure 21 shows the rates of the first swelling just after
addition of calcium. Increasing concentrations of calcium up

to about 100 nmoles/mg protein resulted in increasing rates of

. swelling., A significantly higher rate of spontaneous swelling

(i.e. no added calcium) and of calcium-induced swelling at
calcium concentrations greater than 200 nmoles free calcium/mg

mitochondrial protein were found in IBAT mitochondria obtained
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Figure 20, Decrease in Absorbance with Time of IBAT Mitochondria
from Cold-Acclimated Rats in Response to Added Calcium

The figure shows the response of IBAT mitochondria isolated
from cold-acclimated rats to a given amount of calcium (50 nmoles
free Ca/mg protein), After addition of mitochondria to the
incubation medium (155 mM sucrose, 40 mM HEPES, 2% bovine Serum
albumin, 2,5 mM KH2PO4, 10 mM succinate, 3 yM rotenone, 1 mM
ADP § 10 mM NTA buffer at pH 6,8 § 25 C) a 3,0 minute incubation
period was allowed before the addition of calcium Tvertical
arrow indicates time of addition of calcium), Rate 1 shows the
initial decrease in absorbance which occurred shortly after the
addition of calcium while Rate 2 represents the second period of
absorbance change which occurred some time later. The time to
second swelling indicates the time it took after the addition of
calcium for the second period of absorbance change to occur.
Changes in absoerbance are interpreted as mitochondrial swelling.

e
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Figure 21, The Effect of Calcium Concentration on the Rate of

the First Calcium-Induced Swelling in IBAT Mitochon-
dria [(Rate 1)

The figure shows rates of calcium-induced swelling as a
function of free calcium concentration in TIBAT mitochondria
isolated from warm-acclimated [e@] and cold-acclimated rats [0].
The incubation conditions were as described in Fig. 20. Free
calcium was present at the indicated concentrations, Tempera-
ture was 25°C and the reaction was started by the addition of
CaClz, Significant differences in the rate of calcium-induced
swelling occurred at 230 nmoles free calcium/mg protein (<0.02)
and at 440 nmoles free calcium/mg protein (<0.005).
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from.coldqacclimated rats, : o

Figure 22 shows the rates of the second swelling, This
additional period bf.swelling was not expected.  As shown;
it occurred to a greater extent at lower calciuﬁ'concentrations
than the first swdﬂing; IBAT mitochondria isolafed from cold-
ac;limated rats displayed a significantly higher rate of
second swélling compared to IBAT mitochondria isolated from
warm-acclimated rats at calcium concenﬁfations of 44 and 70
nmoles free calcium/mg mitochondrial pfotein.

Figure‘23 chows the time between the addition of calcium
and the occurrence of the second swelling. As can be seen, at
a given calcium concentration the second swelling occurred.
sooner in IBAT mitochondria obtained from cold-acclimated rats
than IBAT mitochondria obtained from warm-acclimated rats.
However, this difference in time to second swelling between
IBAT mitochondria isolated from warm- and cold-acclimated rats
was significant only at the calcium concentration of 20 nmoles
free calcium/mg mitochondrial protein. |

Fiéure 24 sﬁows the rates of calcium-induced swelling for
the first and second swelling rates plotted on the same figure
(i.e, Fig, 21 + 22), Figure 24 indicates that if 100 nmoles
free calcium/mg mitochondrial protein or more was added to the
incubation medium the rate of the second swelling was equal to
the rate of the first swelling so that the second swelling was
no longer apparent.

The finding that there is an increased rate of calcium-
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Figure 22, The Effect of Calcium Concentration on the Rate of

the Second Calcium-Induced Swelling in IBAT
Mitochondria (Rate 2)

The figure shows rates of calcium-induced second swelling
as a function of free calcium concentration in IBAT mitochondria
isolated from warm-acclimated [®] and cold-acclimated rats [O].
The incubation conditions were as described in Fig. 20. Free
calcium was present at the indicated concentrations, the
temperature was 25°C and the reaction was started by thy addition
of CaClz, Significant differences in the rate of calcifim
induced swelling occurred at 42 nmoles free calcium/mg protein
(<0.02) and at 71 nmoles free calcium/mg protein (<0,025)
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Figure 23, Time Taken After Addition of Calcium for -the Second
Calcium-Induced Swelling to Occur

The time taken after addition of calcium for the second
calcium-induced swelling to occur. in warm-acclimated [e@] and
cold-acclimated rats [o] is plotted against the concentration
of free calcium/mg mitochondrial protein, Significant diffe-
rences in the time taken after addition of calcium for the

second calcium-induced swelling occurred at 20 nmoles free cal-
cium /mg protein (<0,025),

N



101

A A/min mg protein

10 100 ’

. 24 .
‘nmoles free Ca /mg protein

'y 3 M N S

S W S S T T

Figure 24, The Effect of Calcium Concentration on the Rate
of First and Second Calcium-Induced Swelling in
IBAT Mitochondria,

Figure 24 shows the rates of the first (owo, from Fig, 21)
and second (o--o0, from Fig, 22) calcium-induced swellings in
IBAT mitochondria isolated from cold-acclimated rats. Figure
24 shows the rates of the first (e-e, from Fig, 21) and
second (e--e, from Fig. 22) calcium-induced swellings in IBAT
mitochondria isolated from warm-acclimated rats.
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induced swelling in IBAT mitochondria from cold-acclimated

rats is of intgrest since it indicates that the calcium
transport properties of these mitochondria are different from
those of IBAT mitochondria obtéingd from a warm-acclimated rat,
Christiansen (1971) measured the uptake of calcium in hitochon—
dria from thermogenic brown adipose tissue of guinea pigs
{newborn § cold-acclimated) and from non-thermogenic tissue
(from fetal § weaned animals). He found a higher rate of uptake
of calcium in mitochondria isolated ffom thermogenic brown
adipose tissue which he postulated was the result of a more
permeable membrane present in these mitochondria. Such a
postulate might also account for the increased rates of calcium-
induced.srelling which occurred in IBAT mitochondria obtained
from cold-acclimated rats,

The occurrence of a second swelling was not expected
becaﬁse most reports in the literature of calcium-induced
swelling describe only a single phase (Azzi § Azzone, 1966;
hSiliprandi et al,, 1975; Ramachandran § Bygrave, 1978).

However, since calcium uptake is known to cause an efflux of
mitochondrial »magnesium (Binet § Volfin, 1974; Siliprandi et
al,, 1975) and since loss of mitochondrial magnesium is known

to cause large volume changes as measured by light absorption
(Hoser & Dargel, 1976) the possibility arose that differences

in endogenous mitochondrial magnesium levels might be respon-
sible for both the enhanced second swelling and the reduced
time.of its occurrence in mitochondria obtained from cold-accli-

-mated rats. Sordahl and Asimakis (1978) and Chappell and
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Crofts (1965), who used heart and liver mitochondria ‘respectively,
described a second swelling following calciuﬁ uptake which was
similar to the one described here. Boéh studies suggested that
.during the second swelling all of the accumulated calcium was
being reieased from the mitochondria. 'This effect could be
the_result of the large increase in the permeability of the’
mitochondrial inner membrane aﬁsociated_withAloss of endogenous
magnesium (Hunter et al., 1976; Chavez ef al., 1977). The
hypothesis that a difference in endogenous mitochondrial .
ﬁZgnesium-levels might be responsible for both the enhanced \
second swelling and the reduced time of its occurrence in mi-
tochondria obtained from cold-acclimated rats compared to mi-
tochondria obtained from warm-acclimated rats would imply that
the magnesium content of the former would be signif;cantly

‘lower than that found in the latter. This possibility was

explored in the next set of experiments.

PART B: MEASUREMENT OF CALCIUM AND MAGNESfUM‘CONTENTS OF INTER-
SCAPULAR BROWN ADIPOSE TISSUE MITOCHONDRIA ISOLATED
FROM WARM- AND COLD-ACCLIMATED RATS

1. Purpose of the Experiment

The previous experiment indicated that IBAT mitochondria
isolated from cold-accliﬁated rats displayed higher rates
of calcium-induced swelling than controls. It was ihought that
a lower level of endogenous magnesium might be responsible for
this change. Therefore, the magnegium content of IBAT mito-

chondtria was measured to see if any difference existed between
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warm- and cold=acclimated rats, Calcium contents were also

measured for comparison purposes,

2, Description of the Experiment

A total of 11 rats (6 wa § 5 CA) lived approximately one
month at their respective temperatures before the start of the
experiment, The mean weights of these rats were: WA: 412 +5,0;
CA: 334 £11.,0,

. : : A :

The procedure for this experiment is described in’
Methods 4.

3, Results and Discussion

| Thé calcium contéﬁt of IBAT mitochondria of cold-acclima-
ted rats was found to be about one quarter of that. of mito-
chondria from warm-acclimated rats (Table 8). The;e results
are 1n agreement with those of Greenway and Himms-Hagen (1978)
who found that IBAT mitochondria isolated from warm- and cold-
acclimated rats contained 44 and 20 nmoles/mg mitochondrial
%rotein respectively and also in agreement with the results
of Christiansen (1971) who found that BAT mitochondria isolated
from weaned (non-thermogenic) and cold-stressed (therﬁogenic)
guinea pigs contained 81,1 and 12.2 nmoles/mg mitochondrial
protein respectively. Christiansen postulated that the lower
calcium contents found in IBAT mitochondria from cold-acclima-
ted guinea pigs was a reflection of a more permeable membrane
indicating that calélum transport may play a role in the regu-

-~

latory events which lead to thermogenesis in BAT,



TABLE VIII

Calcium and Magnesium Contents of IBAT Mitochondria

7 -
IB&H (n=5) WA CA P (Wvs C)
CT\J Calcium = 87 7,0 2432 P <0.001
j) Magnesium 41,7 2.3 27.6x1,6 P <0,005

/
4 Results are given as mean * S,E, Units are nmoles/mg protein,-

Abbreviations: WA: warm-acclimated; CA: cold-acclimated; IBAT:

| interscapular brown adipose tissue,

105
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Tahle 8 also shows that the magnes%Pm content of IBAT
mltochondrla from cold-acclimated rats was found to be only
‘70% of that of mitochondria from warm-acclimated rats, This
findjng was of interest because it supporteﬁ thg hypothesis -~
tﬁat a lower amount of endogenous magnesium in mitochondria
from cold-écclimated rats‘than in mitochondria from warm-accli-
méted rats might be Tesponsible for both the enhanced second
swelling and the reduced time of its occurrence which was des-

. . "

cribed in Part A, Hoser et al, (1976) determined that when
70-80% of liver mitochoﬁdrial magnesium.ﬁas released into
‘the incubation medium there was a marked increase in mitochondrial
volumé. If it is postulated that the first calciumjinduced
swelling rates represent a consequence of.the uptake of calcium
with subsequent 1055 of mitochondrial magnesium and the second
sweiling represents the large inctease in mitochondrial volume
which occurs whﬁn 70-80% of mitochondrial magnesium has been
released, then it would be expected that thlS large volume
change would occur sooner and to a larger extent in mitochonl
dria isolated from cold-acclimated rats since only about 15-19
nmoles Mg2+/mg protein: (i,e, 70-80%) would have to.bé released
for this volume change to occur while approximately 29-33 nmoles
Mg2+/mg protein would have to be released in mitochondtia isola-
ted from warm-acclimated rats.

Two important questions arose from théseAfindiﬁgs. 1,
Was this difference in magnesium levels an adaptive change or

a change due to cold stress? 2, If the magnesium content of



~ 107
mitochondria from cold-acclimated rats is lower than those

obtained from the warm-acclimated rat'iﬂdch“mifochondrial )
compartment (matrix or intermembrane space)} is depleted? The
following two sets of experiments attempt to answer these ques-

tions and are described in sections C and D,

~ PART C: TIME COURSE OF CHANGE IN MAGNESIUM CONTENT IN INTERSCA-
PULAR BROWN ADIPOSE TISSUE MITOCHONDRIA DURING .ACCLIMA-
TION AND DEACCLIMATION TO COLD

1, Purpose of the Experiment
-~
Since the previous experiment had revealed that IBAT mito-

chondria from cold-acclimated rats had'a lower magnesium content
than mitochondria from warm-acclimated r;ts, it was of interest
to determine whether this change repregented an adaptive

change or was an effect of acute cold stress, To obtain this
information the time course of . the decrease in magnesium content
.of IBAT mitochondria during acclimation to cold was followed as
well as the time course of the increase in magnesium contént

during deacclimation to cold,

2, Desériptiqn of the Experiment

~Acclimation: Youﬁg male rats (150-200 g) were kept at
room temperature (27°C i1;C) for 1 week ;%ter their arrival,
Rats were then divided into two groups; warm-acclimated- (WA)
which were left at roon temperaturé and cold-acc%imated (CA)Y, o
placed in a cold room having a temperature of 4°C +1°C, The
time Gbgrse of magnesium depletion was followed by‘taking the

rats out of the eeld and warm rooms at specific times,
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Deacclimation;. Rats had beeﬁ kept in the cold (4°C £1°C)
for 5 weeks before therstart of the experiment, The mgan weight “j\\'
of the rats at this time was 367 5 g: After the 5 week period,
cold-acclimated rats were divided into two groups. One
group remained in the cold and the other group was put into the
warm and is termed cold-acclimated returned to warm (CA-QW):
The time course of the increase in magngsium in IBAT mitochon-
dria was followed by taking the rats out of the cold and warm

rooms at spec;ﬁi; times,

3. Results and Discussion

The resulté of:the acciimation experiment (Table IX) indi-.
cate that it takes about 2 weeks before the magnesium content
of warm-acclimated rats 1s significantlf decreased by éxposure
to cold, The deacclimation experiment. (Table x).revealed

that it takes about 4 weeks for the magnesium content of cold-
'acclimated rats, which were returned to the warm, to be'signi-

ficantly increased, These results indicate that the observed

\
AN

. cﬁanges ik)magnesium content which occur auring acclimation
and deacclimation to cold do'not appear to be due to acute
cold stress but represent a slow adaptive chapnge.

The change in magnesium content observed in BAT mito-
chondria'during acclimation to cold occurs at about the same i
time as the maximum change'in the 32,000 polypeptide (i.e, 2
wks. Fig, 7) but slower than the increase in the binding of
GDP gnd ADP (Fig. 6) during acclimation to cold which 1is appa-

rent within the first hour of exposure to cold, -
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T | - TABLE IX

Time Course of the Decrease in Magnesium Content of IBAT Mitochondria

During Acclimation to Cold

WA CA

Time (days) ) nmoles Mg2+/mg protein
1 38.1 + 6.7 39,2 £ 4.8 - NS
3 31.6 + 3.5 20,5 + 2.4 | NS
7 33.5% 2,0 _ 26.6 + 2.1 NS
4 46.4 + 4.7 26.8 + 1.7 < 0.01°
28 42,2 + 4.6 23,1 £ 1.3 < 0.0125

-4

Young wamm-acclimated (WA) rats were divided into two groups.
One group remained in the warm and the other was put into the cold'(CA).
Rats from both groups were removed from their respective temperatures
at the indicated times, It should be noted that these times do not
-necessarily indicate the sequence in whicﬁ the experiments were performed.
For example, tﬁﬁ experiment in which the magnesium content was measured
in rats which had been cold exposed for 3 days was not necessarlly
perfbrmed before the experlment in which the magnesium content was
measured in rats which had been cold exposed for 7 days. This is also
“true of Table X. Isolation of IBAT mitochondria was as described in
Methods 1 and the magnesium content of themitochondria was measured

as described in Methods 4. 3 NA'and 3 CA rats were used for each of the

indicated times.
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TABLE X

Time Course of the Increase in Magnesium Content of IBAT mitochondria

During Deacclimation to Cold -

CA —>W CA
Time (days) nmoles Mg2+/mg protein
1 16.8 + 1.3 15.7 * 2.2 NS
3 21.3 + 1.2 18.7 £ 0.6 NS
7 15.8 + 0.5 16,0 + 1.7 NS
14 16.0 + 0.8 11.7 + 0.7 - < 0.02
28 27.4 + 0.4 19.0 + 1.5 < 0.01
42 19.5 + 1,23 15.2 + 0.4 < 0.05

Rats were kept in the cold (4°C * 1°C) for 5 weeks at which
time they were divided into two groups. One group remained in thé cold
and the other group was put into the warm and is termed cold-acclimated
returned to warm (CA — W), Rats from both groups were removed from
their respective temperatures at the indicated times. 3 CA and CA —W
rats were used for each of the indicated times. As in Table IX the
indicated times d'o not necessarily indicate the sequence in which the

experiments weré performed,

N
Lo
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PART D; INTRAMITOGHONDRIAL LOCATION OF MAGNESIUM 'LOSS IN INTER;
SCAPULAR BROWN ADIPOSE TISSUE MITOCHONDRIA

" 1. -Purposc of the Fxperiment

Although it was shown that magnesium loss upon cold-accli-
e
mation and an increase in magnesium levels upon Qeacclimation
were adaptive changes and not acute stresé responses, more
information concerning these changes was necessary so that some
physiologilcal significance could be aécribea to them, It was
thus of i.terest to know whether the magnesium depletion in
IBAT mitochondria of the cold;acclimated rat was due to loss
from the intermembrane compartment, from the matrix compartment

or from both of these sites,

2, Description of the Experiment

A total of 23 rats (19 WA § 4 CA) used in this study had
lived jbout 1 month at their respective temperatures before
the start of the experiment, Their mean weights were WA!:
368 + 6.0, and CA: 312 £16.0 g, |

The procedure for isolating IBAT mitochondria was essential-
ly the same as described in Methods 1 except that 0.25 M
sucrose and 1.0 mM HEPES pH 7.2 was used instead of 0,25 M
sucrose for the final two mitochondrial washings, The final
suspension was brought to a concentration of 10 mg mitochondrial
protein/ml, -

To 0.5 ml of the mitochondrial suspension was édded 0,5 ml
of 250 M sucro?e, 1 mM HEPES, 0,05% serum albumin and 0.2 mg
digitonin/mg ﬁitochondrial protein (final concentrations), After

R
)

-
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incubation and centrifugation (see Mfthods 6) two fractions

were obtained. The '"pellet fraction'" contained mostly mito-
plasts, while the "supernéie fraction" cbntained the contents

of the intermembrane space. Malate dehydrogenase and adenylate
kinase were used as marker enzymes for the matrix and inter-
membrane space respectively. Optimum conditions would therefore
yield high adenylate kinase activity and low malate dehydro-
genase activity in the supernate fraction and low adenylate
kinase activity and high malate dehydrogenase activity in the
pellet fradtion. The magnesium concentration of each fraction

~
was then measured. To obtain 100% activity, 0.5 ml of the

10 %g/ml mitochondrial suspension was treated in the same wéy
as described above except that the centrifugation step was
omifted. The adenylate kinase activity and the malate dehydro-
genase activity were then measured in this fraction-Which

contained: both mitoplast and intermembrane components.

3. Results and Discussion

That the fractionation prodedure produced relatively
uncontaminated samples of intermembrane space and of matrix is
indicated by the low adenylate kinase activity in the pellet and
- the low malate dehydrogenase activity in the supernatant (Fig. 254 §B).

The most striking observation from this studX is the
finding that there is only 5% of the total content of magnesium
found in the intermembrane space in mitochondria of ‘both;warm-
acclimated and cold-acclimated rats (Fig. 23 €). This is in-contrast to
the situation én liver and heart where 50% and 31% respectively

of the total magnesium content was found in this compartment
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Figure 25. Enzyme Activities and Magnesium Contents of

Digitonin Treated IBAT Mitochondria From Warm- and
“ Cold-Acclimated Rats

The adenylate kinase activity (Fig. 25A) and the malate
dehydrogenase activity (Fig. 25B) in the pellet and supernatant
fraction is shown for digitonin treated IBAT mitochendria irom
warm (W)- and cold (C) - acclimated rats. The magnesium coOntent
for each of the two fractions is shown in Fig. 25C. All values
are expressed as percentage of either total enzyme activity or
total magnesium content of IBAT mitochondria. Total enzyme
activity for adenylate kinase was 0.192 % ,036 umoles NADPH/ml
min mg protein and the total enzyme activity for malate
dehydrogenase was 0.83 + 0,095 pmoles NADH/ml min mg protein.
Total magnesium content of warm - and cold-acclimated rats was
35.3 + 3.2 and 20.2 * 1.9 mmoles Mg? /mg protein respectively.
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(Bogucka § Wojtczak, 1971). This finding raises the possibi-
lity that the magnesium binding proteins which were first
described in liver mitochondria (Bogucka § Wojtczak, 1976)
might not be present in the intermembrane space of iBAT
mitochondria. In vivo it wouid be expected that any free
magnesium in the cytoplasm would be éble té diffuse across
the outer membrane and enter into the intermembrane space.
However, the absence of the magnesium binding proteins

would imply that any change in the cytoplasmic level of
magnesium would immediately influence the magnesium level

in the intermembrane space. The consequences of such a flux.
is, however, not immediately apparent.

Since virtdaIly all the mitochondrial magnesium was
present in the matrix plus membranes compartment in both
warm- and cold-acclimated rats it may be presumed that the
depletion of mitochondrial magnesium s;en in the cold-accli-

mated rat occurs in the matrix and membrane fraction.



115

PART E: CALCIUM-TNDUCED SWELLING RATES OF LIVER MITOCHONDRIA
ISOLATED FROM WARM~ AND COLD-ACCLIMATED RATS

1, -Purpose bf‘the“Experimegg

The changes observed so far .in IBAT mitochondria of cold-
acclimated rats are a decrease in the level of magnesium, lost
primarily from its major location;_tbe matrix compartment,
and an aﬁparently associated increased rate of swelling in res-
- ponse to stimulation by calcium. In order to determine whether
the changes observed were related to the enhanced thermogenic
activity of the IBAT or were related to some other change in
the cold-acclimated rats, similar processes were studied in
mitochondria from a tissue known not to undergo changes in

thermogenic activity, the liver,

2. Description of ‘the ExperimenE

A total of 6 rats (S-WA & 3 CA) had lived at least 2 months
at their respective acclimation temperatufés before the start
of the experiment. The mean weights of the rats were WA:
564 31, CA: 44017,

The procedure used was exactly as described in measuring

calcium-induced swelling rates in IBAT mitochondria,

3. Resilts and Diséussion_

In contrast to IBAT mitochondria, ;here was no significant
differences found in calcium-induced swelling rates and no
second swelling was observed in liver mitochondria isolated from
warm- and cold-acclimated fats (Fig. 26), However, the absence

of an observed second swelling in liver mitochondria is most

probably due to the much higher rates of swelling.which occurred,
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Figure 26. The Effect of Calcium Concentration on the Rate
of Calcium-Induced Swelling in Liver Mitochondria

The figure shows rates of calcium-induced swelling as a
function -of free c#lcium concentration in liver mitochondria
isolated from warm-acclimated [®] and cold-acclimated rats
[e}]. The incubation conditions for this study were the same
as the conditions described for IBAT mitochondria (Fig, 20).
Free calcium was present at the jindicated concentrations.

Temperature was 25°C and the reaction was started by the addi-

tion of CaClz.
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both quntangqusly and at all calcium cqncentratiqps studied,
1f one compares Fig, 26 with Fig, 21 it can be seen that the
rate of swelling in liver mitochondria is about four times
greater thgn that of I?ﬁt\mitochondria. These high rates of
swelling in liver mitéchondria might therefore be the reason
why a second.swelling-was“not observed. This explanation is
supported by the observation that in one experiment using liveg
nitochondr ia in which an exceptionally low spontaneous rate

of swellingloccurred, a second swelling was observed although
this result could not be reproduced.

The reason for the much higher rates of calcium-induced
swelling in liver mitochondria as compared to IBAT mitochondria
is not readily apparent, One possible explanation might be
felated to the extensive degree.of condensation of the matrix
volume when IBAT mltochondrla are stared in sucrose since the

ox1dat10n of succinate is partially sen51t1ve to this volume,

Liver mltochondrla do not appear to be as, extens1ve1y condensed

L ca

when stored in sucrose (Nicholls et al,, 1972).

Since a difference was not found in rates of calcium-
' ’ s . ¥
. . - . . . S . .
induced swelling in liver mitochondrid isolated from warm- and

1

cold-acclimated rats it was of interest to measure the magnesium

levels of these mitochondria,
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PART F; MEASUREMENT OF CALCIUM AND MAGNESIUM CONTENTS OF
LIVER MITOCHONDRIA .ISOLATED FROM.WARM-.AND COLD-
AGCLIMATED™ RATS" .

1;*ﬂurpose'0f'the Experim6q§ ‘ _ y

"It had been shown that the higher rates of calcium-induced
swelling in IBAT mitochondria obtained from cold-acclimated rats
was associated with a lower magnésium content of these mitochon-
dria. Since no diffe¥ences weré found in calcium-induced
swelliné rates in liver mitochondria it was of interest to
measure the magnesium levels in these migochondria to seefif a
comparison of these measurements either supported orvconflicted
with the finding obtained with IBAT mitochondria, Calcium
levels in liver mitochondria were also measured for comparison
purposes.

2, Description of the Experiment

A total of 6 rats (3 WA § 3 CA) had lived at least 2
months at their respective acclimation temperatures before the
start of the experiment, The mean weights of the rats were
WA: 564 £31, CA: 440 £17,

The procedure was exactly as described in the Methods.

3. Results and Diséussion

As the‘results show (Table X1) the calcium content of
liver mitochondria isolated from cold-acclimated rats was found
to be significantly lower than the calcium content of liver
mitochondria isolated from warm-acclimated rats but a signifi-
cant difference in the magnesium content of these mitochondria

was not observed, C?
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TABLE XI
Célcium“and“MagnesiHM‘ContentS“of‘Liver‘MitUchUndria_
Liver (n=3) WA CA P _(Wvs C)
Calcium 16,6 0,78 11,3 +2,18 . <0.025
Magnesium 34,7 £ 2,55/ %1'.5 £2,68 NS

The table shows the calcium and magnesium contents of

liver mitochondria isolated from warm- and cold-acclimated rats.

The homogenization and the first mitochondrial washing was
performed using 0.25 M sucrose, 0,2 mM EDTA and 1,0 MM HEPES,.
0.25 M sucrose was used for the remaining 2 mitochondria
washings. The cation contents were measured exactly as descri-
bed in Methods 4, Results.are given as mean * S,E. Units

‘are nmoles/mg protein,

Abbreviations: WA: warm-acclimated; CA: cold-acclimated;
NS: not significant; S,E, standard error,.

r~
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The decrease in the calcium content in\gpld—accllmatgz rat.
liver mitochondria agrees with the flndlngs of McBurney and
Radomskl (1973) who measured the calcium content of llver-
mitochondria obtalned from warm- and cold-acclimated rats in
the absence and presence of EDTA (Table: VII), HOWever the
calcium contents %of rat liver mitochondria reported by McBurney
and Radomski (1973) are only about one third the calcium
contents of rat liver mitochondria shown in Table XI. On the
other hand, the calcium content of liver mitochondria isolated
from warm-acclimated’ rats reported ;n Table XI are in agreement
with the ‘results of Carafoli and Lehninger (1971) who reported
that rat liver m1tochondrla 1solated from warm-acclimated rats
contain between 10 and 14 nmoles mg protein. The ‘reason for ﬂus
discrepancy fg not known although it might be due to a
difference in- performing the decanting procedure after each mi-
tochondrial washing sincc this procedure is known to affect
. the purity of the mltochondrla - containing fraction (Johnson G
Lardy, 1967),

The magnesium contents of 11ver mitochondria observed 1n
this study are in the same range as those reported by McBurney
and Radomski (1973), However, in contrast to their observiH/
lower magnesium content in liver mitochondria obtalned from )
cold-acclimated rats in the!presence of EDTA (Table VII) no |

significant differences were detected in the magne51um content

of rat liver mltochondrla obtained from warm- and cola accllmated

rats, One possible reason for this i%s that McBurney and Radomski

(1973} had used a higher concentration of EDTA than was used
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\in this study (1,0 nM EDTA vs 0,2 mM EDTA) so thatlf liyer
mitochondria isolated from coldvaccllmated rats contalned a*
more labile pool of endogenous maghe51um~than liver mitochon-
dria isolated from warm- accllmated rats .then the hlgher concen-
tration of EDTA mlght remove a larger proportlon of the magnesium
in the former,

"lThe finding that the magnesium'con%ent of liver mitochon-
dria isolated from warm-acclimated rats is not significantly
different from that of liver mitochondria isolated from cold-
acclimated rats is compatible with the observation that rates
of calcium-induced swelling in these mitoch&hdria are also
not significantly different. This result therefore'supports
the hypothesis that a ;ignificantiy lower endogenous content of
magnesium in IBAT mitochondria isolated from cold-acclimated
rats is résponsible for the enhanced rate of swelling observed -

in these mitochondria,
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CONCLUSIONS.
The purpose of the research reported in this thesis was

éo investigate the role, if‘any, of mitochondrial magnesium

ions in nonshivering thermogenesis., This was done'by measuring

the endogenous magnesium level in brown adipose tissue mito-

chondria isolated-from warm- and cold-acclimated rats to deter-
mine whether any differencés exist and whether these difféiences,
if found, might give a clue to the mechanism of nonshi#efing
thermogenesis in brown adipose tissue of the cold-acclimated
rat, Eﬁperiments were also performed using liver hitoéhoﬁdria
since it is known that this tissue dges not undetgﬁ changes in
thermogenic act%vity during cold-écclimatién. This was done

in order ta determine whether any changes in intersc¢apular )

brown adipose tissue miiggﬂsndria follgwing cold-acclimation were

indeed related to the high thermogenic activity of this tissue *

observed in the cold-acclimated rat.

The major findings of the study were as follows:

1) IBAT mitochondriﬁ isolated from cold-acclimated rats display
a greater rate of calcium-induced swellting than IBAT mito-
chondria_isolated from warm-acclimafed controls,

2} Although IBAT mitochondria isolated from warm- and cold-
acclimated rats both undergo a second period of swelling
which'occurs to a greater extent atllower calcium.concentra-_
tions thgn the first period of swelling, the second period
of swelling occurs sooner and more rapidly in IBAT mitochon-

dria isolated from cold-acclimated rats.
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3) Theére is a decrease in the level of endogenous magnesiuﬁ in
IBAT mitochondria of cold-acclimated rats, The level
reaches a minimum of after 1 to 2 weeks of cold exposure,
The magnesium appears to be lost %ainly from the matrix com- -
partment. Approximately one month of deacclimation is re- .
quired before the endogenous level of magneéium in IBAT
mitochondria of a cold-actlimated rat increases again,

‘4) Only 5% of the total content of;ﬁagnesium is located in
the intermembrane space of IBAT mitochondria isolated from
warm- and cold-acclimated rats.

.5) Liver mitochd%dria isolateﬂ from warm-.and cold-acclimated
rats show no differences in cal;ium-ipduted swelling, do
not display.a second period bf swelling, and have similar
levels of endogenous magnesium.

The results indicate thdt the changeslobserved in IBAT
mitochondria isolated from colafksélimated rats are related

to the enhanced thermogenic activity Qf this tissue since

similar changes did not occur in mitochondria isoléted from a

tissue known not to undergo changes in thermogenic‘activity,

‘mamely the livey. .
The question which now arises sis how the gﬁsgrved alte-
rations in calcium-induced swelling and in ion content which
occur in IBAT mitochondria during cold-acclimation relate to
the elusive bioéhemical mechanism of nonshivering thermoge-

nesit, The slow decrease in magnesium content of IBAT mito-

chondria during acclimation of the rat to cold parallels in
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its time-course the slow change in the composition of the
mitochondria which leads to a larger proportion of a 32,000
polypeptide, a component -of the thermogenic proteoﬁ conduc-
tance patﬁ%ay (compare Figure 7 and Table X}). It seems
likely, therefore, that the decrease in magnesium level is
related to the altered thermogenic functioning of the mito-t
chbndrié. However, a role for a reduction in magnesium level
is not immediately apparent. It might be involved in altered
permeabilify of the mitochondrial membrane t; other cations,
and thus in a thermogenic cyciiné of cations,

The presence of only 5% of the total mitochondrial
magnesium in the intermembrane space of IBAT mitochondria of
both warm-acclimted and cold-acclimated rats suggests that
the specific magnesium binding proteins of liver mitochondria,
résponsible for Binding 50% of the total ;itochondrial
magnesium (Bogucka and Wojtczak, 1971; seé Table VI), are not
present in IﬁAT mitochondria. Since the function of these
proteins is not understood, a role for their postulated
absence in IBAT mitochondria is not apparent.

Interpretation of the increased rate of calcium-induced
swelling in IBAT mitochondria froém cold-acclimated Tats is subject
to the various assumptions about the meaning of decreases in

absorbance during mitochondrial swelling (see discussion, Part B, .

section 4), It seems likely that the "first swelling" represents
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matrix expansion and that the "“second swelling" rigfesents

an increase in the overall size of the mitochondria (see

Figure 17), The shortened time to the onset of the second
swelling in IBAT mitochondria of the cold-acclimated rat is
suggested to be associated with the lower magnesium content of
- these mitochondria, Swelling occurs when the calcium-induced
loss of mitochondrial'm;gﬁesium results in the low level of
about 10 nmoles per mg of protein, and this is achieved sooner
in the depleted mitochondria of the cold-acclimated rat, The
increased rate of swelling may be due to increased permeability
.of the mitochondrial_membranq\associated with the reduced
magnesium concentration, Another possibilityrﬁsyld be an altered
composition of IBAT mitochon@rial membrane lipids in cold-accii-
mated rats, However, evidence is controversial about ﬁossiblé N
alterations in the composition of IBAT mitochondtrial phospho-
lipids in cold-acclimated rats (Cannon et al,, 1975; Ricquier,

t

Mory and Hemon, 1975) and this remains a subject for further

investigation, ' P

In conclusion, the results repor%ggﬁfﬁ\;his thesis

indicate that mitochondrial magnesium may have a role in the

control of the mechanism of nonshivering thermogenesis in IBAT

mitochondria. Further work is necessary to establish the

nature of this role, -

Ll

o~

§
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APPENDIX
-
Calculation of the Rate of Calcium-Induced Swelling

. The rates of the first swelling (Fig. 21) were ob-
tained for each of the indicated calcium concentrations by
drawing a tangent to the decrease in absorbance (referred
to as Rate #1 in Fig. 20) and measuring its slope. For
example, aécording to Fig. 21 the slope of the tangent drawn
from Rate #1 in Fig. 20, which is representative of the even
which-gccurred at 50 nmoles calchnwmg protein, in cold and
warm-;:éﬁimated rats were 0.3 and’0.25 AA/min mg protein
respectively; Similarly, the rates of the second swelling
(Fig. 22) were obtained for each of the indicated calcium
ACOncentrafions by drawing a tangent to the decrease in
absorbance (referred to as Rate #2 in Fig. 20) and measuring
its slope. 'For example{ according to Fig. 22, the slope of
the tangent drawn from Rate #2 in Fig. 20 in cold and warm-
acclimgted rats were 0.7 and 0.4 AA/min mg protein.réspec%ﬁ=

vely. The rates of calcium-induced swelling in liver mito-

condria (Fi%j 26) were also obtained in this manner.
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