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. sumMARY

v

A rat placed in a cold-environment is able to produce heat and maintain

\

its body temperature by shlverlng After 11V1ng in. the cold for about a-

month, the rat undergoes an adaptive change allow1ng it tc malntaln its body

¥

temperature wlthout sh1ver1ng The rat is then said to be cold- accllmated

- and the term nonshlverlng thermogenesis is. used to descrlbe the proeess by

- . , ry
-~ . L

; whlch it can increase its heat production,

The mechanlsm of heat productlon durlng shlverlng is 51m11ar to that of

light exerc1se However the nature and blochemlcal mechanlsm of nonshlvenang
- : \
thermogen951s is not completely understood It is known that nonshlverlng

-

thermogene51s 1s related to an enhanced calor1gen1c response to noradrenallne

secreted by the animal and ‘that the process takes place largely in the

&
-

skeletal muscles . " f . ;
Recent findings in this laboratory have shown that ccld accllmatlon is

related to morpholog1ca1 and b10chem1ca1 changes in the skeletal»muscle mito-

7,

chondrla These mitochondria become more numerous but sm&;kzrdfn‘s1ze in
the cold- accllmated rat, with the total m1tochondr1a1 mass remalnlng unchanged

An increased turnover of certain groups of m1tochondr1a1 protelns is seen,

B1ochem1cal differgnces include 1ncreased rates of. state 3 resplratlon’ and

-
A

increased amounts of the enzymes a—glycerophosphate dehydrogeﬂese}and adenine

" nucleotide translocase. Although these flndlngs show that the muscle mito-

) i
chondrla undergo changes associated with cold- accllmat1on they have not

rovided an explanatlon for the biochemical mechanism of nonsﬁiverfﬁg

. :
thermogenesis. : R St

+

o~
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A p0551b1e mechanism of nonshlverlng thermogene51s in muscle mlght
_1nvolve a noradrenallnewlnduced increase in-the recycllng of calc1um across

the mitochondrial inner membrane, since m1tochondr1a1 ca1c1um uptake is an

energy~11nked process, and this would prov1de a method of 1ncre351ng res-
plratlon and thus heat productlon in the cold-accljmated rat.

7 The purpose of the research reported in this thesis was to cgmpare .

various aspects of calcium_transport'in,muscle mitochondria isolated from

cold-acclimated rats and warm-acclimated controls. Differences in calcium .

transport, 1f found, mlght then give a clue to the biochemical mechanlsm of

s

nonshlverlng thermogenes:s ‘ ' Co-
" 4

" The follow1ng aspects. of mitochondrial ca1c1um transport were compared

in warm-acclimated and cold- accllmated rats. -

-

(1) .Calcium contents of isolated mitochondria, P

- Le ) s

(2) Effects of added ealcium on mitochondrial respiration. - .
.. ‘ . ~ .
(3) Measurement of .the time courge and initial rates -of calcium uptake.

(4) Measurement of. the time course .of spontaneous calcium release and
release induced by various physiological agents ' . 4
" (5) Measurement of the number and affinity of respiration-inhibited high
-affinity and low‘affinity calcium binding sites.
No change was found in the calcium contents of isolated muscle mito-

chondria or in the number and affinity of calcium binding sates. Small
increases were observed in the calcium-stimulated respiration rate in mito-
chondria from cold-acclimated rats with some respiratory substrates. The,
initial rate of calcium uptake was elevated in mitochondria from cold-

acclimated rats. Spontaneous release of ca1c1um from mltochondrla was also

1ncreased as a result of cold -acclimation. The release of calcium induced

~

.

- . ' iy .
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by added sodlum ion was the same 1n mitochondria from cold-acclimatéd rats
and controls. S - )
ol 5
The results suggest "that one of the adaptive changes that muscle mito-
‘ichondrla undergo durlng cold-acclimation is a change in the ca1c1um transport

L4

system such that calcium is taken up and released at a greater rate. The .
differences observed however, were small dhd so it is unlikely that calcium
recycl;ng alone could account for the large noradrenaline- ~-induced enhance-
ment of metabolic rate seen 'in the cold- accllmated rat. Further research

is thus requlred to elucidate completely the blochemlcal mechanism of non-

shivering thermogenesis in skeletal muscle.

-

PN
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CHAPTER I: INTRODUCTION

A rat exposed to a cold environment is able to maintain its body:tem-.
perature b; increasing its metabolic rate through shivering. If the rat
remains in the ;bld for an extended period of time, shivering thermogenesis
is gradually replaced by another mode of heat production not. involving muscle
contraction,.known_as nonshiveriné thermogenesis. A rat that is ablé to
maintain a high metabolic rate in the cold through nonshivéring thermogenesis
is said to be cold-acclimated.

The major sites of nonshivering thermogenesis are the skeletal muscles
and the brown adipose tissue. Although brown adipose tissue is an organ that
is especially adapted for producing heat and which proliferates during accli-
mation to cold, its small size relative to thé total body mass of.the rat
means that its contribution to the overall heat produced in nonshivering .
thermogenesis compared to the'contéibution by the skeletal muscles is smgll.
Skeletal muscle is thus the most important site of nonshivering thermoge;esis

in the cold-acclimated rat.

Nonshivering thermogenesis is controlled by the sympathetic nerve endings.

This process can be mimicked by the infusion of noradrenaline into a cold-
acclimated rat , which h;; the ability to‘increase its metabolic rate four-
fold in response -to noradrenaline over an animal not acclimated to cold.
This large enhancement éf the metabolic rate in response to catecholamines -
is an important characteristic of animals posgessing the adaptation for non-
shivering tﬁermogenesis.

. N
Al}hé;gh the existence of nonshivering thermogenesis and the involvement

of catecholamines in its regulation have been known for several years, the

[y - 13



sbiocﬁemical mechanism of the process is still not understdod.* Heat is pro-‘
duced in the cell as a by product of the oxidation of carbohydrates, lipids
and protezns to carbon dioxide and water. The rate of heat production is
regulated by the rate of oxidhtion of substrates by the mitochondrial“&
piratory chain. Control mechanisms in cellular thermogenlc processes involve
modification of the rate of mitochondrlal respiration. The obvious place
in which to look for biochemical differences fhat might explain nonshivering
thermogenesis is thus the-ﬁitdchondrion. With this in mind studies have been
undertaken to characterize in detail muscie mitochondria from cold-acclimated
rats since muscle is the major site of heat production in nonshiyering thef—
mogenesis and mitochondrial processes regulate heat production within the cell.
- There is now evidence that muscle mitochondria undergo aléerations
associated with the development of nonsﬁivering thermogenesis in the cold-
acélimated rat. Morphologlcally, the mitochondria 1ncrease in number but
decfease in size, the total mitochondrial mass remaining unchanged The
- .
turnover of certain groups of mitochondrial proteins is increased in the
cold-acclimated rat. bxytetracycline, an inhibitor of mitochondrial protein
synthesis,.is able to prevent or reverse the obseryed morphological changes
as well as preventing or reversing the cold-acclimated state. Thus,. the
development and maintenance of nonshivering thermogenesis appears to involve
changes in-mitochondriai ﬁrotein synthesis that give rise to mitochondria of
altered form and presumably altered function.
Muscle mitochondria in the cold-acclimatéd rat are also éltered biochemi -
cally. Increased ratés of state 3 (ADP-stimulated) respiration are seen,

although ADP/0 ratios and respiratory control ratios are normal. The acti-

vities of the mitochondrial a—glycerbphosphate dehydrogenase and adenine
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"nucleotide translocase are increased, while the activity of malate dehydro-

genase is decreased. The activities of several other mitochondrial and

cytoplasmic enzymes’ are unchanged. Muscle mltochondrla in the cold- accllmated

rat are thus clearly altered, but the dlfferences observed so far cannot
explain the mechanism of nonshivering thermogenesis in this tissue.

Another aspect of mitochondrial function that has yet to be ekamined in
detail in cold-acclimation is the transport of calcium. Mitochondria have
the ability to accumulate-large amounts of calcium against a concentration
gradient in a process linked to the high energy state generated by electron
transport. Cal#ium uptake could thus provide a potential energy dissipating
process in mitochondria of the cold-acclimated animal and therefore could be
;H; basis of a method of increasing oxygen consumption and heat production
in nonshivering thermogenesis. The maintenance of calcium concentrétions
.in the mitochondrion involves a steady-state "between energy-linked uptake

and passive release. In other words, calcium is continually recycled across

the mitochondrial membrane in a process dependent upon electron transport.

<>

Potential mechanisms of increasing heat production in nonshivering thermogenesis

wgrld thus include:

(1) An increased rate of energy-linked Ca2+ uptake due to an dincrease in the
nupber of calcium carriers or an increase in their affinity for calcium.

{(2) An incréased availability of Ca2+ for energy-linked uptake dué to a
noradrenaline-mediated increase in sarcoplasmic calcium levels. This
could result from enhanced release of mitochondrial calcium, entry of
calcium into the 'sarcoplasm from the extracellular fluid, or by release
of calcium from the sarcoplasmic reticulum.
Of particular importance to this proposed mechanism of nonshivering

thermogenesis is the observation that certain physiologically occurring

«
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substances,fincluding cy&lic AMP -and sodium ion, are capable of inducing
release -of mitochondrial calciwm. The amounts of éither of thesé substances
might be increased by noradrenaline action on mdscle.and thus would provide
a means of increasing the availability of calcium for uptake as described
above in mechanism‘(Z).

-The purpose of the research reported in this thesis is to compare various
aspects -of calcium transport in muscle mitochondria from cold-acc}imated !
rats and warm-acclimated controls in order to find out whether ahy differences
exist and whether these differences, if found, might give.a clue to the
mechanism of nonshivering thermogenesis in muscle of‘the'cold-acclimated rat,

The problems examined are as follows:

(a) Comparison ﬁf the calcium contents of isolatéd mitochondria, -

(b) é;mparison of 'the effects of calcium on mitochondrial respiration.
(¢) Comparison of the r;tes of calcium uptake by muscle miiochondria.
(dj Comparison_df the number and affinity of caléiﬁﬁ binding sites in

muscle mji cﬁondria . ‘ . ‘
(e) Comparison-of the effects éf various substances on the release of o

calcium from muscle mitochondria.

Thege experiments tesﬂg;he validity of mechanism (1) described above
and mechanism {(2) in part. The possibility of noradrenaliﬁe or’ other agents
increasing sarcoplasmic calcium levels by mechanisms other than release from
mitochondria was not studied. |

. The literature review that follows is divided into three parts. In
Part'A, the characteristics of cold-acclimation and nonshivering thermogenesis
are described as well. as the role of the sympathetic nervous system in the
process. Part B discusses biochemical mechanisms of heat production in

general, with special emphasis being placed on current concepts of non-

shivering thermogenesis. The characteristics of mitochondrial calcium



transport and 'its physiological significance are reviewed in Part C,
including evidence for its role in heat production. This review provides

a detailed background for the expéfiments described in the remainder of

the thesis.

7
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CHAPTER 'II: LITERATURE REVIEW

B

PART A: COLD-ACCLIMATION AND NONSHIVERING THERMOGENESIS

Organisms that can maintain a constant body tempe?ature in spite of
fluctuating environmental.temperatures are usually referred to as homeothernms.
Alternately, animals may be classified-according to the source of their
body heat (Hochachka § Somero, 197}). Endotherms are those animals that
obtain body heat from theif own metabolic acﬁivities, while ectotherms obtain
heat principally from the environment. Thus endotherms includé mammals and
birds, while most fishes, amphibians and reptiles are ectotherms. The
comparative aspects of temperature regulation'and the evolution of endothermy
i$ a fascinating study in‘itselfl(see Bligh,'197é; Hokhachka & Somero, 1973;
Stevens, 1973), but will not be discussed here. This review will concentrate

“on mechanisms of heat production in endotherms, and will use as an example
the cold-acclimated rat-to s?p# how an ‘endotherm is able to modify its meta-
bolic activitigs in order to maintain its body temperature under harsh
conditions,

1. Cold Exposure and Shivering Thermogenesis

The term "cold exposure' refers to the relatively brief exposure of an

. dnimal (up to a few days} to a temperature lower than that-to which it is
accustomed. For a ra% living at usual room temperature (25-28°C) this may
range from -20° to 10°C; a commonly d%ed_temperature is 4°%. A rat exposed
to cold is able to maintain a constant body temperature by bringing into

play mechanisms designed to decrease heat loss as well as increase heat
production. The sympathetic nervous System, activated by cold stress, gives
rise to piloerection and ﬁeriphera1=vasoconstriction which reduce heat loss.
The-principgl mechanism of increasing heat production in the cold-exposed rat

is shivering thermogenesis.




" Shivering may be defined ﬁsré rhythmic, involuntary contraction of the
skeletal muscles induced bf cold exposure and regulated by thé central
nervous system (for a review see Hemingway, 1963). It is interesting that
although shivering is an autonomic response it takes placéAin the skeletal
muscles, whose contraction is usually under voluntary control, Shivéring
increases the metabolic rate up to five times the basal level,‘deéending
on the species studied and conditions uéed'(Hemingway, 1963). 1In this res-
pect, the heat produced during the voluntary muscie contractions of light

. » ;
exercise is similar to shiveriﬁg. As will be discussed in Part B of the
review,,shiverihg and exercise produce heat by the same biochemical
mechanism. : &

The sympathetic nervous system plays another impbrtant role in cold
_exXposure, namely in the mobilization of 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

majbr fuel; glucose derived from liver glycogen stores and by gluconeo-
genesis are also used (Himms-Hagen, 1972a). Cold stress stimulates the
sympathetic nervous system so that the sympathetic nerve endings and the
‘adrenal medullé secrete noradrenaline and adrenaline respeEtively; this is
indicated by the large increase seen in ﬁrinary excrefion of these catechola-
mines and their metabolites (Leduec, 1961; Himms—Hagen,—IQYS)..

2. Cold-Acclimation and Nonshivering Thermogenesis ‘

:

If 2 rat remains in the cold for a relatively long period of time, for

example, 3-4 %eeks at a tempefature of 4°, shivering gradually disappears
and the rat maintains its body temperature by another mechanism of heat .

production known as nonshivering thermogenesis. The rat is then said to



bo cold-acclimated. This brocess.is illustrdted in Fig. 1 (Hart,tHéroux &
, Depocas, 1956). The graph shows that a rat placed in the cold (6°C) will
start to shiver‘immediately, a; measured by the increase in muscle electri-
cal activity, but that the 1nten51ty of the muscle activity decreases
gradually until by day 29 in the cold it rs at the same lovel as the control.
rats (warm-acclimated) that have lived at 30°C. If the rat is then placed

. gha lower temperature than the.acclimation temperature, shivering will

ommence again.

In spite of the absence of shivering in the cold-acclimated rat, itgis
still able to maintain its high metdbolic rate by heat-producing mechanisms
_ other than shivering. 1In fact, if shivering is prevented with the drug
tubocurarine, the cold-acclimated rat is still able to maintain a high
metabolic rate and thus its normal body temperature in the cold. Curarized
warm-acclimated rats, however, become hypothermic and die because they lack
the ability to produce'heat oy nonshiverirg therﬁogeneois (Cottle §
Carlson, 1956). S

Jansky (1973) has doflned nonshivering thermogenesis (NSTJ as "a heat-
production mechanlsm 11berat1ng chemical energy due to processes which do
not involve muscular contraction." He divides NST into two parts: obligatory
or basal NST, which makes up a large part of the basal metabolic rate, and
regulatory NST, which refers to extra heat produced in anlmals exposed to
temperatures below the thermoneutral zone necessary to maintain constant
body temperature. This definition implies a similar mechanlsm for heat
production durlng basal metabolism and heat production due to the high

metabolic rate in the cold -acclimated animal. Since the biochemical mechanism

of NST is still not understood, for the purposes of this thesis nonshivering

.
2
3



i
i
I
! 5 ‘

Fiéure 1. - Decrease in Shlverlng as Measured by ﬁﬁscle Eiééﬁfiéal Activity,
During Acclimation to Cold

v

Muscle electrical act&#f%y and heart rate as related to time of

1

exposure to 6°C and -6°C are shown. Solid llne in left-hand part of diagram \\

shows muscle electrlcal activity (lower traC1ngJ and hearé rate (upper
trac;ng) in rats 11v1ng at 6°C. Broken lines show range of variatioP.
Vertical bars af 0 and 29 days show muscle electrical activity (lower) and

heart rate (upper) in warm-acclimated rats living at SOOC. At 30 day§ cold-
acclimated rats were moved to ~6°C (right-hand part of diagram).

4

(From Hart, Héroux & Depocas, 1956) ¢
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thermogenesxs will refer only to the increased heat produced above the basal
level in the cold-acclimated anlmal and due to mechanlsms other than .

Il

. muscle movements.

Nonshivering thermogenesis has two key charaéteristics. First, it is
an adaptive process, It_occurs only in certain species (eg. rat, rabbit)
that have lived in the cold for relatively long periods of tiﬁe, but is
absent from these same species when not cold-acclimated. It also occurs in
hibernators (eg. bat, hamster, ground squirrel) but is used only during
arousal from hibernation. The newborn of most species (including man) also
use NST as a heat producing mechanism,.but this ability is lost quite soon
after birth and is absent in the adult animal. Second, nonshivering -thermo-
genesis is a facultative process. This means that it can be switched on and
off according to the animal's needs. If a cold-acclimated rat is transferred
from a cold environment to a warm envifonment it will turn oﬁf NST; if it
is then £ransferred Qgck to the cold it has the ability t6 turn on and
utilize NST once more. : 1

The ability of any particular aﬁimal to ﬁse nonshivering thermogenésis
in place of shivering thermogenesis thus depends on several factors. The
process shows sﬁecies‘specgficity-and occurs only in thosé species hﬁving

TN
Ehe particular genetic aptributes that permit it to hibernate or acclimate
fo cold. The age of the animal is also important. The newborn of many
species possess the.capacity for NST but lose it later in life. The adult
rat is able to recall the capacity for NST. it had at‘birth by staying in a
cold environment for extended periods of time. O1d rats, however, show a

J

reduced ability to become cold-acclimated and must rely more on shivering
. Y
thermogenesis. The relative contributions

and nonshivering

10
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thérmogenésis deﬁend also on the tim§ and Aegree of cold exposure. It was
shown in Fig. 1 that shlverlng‘afcreases as the time of cold exposure increases.,
A rat fully acclimated to cold at one part1cular temperature will be forced
to Tely more on shivering thermogenesis if placed in af~éven colder
environment.
What is-the physiological 51gn1f1cance of nonshivering thermogen551s’
To the newborn animal, even the change from the mother's body temperature
of 37°C to a nest temperature of 30 C.represents considerable cold étress,
and NST plays an important role in maintaining body temperature. Also,
certain mammals such as the rat are born immature and are incapable of

shivering, and so must rély entirely on NST to prevent hypothérmia. Non-

shivering thermogenesis is.also important for producing the heat required -
for increasing body temperatufe to its nogkal level during arousal of animals
from hiberpation. The survival of animals in the cold ié‘enhanced by cold-
acclimation. For exami)'le, a cold-acclimated rat can survive a te;npel_rature ‘
of -40°C for Zqﬂ min while a warm-acclimated rat woula die if exposed to

only ;20°C for the same time period (Jansky, 1973). Even th;ugh one may
argﬁe that the acclimation to co%ﬁ of rats in the laboratory is an artificial
situation, nonshivering thermogenesis is present in 'rats kept iﬁ outdoor
conditions (Héroux, Depocas & Hart, 1959}, anq so undoubtedly is important

as a'gﬁrvival mechanism for animals in the wild. Harﬁ and Jansky (1963)
pointed out that heat production resulting fry shiv?;ing and exerciserdo not
summate buf'that NST and thermogenesis due to muscular activity are additive.
An animal producing heat by NST would thus be able to move about more freely

L4

than, it would if it were forced to shive; to keep warm.
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3. The Role of the Sympathetic Nervous System in Nonshivering Thermogenésis

The sympathetic nervous system is important in the development of
nonshivering thermog;nesis during cold-acclimation, in the switching on and
. off of NST, and in the mobilization of substrates required to maintain the
high metabolic rate (see reviews by Himms-Hagen, 1967 § 1975). This is
brodght about principélly by the secretion of noradrenaline from sympathetic
nerve endings, although catecholamines secreted by the adrenal medulla may
- also be significant (Himms-Hagen, 1975). Three lines of evidence for the
importance of the sympathetic nervous system will be discussed.

(a) Activation of the Sympathetic Nervous System

That the s}mpathetic nervous sygtem 1s activated by cold exposure is
indicated by the increased urin?ry excretion of both adrenaline and noradre-
naline (Fig. 2, Ledue, 1961). The rate of noradrenaline excretion increases
about five times upon cold exposure and remains at a high level during and-
after the acclimation pe;;od. Adrenaline levels, on the ather hand, increase
during ‘the first week of cold'ekposure and decline shorFly thereafter,
returning to the control values by the time full acclimation to cold is
achievéd. Shum, Johnson énd Flattery (1969) found increased excretion of
tﬂe major metabolites of noradrenaline, normetanephrine and 3-methoxy-4- ¢
hydroxy-phenylgiycol (MHPG), during cold acclimaﬁion. Adrenalinelmetabolites
metanephrine and 3-methoxy-4-hydroxymandelic acid (MHMA) also increase."
This implies an increased rate of synthesis of adrenaline in the adrenélﬁb/
medulla and of noradrenaline in the sympathetic nerve endings. In the case
of noradrenaline, this increased synthesis remains at a high level even after

acclimation to cold (see review by Himms-Hagen, 1975).

12
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CATECHOLAMINES IN URINE

o

Figure 2. Urinary Excretion of Adrenaline and Noradrenaline During
Colld-Acclimation - \

The graph shows the urinary excretion of adrenaline (®) and noradrenaline
(0} in rats weighing 170-180 g at 3% (solid line) and 22% (dashed line). .

Each point represents the mean of 6 individual rats.

(From Leduc, 1961)
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(b) The Mimicking Effects of Catecholamines

Hsieh and Carlson (1957) de@pnstrated that noradrenaline administered
by intramuscular injection produces a much greater calorigenic response in
cold-acclimated rats compared to warm-acclimated rats. Fig. 3 (Himms-Hagen,

1970) illustrates the difference in oxygen consumption rates between a warm-

\-\

acclimated rat and a cold:éﬁclimated rat during the intravenous infusion of
noradrenaline, Typically, a-cold-acclimated rat shows a four-fold enhance-
ment of oxygen ﬁptake compared to controls, %ig. 3 also shows that before
infusion, the warm-acclimated and cold-acclimaped rats have similar basal
metabolic rates, that is, nonshivering thermogenesis is switched off in'the
cold-acclimated rat in the warm environment in which the experiment ‘is per-
formed. However, infusion of noradrenaline produces a rapid increase in
oxygen uptake corresponding to the switching-on of nonéhivering thermogenesis.
At the end of the infusion period the metabolic rate declines to the basal
level as NST is switched off again.

Although Hsieh and Carlson (1957) found a much smaller effect of

adrenaline on oxygen uptake in the cold-acclimated rat compared te noradrena-

line, Himms-Hagen (1969) showed that by infusing adrenaline intravenously

=
>
=
A
3

rather than administeﬂ%ng it by intramuscular injection, an enhancement of
metabolic rate equal to that induced by noradrenaline can be achieved (Fig. 4).

The development of the enhanced response to catecholamines in the cold-
acclimated rat is closely associated with the replacement of shivering
thermogenesis with nonshivering tQprmogenesis (Fig. 5, Depocas, 1960).
Comparing Fig. 1 with Fig. 5, it is cleag;that the time course éf.the decline
of shivering and the increase in the enhﬁﬁced response to noradrenaline is

the same. Further evidence that noradrenaline-induced thermogenesis is

related to nonshivering thermogenesis is the observation that curarized
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Figure 3. Enhancement of Calorigenic Response to Noradfenaline‘by Cold-
Acclimation

Oxygen uptake of a warm- and a cold-acclimated rat during infusion of

noradrenaline is shown. Noradrenaline was infused intravenously (0.5 pg/

100 cm2 per min) from 0 to 30 min. Rats were lightly anesthetized with

sodium pentobarbital. Warm-acclimated rat weighed 478 g, and cold-acclimated
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rat weighed 373 g; they had lived at room temperature (25~28°C) and in the
cold (4°C), respectively, for 13 weeks, and their weights at the start of
the a;climation pericd were 202 g and 192lg respectively. Values of 80.6
and 22.0 on the graph are obtained from the area under the curve during the
30 min of infusion of noradrenaline, and they represent total increase in
oxygen uptake in ml 02/100 cm2/30 min. Increases shown are typical of rats
kept under these conditions.

(From Himms-Hagen, 1970)
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Figure 4. Enhancement of the Calerigenic Response to Adrenaline by
Cold-Acclimation

Oxygen uptake of a warm- and a cold-aﬁclimated rat during infusion of
adrengliﬁé is shown. Adrenaline was infused intravenously (0.5 ug/100 cm2
per min) from 0 to 30 min. Rats were lightly anéﬁthetized with sodium
pghtobarﬁital.\ Warm-acclimated rat weighed 415 g; cold-acclimated rat
weighed 331 g; they had lived at room temperature (25-2800) and 4% respec-

tively for 9 weeks.

(Frqm Himms-Hagen, 1969)
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Figure 5. Development of Enhanced Calorigenic Response to Noradrenaline During
Acclimation to Cold

Metabolic response to noradrenaline, intravenously infused at level of
1 ug free base pér minute per rat in rats previously maintained at 30°C (o)
and 6°C (o) is shown. Metabolic response is given in square centimeters
and corresponds to the area under the curve of oxygen consumption vs. time
during noradrenaline infusion (100 min) minus the area corresponding to™
initial oxygen consumption in same period of time. The average increase in
ml 02 consumed per min for each rat during infusion of noradrenaline can be
obtained by dividing metabolic response units by 20.

(From Depocas, 1960)
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cold-acclimated rats still show the enhance& re5pon§e to norgdrenaline even
_though muscle movements cannot take place (Cottle and Carlson, 1956)

If a cold-acclimated rat is removed from the cold and placed in a warm'
enviropment it will undgrgo a gradual deacclimation to cold, characterized
by the loss of the ability to produce heat by nonshivering thermogenesis.
This is accompanied by the gradual disappearance of thé enhanced metabolic
response to noradrenaline (Bartunkova, Jansky & Mejsnar, 1971).

That noradrenaline is involved directly in the development of adaptation
to cold is indicated by experiments of LeBlaﬁc and Pouliot (1964). Rats
given prolonged treatment with n;radrenaline developed an adaptive state
similar to that of cold-acclimation in that they showed increased cold
resistance and an enhanced calorigenic response to noradrenaline. .

The enhanced metabolic response to noradrenaline thus mimics closely
the adaptive state of the animal with respect to its degree of cold-acclima-
tion as well as mimicking the facultative process of switcﬁing on and off

-

of NST. For this reason measurement of the calorigenic action of noradrenaline

1s very useful experimentally as an indicator of nonshivering thermogenesis.

" (c) Inhibition of the Sympathetic Nervous System

A variety of surgical, immunological and pharmacological techniques
have been used in attempts to inhibit the functioning of the sympathetic
nervous system in order to assess its role in the development and regulation
of nonshivering thermogenesis in the cold-acclimated animal. -These inclpde
adrenodemedullation or adrenalectomy, immunosymﬁéthectomy, the yse of drugs
such as reserpine, ganglionic blocking agents (eg. hexamethonium, chlorison-

’

damine), adrenergic blocking agents (eg. guanethidine), and inhibitors of -

catecholamine synthesis, The effects of these agents in relation to cold-



acclimation have been reviewed recently by Himms-Hagen (1975) and so will
not be described to any extent here.

Although the use of these techniques support the direct role of the
sympathetic nerﬁous system‘gn nonshivering thermogenesis, problems of inter-
pretation arise because it is often impossible to inhibit completely all parts
of the sympathetic nervous system. The fat is sufficiently adaptable so
that it can make use of regulatory mechanisms qther than those directly
inhibited by the particular technique employed. The relative roles of the
two divisions of the sympathetic nervous system (the adrenal medulla and the
sympathetic nerve endings) in cold-acclimation are still not clear {Himms -
Hagen, 1975).

4. Sites of Nonshivering Thermogenesis

The identity of the tissue or organ which contributes most to the
increased heat production in nonshivering thermogenesis has long been con-

troversial. Early workers observed increases in the temperature of the liver

and other internal organs upon exposure of animals to cold, but such experi-

3

4

ments yield little useful information of a quantitative nature since they

-

VANV i

do not take into account the blood flow to the particular organ. The best ' -
method of estimating the thermogenesis of an organ is to measure the blood
flow through the organ and the removal of oxygen.from she blood (Jansky, 1973).
However, the complicated vascularization of some tissues and the minute diaﬁeter
of blood vessels in small animals such as the rat make such procedures tech-
nically difficult, and often indirect methods must be used.
Depocas (1958, 1960) was able to functionally eviscerate rats by
restricting blood flow through the liver, intestines, stbmach, spleen and

.

pancreas. He demonstrated that cold-acclimated, functionally eviscerated rats



still showed an enh;nced metabolic response either to cold edlposure or

infused noradrenaline, thus proving that the liver and other viscera are

not important for nonshivering thermogenesis. The major sites of NST must
4

thus be extravisceral, the skeletal muscle being a good éandidate_because.

of its‘large mass. {:.

Jansky and Hart (1963) looked directly at the oxygen uptake of the
hind-limb muscles of curarized, cold-acclimated rats by measuring arterio- ‘
venous oxygen contents and blood flow values, and found that either cold
'exposufe or noradrenaline administration doubled the rate of-oxygen consump-
tion comﬁared to controls. Although this experiment affirms the importance
of skeletal muscle aé a site of nonshivering thermogenesis, it gives no
indication of the relative‘contfibution of the whole muscle mass to the
total heat produced in NST. To solve this problem, Jansky (1961, 1963) - ‘\5
proposed aﬁ indirect method based on the assumptiog that total cytochrome

) |

oxidase activity is an indicator of the maximum metabolic capacity of either

the whole animal or of various organs measured individually. Using such
mgthods; it was.estimated that 50—70%‘of NST originates in the skeletal
muscles (Jansky, 1963, 1966) . Jansky and Hart (1968) measured total muscle
blood flow in éold-acclimated rats exposed to cold and calgulated that if all

the oxygen flowing to the mﬁscles were consumed the muscles would contribufe
no more than 50% to NST. It must be kept in mind that these indirect methods
do not indicate the true amount of oxygen consuymed by the muscle mass and.so
the contribution of muscle to NST estimated by Jansky may be incorrect.
However, experiments of this type emphasize that muscle is an important site

of NST, and similar experiments are useful in. ruling out other tissues as

sites of NST.
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The brown adipose tis#ue has loné been regarded as an important site of
ndnshiveri;g thefmogenesis becau;e it-is particularily well adapted for" the
production of heat. It has a rich sympathetic innervation and blood supply,
and is packed with mitochondria and multilocular lipid droplets. The mito-
chondria have a high respiratory capacity as indicated by their abundance of
tightly packed, regularily arranged cristae. Under sympathetic stimulation
the 1ipid droplets supply large quantities of free fatty acids used as fuel
by the mitochondria to'support the resulting large increase in respiration
Jrate (see review by Smith § Horwitz, 1969). In spite‘of these features,
several lines of evidence argue égainst a role for the brown ad%gose tissue
as a mdjor locus of nonshivering tﬁermogenesis in the cold-acclimated rat.
Removal of the interscapular brown adipose tissue, which comprises about

one-third of the total, causes little immediate decrease in the enhanced

calorigenic response to noradrenaline (Himms-Hagen, 1969). The extra oxygen ‘

.
~

must thus be consumed by other tissues. Calculations based on blood flow
suggest a maximum possible contribution by brown adipose tissue of 6-8% of
the total oxygen consumption (Jansky § Hart, 1968; Imai, Horwitz § Smith,
1968). However, in the newborn rabbit, where the brown adipose tissue com-
prises a greater percentage of the total body ﬁéight compared to the raf
(5% versus less than 1%}, up to 80% of the total heat produced during nora-
drenaline infusion can be attribufed to the brown adipose tissue (Hull §
Segall, 1965).
| Even though it appears that the brown adipose tissue does not contribute
significantly to NST ip the cpld—acclimated rat, it may have another important
function that will be discussed in the next section. |

Table 1 summarizes the relative contributions of the various organs to

nonshivering thermogenesis.
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/’\\5. Special Role of Brown Adipose Tissue in Nonshivering Thermogenesis

Althqhgh thé coﬁtribution_of brown-adibose tlssue to-overall heat pro-
-duction in non;hiveriﬁg thermogéhesis'does not appear to be great, it may Qe
important in the sJ re§sion_df suﬁvering and in the promotion and maintenance
of Néf (Smith § Ho ifz,'1969; Himms-Hagen 1969, 1970, 1972a)

Ev;ﬁ;though browh adipose ;issug‘comp;ises'only about 1% of the total
bodyﬁg;ight of the rat, i£ is strategically located around.major blood
vessels and nerve tract$s in the thoracic and cerv1ca1 reglons, deposits also
extend along the spinal cord to the renal area. Brown fat thus functions as
a 1ocalized‘"interna1 heating jacket" fhat protects impo¥tant blood vessels
and nerves from cold stress (Smith and Hérwitz. 1969) The interscapular
brown adipose tissue (IBAT), which makes up one-third of the to;al brown fat,
is located near splnal cord thermoreceptors that are responsible for the

control of shivering (Bruck iwﬁnnenberg, 1966). Thus, Smithvand Horwit:z ‘
ou -

(1969) pointed out that ven drainage-of the IBAT via Sulzer's vein would o
. v

result in the transfer of heat to these thermoreceptors thefeby inhibiting

shivering. Ind%ed, hyperplasia gnd increased vascularization of the IBAT

during cold-acclimation is accompanied by a decrease in shivering eoncomitant

to the increase’ in nonshivering heat production.

In addition to this thermogenic role of brown adipose X@ssue, Himms-
Hagen (1969) has pr0posed_an endocrine function for this tissue. More speci-
fically, she postulated that brown fat secretes a factor responsible for the
development and maintenance_of NST in other tissues, principally skeletal »
muséle. This hypothesis was based on the observation that removal of the

IBAT from cold-acclimated rats resulted in little impediate reduction in tﬁé

enhanced calorigenic response to noradrenaline, but fpuf days after the

I'4
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operation the increased response was reduced by 40% compared to sh;meoperated
controls (Fig. 6, Himms-Hagen, 1970). Similar reductions have been observed
by several other workers (Leduc § Rivest, 1969; Hayward § Davies, 1972;

Laury & Portet, 1974), altﬁough Flattery & Sellers (1972) and Foster (1974)
did not find any differencerbetween coﬁkrols and rats lacking the IBAT. The
reduction observéd by Himms-Hagen and others could not be accouﬁted for By

the'abseﬂce of potential oxygen consumption by'the IBAT because of the small

"
(IS

size of the tissue removed and the lack of reduction in oxygen consumpfioh“
shortly after the operation. Replacement of pieces of the removed IBAf back
into the peritoneal cavity considerably reduced the loss of the calorigenic R
Tesponse to noradrenaline ¢(Fig. 6). Presumably, this'is because the postulated
factor is still able to enter the bloodstream. However, injections of homo-
genates or other preparations of IBAT are ineffective and so far no success
has been achieved in the isolation and identification of the proposed factor,

A different approach to the study of the rolé of brown adipose tissue ' ‘
in NST was introduced by Himms-Hagen (1971). Because the growth of brown 1
adipose tissué during cold—acclimatibn‘is accompanied by a rapid prolifera-
tion of mitochondria,’the inhibitor of mitochondrial protein synthesis
oxytetracycline was injected into}rats acclimating to cold in an attempt to
prevent mitochondrial éhanges from taking place. Treatment of rats living
at 4°C for 2 weeks did not prevent growth of the whole tissue but it
effectively prevented mitochondg;él proliferation as measured by cytochrome
oxidase activity. Most significantly, the cold-induced increase in the
enhanced calorigenic response to noradrenaline was also inhibited (Fig. 7,

- \ .

Himms-Hagen 1971). This suggests that mitochondrial protein synthesis in

brown adipose tissue plays a role in the promotion of the development by



Increase in O, uptake during noradrenaline infusion
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Figure-ﬁ. Effect.of Removal and Replacement of Interscapular Brown Adipose
Tissue of Warm-Acclimated and Cold-Acclimated Rats on the
Calorigenic Response to Noradrenaline

Values shown represent the total increase in oxygen uptake'during a -

»

30-min infusion of noradrenaline. Each bar is the mean of 4 experiments

* S.E.M. Cold-acclimated rats are represented by bars with black upper

Ty

- ‘\' \\-
portions and warm-acclimated controls are-represented by open bars to the

left. The blackened poftion of a bar is the difference between the response
of cold-acclimated rats and the re;ponse'of the correspanding control warm-
acclimated rats; it is a measure of acclimation to cold. Cold-acclimated
rats had lived in the cold for 10-13 weeks; warm-acclimated rats had lived ,
at room temperature during this same period. Rats were removed from cold
or warm rooms on day 0, anesthetized withjether, and operated on as follows:
(a) sham-ope;a;ed (Sham on graph); (b} interscapﬁlar brown adipose tissue
removed (-IBAT); and (c)} interscapular brown adipose tissue femoved, cleaﬂed
énd weighed, cut into 4 or 5 portions, and replaced in the peritoneal cavity

(-+IBAT); a similar laparotomy was performed also on rats in groups (a) and

(b). Rats remained at.room temperatu?%}until infusion of noradrenaline.

{
(From Himms-Hagen, 1970) '

s
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Figure 7. Effect of Oxytetracycline Administration During Acclimation to
Cold on the Enhanced Calorigenic Response to Noradrenaline

The black portion of the bars represents the enhancement of the calori-
genic response to noradrenaline due to the 2 weeks of cold-acclimation.
Oxytetracycline (Terramycin, Pfizer, 250 mg in 3 ml) was administered intra-
muscularly, twice daily, for 2 weeks; the total dose was 200 mg/kg per day
(T). Control rats received i.m. injections of saline (S).

{From Himms-Hagen, 1971)
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other tissues’of the capacity to respond calorigenically to noradrenaline.

This point will be discussed further iﬁ Part.B of the review.

Figure 8 (Himms-Hagen, 1972a), summarizes the events taking place during
cold-acclimation., Cold expoéure activates the sympathetic nervous system
which brings into pldy mechanisms designed to reduce heat loss (peripheral
vasoconstriction, piloerection). Increased heat production is brought about
at fi;st by shiveripg thermogenesis;, regulated by the central nervous
system. During acclimation, shivering declines and heat is produced by
nonshivering thermogenesis controlled by the sympathetic nervous system.

The major site of nonshivering thermogenesis is the skelétal muscles.  Brown
adipose tissue is important in the Qupression of shivering by the warming

of spinal thermoreceptors and in the promotion of nonshivering thermogenesis,
possibly by the secretion of a factor that influences other tissues to
respond calorigenically to,noradrenaline. Throughout; the sympathetic

w

nervous system in response to cold mobilizes the substrates necessary to

maintain the high metabolic rate required to support both shivering and

i

nonshivering thermogenesis.

PART B: BIOCHEMICAL MECHANISMS OF HEAT PRODUCTION

The purpose of this section is to review the biochemical aspects of
intracellular heat production. This will be done by first considering cel-
lular thermogenesis in general and then looking in more detail at current

+

concepts of the biochemical mechanisms of nonshivering thermogenesis.

1. Theories of Cellular Thermogenesis
Heat is produced in the cell as a by-product'of the oxidation of the

carbohydrates, lipids and proteins derived from ingested foodstuffs, and
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Figure 8. Summary of Events Taking Place During Cold-Acclimation
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(From Himms-Hagen, 1972a)
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epdotherms have evolved a number of control mechanisms designeg to regulate
heat-producing metabolic reactions. Using thermodynamic arguments, Prusiner
and Poe (1968, 1970) showed that the major site of heat production in the
cell is the mitochondrion and that the major heat producing process consists
of electron transport and oxidative phosphorylation. If one considers the
total gree energy change during the complete combustion of glucose, fatty
acids and amino acids to carbon dioxide and water, virtually all of the

free eneréy results from the oxidation of the reduced pyridine nucleotides
ultimately derived from these preéursors. Since oxidative phosphorylation

is only about 25% efficient (Prusiner § Poe, 1968), then 75% of ‘this iarge
free energy'change is dissipated as heat. It follows that any process
leading to an increased rate of respiration will be a thermogenic process,
and theories of céllular thermogenesis usually involve mechanisms by which
Tespiration rate is increased. Recent studies by Wilson and coworkers

(eg. Wilson et al., 1974} have dgmonstrated that the reactioris of the electron

transport chain are in near equilibrium with the phosphorylation of ADP,

This means that the free energy change associated with oxiaative phosphory-
lation is zero and the efficiency of the process approaches 100% in tightly
coupled mitochondria rather than 25% as estimated earlier by Prusiner and Poe.
The rate of heat prbduction would sfill be dependent on mitochondrial res-
piration rate, but the reactions responsible for heat production would
include various other reactions in the cell rather than just those of electron
transport and oxidative phosphorylation,
Eontrol of cellular thermogenic processes. can be accommodated by two

major theories. The first theory requires that the mitochondrion be fully

coupled in the classical sense, in other words, respirétion rate is
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dependent on the level of phosphate acceptor (ADP) in the cell. More

~

recently, the concept of the phosphorylation state ratio, {ATP}/{ADP}{Pi}

as the regulator of respiration rate has been introduced (Wilsoﬁ et al.,
1973; Owen § Wilson, 1974). Any process that decreases the phosphorylation
state ratlo, that is, by utilizing ATP and 1ncrea51ng the intracellular con-
centration of ADP and Pi, will increase respiration rate and thus heat
production. The assumption is made that the substrate and oxygen supply is
not rate-liﬁiting. Synthetic pathways that utilize large amounts of ATP
have often been implicated in heat production, especially if coupled with
the corresponding catabolic pathway in order to provide a'futile cycle or
net ATPase. An example of this is the synthesis of triglycerides from -
fatty acids and glycerol followed by the breakdown of the triglyceride back
to fatty acids and glycerol (eg. see Himms-Hagen, 1965; Prusiner § Poe,
1970) . Specific ATPases have also been shown to be involved in thermogenesis, ‘

the best example being the myosin ATPase of muscle cdhtraction that gives

" rise to the increased respiration rates seen in shivering and exercise.

The Na'K'-ATPase of the plasma membrane, which pumps Na' out and K© into
the cell and which maintains the transmembrane potential difference, is
another example. Severgl workers consider the Na'K'-ATPase to be the pace-
maker of cellular respiration and responsible for heat production seen during
basal metabolism, hyperthyroidism and cold-acclimation (Whittam, 1961;
Ismail-Beigi & Edelman, 1970; Edelman, 1974; Stevens, 1973; Stevens & Kido,
1974; Horwitz & Smith, 1972). Other ion-pumping ATPases, such as the
Ca2+—ATPases of the sarcoplasmic reticulum and plasma membrane, conceivably
could be involved iq thermogenesis also.

The second major theory of cellular thermogenesis is basically different

from the first in that the mitochondria undergo loss of respiratory control

)
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and become either uncoupled or loosely coupled. The rate of respiration.is
then no ionger sensitive to the phosphorylation state ratio but is regulated
by substrate availability and by the pregence of specific uncoupling or
;qose poupling agents. Uncoupled mitochondria respire at max;mal rates

and do not phosﬁhorylate ADP; the action of 2, 4-dinitrophenol (DNP) pro-
duces this effect in vitro. Loosely coupled mitochondria also show loss of
respiratory control with ADP but are still capable of carrying out oxidative
phosphorylation. Uncoupling effects have at various times in the past

been used to explain hyperthyroidism tHoch, 1962) and nonshivering thermo-
genesis in liver (Hannon, 1959) and brown adipose tissue (Prusiner § Poe;
1968, 1970). These hypotheses now appear to be incorrgct as will be
discussed later. There is quite good evidence, however, for.a mechanism (:::
of NST in brown adipose tissue involving loosely coupled mitochondria
(see review by Flatmark § Pedersen, 1975).

A special case of loose coupling is referred to by Prusiner and Poe

{1968) as '"oligomycin-insensitive .respiration, (but sensitive to uncouplers) ."
Oligomycin inhibits coupled respiration by blocking oxidative phosbhorylation
at the step where ADP is phosphorylated. .Uncbuplers such as DNP can release
the inhibitory effects of oligomycin on respiration but not on ATP synthesis.
The energy-linked accumulation of Ca2+ and K by mitochﬁndria are two

ﬁrocessés that are insensitive to oligomycin but sensitive to DNP, and

whiéh represent alternate pathways of utilizing the high energy state generated
by electron transport (Lehninger, Carafoli & Rossi, 1967). This would be
equiyalent to the loosening of coupiing of respiration from oxidative phos-
phorylation. Transport of Ca2+ by mitochondria is a well-established

phenomenon and its characteristics and possible role in thermogenesis will
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be described in detail in Part C. Uptake of k¥ by mitochondria in vitro requires

the presence of an ionophorous antibiotic such as valinomycin, although free ¢

' . ' + . . .
fatty acids have been suggested as natural X ionophores in brown adipose

tissue mitochondria and a fatty acid-induced energy dissipating cyclic '

flux has been proposed as a thermogenic mechanism in that tissue (Reed §
Fain, 1968).

In summary, heat is produced in the mitochondrion as a result of respira-
tion. The rate of heat production is dependenf on the overall respiration
rate which is regulated either by substrate availability, the phosphorylation
state ratio, the presence of agents causing loose coupling, and/or the availa-
bility of ions such as Ca®' for energy-linked uptake.

2. Some Examples of Thermogenic Processes

In a recent review, Himms-Hagen (1976) has discussed the mechanisms of
heat production in a variety of physiologicél and pathological conditions.

For this reason, the examples to be given in this section will not be dealt

with in any great detail but serve only to illustrate the theories described
in the previous section.

(a) Basal Metabolic Rate

The basal level of thermogenesis is no doubt due to ATP and substrate
utilization by a variety of synthetic, mechanical and osmotic processes required
to keep the bedy alive. Régulation is thus largely achieved via the phos-
phorylation state ratio. The Na'K*-ATPase has been proposed as a pace-
maker of respiration and a large part of the basal metabolic rate has been
attributed to it (Whittam, 1961). The activity of this enzyme has been
shown to be correlated with the thyroid status of rats (see review by Edelman,
1974), and thyroid hormones are known to regulate the basal metabolic
rate. Evidence for the Edelman hypothesis is based largely on experiments

in which ouabain or lack of Na+ is used to inhibit the Na+K+-ATPase
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and the resulting decreas;‘in respiration rate is considered to be.a meagure
of that portion of the metabolic rate due to the functioning of this enzyﬁe.
However, Himms-Hagen (1976) has criticized the use of ouabain in obfaining
such measurements because it causes changes in ioﬁ composition, particularily
K" depletion and an altered Ca2+ distributien, which could afféet cellular
‘respiration in itself. Thus the quantitative importance of the Na'K' -ATPase

in regulating the basal metabolic rate 1is not clear,

rs

(b) Hyperthyroidism el

This condition is characterized bf an elevated basal metabolic rate.
Earlier studies showed that liver and skeletal muscle mitochondria undergo
increases in size and respiratory capacity as a result of thyroid hormone
treatment (Tata, 1964; Gustafsson EE.EE:’ 1965). More recent studies,
however, have indicated that the changes in skeletal muscle mitochondria
také place only after prolonged thyroid hormone treatment (Winder et al.,
1975), and so are probably associated with thyrotoxicosis and not mild
hyperthyroidism,

An early explanation for the increased heat production seen in hyper-
thyroidism was that thyroid hormones caused uncoupling of mitochondria
{see review by Hoch, 1962). Indeed, liver mitochondria isolated from thyroid
hormone-treated animals showed increased state 4 respiration rates and
reduced P/0 ratios. This theory fell into disfavor whefi tightly-coupled
mitochondria from liver and skeletal muscle were isolatéd from hyperthyroid
animals by a number of workers. Currently, an increased activity of Na'K’ -
ATPase is thought to be largely responsible for the elevated basal metabolic
rate seen in hyperthyroidism. Ouabain or lack of Na® largely inhibits the
increased oxygen uptake of liver, kidney and muscle slices from hyperthyroid

/
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rats (Ismail-Beigi & Edelman, 1970, 1971). The activity of the Na'K'-
ATPase in liver, kidﬁ@} and muscle is also higher in hfperthy;oid animals
(Ismgal—Beigi § -Edelman, 1971; Asaqo, Liberman § Edelman, 1976). Present
evidence favors a stimulation of the Na'K'-ATPase due to the sYnthesishof
more Na© pump sites or to the unmasking of pump sites already present. This
comes about through the action‘of a protein induced by thyroid hormone at

the transcriptional level (Edelman, 1974).

(c) Muscle Activity

Muscle activity, both shivering and exercise, results in heat producticn
through changes in the phosphorylation state ratio, since muscle contrag-
tion involves the use of 1érge amounts of ATP by the myosin ATPase. Ion
pumping by the Na'K'ATPase during repolarization and by the sarcoplasmic
reticulum C32+:ATPase during relaxatioﬁ would also contribute. As mito-
chondrial Caz+-accumu1ation has been implicated in relaxation of heart and

red skeletal muscle (Lehninger, 1974a), this energy-dissipating process might

contribute further to the total heat produced.

\(d) Malignant Hyperthermia

This is an iﬁteresting pat?ological conéhgion in which susceptiﬁle
individuals are semsitive to certain inhaled anesthetics such as halothane,
responding with extreme muscle rigidity and hypertherﬁia {see Gordon, Britt
& Kalow, 1973). Apparently, the sarcoplasmic reticulum CaZ+-uptake mechanism
in these patients becomes inhibited by halothane and so Ca%+ accumulates in
the cytosol. This accounts for the failure of the muscle to relax. The
mitochondria respond to elevated cytosolic Ca2+ levels by accumulating the

Ca2+ - this in itself would produce heat - until eventually such excessive

amounts are taken up that the mitochondria become damaged and uncoupled.

)
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Respiratory rates would then occur at very high levels.

(e) Luft Hypermetabolic .Syndrome

This is a very rare condition characterized by an elevated basal meta-
bolic rate of non-thyroid origin (Luft et al., 1962). The muscle mitochondria
are present in increased number and many are morphologically bizarre.
Respiration rate; are very high and there is nolrespiratory control with
ADP. The P/O ratios are normal or slightly lowered suggesting that the
mitochoﬁaria are loosely coupled. Chlorampheﬁicol, known to inhibit mito-
chondrial protein sysnthesis, has been used to reduce the elevated basal .
metabolic rate by inhibiting the rapid proliferation of mitochondria in this

disease (Abu Haydar et al., 1971; A%}fi et al., 1972).

3. Nonshivering Thermogenesis - Biochemical Mechanisms

In Part A the characteristics and significance of nonshivering thermo-

. R

genesis were described, largely from a physiclogical point of view: Even
though the existence of NST and the involvement of the sympathetic nervous

system in the process has been established for quite a while, an exact des-

cription of events at the molecular level has proved elusive. Research into
the biochemical mechanism of NST should yield interesting information about

cellular thermogenic processés, in particular about their regulatien by the

2
:
)
¢

neuroendocrine system.

(a) Nonshivering Thermogenesis in Brown Adipose Tissue

Much attention has been focussed on BAT becausg/Lf its special heat-
proddcing function, and now detailed bio;hemical mech;nisms of nonshivering
thermogenesis have been proposed for this tissue,

BAT mitochondria play a central role in heat production in BAT because

they have unique properties geared especially to thermogenesis (Flatmark



-

. . ., -

& Pedersen, 1975). Compared to other mitochondria, &NT1Eitoch6ndria have a
greater respiratory capacity ;eflectéﬁ in hiéher levels of cytochromes and
;espifatd:y enzymes. In thermogenic states, such as_cold-acclimation, the
mitéchondrial mass increases as does thearespiratory capacity. Noradrenaline-
induced lipolysis produces large amounts of fatty acids and glycerol that
are the principﬂuel for supporting the high rrespiration rate in the
‘mitochondria. The/mitochondria are particularily suited-for this as they
show a high capacity for tﬁe oxidation of free fatty acids and g-glycero-
bt phosphate. Free fatty acids (or their CoA esters) are fhought to have
another important function, namely in the rever§ible loosening of coupling
6f electron transport from gxidativelphosphorylation.
When isolated by conventional techniques, BAT mitochondria are uncoupled
regardless’ of whether or not the tissue is in a thermogenic state. This is -
due to the relatively"large amount of free fatty acids that become bound to ‘
the mitochondria during isolation. By careful manipulation of incubation -

conditions it is possible to recouple the mitochondria to varying degrees.

Eithey bovine serum albumin (eg..Grav,_Pedersen & Chfistianéen, 1970), or

_ .«
cantly, the degree of recdupling achieved by these treatments is related

to the thermogenic state of the animal., For example, BAT mitochondria from

newborn or .cold-exposed guinea-pigé show reduced P/0 ratios compared with

warm-adapted or warm-readapted guinea-pigs (Christiansen, Pedersen § Grav,
R bt e

1969). Tight coupling in the mitochondria from thermogenic BAT can be

achieved by adding a nucleoside di- or triphosphate (eg. ADP, ATP, GDP, GTP),
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and a regulatory role- for these Eompounds has been suggested (Skaane et al.,

1972). Pdss;bly they act b&.inéﬁcing a membrane conformational change thereby’
negating the uncoupling effect of the fatty acid. The main point is that
thermogenic BAT;Eitochondria undergé én adaptive change so that the ;oupling'
state'becgﬁes sensitive to-the presence of ;urine_qycleotidés.

Thélfundamental“éifférence seen in BAT mitochondria js an unusual

sensitivity to fatty acids resulting in a leakage of the so-called primarily

’

‘conserved energy (Flafmark § Pedersen, 1975), which:is the high energy state

generated by electron transport used to drive oxidative phosphorylation and
cation transport and to geneyate the.transmembrane electrochemical potential

gradient. -BAT mitochondria_are considered to be loosely coupled rather

.

than uncoupled because even though there is no respiratory control in the
. . ‘ v

absence of albumin, oxidative phosphorylation can still be detected

2+

(Grav et al., 1970), as can the accumulation of Ca {(Hittleman, Fairhurst

% Smith, 1967).-

In summary, nonshivering thermogenesis in BAT is mediated by %oradfe—
naline throﬁgh activétion oflxhe pla;ma ngbrané adenylate cyclase to ¢
produce cyclic AMP, which results .in the enhanceﬁent of lipolysis of the
triglyceride sto£;s to produce free fa;ty acids. The free fatty acids
serve a dual role, first as substrates for the enhanced mitochondrial res-
pifation, and secondly in the loosening of coupling such that ;he rate of

respiration becomes independent of the phosphorylation state ratio and
therefore occurs at a high rate. When the noradrenaline stimulus is
removed,. cyclic AMP levels decline and lipolysis is slowed., Fatty acids

are then removed and recoupling occurs under the influence of purine

nucleotides.

~3




[N

An alternate theory of nonshiﬁering thermogenesis in BAT analogous to

the Edelman. hypothesis for hyperthyroidism has been proposed by Horwitz,
.namely that increased éperation of the Na'K -ATPase is reqpbnsible for a -
large‘parf of the noradrenal&ne-induced increase in oxygen consumption seen .
in BAT during cold stress. Either electrical stimulation of the nerves leaaing
to BAT or admiﬂistration of noradrenaline depoiarizes the plasma membrane
(Horwitz, Horowitz § Smith, 1969; Girardier, Seydoux & Clausen, 1968),
resulting from an increased permeability of the membrane tb Na' (Horowitz,
Horwiti.& Smith, 1971; Girardier & Seydoux, 1971)., This ionic imbalance
results in a stimulation of the Na+K+-ATPase. Noéadrenaline has also been
shown to haye a direct stimulatory gffeét‘on the Na+K+-ATPa§e (Herd, Horwitz
§ Smith, 1570),‘ Ouabain or lack of Na+ reduces the calorigenic effect‘of
: nofadrenalihe on isolated hamster brown fat cells by 60% (Horwitz, 1973). i

The increased utilization of ATP by the Na'k*-ATPase is thus thought to

increase mitochondrial respiration via a change in the phosphorylation state

ratio. The free fatty acids resulting from noradrenalineQinduggd lipolysis ‘

would serve only as respiratory substrates {ﬁ_;he Horwitz proposal, not as
uncoupling agents.. This theofy is therefore iﬁcbmpatibie with thg loose
coupling hypothesis described préviously because it requires the mitochondria’
to be in the coupled state. Himms-Hagen (1976) sugge;ted ﬁne way of incor-
porating tﬁe observations of both theories. Possibly loose coupling does
indeed occur and respiration rate bgFomes dependent on substrate supply.

This would require increaséd activity of glycolysis and the tricarboxylic
aé&d cycle. An increased formation of ADP by the Na' K -ATPase would be
requifed to prévide the ADP necessary for substrate level phosphorylation
Teactions in these‘payﬁways.

-
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(b) Nonshivering Thermogenesis in Skeletal Muscle

Relatively little is known about nonshivering thérmogenesis in muscle
at the biochemical level. In searching for adaptive changes that might take
glace in muscle in association with cold-acclimati;;,‘gé is useful to con-
sider three different sites where the changes might manifest themselves
(Himms-Hagen, 1976): -1. the noradrenaline receptor system (presumed to
involve adenylate cyélase), 2, the link between the receptor system and the
final metabolic respggfe (presumed to involve cyclic AMP) and 3. the final

metabolic response itself (presumed to occur in the mitochondria).

No change is found in the adenylate cyclase system of muscle ({basal

" activity, catecholamine-stimulated activity, or fluoride-stimulated activity)

of cold-acclimated rats, although increases in catecholamine and fluoride-
stimulated activity are seen during the first week of cold exposure (Muirhead
§ Himms-Hagen, 1974). This transient increase is thought to be associated

with shivering because it disappears by the time the rat is fully acclimated

-

‘" to cold.- Cold-acclimated rats also excrete more cyclic AMP in their urine

but no more than warm-acclimated rats exposed to cold for the first time

and using shivering thermogenesis {Muirhead, Inglis § Himms-Hagen, 1974}.

It appears then that no change takes place in the receptor systém for nora-

drenaline as a result of cold-acclimation.

The nature of the link between the receptor system and the mitochondrion
is not known, but it is logical to assume that it involves cyclic AMP as
well as a protein kinase that could influence the mitochondria in some man-
ngrieiphe;‘directly or indirectly. Noradrenaline is also known té influence
ion movements in muscle and it is conceivable that changes in the ionic

environment could play a role in noradrenaline-induced thermogenesis. At

39
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preéent this is a largely unexplored area, but it may yield interesting

results in future research, ’

Il

" The logical place to look for adaptive changes in the cold-acclimated
rat is in the muscle mitochondria;‘Since the mitochondrion is the site of
oxygen consumption and alterations are known to take place in muscle mito-

- . . bl B

chondria-but they are of a quite different nature than those found in brown

adipose tissue. Muscle mitochondria become smaller in size and more numerous,

B
’

with the total mitochondrial mass as measured by cytochrome oxidase activity
remaining unchanged (Fig. 9, Himms-Hagen éE_gl:, 1975; Behrens § Himms-Hagen,
1976). In BAT'éhe mitochondria also increase in number but they-increase

in size and become:more gsnsely packed with cristae, the net result being
aﬁ increase in the oxidative.capacity of the tissue. That the changes seen
in the muscle mitochond?ia are truly the result of an adaptive change related

i

to cold-acclimation is indicated by experiments in which oxytetracycline was
administered to rats expoged to cold. Asimentioned previoq;ly, oxytetracycline
is an inhibitor of mitochondrial protein synthesis.and caﬁ be used to pre-
vent the dévelopment of the enhanced calorigenic response fo noradrenaline
(see Part A, Section 5) and the'accompdnying changes in the brown adipose
‘tissué. Figure 10 (Himms-Hagen et al., 1975) shows that the increase in
number of muscle mitochondria does not take place in rats treated for two
weeks with oxytetracycline. Furthermore, if treatment is .commenced on rats
already cold-exposed for two weeks and therefore possessing thé.increased
‘number of mitochondria, the number of mitochondria will decline back to the
levels seen in the warm-acclimated rat. |

These expe}iments indicate a role for mitochondrial protein synthesis in

cold-acclimation. Further support for this comes from experiments of
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Figure 9. Number of Muscle Mitochondria, Protein and Cytochrome Oxidase.
(COX) Content of Muscle Mitochondria and Cytochrome Oxidase Con-
tent of Muscle in Warm-Acclimated (W) and Cold-Acclimated (C) Rats
Values are shown for red and whlte portions of the semltendlnosus
muscle of warm-acclimated and cold-acclimated rats. Rats had lived at their
temperature of acclimation for four months and weighed 560* 4.9g (warm-
acclimated) and 409.9% 5.6g (cold-acclimated). Each bar represents the ' ‘

mean of 4 animals. Note the increase in the number of mitochondria per

- gram of red and white muscle and the decrease in the protein and cytochrome

oxidase content, of a single mitochondrion in both red and white muscle of

cold-acclimated rats. Cytochrome oxidase was assayed at 37° C.

(From Himms-Hagen et al., 1975)
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Figure 10. Effect of Treatment with Oxytetracycline on the Cold-Induced
Increase in Number of Mitochondria in Skeletal Muscle

Rats living inlphe cold (black bars) were injected with saline (S) or
oxytetracycline (T) as described in the legend to Figure 7. After 2 weeks

some of the saline-treated rats received injections of oxytetracycline for a ' '
t

further 2 weeks (gféup S-T}, the remainder continuing to receive injectiomns

of sal%pé’TE;zup $). Control warm-acclimated rats living at room temperafure
(W) wefe similarly injected with either saline or oxytetracycline for 2

weeks. Values are shown for .cold-acclimated and warm-acclimated rats at’

2 weeks (2) and for cold-acclimated rats only at 4 weeks (4). Note that the
increase in number of-mitochondria in the muscle of the cold-acclimated rat
after two weeks in the cold is prevented by the treatment with oxytetracycline
and that the increase disappears when the treatment with ox;tetracycline is
started only when the rat has already lived in the cold for two weeks. Bars

represent mean values for 5 rats (at 2 weeks) or for 3 rats (at 4 weeks).

(From Himms-Hagen et al., 1975) -
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Bukowiecki and Himms-Hagen (1971) in which the half-lives-.of different

groups of mitochondrial proteins were measured (Fig.''l11). A greater turn-

over of certain groups of mitochondrial prbte@q€ ﬁa§ obsegyed-iﬁ mitochondri;j
from brown adipose tissue and muscle, known-si&es of NST, but not in. liver
and kidney where little if any NST takes!' place Further wgék is row belng
carried out in an attempt to separate and 1dent1fy the 1nd1v1dual protelns

in these groups that change in the coldeaccllmated'rat‘(H}mmﬁ-Hagen,

3 1
.

unpubllshedj . T ;

~

The discovery. of morphological alteratlons and dlfferences in proteln

metabolism in association with cold-acclimation has led to the search for

.

other biochemical dlfferences in these mitochondria that mlght prov1de a
clue to the mechanlsm of nonshivering tﬁermogenes;s. Igolated‘muscle m1té-
chondria from cold-acclimated rats have normal respirafo;y cbntrol ratios
and ADP/0Q ratios (Fig. 12, Himms-Hagen et al., 1975} Hboq53'19§é). %hé oﬁlx.
difference seen is an increased rate of staté 3 ({ADP-stimulated) résﬁiiation
with various substrates and smaller increases ;n state 4 rates.;‘Tﬁis méang
that muscle mitochondria have higher respiratory capaéities in.tﬁe cqiﬂ-
acclimated rat but control of respiration rate appéars to be ;naitbred.
Muscle mitochondria thus appear not to be uncoupled or loosely éoupled-as .
are brown adipose tissue mitochondria, althouéh it is pos%ﬁblg; of course,’
that factors responsible for loose coﬁpling iﬂ_!ixg_are not iresent:unﬁp?
in vitro incubation conditions. Furthermore, measurements in Fig. 12 were
madé in the presence of albumin which could possibly mask differences in the
state of coupling. No comparison of the sensitivity of muscle mitochbndrié

from warm- and cold-acclimated rats to fatty acids has yet been made. The

results argue against, but do not completely rule out, a mode of heat pro-

A
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Figure 11. Half- Lives of Different Groups of Mitochondrial Proteins of Liver,
) - Kldney, Interscapular Brown Adipose Tissue, and Skeletal Muscle
of Warm Acclimated and Cold-Acclimated Rats

The half-life (in days) is given for total mitochondrial proteins and

for five different groups of mitochondrial proteins (water-soluble, cytochrome

c,.contracfile, structural, other cytochromes) in tissues of warm-acclimated

(open bars) and cold accllmated (black bars) rats. Note that'the names used

for the dlfferent m1t0chondrlal fractions \Joonot imply Fheir function; the

" fractions are isolated on the basis of so ity properties and each one

- is cbmpfised of a variety of different PYroteins. ' }

(From Bukowiecki § Himms-Hagen, 1971) \
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Figure 12. Respiration of Mitochondria Igolated_from Mixed Musclé of Warm-
‘. Acclimated (W) and Cold-Acclimated (C) Rats *

Mitochondria were isolated after proteclytic digestion of mixed leg
muscle. They*were finally suspernded in a medium containing 0.21 M mannitol,
0.07 M KC1, 0.007 M EDTA, 0.45 M surcrose, 0.005 M MgClz, and 0.5 mg/ml mito- “
chondrial protein. Respiration was measured in the pre;ence‘;f one of the N
following substrates: S5 mM a~-glycerophosphate, 5 mM succinate, 10 mM a-keto-
glufarate, 10 mM pyruvate + 'malate, 10 mM glutamate, 10 mM g-ketoglutarate
+ 10 mM malonate. State 3 respiration was measured in the presence of 0.2 .
mM ADP (a-glycerophosphate or succinate) or 0.4 mM ADP (all other substrates);
state 4 respiration is the rate after stimulat;on by ADP has ceased. ADP/O
ratios and respiratory control ratios (RCR) are shown at the top of the
diagram. éach par is the mean of values from 9 rats (for a-glycerophosphate
and succinate) or 4 rats (all other Subsxrazes). The shaded portion of the
bars represents the increase in respiration rates seen in the mitochondria.
from colancclimated rats (C) compared to warm—acclimated controls (W).

Rates were measured at-37o C.

{From Himms-Hagen et al., 1975)
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duction in muscle involving loo§e1y coupled mitoch;ndria.

The levels of various mifochondrial and cytoplasmic enzymes have a?so
been compared in cold- and warm-acclimated rats (Hbous, 1976). The specific
activity of mitochondrial a-glycerophosphate dehydrogenase is increased by
'60%, while that of malate dehydrogenasé is decreased by 24%. The activities
of a variety of other mitochondrial and cytoplasmic enzymes are unchanged.
One interesting enzyme change that was found was a 35% increase in the
adenine nucleotide translocase in the cold-acclimated rat (Hbous, 1976).

This system is responsible for transferring ADP into the mitochondrion to

the coupling sites for oxidative phosphorylation and carrying the resulting
ATP-back into the cytosol. Such an increase might be significant because

it would proviée‘a means of increasing the rate of ADP supply to the coupling
sites and would therefore lead to an increased respiration rate in the cold-
acclimated rat, assuming the mitochoﬂdria are full} coupled and that substrate
and oxygen supply are not rate-limiting. The increased activity-of the
adenine nucleotide translocase is a likely explanation for the elevated state
3 respiration rates in cold-acclimated rats discussed previously.

A role for the Na'K'ATPase in nonshivering thermogenesis in the muscle
of cold-acclimated animals has also been suggested. Stevens § Kido (1974)
showed that muscle slices from cold-adapted mice have an elevated oxygen
consumption which is largely ouabain-sensitive. Increased ouabain-sensitive
respiration rates have been noted in diaphragm muscle from cold-exposed and
cold-acclimated hamsters (Horwitz, 1975) and rats (Mokhova § Zorov, 1973).
/Wgéthgr these effects are actually related to cold-acclimation as it is
commonly understood is questionable. First, it is difficult to understand

why a tissue from a cold-acclimated animal should show an .increased respira-

46
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tion rate in the absence of noradrenaline since the basal metabolic rates

L4

of these anima;s are not elevated. Secondly, the effect is seen in animals
¢ subjected to both short-term and- chronic cold-exposure. .This is understan-
dable innhamsters, which are hibernators and always possess the adaptaiion
for NST whéther cold-exposed or not (Vybiral .§ Jansky, 1974}, but in rats
and mice NST takes severai weeks to develop. One would not expect to see
incréased ouabain-sensitive respiration rates in the short-term cold—exposed.
rat or mouse. A role, then, for the Na+K+-ATPase in nonshivering thermo-
K:Tgenesis in muscle based on these observations is still largely tenuous.
Preliminary experiments have been done on the activity of the Na'K’ -
ATPase in isolated sarcolemma from warm- and cold-acclimated rats (Cerf &
Himms-Hagen, unpublished). The activities of both the Na'K' -ATPase ;nd the
Mg2+-ATPase increase approximately 30% in ‘the cold-agclimated %, Work
is currently underway tod test the sensitivit)—r of the Na K -ATPas t noxa- ‘
drenaline and other agents.
ﬁ? Research, so far has shown that the adaptive changes that take place
during cold-acclimation lead to alterationsg in the .muscle mitochondria.

This is reflected in an increased turnover of certain mitochondrial proteins

‘and results in a repackaging of the mitochondria so that they become more

-~
2

numerous and smaller in size. This alteration in mitochondrial form is

£ . . . . .
presumed to lead to alterations in mitochondrial function associated with
noradrenaline-induced thermogenesis. Even though some biochemical differences

have now been found, the mechanism of NST in muscle is still uncertain.

PART C: MITOCHONDRIAL CALCIUM TRANSPORT AND ITS POSSIBLE ROLE IN
NONSHIVERING THERMOGENESIS$

The previous two p of the literature review have outlined the
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characteristics éf nonghivering tﬁefpogenesis and cold-acclimation as well
as current concepts of the biochemical mechanisms of NST. The purﬁose of
this part.is.to'iptroduce the conceptygof mitochondrial calcium transport as
a contributing factor in the control o respiratiﬁn in mitochondria agd t;
propose a role for this process in nonshivering ;hermogenésis. First, -
. however, it is necessary to describe the characteristics of mitochondrial

calcium transport and to review its physiological importance.

1. Mitochondrial Calcium Transport

(a) Gemneral Characteristics

Early studies on the effects of calcium on mitochondrial respiration
indicated that it acted as an uncéupling agent (Lehninger, 1949) or that it
.caused deleterious effects by binding in large amounts to mitochoﬁdria
during isolation (Slater & Cleland, 1953). Siekevitz and Potter (1953)

showed that the addition of calcium to respiring mitochondria would stimu- ‘

~n

late the rate oiﬁrespiration. Using lower calcium concentrations than
previous workers, Chance (1956) found that calcium-stimulated respiration
showed state h to state 3 transitions verygsimilar to those induced by ADP.
He concluded that calcium did not act merély as an uncoupling agent as
Lehninger had earlier suggested, but that it§ reaction with mitochondria
was linked stoichiometricaliy with the respiratory chain. This work was
* verified and gxtended by research carried out in the 1960's, principally by
Eehniﬂger and cowbrkers.
The uptake of calcium'by mitochondria is an energy-linked process
requiring the presence of either respiratory substrate or ATP (see review by -

Lehninger et al., '1967). Substantial amounts of calcium (greater than about

100 ng-atoﬁs calcium/mg mitochondrial protein) may be taken up only if a



permeant anion such as phosphate is present. This process is referred to
a$ matrix loading because the accumulated calcium appears in the mitochon-
drial matrix as insoluble amorphous calcium phosphétﬁ granules (Lehnifger,
19%5, 1974a). A speciél case of matrix loading, called massive loading, *
can take place if respiratory substrates, ATP 03)ADP, Mg2+ and phosphate
are present. Under these conditions over 3000 ng-atoms C12+/mg mitochon—
drial protein may be takép up (Vasington, § Murphy, 1962). Such massive
loading, however, cause; irreversiblg damage to oxidative phosphorylation
and respiratory control mechanisms and gives rise to morphological changes
in the Fitochondrial structure. It is therefore more useful to study cal-
cium transport processes in mitochondria by using much lower calcium concen-
trations in the iﬁcuﬁétion médium.

Mitochondria-can still bind calcium in -the absence of a permeant anion

although the capacity is limited to about 100 ng-atomé C32+/mg mitochondrial

P .

protein. This type df%engrgy-dependent binding has been called membrane
loading (Lehninger, 1972, 1§%4éj because calcium becomes bound to sites omn
the mitochondrial inner membrane ;athér than being deposited iﬁto the matrix.

| Calcium‘uptake shows certain stoichiometric relationships with the
‘electron transport chain. For each energy—consérving site; two calcium ions
ére accumulated (Ca2+:site = 2). This means .that the extra oxygen consump-
tion induced by the uptake of two calcium ions is equivalént to that induced
by one molecule of ADP (Rossi § Lehninger, 1964; Chanée, 1965). It follows
that Ca2+:ADP = 2 and Ca2+:0 = 2, 4 or 6 depending on the respiratory
substrate. If phosphate is present, it is also taken up, with the ratio ,

. Caz+:Pi varying from 1.7-2.0 depending on incubation conditions (Lehninger

et al,, 1967). Calcium accumulation is alsojhccoﬁpanied by proton ejection,
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with Hf:Ca2+.depending upon incubation conditions (Lehninger gg;gl., 1967) ;
the most recent measurement of this ratio under controlled conditions has
shown that H+°Ca2 = 2 (Brand Chen § Lehninger, 1976) . The ﬁe;brane
loadlng of calcium consists of two phases: a very rapid, early "superstoichio-
metric" phase in which Ca2+:éite ratios and-H:.:Caz+ ratios are much higher
than normal, and a slower phase showing the usual séoichiometric relation-
ehips (Reynafarje § Lehninger, 1974' Lehninger, 1974a).
Another 1mportant characterlstlc .of mitochondrial calc1um ‘uptake is
that it usually takes precedence over ADP phosphorylathn. If calcium and
ADP ar€ added simultaneously to resp1r1ng llver-mltochondria, the caléium

‘will be accumulated before ADP phosphorylation begins (Rossi § Leﬁniﬁger,
. o, L
1964). In heart mitochondria, however, ¢alcium uptake does not take prece-
dence over ADP phosphorylation, the two processes occurfing with equal

affinities "(Jacobus et al., 1975). o o®

(b} Mechanism of Calcium Uptake

.Although‘mechanisms_of calcium uptake involving a direct chemical link
to the electron fransport chain heve been suggested in the past (eg. Chance,
1965), present evidence favore a carrier-mediatéd system;separate from the
respiratory chain. A model suggeeted by Lehninger {1972, 1974a) consists of
a passivelelectrogenic uniport, which means that c¢alcium is free to cross
the membrane without the opposite movement of a counter-ion in response to '
a.concentration gradient. Energy supplied by electron transport, however,
is necessary to drive the uphill transport of calcium into the mitochondrion
under normal coneitions, since the calcium concentration of the matrix is
higher than that of the ;ytosol.

It is generally agreed that electron transport generates a negative-
L

inside electrochemical proton gradient across the mltochondrlal inner membrane,

although the mechanism of thlS process is uncertain. It could result from
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the vectorial arrangement of H -yielding and H=extracting reactions of electron

transport (the chemiosmotic hypothesis), or from vectorial hydrolysis of a

high-eﬁergy chemical intermediate prdduced b} eiect?on'transport (the chbmi—
cal coupling hypothgsis). In any event, thislp£oton gradient is considered
to _be the ultimate driving force for'energyalinked calcium uptaﬁé.l )
Lehninger (1974b) has shown .that tggfénly anions capable of Fuﬁpér%ing
matrix loading of calecium are those ﬂhicéigkter the mitochondrion as proto-

F)

nated speéies and which are capable of yielding a proton to the excess

hydroxyl ions generated by electron transport that are present inside the \
inner membrane. These include anions such as phosphate, acetate, bicarbonate,
arsenate and Butyrate. On the other hand, anions such as‘nitrate, thiocyanate,

_and chloride, which cannot ddnate protons, will ndt_support matrix loading.

L

Lehninger postulates that prdton-donating anions enter the'matrix first in

—

response to the internal alkalinity produced by electron transport. A nega-

LS

tive-inside transmembrane potential due to the transported anions builds up

A

and this is the immediate pulling force for bringing the calcium across the
inner membrane. The accumulated caleium ﬁay then enter the matrix as a

salt of the permeant.anion. ' . S

4

Mitochondria may also take up calcium by a different mechanism in the
absence. of pefmeant anions by respiration-dependent membrane loéding. The

..‘ . . * i .
capacity for this process is limited to less than 100 ng-atoms Caz /mg protein -
_ . .
about- the same as passive, low affinity binding of calcium that occurs in

the absence of respiration. What distinguishes membrane loading from K

passive binding is its great';apidity, high .affinity and uﬁusual stoichiomeffy.

v
' a-

~ Respiration is thought to cause release of1350tons from certain membraﬁe
binding sites, resulting in a conformational change that increases ‘greatly
the affinity ofwthe binding sites for calcium (Lehninger, 1972; Reynafarje

§ Lehninger, Igﬁjf\—The Binding sites for membrane loading are probably'nét'

1 .
N -



thé same as the calcium carrier that is responsible for matrix loading. The
early, rapid superstoicHiometric phase of membrane loading has recently

been shown to be supported by endogenous mitochondrial ATP,:the supply of
which is depenoent upon state 4 respiration (Brand § Lehninger, 1975j.\.Thé*u
second, slower phase of membrane loading takes place after the ﬁnhaustion of

the ATP supply, is stoichiometric with‘electron transport, and stimulates
. ) '
respiration. ' )

4

-

It is important, then, to distinguish betweén the two types of energy-

linked ca1c1um blndlng seen in mltochondrla The flrst type membrane loading,
has a hlgh aff1n1ty but limited capac1ty, occurs very rapldly, is freely - Ja

reversible; and shows superstolchlometry The second type, matrix loading,

reqdires a permeant anion, has a high affinity and very great capacity, is

less freely treversible, and shows normal stoichiometry with electron transport,

'

. {¢) Evidence for a Calcium Carrier

The existence of a specific calcium carrieramplecule or system in the

mitochondrial inner membrane is supported by several lines of evidence that
;}tfwill be reviewed briefly here.
u;£ The energy -linked cation uptake process in mitochondria is hlghly
. spec1f1c for calclum (see Lehnlnger et al. 1967) Strontium and manganese
ions are also taken up but to a much smaller extent. Magnesium is not
transported at all by liver mitochondria, but is accumulated by heart mito-
chondrla Quite high concentrations of magnesium are requiredtin the incu-
.bation medium, however, and the uptake process differs in several respects
“from calcium‘traneport (Crompton, Capano § Carafoli, 1976). Energy-linked

. potassium'uptake also pccurs-in mitochondria, but is extremely slow unless

ionophores such as valinomycin are present (Lehninger et al., 1967).

L
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The afflnlty of mitochondria for caIC1um uptake is very high, with
measured ‘Km's (the concentration of calcium at which uptake rate'is half-
maxlmal) ranging fromvless.than 1 uM to about 5 UM (Reynafarje §& Lehninger;
1969; Carafoli § Az:zi, 3972; Reed § Bygrave, 1975a; Spencer & Bygrave, 1973).
“Hﬁﬁévér; Scarpa -and Graziotti (1973) observed a somewhat higher Km of
92 pM for rat heart’mitochond}ia. - -

Reyﬁafarje and LehningerA(1969) observed that in respiration-inhibited
liver mitochondria two tlassés of binding sites are present, one class Having

a high affinity for calcium and the.other a much lowér affinity. The higﬁ
affinity sites (Kn, the‘concentration of calcium required to half-saturate_.
the sites, = 0.025 uM) are present in low concentrations in the mitochondrial
inner-membrane {about 1 ng-atom'Ca2+ bound/mg protein) and are thought-to
represent the calcium éarrier. The low affiﬁity sites (KmwlO0 uM) are more
+ numerous (40 ng-atoms/mg) and most likefy represent the passive binding of ' B
calcium to membrane phospholipids. The high affinity sites are preseqt 1n o ‘
mitoéhondria from a variety of vertebrate tissues and species, but signi- |
ficantly are absent from yeast and blowfly flight/fuscie ﬁltochondria
j(C#iafoli & Lehninger, 1971), and most higher plant mitochondria (Chén.&x_
Lehninger, 1973). Because the mitochondria from those species that lack the
q{ﬂ high affinity sites show very little energy-linked caicium—a;cgmulating ' )
ability, it is-poséible tha; the high affinity sites represent a éenetically

determined calcium carrier molecule or component of the calcium transport

L E]

system. However, Biowfly flight mus¢le mitochondria have recently been :
found to have a normal calcium @nsport'system (Bygrave, Daday & Doy, 1975).
Also, several‘groups of workersiravé questioned the existence of high-affinity”

binding sites and have criticised the identification of these sites with )
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the c#ltium carrier (Mela § Chance, .1969; Akerman, Saris § Jarv}ﬁalo, 1974{
Southard & Green, 1974 Reed § Bygrave., 1974a). They argue that high—affinity
b1nd1ng is merely the result of residual energy llnked uptake due to 1ncom-
plete,lnh;bltlon of resplratlon. The spatus of the high-affinity calcium
bindiﬁg.sifes ié_tﬂug uncertain at the preéent time.

‘lAnofhef.gbaractgfistic ofs a carrier-mediated transport process is
saturation.k{netics:'_Tﬁis h;s been observed for mitochondrial calcium uptake
by many workers ’ Intereétingly, graphs of calcium uptake ;ate versus calcium
_concentratlon are sigmoidal rather than hyperbolic, 1nd1cat1ng cooperativity
j(Spencer & Bygrave, 19;3 Scarpa § Graziotti, 1973; Reed & Bygrave, 1975a).
‘Po§51b1y ;he blndlng of one calcium ion to the carrier enhances its affinity
. for binding a'éecond cale¢ium ion, -

Ménf.carr}ér—ﬁgdiated pfdcesses are blocked by low concentrations of
sﬁecific iﬁhibitors. ‘Mitochdndrial calcium uptake is inhibited by lanthanides
' (Melg, 1§ﬁ9)-and by the histochemical stain ruthenium red (M;;re, 1971} in
.mlcromolar concentrations. The two éubstances differ in their mode of »*
1nh1b1t19n, w;th La_+ 1nh1b1t1ng competitively and ruthenium red non;.
competitivéiy (Reed & Bygrave, 1974b). Binding.syudiQ§ of these specific
calcium uptake inhibitors have shown that the number’ of inhibitor‘binding-

sites in the mitochondrial membrane is extremely:small. This provides

" convincing evidence that mitochondrial calcium transport is mediated by a

small number of specific calcium carrier molecules in the inner membrane.

| The ultimate goal gf biochemists studying a membrane transport process
is'tge isolation and characterization of its components and reqonstitutién
of these components into a functioqing transport system. Altﬁough this

goal has not been achieved for mitochondrial calcium transport, significant
ufp '

b
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advances have recently been made. Proteins haﬁing a high affinity for .cal-
cium have been isolated from‘mitochondria (eg. Lehninger, 1971; Sottocasa

et al., 1972; Gomez-Puyou et al., 1972), the best characterized being that

-
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of Carafoli's group {(Sottocasa gg_gl.; 1972; Carafoli et al., 1973; Prestipino

et al,, 1974; Carafoli, 1975). This calcium binding factbr is easily pre-
pared from rat liver mitbchondria_by osmotic shock, indicating that it

might be a loosely—boﬁnd extrinsic membrane protein., It is a highly acidic,
watef soluble glycoproteinrhaving a molecular weight of 33,000 daltons. It
binds 2-3 calcium ions per molé with -high affinity in a reaction that is
inhibited by La3+ and ruthenium red. Récgntly Carafoli's group has attemptéd
to reconstitute a calcium transport system using the glycoprotein and arti- |
ficial lipid bilayers (Prestipino et al., 1874). Although the electrical
conductance of the bilayer increaséd after addition of the glycoprotein to
the biléyer in a calcium-containing medium, this was not.due to the transport
of calcium across the bilayer. Carafoli suggested that.calcium was required
for the incorporation of the glycoprotein into the bilayer, perhaps by ’
neutralizing surféce negative charges, and that the increased conducfance
re;ulted from enhanced translogation of other ions, possibly protons. It

is likely that other components of the éranéport system exist and that‘these
will have to be found before a functional calcium transport system can be
reconstituted.

In addition to the calcium binding proteins that have been isolated, a
divalent cation ionophore has been prepared from beef heart mitochondria
(Blondin, 1974). This ;ippphilic'substance can induce influx and efflux of
cal¥ium and magnesium from mitochondria in much the same manner as the well-

known bacterial divalent cation ionophore A23187 (Reed § Lardy, 1972). The

.8
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relationship, if any, of Blondin's ionophore to the calcium carrier systems

studied by others is not known.

(d) The Release of Calcium from Mitochondria

If calcium is accumulated by mitochondria, it must also be released.
The release process, hswever, has not been as well characterized as uptake. '
Drahota et al. (1965) showed that mitbchondrial calcium is not irreversibly’
sequestered, but exists in a dynamic steady-state in which efflux of calcium
from the mitochondria is counter-balanced by energy-linked accumulation.
State 4 respiration is required to maintain this steady-state. Stucki and
Ineichen (1974) demonstrated that calcium recycling is responsible for app*oxi-
.m;tely 20% of the energy dissipation during state 4 fespiration.

A number of agents have been ghowﬁ to induce a rapid release of mito-
chondrial calcium, These include uncouplers and respiratory inhibitors,
which interfere with the energy supply necessary to maintain calcium levels ‘

within the mitochondrion. The ionophore A23187, a carboxylic antibiotic

preﬁared‘@&om Streptomyces chart;eusensis, induces release of both calcium
and magnesium from mitochondria. Respiration is stimulated because the
releasgd calcium is takeﬁ up again by the mitochondrion, the net effect being
a£ enhancement of the energy-dissipating caicium flux that takes place
naturally under state 4 conditions (Reed § Lardy, 1972).

Calcium chelating agents such as’ EDTA énd EGTA cause net calcium release
by a different mechanism, trapping calcium as it is reléaéed during recycling
and preventing its reuptake (Reed § Bygrave, 1974b}. Ruthenium re@ has been
used in the same manner, but in this case the uptake process is blocked and
calcium ieaks spontaneocusly out of the mitochondrion (Stucki & Ineichen,

1974; Sordahl, 1975). However, ruthenium red has been shown to have other

L]
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effects as well. Rossi, Vasington § Carafoli (1973) observed that ruthen%um
red induces a rapid and complete release of calcium if it is added to the
med;um before calcium uptake is complete. Reléasq did not take place if
‘upéake was allowed to go to completion First. Reed & ﬁygrave (1974b) found
that ruthenium red caused no release ana_in fact it blocked the EGTA-induced
effiux of calcium. They believe that this inhibitor binds to the carrier,
preventing its operétion in either direction. .It is uncertain, tﬁen, whether
‘ ruthenium red blocks only uptake or both uptaké and releﬁse. It is quite
possible that release may occur by other channels as well as by reversal of
the carrier, and these channels may be insensitive to ruthenlum req'ﬂ/sﬂnce
ruthenium red binds non-specifically to mucopolysaccharides, it may have
other effects on mitochondrial function as well as on calcium transport.

This may explain the contradictory results obtained by various workers.
A number of ﬁaturall;:occuring compounds have been shown to induce
release of mitochondrial calcium. Thesé'ﬁnclude gyclic AMP, prostaglandins,

H
sodium ion, phosphoenolpyruvate, and free fatty acids.

Borle (1974) was the first to demonstrate that cyclic AMP in Tow con- "

centrations (2-4'uM) cOulé induce a rapid and complete release of calcium
from preV1ously-loaded liver and kidney mitochondria. A smaller effect was
also observed in heart mitochondria. This finding was subsequently verified
by Matlib and Q'Brien (1974). The physiological implications of this dis-
co;ery will be discusseé in more detail in the next section. h\
Under certain conditions, prostaglandins in micromolar‘céncentrations
caﬁ cause 1iver mitochondria to release calcium (Carafoli & Crovetti, 1973;

Baum EE.EL-’ 1973; Malstrom § Carafoli, 1975). The binding of prostaglandin§

to the mitochondrial membrane is greatly enhanced by the presence of calcium.

-



The reaction is very sensitive to pH, with a slightly acidic pH of 6.4 being

“optimal, and permeant anions for calcium uptake must not be present. The

- .

effect of prostaglandin gin@ing is to reduce the ability of mitochondria fo
?etain calcium; the uptaké'process is not affected. Because the state 4
respiration rate after the calcium-induced respiratory jump is stimulated,
Malstrom and Carafoli (1975) postulated that prostaglandins act as calcium
ionophores, enhanging the cyclic calcium flux across the mitochondrial mem-
bfanelin a similar manner to ionophore A23187. Interesting as these obser-
vation; might be, their in vivo significance is uncertain because in vitro
calcium release by prostaglandins requires a low, unphysiological -pH.and

a high concentration of prostaglandins.

Sodium ion was shown by Carafoii et al. (1974) to release calcium from
Jjpeart mitochondria under certain conditions. _These include either the exclu-.
:}on of energy from the system or the presence of ruthenium red in the
medium to prevent reuptake of the released calcium. The phenomenon was
surprisingly specific f0r~Na+; other ions such as K had no effect. Liver
mitochondria were not sensitive to the calcium-releasing effects of Na+.

The concentration of Na~ required to cause calcium release was as low as

2 mM provided ruthenium red was present and the amount of calcium bound to

the mitochondrion was small, The mechanism of Né+-ing§ed calcium release

is uncetrtain, but it most likely involves the displacement of calcium from
membrane binding sites rather than by discharging calcium from the matrix.
When the mitochondria are allowed to bind larger amounts of calcium the )
perceﬁfaée released b} Na' becomes smaller, indicating that only a small

) + . .
portion of calcium is susceptible to the effects of Na , perhaps that fraction

: , + ‘ .
bound to specific sites on the inner membrane. Because K does not.cross
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the mitochondrial membrane as freely as does Na+, it may not be able to )
reach the binding sites and therefore cannot induce a similar type of release.
It is important to stress that in Carafoli's experiments, Na' had little
effect on-respiring mitochondria in the absence of ruthenium red, making
extrapolations to ig_giig_situations rather difficult.

| Chudapongse § Haug;ard‘(1973) discovered that phosphoenolpyruvaté‘(PEPL
in concentrations of about I mM could induce the efflux of calcium from

liver and heart mitochondria. OQther glycolytic intermediates were without

' . .
effect. Atractylate, an inhibitor of the adénine nucleotide translocase,

. and ATP antagonized the effects of PEP. Because PEP can enter the mitochon-

drion via the adenine nucleotide tranglocase in exchange for internal adenine

nuclgotides, Peng et al, (1974) concluded that PEP induces loss of calcium

by depleting the mitochondrial adenine nucleotide pool. Pho;phate'may also
be involved in this phenomenon because inhibitors of mitoch;ndrial phosphate
transport were also effective in preventing PEP-induéed calcium efflux. In

a very recent paper, Sul, Shrago and Shug (1976) proved that the adenine

' nucleotide translocator was responsible for phosphoenolpyruvate entry into

heart mitochondria and that the result was adenine nucleotide and calcium

efflux. Interestingly, they also found that palmitoyl-CoA could inhibit the

adenine nucleotide translocase, thus providing a potential in vivo mechanism

for regulating the effects of PEP on mitochondrial calcium movements. The

mechanism of calcium release in this case is unknown, although it likely

involves matrix calcium phosphate because both phosphate and ATP (or ADP) are

required for the precipitation of calcium phosphate salts in the matrix

(see Lehninger, 1970), Possibly, depletion of phosphate and adenine nucleo-

—

tides by phosphoenolpyruvate mobilizes this calcium pool and makes it
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availablé for movement out of the matrix.- Because relatively high concentra-
tions of PEP are required to produce these effects in vitro, fhe physiologi-
cal significance of these findings is unclear.

. Anotheér naturally-occurring g}oup of coﬁpounds that can release mito-
chondrial calcjum are the free fatty acids. This is by virtue of their well-
known action as mitochondrial uncoupling agents. For‘example, brown adipose
tissue mitochondria may be reversibly coupled and’loosely coupled by fatty
acids or their CoA esters (see Part B, page 36 ). It is completely unknown,
however, if fatty acids play a role in'regulating calcium ion movements in
mitochondria in vivo.. |
- In cogclusion, it is important to distinguish between the var%ous types
of release described in th}s sectioﬁ. Release caused by agents such as EGTA
and ruthenium red results from the prevention of calgium reuptake during
the recycling process, ;nd thus may be described as spontaneous or naturaily-
occ;rring release. Sodiuﬁ ion appears to cause release by displacing mem-
brane-bound calcium. Other agents, including uncouplers (DNP, free fatty
: .acids), ionophores {A23187, prosE?glandins), respiratory chain inhibitors,

and substances whose mechanism of action is less certain (cyclic AMP,

phosphoenolpyruvate) discharge a large portion of the matrix calcium.

2. Physiological Significance of Mitochondrial.Calcium Transpart

Tﬁe eﬁergy-linked uptake of éalcium seen in isoiated'mitochgndria is
more than just an iﬂ.xizzé_curiosity. Within the last ten years, evidence
has been accumulafing that mitochondria play an important role in regulating
the calcium concentration of the cell cytosol, and as a result, participate
in controliing a‘variety of cell functions. The purpose_of'this section

is. to outline this aspect of mitochondrial calcium transport.
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{a) Distribution of Calcium in Cells

Calcium is compartmentalized within the cell and mechanisms exist for
S .
regulating its distribution (see reviews by Borle, 1973; Rasmussen et al.,

1975; Berridge, 1975): The concentration of calcium in the cytosol ranges .

>.1077 M; this contrasts with the much higher level of 107> M

from about 10~
found in the extracellular fluid that bathes the cells. It has been known
for a long time that much of the total cell calcium is associated with the
mitochondrial fraction (Thiers § Vallee, 1957). If all the mitochondrial cal-
* cium were in the ionic form, the matrix'calciﬁm poncentrafion would be -

1-20 x 10-3 M, but since most of the patrix calcium exists aé insoluble

., calcium phosphate, the free‘caicium concentration of the matrix is more
-liﬁely to be about 10_4 M (Rasmussen et al., 1975). In muscle cells, the
sarcoplasmic reticulum represents anothér importaniafalcium store. Micro-
somal fractions frpm non-muscle tissues, however, show 1itt1e calcigm—ﬁinding
ability. .

Intracellular levels of calcium are maintained by energy-driven calcium
pumps that keép the calcium concentration of the cytosol at low levels. The
mitochondria contain an inwardlf-directed calcium pump as described in
detail in the preceeding section. The plasma membrane is relatively iﬁper—
meable to calcium in the resting state, but calcium does tend to leak in
from‘the extracellular fluid due to the large concentration gradient for this
ion that exists across the membrane. Thus an outwardly-directed calcium
pump is present that is most likely equivalent to the calcium-activated.
ATéase found in the plasma'membrane of many cells. In nerve and heart muscle

cells, outward extrusion of calcium is linked to the inward movement of

sodium ion, in other words, there is a Na-Ca carrier system driven by the
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Na' gradient acros§ the sarcolemma (Brinley, 1973; Reuter, 1974). Finally,"

‘an inwardly-directed calcium ATPase exists in the sarcoplasmic reticulum of

muscle cells. -

»

éorle (1972, 1973), using kinetic analysis of influx and efflux 6f
calcium from cgltured kidney cells, ha;\shown that the mitochondria fiinction
as the- largest single internal reservoir of calcium, He-estimatéd that
gompared to the plasma membrane the mitochondria contribute 97% to the
homeostasis of cytoplasmic calcium levels. Iﬁ muscle this percentage would
' be less because of the hiigh affinity of the sarcﬁplasmic r;ticulum for
calcium binding. T

In addition to their more commonly known function of energy production
wighin 2he cell, mitochondria thus act as an intracellular calcium buffer,

keeping the calcium concentration of the cytosol at a low level. The

importance of this will be made apparent in subsequent discussions.

(b) Calcium as a Second.Messenger in Cell Activation

The second messenger hypothesis, in which cyclic_AMP pa:ticipates in a
gre;f variety of éeliulé; activation processes, has been one of the most
significant and widely studied concepts of modern biochemistry. Briefly,
the lypothesis states'that the action of hormones (first messengers) upon
their membrane ;eceptor sites causes the stimulation of the membrane-bound
enzyme adenylate cyclase, which catalyzes tﬁe conversion of-ATP to‘cyclic
AMP. This compound, the second méSsenger, activates a class of‘enzymes'
known as protein kinases, whicﬁ in turn bring about phosphorylatiéq_Qf cer-
tain key enzymes or other proteins. This protein phosphorylation results in

ihe ultimate expression of the hormone's physiological effect. A full dis-,

cussion of this hypothesis and numerous exaﬁples may be found im the book

-
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by Robison, Butcher and Sutherland (1971). - ’

Many researchers have tended to overemphasize the importance of cyclic
AMP and have overlooked the involvement of calcium in many hormenal responses.

S

Rasmussen (1970) pointed out that the actions of many hormones ieading to
increases in cyclic AMP levels also requife the presence of calcium, and ~
he fo£mu1ated a theory involving calcium and cyclic AMP ag second messengers
in cellular ac£ivation processes. Rather than describe all of these pro-
cesses in detail, only a brief outline of Rasmussen's h;pothe;is will be
given, followed by a few examples illustrating the role of mitochondrial
calcium transport in cell aétivation. More information about the discussion
that follows may be found in-articles bf Bygrave (1967), Rasmussen (1970),
‘Rasmussen, Goodman § Tenenhouse (1972), Borle (1973), Lehninger (1970, 1974a},
Rasmussen et al. (1975) and Berridge (1975).

Rasmussen's general theory of cell activation may be described as

follows. The binding of a hormone to its receptor site on the plasma membrane

o

of a cell has two simultaneous effects: ’first, adenylate cyclase is.acti—
vated and the concentration of cyclic AMP in the cytosol is increased;
secondly, the permeability of the plasma membrane to calcium is increased y
and calcium leaks into the cytosol from the extracellular fluid. The
incredsed cytosolic level of cyclic AMP has at least two effects. The first
is the activation of one or more protein kinases which catalyze the phos-
phorylatibn of certain proteins, leading to the expression of the hormong's
effect. This protein phosphorylation leads, for example, to the activation

- or inhibition of a regulatory enzyme in a metabolic pathway, or the enhance-
ment of protein synthesis at the transp;}ptigpil or tfanslational level.

The second effect of cyclic AMP is to alter the distribution of calcium levels

within the cell. In some cases it causes the net release of mitochondrial
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' calclum This effect, plus the increased plasma membrane permeabllley to

calcium caused by the primary st1mu1us, results in the elevatlon of cytosolic
Vcalcium concenerations. In some systems cycllc AMP itself can also stimulate
the influx of extracellular ealcium:ehrough the plasma membrane. In muscle,
cyclic AMP stimulates the up%ake ef calcium by the saféoflasmic reticulum.
Wﬁile cyclic-AMR has the ability to modulate calcium distribution, calcium
"can function as 4 negative feedback inhibitor by decreasing cyclic AMP
levels thrgugh inhibition of adenylete'cyclase and activation of cyclic AMP

phosphodiesterase. Thus a complex network of feedback relationships\exist

between the two second messengers.

’ 1l

How does calciuﬁ‘fUnction as a secend messengér? Excitation-contraction
coupllng in muscle is prdbably the best known example, with calcium actlng
as the signal for 1n1t1a?1ng the contractlle procéSs. CaIC1um also plays
a role iq stimulus;secretion coupling by enhancing the movement of micro-
filaments that function in exocytosis in secretory cells. ?his-is thought 1
to occur during insulin release in.the-endocrine pancreas. The permeebility
of cell membranes to certain ions is enhanced by calcium; this can be seen
in the fly sal1vary gland where the elevated cytosolic calcium levels 1nduced
by serotonln increase the permepblllty of the membrane to chlorlde. Flnally,
the activity of a numbef of importaﬁt‘enzymes is sensitive to calcium. Good
examples of these are pyruvate kinase.(ﬁygrave, 1967; Meli § Bygrave, 1972),
pyruvate dehydrogenase (Pettit, Roche & Reed, 1972; Severson ggjgl., 1974},
_arglycerOPhosphate dehydregehase (Carafoli & Sacktor, 1972Z; Bukowiecki & .
'Llndberg, 1974) and adenine nucleotlde translocase (Spencer é Bygrave, 1972)

Another enzyme activated by calcium is muscle phosphorylase b kinase, whlch

is involved in the glycogen cycle, catalyzing the formation of glycogen
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phosphorylase'a. This is 1nterest1ng because a protein kinase (phosphorylase

- -kinase klnase) converts phosphorylase b kinase from an inactive to an act1Ve

fbrm,qand thus is an example of the close relatlonshlp between cyclic AMP

and calcium.

-

Because many cellular functionsg are sensitive to,the concentration of

»
~

calcium and because the mitochoridria represent an important-system for

L

-Tegulating calcium distribution within the celI,'thE-physiological signi-

ficance-of mitochogdriel calciun traﬂsport is reéﬁily apparent.
‘ . Y 4

(c) Relat!bnshlps Between Catecholamlnes, Cycllc AMP and Ca101um
in Movements in Muscle Cells .
‘}. -
A ‘more detalled discussion of the role of calclum in muscliafunctlon

-

is de51rab1e at thls{§01nt because it illustrates many of the prlnc1ples Just

- described” and because lt 15 relevant to the. research reported in this thesis.

v ¢ PR
Mammalnan muscle may be d1v1ded into three basic types on the basis

-

of phys;olog13§im ultrastructural and blochemlcal considerations. These

are: skeletal or striated muscle, responsible for voluntary body movements;

smooth muscle, which makes uﬁ’the involuntary musculature of blood vessels,

] o

\the-gastrointestinel tract, genito-urinary system and respiratory system;

+

and cardiac iuscle, which of course constitutes the heart. Skeletal muscle

:ggy‘be~fur£her'SUbdivided into three strugturally and biochemically distinct
LYy . e .

’ . N - -
ﬁyfibre types: ‘red (fast-twitch oxidative glycolytic), white (fast-twitch -
* LY - .

Co

glycolyticy, and intermeﬁiate (slow-twitch oxidative) (see Gauthier, -1969;

eter et al., 1972), Often one sees reseaiﬁg papers in which only two ‘types

of skeletal muscle are mentlened namely red (slow) and whlte (fast) muscle.

. The general mechanlsm of muscle contraction has been outlined 1n-recent
reviews (.E]e.ashi § Endo, 1968; Bianchi, 1973;,;'El'—:;ashi, 1976), and will only

” . . L .

o
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be: briefly outlined here to emphasize the rolé of calcium in the process. -
. - . . , . o ’
Transmission of the nerve impulse via acetylcholine to the muscle sarcolemma

causes depolarization and generation of the action potential. This is
transmitted to the T-tubules, .invaginations of the surface membrane lying
in close proximity to the terminal cisternae of the sarcoplasmic reticulum:

+

The action potential is somehow transferfed té the terminal cisternae resulting
0 Lo - . : . ) .

-

in the release of calcium into the sarcoplasm. The mechanism of this pro-
cess is not certain, but it could involve a direct electrical transmission‘
from the T-tubule to the saxcoplésmic réficpluﬁ causinéhreleése of calcium,
or it may involve release of a small amount ;f calciumqfrom ﬁhe;T-tubulgr
1‘pmémbran‘e'whit:h then trigge;s the releasetof'larger amounts of calcium %rom
the.tefminal cisternae: _hnder respiﬁg conditions, the calcium concentration

. - .
of the sarcoplasm is low (10_7 M), and interaction between.the actin and -
myoéin filaments is prevented due to the presence of an inhibitory. protein‘

compléx (trppggfn plus tropomyosin) bound to actin. Release of calcium

from the sarcoflasmic reticulum during excitation elevate¥dthe calcium con-

_ centration ofi?hé sarcoplasm to 10°-10™ M. Calcium ionms bind to troponin,

L

- . %
inducing a conformatienal change in the protein that negates the suppressor

effect of the troponin-tropomyosin complex. The actin-myosin interaction
A . . CLot
can then occur, deriving energy from ATP, and the result is muscle contraction.

'Reiaxation occurs when the excess calcium is, actively pumped back into the ‘
sarcoplasmic reticulum,'permiéfing'the contractile prbteinswto,return to
. P
their resting condition. i
' The'ﬁolecular mechanism o{ﬂ@éntraction appeLrs télbe basically the -
same in all types of muscle, bu£ differences exist in the source of calcium
-.requifed to,initigte cég;raction and the meihod of sequestering the cglcium

"

. rd v -
during.relaxatﬂbgi’fln addition to the sarcoplasmic reticulum, the sarcolemma

v . -
i

. h ne, . . .
N YL 3 . -



and mitochondria must glso be considered as participénts in controlling

‘calcium movements dﬁyiﬁg contractidn-xelaxation;} This-is especially so in 8
.muscles that lack a well-developed sarcoplasmic reticulum, such as red

skeletal musgle,-smooth muscle, and cardiag muscle {Bianchi, 1973). Other
aspects'of calcium and muscle function.wiil now ¥ examined, looking at

‘eéch type of muscle separately.

| . \

(1) Skeletal Muscle ¥

Contraction of skeletal muscle involﬁes thefentry of a small amourt of
calcium from the extrqcellﬁlar fluid and the release of much larger amounts .
of calcium from the sarcoplasmic reticulum asﬂéiscusse& above. Red skeletal
muscle, however, differs from white muscle in that more mitochondria are
_zz" present and the sarcoplasmic reticulum is more sparse. _It has been suggested
that in red muscle, mitochondria are important in contrqlling calcium @9gg-

ments during'contré§Sion and relaxation {(Lehninger, 1970, 1974a). There is

some experimental evidence for this. Patriarca and Carafoli (1969 found

that after injection of radioacfive calcium‘(45CaJ into rabbits, the mito-
‘chondria of red muscles contained a coqsiderably greater percentage of 4SCa

than did tﬁe sarcqplasmic reticulum. vMitochondria and sarcoplasmic reticulum
from whité muscle, however, conthined about equal levels of 45Ca. This
experiment was interpreted as indicating that the{mitochondria are more
important dhan the sarcoplasmic reticulum in reguiating calcium movementé in

red mﬁscle,_bqt it could also mean that more calcium, was bound to the mito-
chondria during fhé.isolation procedure, Ruthenium red and respiratory
inhibitors’ﬁlock relaxation of skinned red muscle fibres but not white

fibres, again §uggestihg a role for mitochondria in the contraction-relaxation“}

s

. o
- of red muscle (Lehninger, 1974a).
/.‘

{

o)
-



| In addition to its role in excitation-contraction coupling, calédium is
— T : _ -

associated with metabolic events in muscle (see Himms-Hagen, 1972b). The
increased CytOSOI%F levels of calcium that occur dﬁring'contraction can
enhance the breakdown of glycogen fhrough activation ofdsposphorylase b
kinase. Thus an energy-requiring process} contractién,'is linked to an energy- -
' producing pathway througﬂ the common second messenger calcium. The catechola-
mines can also enhance glycolysis by phosphorylase b kinase activation, but °
this oécurs via the cyclic AMP-stimulated phosphorylase kinase kinase.

Catecholamines also have .a rather poorly-understood ef?eét on -contractile
processes in skeletal muscle- (see review by Tomité, 1975j. Adrenaline will
enhance neuromuscular transmissionm, possibl} through a-cyclic AMP-mediated
acceleration of acetylcholiné release (Gofhberg § Singer, 1969). Cyclic
AMP could act by increasing the permeability of neurosecretory cells to

calcium, which is known to regulate the release of neurotransmlttors (Berrldge,-

1975)._ Catecholamines also affect the muscle cell more directly by

influencing the tension developed during stimulation. In fast-contracting
musclés, twitch tension is increased and the rate of relaxation is decreased
by catecholamines, while\the reverse occurs in slow-contracting muscles

(Bowman § Raﬁer, 1967). It is unknown whether these events involve calcium

L

Changes in membrane potentials have been observed in skeletal muscle

or cyclic AMP.

treated with Catecholamlnes. Various workers have reported catecholamine-

induced sodium efflux and/or hyperpolarlzatlon of muscle preparations (Evans &
Smith, 1973; Dockry, Kernan & Tangney, 1966; Vyskocil, Maravec § Melichar,
1975). Depolarization of hamster guscle cells after noradrenaline injection

into the cells in vivo was noted by Teskey, Horwitz and Horowitz (1975).

- 5
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Bressler, Phillis- and Kgzachuk (1975) found that noradrenaline hyperpolarizes
frog skeletal muscle-in a low pdtassium medium but depolarizes it in a

high ﬁotassium medium. These conflicting reports are undéhbtedly due to
differences in exﬁermental conditions and type of ﬁuscle fibre'used. It is
known, for example;'thatfresti;;\membrane potentials differlamong the various
muscle fibre types'(Campion, 1974). The exact mechanism of catecholaﬁine
action on ion fluxes is not known, although stimula;;oh of the ﬁa+K+-ATb;se-

has been suggested (Bressier et al., 1975; Hays et al., 1974; Evans § Smith,

1973; Dockry et al., 1966).

(ii) Smooth Muscle

Contraction and relaxatién of smooth muscle is regulated by cadéium
levels in tﬁe cytosol in a similar manner to skeletal muscle. In general,
however, the sarcoplasmic reticulum of smooth muscle is not very well
developed and so ﬁ greater role for the sarcolemma and mitochondrial cal-
cium pumps‘ in the contraction-relaxation cycle is likely. ‘
. Contraction of smooth muscle induced by acetylcholine involves increases’ T
in cytosolic calcium dué to increased entry of calcium from the extracellular
fluid and increased- release of.calcium from intracellular stores (sarcoplﬁs-
mic reticulum.énd possibly hitochondria) (Rasmussen et al., 1972; Berridge,
1975). The relative imporfance of the calcium source varies with the type
of_smooth muscle -‘the lower the amount of sarcoplasmic retichlum, the more
important the extracellular source. Mitochondria have been implicated in the
contractidn—relaxati;n cycle of the human myometrium (Batra, 1973); these
org;nelles were found to have a greater calcium binding activity than micro-

somes from this type of smooth muscle.

Catecholamines cause the relaxation of smooth muscle by increasing cyclic

| | AN
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AMP levels in the cell. Cyclic AMP stimulates the uptake of calcium by the

. - . . ‘
plasma membrane and the sarcoplasmic reticulum, thereby lowering the cytosolic
calcium concentration and causing relaxation.

e

(iii) Cardiac Muscle

- .~
Hedrt muscle differs from skeletal muscle in that it has a poorly-developed

sarcoplasmic reticulum and requires external calcium for contraction. Cal-

cium enters during the action potential and, in addition to that released

from the garcoplasmic reticulum, catalyzes the contractile process (Reuter,

1974). Rel ‘tion results from removal of calcium by the usual mechanism of

calcium ﬁptake by the sarcoplasmic reticulum, and also by extruéion from

the cell by a sarcolemmal Na-Ca exchaﬁge system gﬁéuter, 1974). Vafious
'workerg.have argued in favor of the mitochondria participating in the con-
traction-relaxation cycle of heart (eg. Haugaarg et al., 1969{ Lehninger,

1970, 1974a; Carafoli § Azzi, 1972; Carafoli et al., 1974; Jacobus gg_gi.,

1975). Heart muscle contains_ a great number of mitochondria (40% of the | ’
cytoplasmic volume, Lehhingér, 1974a) that are situated in close proximity_ iﬁ
to tﬁe myofibrilé. The sarcoplasmic réticulum on the other hand is rather

sparse in heart compared to fast skeletal muscle, and in amphib{%n hearts it

seems to‘iF Iacking altoggtth)/'The mitochondria are found to contain most

of the radioactivity if 45Ca is injected into an intact animal (Patri¥arca ﬁ

Carafoli, 1968) or perfused into contracting rat hearts (Horn, Fyhn &

Haugaard, 1971). The affinity of heart mitochondria for calcium is sufficiently. .
high to remove calcium bound to trpponin in vitro (C;;aféli § Azzi, 1972;
Carafoli et al., 1975). On the other hand, Schaffer, Safer and Williamson .
{1972) argued against ﬁitochondrial involvement in the cardiac contraction- 53_

relaxation cycle because rat hearts, peffused anaerobically with oligomycin,



conditions that prevent both respiration.and ATP-supported calcium uptake,

are still able to beat normally. Sdarpa and Graziotti (1973) found that in .

their assay system the affiaf%y of heart mitochondria for calcium and the -
rate of calcium uptake was not sufficient to account for the amount of aal-
cium sequestered and released during each beat. However, neither of these:
groups have taken into account the very rapid suﬁersto' hiometric membrane .
loading of calcium that is known to take place in heart mitochondria (see ,
Se;tion 1, page 51). It hasﬁbeen calculated (Jacobus~gs:gl:, 1975), that
heart.miéochoﬁaria need only to bind 0.5-0.8 mg-atoms calcium/mg protein in
order to account for relaxation. This is clearly aithin the iimips of
membrane loading (100 ng-atoms/mg protein) .

One question that is always raised withirespect to mitochondria and the
contraction-relaxataon cfcle of the heart concerns the mechanism of feleasa'
of calcium from the mitochéndria needed to cause coatraction. ‘Possibly,
dapolarizatioﬁ of the T-system could be transferred to-the mitochondria
resulting in calcium discharge, but thisrwduld‘require aome sort of functional
contact between the T-system and the"mitochondrial membrane. The recent
observation by Carafoli;s group (Carafoli et al., 1974) tﬁat small amounts
of sodium can raiease mitochondrial calcium suggests a mechanism by; which
sodium influx during the action potential induces calcipm_reléase by the
mitochondria. During the recovary phase, when sodium is pumped out of the .
cell, mitochondria take up the calcium agai; and relaxation results. jhis
mechanism is still highly speculative however, and the role of mitochondria
in the cardiac contraction-relaxation cycle is still ndf firmly established.

Another interesting aspect of heart function is the mechanlsm of action
of inotropic agents., These are substances that increase the force of con-

traction of the heart, and examples 1nc1ude catecholamlnes, glucagon,

thyroxine and cardiac glycosides. Many inotropic agents stimulate adgnylate

71
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cyclase, and so much research has been done on the relationship between
cyclic AP and myocardial contractility (see review Ly Eﬁtman, 1974). Cal-
cium can be expected to be involved in the mechanism of the inotfopic response
bf.the‘heart because of its role in muscle contraction and interrelationships
with cyclic AMP, |

One way of increasing the force of contraction would be to increase the
amount of calcium released and taken up by the sarcoplasmic reticulum during
each cycle. Adrenaline (or dibutyryl cyclic AMP) will enhance the entry of
calcium from the extracellular fluid into the heart cytoplasm (Meinertz, *
Nawarth § Scholz, 1973; Beuter, 1974). This extra calcium could be stored
in the sarcoplasmic reticulum, thus in:;easing the quanti%y of calcium
available for release duriné the next~action potential. Furthermore, cyclic
AMP has been shown to stimulate the uptake of calcium by cardiac microsomes
(Epstein, Levey & Skelton, 1971; Shinebourne & White, 1970§ Kirchberger ‘
et al., 1972): Cyclic AMP has two qther effects that would result in a L

shift of calcium to the sarcoplasmic reticulum. First, it inhibits the

) -

outwardly-directed calciumfpump in the sarcolemma (Dietze § Hepp, 1972) and

the Na-K ATPase of the sarcolemma (Limas, Notargiacomo & Cohn, 1973),' The (

latter effect will inhibit calcium efflux because it will reduce the sodium

gradient that drives the Na-Ca carrier system. _Sgcondly,lcyclic AMP causes

the release of calcium from heart mitochondriﬁ (Bérle,u1924). Thi& scheme

provides one ekplanation of how cyclic AMR'could modulate the inotropic

action of patecﬂblamines by adiusting the intracellélar distribution of calcium.
Thik part of fhe literature review has attempted to provide an overviéw E

of the complex iqterrelationships that exist within cells, ,and has stresseé ‘;,

. : . . . \
the importance of calcium and cyclic AMP as second messengers in cellular

activation. It has also been shown that the ability of mitochondria to take
4

-



tqafnd release calciqp is intimately involved in‘reguléting the internal
ionic environment of the cell.

3. Mitochondrial Calcium Transport: Possihle Role in Nonshivering
Thermogenesis in Muscle

As‘discussed in Part B, Section 5(55 of the literatgre review, the
mechanism of nonshivering thermogenesis in.muscle is still not understood.
In view of the increasing evidenée implicating calcium in a wide variéty
of cellular processes, it would be very interesting to see whether calcium
movements in muscle cells play any role in noradrenaline-mediated heat pro-
duction. The purpose of this section is to present a hypothesis, based on
the facts described earlier in the literature review, that might explain

nonshivering thermogenesis in muscle.
. N

The basic tenet of the proposed hypothesis is that nonshivering thermo-
genesis .involves a noradrenaline-induced increase in calcium-associated
energy-dissipation in skeletal muscle mitochondrial™ Possible ways that this
might occur are outlined in Figure 13. Noradrenaline binding:to its receptor
on the plasma membrane ;esults in an incréased level of‘a calcium releasing

i

"agent (eg. cyclic AMP, Na+, PGE, PEP, FFA) in the éarcoplasm. The releasing

w2
-

agent then enhances the efflux of calcium out of the mitochondria. This

t

increases the a%ailability of célcium for enérgy—linked reuptake. by the mito- '
chondria, thus stimulating respiration, ingréasing the oxidatioﬁ of substrates
énd producing a greater amount of heat. Other potential mechanisms of
increasing the calcium concentgggéon of the s;rcoplaém would be increased
‘enﬁry of caicium from the extracellular £iuid or increased release of calcium

from sarcoplasmic reticulum stores. .

A mechanism of NST involving mitochéndrial calcium transport must satisfy

v §
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Figure 13. A Hypothetical Mechanism of Nonshivering Thermogeﬁefis in
Skeletal Muscle

Noradrenaline acts upon .its receptor in the sarcolemma (1), causing
an increase in the cytosolic concentration of a releasing agent (2), which

. r .
in turn enhances calcium efflux from the mitochondrion (3). This makes more ‘

calcium available for energy-linked reuptake (6), and respiration is stimu-
‘lated (7). Other potent1al sources of calcium are the sarcoplasmlc reticulum
(5) and the extracellular fluid (4). Also shown is the Na'K' ATPase (8),

which may be involved indirectly in calcium movements as described in the

text.



two basic criteria. First, it must work -at a muéh higher‘level in the cold;
acclimated rat to account for the Ffour-fold increase in metabolic rate seen
iﬁ cold-acclimated éats infused with noradrenaline. Secondly, there must
be a way to turn the‘ﬁechanismagn and off rapidly to account for the.facul—
tative characteristic of NST.. The first criterion could be satisfied by
postulating that in the cold-acclimated rat,.more releasing agent is produced
by the same amount of noradrenaline. Alternately, the mitochondria could
undergo an adaptive change resulting in an inbreaégd sensitivity to.the
re1e§sing agent, that is, in the cold-acclimated rat, the releasing ageht
induces a greater efflux of caltium from the muscle mitochondria than in the
warm-gcclimated rat. Another %iﬁe at which an adaptive change could take
-

place is the uptake portion of  the calcium recycling process. By virtue
of a greater number or higher affinity of calcium carrier molecules, mito-
c@ondria from the cold-acclimated rat could accumulate calcium at a greater
rate, thus causing a greater stimulation of oxygen consumption than in the
warm-acclimated rat. The second criterion, the rapid switching on and off
of NST, could be explained if one assumes that the reieasing agent is removed
rapidly as soon as the stimulus (noradrenaline) is no longer present.

There are, of course, a number of ;roblems associated with this hypo-
thesis that w have to be solved experimen{ally before it could be
eleasing agents mentioned.héve all been §hown

-

- mitochondria, but it is uncertain whether
. a

accepted. First of all, the

to release calcium from isolate

they function in the intact anima}. The second problem is whether noradrena-

line can increase the levels of the\various releasing agents within the

muscle cell. Cyclic AMP would be an attractive candidate for participating
in a noradrenaline-induced enhancement of calcium recycling, because levels

{
LY
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of this compound would be increased by the stimulation of adenylate cyclase
by noradrenaline. The concentrations of cyclic AMP required to induce
mitochondrial calcium release (Borie, 1974) appear to be within the physiolo-
1

gical range. Also, a method for rapid removyal of this releasiné,agent also

exists, namely hydrolysis by phosphodiesterase. Howéver, cyclic AMP would

o

be expected to have other actions in muscle as-well. in heart, cyclic AMP
inhibits the Ca2+-ATPase'aﬁd Na;K+-A%Pasé of the sarcolemma (Dietzelé Hepp,
1972; Limas et al., 1973), but whether this happens in skeletal muscle is not
known. Cyclic AMP stimulates the ;ptake of calcium by sarcoplasmic reticulum
in heart (Kirchberger et al., 1972) and in red skeletal muscle bﬁt not white
fiuscle (Kirchberger § Tada, 1976}. ISuch an éction would tend to make cyto-
solic calcium unavailable for uptake by the mitochonéria and so wdul%_be
difficult to reconcile with tﬁe proposed hypothesis. r

Finally,-nolchanges have been observed in the musgle adenylate cyclase
system 6f rats fulz; acclimated to g¢old (Himms-Hagen et al., 1975). Nora-
drenaline would thus not be expected to increase cyclic AMP concentrations
to a higher level in the cold-acclimated rat compared to a warm—accliméted
rat, One wouid have to postuléte,that muscle mitochondria from the cold-
acclimated ra% are mofe sensitive to the calcium releasihg.effects of
cyclic AMP.

Of the other known reléasing agents, free fatty écid levels would be
expected to increase as a result of catecholamine-inducéd 1ipbly$i€ {see
Garland § Randle, 1963). kittle is known, however, about the effEcts of

fatty acids on muscle mitochondrial function in vivo. Muscle mitbchondria

isolated from cold-acclimated rats, for example, do not show the fatty acid-

> .
induéed uncoupling seen in brown adipose tissue mitochondria. Phosphoenol-

[
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pyruvate leQels possibly could be elevated a; a result of enhanced glycolyéis
. caused by noradrenaline, but it seems likely:that—this compound would be very
rapidly metabolized to pyruvate before sufficiently high.levels couid accumu-~
late to cause mitochondrial calcjum reiease. ‘Prostaglandins; ligewi;;, . /
must be presentlin high qﬁantities to induce release in ig_zi;;é_experiments.
Interestingly enough, though, there is some évidencé that proqtaglandiqs might /-“
be involved in cold-acclimation. Cold-str;ssgd rats excrete higher levels
of prostaglandin metabolites than confrols (Gréen § Samuélsson, 19?1)h' Rats
Freated with indomethacin, an i;hibitor of prostaglandin synthesis, survive
poorly in the cold and show increased'excretioﬁ rates of‘noradrenaline
GSfjarne, 1972): There aﬁpéar be feedback relationships between-prosta-
glandins and catedholamiges, is, sympathetic stimulation éausgs prosté- '

glaidin gyelease, which in td}P inhibits release of noradrenaline (see Weeks,
. ’ - .

1972). Whether prostaglandins play a direct role in tH‘ﬁmogenic mechanisms, =

however, is not known.

" Sodium ion is another c;’ releasing agent whose concentration might
be regulated by ﬁorédrenaline. Twe ways in which nofadrenaline could
increase sodium levels in the cyfosol are by dep&larizing the sarcolemma
{Teskey et al., 1975) or by inhibiting the Na'K' -ATPase.’ ‘The effects of
caiecholaminqs on the Na'K'-ATPase vary from tissue,to tissue, Qith noradre-
naline iﬁhibiting it in liver kBarnabei et al., 1973) and heart (Limas EE;El-
'1973),$put gtimulating it in brown adipos; tissue (Herd EE.El;s 1970) and
brain fGodfr ’;H, Koch & Verbeke, 1974). Althpugh Teskéy et al. (1975)
_observedidegi:ériiation of skeletal muscle cells b{ noradrenaline, various
«_ther workers have noted sodium efflux and have suggested that noradrenaline
or adrenaline stimulates ;he sodium pump (Dockry et al., 1966; Evans §
Smith, 1973; Hays et al., 1974; Bressler et al., 1975). Establishment of a

A ' » . . 1
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role for.sodium as a cflcium releasing agent in the proposed hypothe51s will -

have to await clarlflcatlon of the effects of’horadrenallne on sodium fluxes

N
-

"in skeletal muscle., .’

-

-

Another complication that arises with-respeét to this hypothesis is the

active calcium accumuiating ability of the sarcoplasmic reticulum. Any

calcium released'byqthe_mitochondria.could e taken up by the sarcqplasmié
TN

reticulum and made unavailable for mi

gchondrial uptake. The calcium binding

'consta;%ioﬁ isolated sarcoplasmic réticulum is about 1 UM (Meissner, Conner
& Fleischer, 1973) .which is similar to the affinity of mitochondria for

calcium. A second problem is that thé amount of calcium release& by the’ \\

mltochondrla must not be sufflcrént to initiate musgle contractlon, since

nonshlverlng thermogene51s does not 1nvolve muscle movemepts One wgg&d

-

e

r

have to postulate that the noradrenallne 1nduced increase dn calcium recycllng

f .
is a closely controlled local event occurring at the mitochopdrial membrane,

and, that the calcium that leaks out is reaccumulated rapid}y by the mito-

chondrion and is therefore not made available either fo uptake by the

sarcoplasmic:reticulum or for participatiemin the actile process. This

type of release would thus be basically different from that occurring as a
result of nervous stimulation, in which the action potential causes a raEid
‘and large amount of calcium§?elease from the sarcoplasmic reticulum.

The purpoée-of the research reported in this thesis is.to examine one
L) . .. . ' ‘. , . . . .
particular aspect of the‘proposed'hypoth351s, namely the‘calc1um transporting

prdﬁerties of muscle mitochondria isolated'from cold- and warE-apclimated

rats. This is a logical starting point for testing the hypothesis because

+

it is already known that muscle m}tochondria undergolaprphological and bio- -

chemical changes associated with cold-acclimation, changes which have not so

. . . - -

] * -
i
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far been associated.with any marked change in mitochondrial function. Also,

an appreciable amount of research has already been done on the various aspects

of mitochondrial calcium transport, and so parameters exist to which muscle

<

mitochondria from cold-acclimated rats can be compared.
.The following aspects of mitochondrial calcium transport will be com-
pared in skeletal muscle mitochondria iselated from warm- and cold-acclimated

rats: -

(i) *“calcium contents of the mitochondria '
(ii)  effects of calcium on mitochondrial respiration

(}ii) rate of calcium uptake by mitochondria
. 1Y

(iv) effects of various compounds on the release of calcium from

4

mitochondria

(v) measurement of respiration-inhibited high affinity and low affinity
¥
calcium binding sitks in mitochondria.

An attémpt will be made during thexdiscussion of the results of these

experiments to correlate the findings with the hypothetical model of non- ‘

shivering themogenpesis presented in this section. )

The ultimate goal of the experiments réforted here and others in this
laboratory is to explain in biochemical terms the mechqpigm of nonshivering
thermogenesis in cold-acclimated rats. Such an achievement would contribute

significantly to our understanding of adaptive processes and hormonal

regulatory mechanisms in endotherms.

J



CHAPTER III: MATERIALS AND METHOﬁS

! ] 2

PART A: MATERIALS ' . | -3

1. Rats

- Male white raés of the ﬁoltzmann-s£rain weighing 150-200 g were pur-
chased either from the Heoltzmann Company (Madison, Wisconsin), of from

Canadian Breeding Laboratories (LaSalle, Quebec). Upon arrival they were
k;pt at room femperature (2701 l?C) for one week in large wire cages con-
taining about 12 rats per cage. Rats were then placed in individual wire
cages and divided into two groups: warm-acclimated controls, left at room
temperéture, and cold-acclimated, placed in a cold r&om having a temperature

of 4%+ 1°

C. Rats had free access to food and water, and artificial 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

experiments. Rats were left in the cold room for at least five weeks before

use to ensure that full acclimation to cold had been achieved.

2. Chemicals ) B
The following chemicals were obtained from the Sigma Chemical Co.:

ATP'(adenosine S'?triphosphate, disodium salt), ADP (adenosine 5'-diphosphate,
disodium salt}, EDTA (ethylenediaminetetraacetic¢acid,‘disodiuﬁ;salt),EBGTA
(ethyleneglycol-bis-(aminoethylether) N,N'-tetrage€tic acid), HEPES (N-2-hydroxy-
etﬁylpiperazine-N'-2-ethanesulfonic acid), heparin (158 units/mg, sodium
rsalt),mmannitol, sucrose, bovine seéum albumin (fatty acid f?ee), protease
(sﬁb£ilishlBPN'), imidazole, ruthénium red, PPO (2,5-diphenyloxazole],

rotenone, antimycin A, pyruvic acid (free acid and sodium salt), malic acid

(free acid and sodium salt), succinic acid, glutamic acid, DL-gg-glycero-



phosphoric acid (sodium salt), and Tris'(trishydroxymethylaﬁinomethane,

o
acid and base}.

Radiocactive calcium (45CaC12, 10-20 ﬁCi/mg) was -obtained from New
England Nuclear. -NCS_tgssue solubilizer ‘was pufchased‘from Amersham-Searle.

.
Filter-Solv cellulose acetate filter dissolution agent was a product of

Beckman.Instruments, Inc. Lanthanum chloride (LaC132 6H20)_and calcium
reference solution {1000 ppﬁ, for atomic absorption spectrophotometry)
were obtatned from Fisher Scientific Co.

Divalent cation ionophdre A23187 and prostaglandin E, were gifts of

1
Dr. R. Hamill of Eli Lilly and Co. and Dr. J. Pike of the Upjohn Co,

respectively. . g

PART B: METHODS

1. Isolation of Muscle Mitochondria

For the majority of the studies reported in this thesis, muscle mito-
chondria were isolated by a slight modificaﬁion of the method reported by
Behrens and Himms-Hagen (1576). s

’ Shortly before the experiment, rats were taken to the laboratory from
their respective environmentaily—control1ed rooms, wéighéd,,and killed by
decapitation. Hind.leg muscles were quicily excised and immer;ed in cold
0.15IM KCl. Subsequent steps were all performed at 0-4°C. After removal
of fat and connective tissue, the muscles were mincéd with é‘razor'blade into
small cubes, and 10 g of the muscle mince was placed in 100 ml of ice-cold

digestion medium. 'This medium consisted of 210 mM mannitol, 70 mM sucfose,

10 mM HEPES pH 7.4 (referred to hereafter as MSH medium), plus 1 mM EGTA,

250 units/ml hepariﬁ, 1 mM ATP and 0.2 mg/ml Sigma protease (subtilisinBPN™).’
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Tye muscle mince was digested in this medium for 30 min, 0° C. with continuous

. -

. stirring. This was followed by gentle homogenization w%th-h loose~fitting
motor-qriven homoggnizer (Duall #24) haﬁing a grouﬁd-glass tube and pestlé.
IThe reéulting homogenate was diluéed to 200 ml with MSH medium plus 1 mM EGTA'
250 units/ml heparln and subJected to differential centrlfugatlon in a Sorvall
RC-2B refrlgerated centrlfuge u51ng an HB-4 swinging bucket rotor

First, the homogenate was centrifuged for 5 min at 650 x g, and the £esu1t-

ing supernatant filtered through two layers of gauze and centrifuged féf 15 min’
at 13,000 x g The pellets from this step wére resuspended in a small amount of
MSH medium plus EGTA and heparln using a hand- held glass homogenizer w1th a
teflon pestle, The suspen51on was diluted to about 50 ml and centrifuged at
650 x g for 5 min. The supe;natant from this step, containing the mitochondria;
was recentrifuged for-another 5 min at 650 x g. The pellets from these two low
speed centrifugations contained a light, fluffy material thét was discarded. The
supernatant was then centrifuged for 15 min at 13,000 x g to sediment the mito-

chondria. To remove traces of heparin and EGTA, the mitochondria were resus-

pended in MSH medium (without heparin ana EGTA), diluted to 100 ml and cent-
fifuged again for 15 min at 13,000 x g. The final pellet was resuspendea’in
MSH medium to a volume of 2.0 ml and 25 pl samples were taken for protein esti-
mation. Volumes were adjusted to give a final protein concentration of 5 mg/ml.
Electron microscopy showed the preparations to be free of contaminants such as
sarcoplasmic reticulum.

Any deviations from this standard procedure wil be mentioned when each
-individual experiment is described.

2. . Isolation of Brown Adipose Tissue Mitochondria

Brown adipose tissue mitochondria were isolated by the procedure of Grav

et al, (19>Q) except that the isolation medium was buffered with I mM



" - , b
imidazole rather than HEPES. \

" . . .
. gnterscapular brown adipose tissue was excised, cleaned of white fat

and skelet;1 muscle, weighed and chbpped finely with scisgorst The mince
. was placéd in 10 ml of cold iSQIation.mediﬂm (0.33 M sﬁérosc,‘l mM imidazole

pH 7.43, and gentiy-ﬁombéenizeﬁ with a loose-fitting ail-élass homogenizer,
Centrifugations were perfbrﬁed in thptScrvali RC-2B refrigerated céntrifugé

using the 55-34 rotor. The homogenate was centrifuged for 5 min at 900 x g }
.and the Supernatant filtéred through 2 layers of gauze. The sdpernatant was
phen centrifuge& for S min at-600 x g and filtered as before. The mitochondrial
fraction was_sédimented at-'f,400 x g for 5 min. The walls of the centri-
fugeftu%e'wer;;;éreful{y Qiped with a tissue to remove adhgring fat, and the
mitoché%drial pélletrwas resuspended in a small amount of isolation medium by
gentle stirring with a glass; rod., P:fter diluti’bn to 10 ml with additienal ‘
medium, the mitochondria were sedimented again at 7,400 x g for 5 min. The h
pellet was resuspended as before, made upfto exactly 10 ml, and 0.5 ml

samples were withdrawn.foﬁiprotein éstimatié;. Thé mitochondria were sedi-

mended a final time and the pellet resuspended in 0.33 M-sucrose - 1 mM

imidazole to a concentration of 1 mg/ml.

3. Protein Estimation
“»

Protein was determined by the method of Lowry et al. (1951), as modified
by Schacterle and Po{éack {(1973). Bovine serum albumin was used as standard..
Because a number of sugstances, including sucrose, Tris, EDTA and HEPES have
béen found-to interfere with the Lowry protein determination (eg. Peters §
Fouts, 1969; Ji, 1973!, mitochondrial protein was routine%y precipitated from
sémples of the isolation media with cold 10%-(w/v, final conéentration)

trichloroacetic acid. After standing on ice for 30 min, the precipitated
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protein was sedimented at 16,000 x g for 10 min and the pellet dissolved in '

1.0 ml warm 0.5 N NaQH. The proteln estimation was then carried out as .
described in the literature (Schacterle and Pollack .1973).

4., Measurement of Calcium Contents of, Mltochondrla

-

The calcium content of mltochondrlal fract1ons was determined esseﬁtlally/
as descrlbed by Carafoli and Lehnlnger (1971) Mitochondrial pellets (5 mg
protein) were suspended in 0.8 ml of 0.5 N HEl and placed in a boiling water
bath for 10 min. After centrifugation (10 min at 10;000 x g) the superndtants

-

were withdrawn and the pellets extracted a second time as before. The super-

natants containing the extracted calci ombined and the volume made

up to 2.0 ml with additional 0.5 N HCl. € caltium concentration was

‘determinea using a Jarrell-Ash Model 740 Dial-Atom II atomic absorption
spectrophotometer. All samples and calcium stanﬁards containéd 1% (w/v)

LaCl3 to suppress interference by éhosphates (Witlis, 1961), and all had i
identical acid concentrations of 0:5 N HCl. Ca1c1um standards were prepared

from a commercial stock calcium solutlon (1000 ppm, Fisher Scientific Co.).

5. Measurement of Mitochondrial Respiration

!

-

All measurements of mitochondrial onggpfuptake/¢;re determined polaro- .
graphically using a Model 53 Biological Oxygen Monitor (Yellow Springs
Instruments Co.) consisting of an oxygen-sensitive electrode, a constant
temperature bath-stirrer assembly, ana‘an oxygen metér connected to a strip-
chart recorder. Ve

Fo; the determination of tﬁe effécts of calcium addition on mitochondrial
respiratioﬁ (Results and Discussion, Part B), the incubation medium consisted

of 80 mM KC1, 10 mM Tris-HCl, pH 7.4, 0.5 mM potassium phosphate, 0.2% bovine

serum albumin (fatty acid free), and one of the following substrates; 10 mM

Similar results were obtained when.mitochondria were prepared for atomic absorp-
tion spectrophotometry by B;y ashing - see Appendix A. :

: l ) )
% ) . ‘
. . f
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s odium a-glycerophosphate, 10 mM sodium succinate + 0 125 M rotenone, and

5 mM sodium pyruvate + 5 mM sodlum malate. AMltochondrlal proteln was present"'h

_in concentratlons of 1-1.5 mg/ml The total: volume of the 1ncubat10n medium

was 2 ml and the temperature was 37°C. Mitochondria were allowed to resplre

-

in this medium for 3-5 min before the addition of 25 upl of 20 @M CaCl,

(Final concentration, 250 uM). -

The following respiration rates were determined: the state 4 re5p1rat10n

rate before addition of ca1c1um, the calcitm-stimilated re5p1rat10n rate,

and the state 4 rate after accumulation of calcium. For these calculations

-

the oxygen content of the medium was ‘taken as 0.398 ug-atoms 0/ml at 37°C

,(Chappell,-1964). From these results the respiratdry control ratios.(RCR's)

and Ca/0 ratios were determined for each substrate. The RCR is defined as
the ratio of the calcium-stimulated resplratlon rate, to the state 4 re5p1ra—

tion rate after calcium accumulatlon The Ca/Q0 ratio is defined as the ratio

~ of calcium added to the total oxygen consumed during calcium-stimulated ‘

respiration.

For experiments designed to test the é€ffects of ruthenium red and
ionophore A23187 on mitochondrial respiration rate (Results.and Discussion;
Part C) the incubation medium consisted of 210 mM manﬁitol, 70" mM sucrose,
10 mM HEPES pH 7.4, 0.2% bovine serum albumin, 5 mM Tris-glutamate + 5 mM
Tris-malate, 1 mM potassiqm phosphate, and mitochondrial protein, 1 mg/ml.
Ruthenium red and A23187 were #dded to give final concentrations‘of l-and 2
n mole/mg mitochondrial proteiﬁ respectively. In some experiments, ADP was
added to give a final concentration of 300 .uM. .

Crude ruthenium red was purified by recrystallization as described by

d

Fletcher et al. (1961) and assayed spectrophotometrically according to Luft

{1971). Stock solutions of 10 mM were stored in the refrigerator and kept
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no léhger than one month. The ionophore A 23187 was dissolved in absolute:
Fs

ethanol to provide a stock solutlon of 10 mM and stored in the freezer until

- o
used '

»

6. Measurement of Calcjum Uptake and Release by Muscle Mitocﬁondria -

The techniques used for measuring calcium uptake and release by isolated
mitochondria are based on fhe'studies.of Reed and Bygrave”(1974a, b, 1975a, b)

The major problems inherent in studies of calcium- k1nef1cs is the great v

. .

. rapldlty of the process, requ1r1ng technlques having a' ‘high time resolution. 5

Perhaps the best method is one desctibed by Mela and Chance (1968) whicl

involves the use of the calcium-sensitivK indicator murexide. This method,

LY

however, requires complex, expensivE equipment (a dual-wavelength spectro-

hl -

photometer and stopped-flow apparatus). An alternate approach is to seéarate

mitochondria from the incubation medium by centrifugation 6r microfiltration
N A 2+

s s . . s 7 s 45
- at specific ‘time intervals following the addition of the radioisotope Ca

o .

Normally .the time resolution of this tecﬁnique'is'too slow for accurate kinetic

studies. However, Reed and Bygrave overcame the limitation by using reduced

temperatutes to slow the reaction down and by using a speci;;ﬁziziéhing

solution to stop the reaction before filtration.¥ The quenc lution

b

consists of the specific caIC1um chelating agent EGTA and the noncompef1t1ve

inhibitor of mitochondrial calcium transport ruth&nium red. EGTA does not -

’ .
penetrate the-mitochondrial inner membrane and so will-only bind free calcium

in the medium and calcium bound non-specifically te¢ ‘the outer surfaces of
’ r

the mitochondrion. . Thys this technique has the added'advantage in that it
mgasures only calcium specifically transported by the mitochondrion and
eliminates the contribution of’non-spetific surface binding. Because the
p .

presence of EGTA alone would cause net release of mitochondrial calcium

(see Literature Review, Part C, Section 1(d)), Reed and Bygrave included
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rethenium red in the quenching solution to inhibit the release process.

Because theseé’techniques do not require expensive equipment, are convenient
and show high specificity, they were adopted for the studiesﬂreperted in
this thesis.

(a) « Measurement of the Time'Course of Calcium Uﬁtake

" The incubation medium consisted of 210 mM mannitel, 70 mM sucrose,
10 mM-HEPES, pH 724, 5 mM pyruvate, -5 mM malate, 1 mM phosphate (when brésent)'
and 1 mg/ml mitochondrial protein in a totai voluhe of 2,0 ml, All sclutiéns
were eeutralized with Tris. The temperature of the medium was 5°C. The
reactlon was carrled out in a small plastic 2 ml beaker open to the air,
and the medium was. stirred continupusly with a micro stirring bar.  After al
5 min preincubation period to allow for temperature equilibration, the reaction

45

was started by the add1t10n of 20 pl of 20°‘mM "“Ca€l ~5.4 m01/m mole) to

5 (
give a fJ.nal calcmm concentration of 200 MM. At time intervals of 0.5, 1.0, ‘
2.5, 8.0 7.5 10. 0 12.5, 15.0, 17.5, 20. 0, and 25.0 min, 0.1 ml’ allquots

were withdrawn and rapldly mixed w1€h an equal volume of ice-cold quenching
solution. (10 mM EGTA + 6 pM ruthenium red, Reed &‘Bygrave, 1975b). Mitochondria
were then separated ftem the medium by vacuum filtration through 0.22 um Millipore
filters. The filters were washed with 5 ml of cold-MSH medium. No more

than-a few minutes elapsed between quenching and filtration. Filters were

then dried under an infrared lamp for 5 min, placed in scintillation vials,

and solubilized in 7 ml of Beckman Filter-Solv. 'To measure total radioactive
calcium in the reaction medium, a sample was withdrawn withoﬁt prior filtra;
tion. This aqueous sample was solubilized in a scintillation cocktail con-
sisting of 1.0 ml NCS, 9.0 ml'toleene and 5 g/1 PPO. All samples were

'counted in:a Beckman LS5-250 liquid scintillation counter, and correction

for quenching was made using the channels ratic method. - N
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(b)" Medsurement of Initial Rates “of Calcium Uptake i "

Methods were the samé-as jpst‘descyibed, except that samples were t;ken
at Pime intervals of 10,_20; SQ, 45 and 66 sec. Initial rates were determined
from the slope of ﬁ%e graph of calcium upfake (ng-EEomS/mg protein) vs. time
(miﬁ); sIopes'were determined by linear regression analysis. .

(c) Measurement of Calcium Release

Essentially the same techniques just described for uptake studies wereé
also used to test the effects of various releasing agents on the retention

of calcium by mitochondria. Because a variety of conditions were employed

depending on the releasing agent §£udiéd, it is more convenient to outline

here a general method and give more specific details of each individudl

- experiment when the resylts are given in Chapter IV.

*

. Mitochondria were allowed to accumulate 45Ca until saturation with
reépect to uptake was regched, and then the particular releasing agent was
added (EGTA, ruthenium red, cyclic AMP, Na+, prostaglandin.Elj.,_Samples
were then withdrawn at timed intervals and filtered through Millipore filters,
which were washed, dried and counted as before. This gives a value for the

amount of calcium remaining in the mitochondrion at each timeﬂinterval,{from

which the amount of calcium released .can be determined.

7. Measurement of High Affinity and Low Affinity Binaing Sites of Mitochondria

The respiration-inhibited high affinity and low affinity binding sites
were studied essentially as deécribed by Reynafarje‘and Lehninger (1969).
Mitochondria were isolated in the mmual manner but the final mitochondrial
pellet was resuspgnded in 250 mM sucf;se, 2 mM Tris-HCl1l, pH 7.4,.to a protein
concenttation of 5 mg/ml. - .

The incubation medium was made up of 250 mM sucrose, 2 mM Tris, pH 7.4,

1 mg/ml mitochondrial protein, 0.25 yM rotenone, 0.225 pM antimycin A. Thqp

r
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inhibitors were added as ethanolic solutions. Concentrations of 4SCaC§23 .
B ‘~\.9

ranged from 1.0-500 ng-atoms/mg ﬁifochondpial_protein.- The total volume was |

"0.5 ml and the temperature, 0°C. Reacti?ns were carried out in sl 1:5 ml°

Eppendorf plastic micro centrifuge tubes. To 0.2 ml mitochondtial suspension,

0. 1 ml of. sucroSe trls contalnlng the 1nh1b1tors was added After 1.min,

0 2 ml of sucrose- -tris conta1n1ng a particular amount of 45 2 was added.

After a 1 min incubation, tubes were centrifuged for 2 min in an/Epgpndorf model

3200 micro centrifuge.to‘separate mitochondria from the medium. The radio-
activity remaining in the supernatant was measured by withdraﬁing a O.Z-ﬁﬁ
aliquot. and ::iﬁgglizing it in 1.0 ml NCS, 9 ml toluene, 5 g/1 PPa. From
these measurements the amount of calcium bound to the mitachondria and the

calcium remaining in the mddium were calculated for each concentration of
. B

calcium added. ‘ . /

.

The nuhber.and affinity of each class of binding site was deiermined by
Scatchard analysis as outlined by Reynafarje and Lehninger (1969). A gréph
of bound célcium (ng-atoms/mg protein)/free calcium (uﬁ) vs. bound calcium
{ng-atoms/mg protein) yields a biphasic cur;e having a high affinity leg
intersectiﬁg the ordinate and a low affinity leg intersecting the abscissé.
By extrapolating the high affinity. leg to the abscissa énd the low affinity
leg }o tﬁe ordinate, the number (n) and stability constanF (K') of each class
of site can be determined. _Inferce}ts on the abscissa gi;e the number of
sites n, while intercept; on the ordinate give nK', from which K' can be
calculated. The reciprocal of K' gives K, the dissociation constant for the
Ca2+-binding site complex. This quantity is equivalent to the concentration

of calcium at which the binding sites are half-saturated, and this is a

measure of the affinity of the site for calcium.



8. Statistical Analysis of Results
Results are expressed as mean * standard error of the mean (S¢E.M.),

Significance of differences was tested using the Student t test (Snedécor;

1956) . .

r
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CHAPTER IV: RESULTS AND DISCUSSION o o

T

The results of each experiment willjbe presented in the fblloufﬁg

M .

v

Section 1; Purpese of the Experiment
2: Description of the Experiment

3: Results and Discussion

PART A:: CALCIUM CONTENTS OF SKELETAL MUSCLE AND BROWN ADIPOSE.I;§Sd;
‘ MITOGHONDRIA FROM WARM- AND COLD-ACCLIMATED RATS

1. Purpose of phe Experiment

wi‘Changes in the calcium transporting properties. of muscle mitochondria
as a result of cold-acclimation may be reflected in a difference in the cal-
cium content of the mitochondria. The purpose of this experimé_nt is to ‘
isolgte in warious ways muscle mitochondria from warm- and cold;acclimated
rats, measuré calcium contents of the mitochondr%al fractions, and see if

L a

any differences exist which might be related to the iﬂ_gigg_funcﬁioning of
the mitochondria. For cémparative purposes, calcium is also measured”in

brown adipose tissue mitochondria.

2. Destription of the Experiment

A total of 38 rats, 19 warm—apclimated (WA) and 19 cold-acclimated (CA),
had lived approximately 3 months at their respective acclimation temperaturés
before the start of the experiment. The mean weights &f the rats were:

WA: 519-% 21 g; CA: ’400 *t 14 g. '

Interscapular brown adipose tissue mitochonﬁria ﬁere isolated from 8 WA

and é CA ratsfinlO.SS M sucrdse, 1:.mM imidazole éxactly'as described in the

‘Methods. Muscle mitochondria were prepared from 8 WA and 8 CA rats by the



problem, however, becauwse in the absence of EDTA muscle mitochondria tend

-pf this tissue. To avoid ‘this, Thakar, Wrogemann and Blanchaer (1973)

: y ’
Y ! . ’
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. } _ .
standard isolation procedure (see Methods), except that calcium chelating

agents (EGTA, EDTA) were omitted from isolation media to avoid excégsive i
. 4
removal of mitochondrial calcium during isolation. This presents another -

-

to bi?dfadditional calcium during isolation because of the high calcium content

'

recommended-the inclusion of 2.5 uM ruthenium re& in isolation media. Thus,
for these experimentsi the muscle from each rat was divided info two lots,
and mitochondria from one lot were Prepared in MSH medium, while mitochondria
fromrthe other lot were prepargd in M%ﬁ‘medium + 2.5 uM ruthenium f%d.

Because the proteolytic digestion step used to isolate the mitochondria

could conceivably influence the calcium contents, mitochondria were also '

p}epargd from 3 WA and 3 CA rats by f procedure that does not £equire pro-
teolytic digestion. This procedure utilizes an ionic medium (100 mM KC1)
rather than a sucrose medium, aﬁé a full d;scription of the method is found

in Ernster and Noré:nbrand (1967). Again, one-half -of the mitochondria J&rom
each rat were isolated in a mediﬁm containing ruthenium red. Calcium contents
of'mitocﬁéndrial pellets Qere-defbfmined by atomic absorption spectrophotometry

a escribed in the Methods section.

Results and Discussion :

The results of the expeériment are summarized in Table I1 and Figure 14.

The'mosﬁus;riking observation of this study is the large reduction in the

4 L

calciuﬁ cdﬁﬁents-of IBAT mitochondria as a result of cold-acclimation. This
findiﬁg agrees with that. of Christiansen (1971) who observed that the.calgium

content of newborn guinea pig BAT mitochondria was very much lower than that

rl
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. TABLE I1
Calcium Contents of Muscle and PBAT Mitochondria
~ l}-/
Experiment WA CA P' (W vs C)
. . . . - 4
IBAT (n=8) - 44,2 + 3.2 20.0 + 1.3 P < 0.001
Skeletal Muscle .
A. MSH medium (n=8) ) .
~RR ‘ 14.5 % 1.4 15.1 + 1,2 NS
+RR . , 15.3 # 0.8 15.4 £ 1.1 . NS
P (-RR vs +RR) NS |, NS ' .
. . k-9
B. KCl medium (n=3) _
-RR 24,9 £ 0.7 22.2 £ 2,1 NS
+RR 16.6 + 0.8 16.6. % 1,0 NS
P (-RRvs +RR) ., P < 0.005 NS -

Results are given as mean * S.E. Units are ng-atoms calcium/mg protein.

Abbreviations: WA: warm-acclimated; CA: cold-acclimated; IBAT: intersca-
pular brown adipose tissue; MSH: 210 mM mapnitol, 70 mM
sucrose, 10 mMIHEPES; RR: ruthenium red. ' !

¥
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Figure 14. Calcium Contents .of Isolated Brownw&dipose Tissue and Skeletal

. Muscle Mitochondria from Warm- and Cold-Acclimated Rats

" The graph compares the calcium contents (ng-atoms Ca/mg mitochondrial

protein) of interscapular brown adipose tissue (IBAT) and skeletal muscle

mitochéndria isolated from warm-acclimated (W) and cold-acclimated‘(é) rats.
I BAT m;tochondria were isolated in 0.33 M sucrose, 1 mM imidazole pH 7.4.
.Skeletal muscle mitochondria were isolated by two methods: A: MSH medium
and B: 100 mM KC1 medium (no proteolytic digestion). The bars designated
] AR signify calcium_éontents of mitochondria iseclated in the presence of 2.5
M ruthenium red. Shaded areas of bars refer to a significant difference
in calcium content between mitochondria from a warm-acclimated and cold-

o
acclimated rat. Values are shown as mean * S.E. (vertical linmes).
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of weaned guinea pigs. In other words, transformation of BAT from a non-

. 5. . . . .
thermogenic to a thermogenic state (newborn or cold-acclimated animal)} gives

rise to a reduction in mitochondrial calcium levels. Whether this actually
happens in vivo is uncertain. Both thermogenic and nonthermogenic BAT mito-

- chondria would be in an uncoupled state as a result of this isolation procedure,

L

-and 80 a éertﬁin amount of the mitochondrial calcium'would be expected to

leak ou£ during isolation. It is quite possiQ}e that tﬁ%§mitochondrial mem- 4
brang of fhermogenic BAT is more permeable to ions tﬂén nonthermogenic BAT,

and so a greater proportion of calcium is lost., Christiansen (1971) postulated
tha%- he mitocﬁondriél calciﬁm-pool is more mobile when BAT is in a thermogenic
state. 1In any evént, these possibili;ies were not explored further since

brown adipose tissue is not the major subject of the research weported here.
[}

- Unlike BAT mitochendria, no differgpce between CA and WA rats were found
for skeletal muscle mitochondria whether isolated in the MSH medium after
proteolytic digesgion or ;n the KC1 medium without digestion. The inclusion
of ruthenium red had no effect on the calcium levels in mitochondria isolated
~in MSH medium. This agrees with the findings 6f Thakar et al. (1973); who % -
isolated mitochondria from hamster muscle by a very similar procedure to thé
one used here. They found that ruthenium red could prevent binding:bf cal-
cium during isolatjon but the effects were only noticeable if a large amount
of additional cai:%ﬁmggas added to the homogenate. No difference was seen
in the absence of exogenous calcium. In other words, uptake of endogenous
cell calcium by muscle mitochondria is not a problem with this particular ¥
isolation procedure. On the other hand, calcium levels of mitochondria

prepared in the KCl medium were slightly higher and the pfesence of ruthenium

red lowered this level “to that seen using the MSH medium. It appears, then,



that mitﬁchondria did bind ;dditional calcium when isolated in the KCl medium.

The calcium.contents-of muscle mitochondria_osserved in this study are
in the same range as values found for mitochondria from other tissues. Rat
1ivef and }at heart mitochondria, £ez example, contain approximately 12 and
30 ng-atoms Ca2+/mg protein respectively (Carafoli § Leﬂninger, 1971). .
Hamster skgletal muscle ﬁitochondria contain about 22 ng-atoms C32+/mg protein ‘

( Thakar EE;EL" 1973). Interestingly, ﬁuscle_mitochondria from dystrophic

hamsters have greatly elevated calcium contents, in.excess of 200 ng-atoms/mg
proteinfﬁgnd as a result a defect in oxidative phosphorylation)exists

( Wrogemann, élanchaer & Jacobson, 1970). Apparently only a small fraction

of the -mifochqndrial-population-has this defect, the remainder being normal

and having the usual calcium content {Mezon, 'W;ogemann § Blanchaer,‘ 1974l) . "i

The finding that cold-acclimation does not give rise to changes in the .
muscle mitochondrial calciug contents would rule out any suggestion of a
mechanism of heat production in whichlmitochohdria become‘uncoupled due to the
uptake of damaging amounts_of calcium, as is postulated in malignant hyperthermia.
(Literaturé Review, Part B, page 34 ). It does not, however, rule ocut a
mechanism involving enhanced recycling pf mitochondrial calcium. Here, the
s teady-state level of ﬁitochondrial calcium would be the same in the WA rat
and the CA rat; only the rates of uptake and efflux would be.changed.

Bramante and Nirdlinger (1974) measured the subcellular ionic distribution
of ions in liver and heart of cold-acclimated rats. They found that calcium
contents of heart mitochondria were unchgnged wﬂ}le those of liver mitbchondria
were slightly reduced compared to controls (6.2 vs. 4.7 ng-atoms/mg protein}.

Although this difference was statistically significant (P<0.05), it is quite

small and its meaning is not readily apparent. McBurney and Radomsky (1973)
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observed a similar reduction in the calcium contents of Ji;ér mitochondria in
CA rats, but this was only seen if EDTA was included in the isolatioﬁ medium.
Both groups of authors suggested that thélreduction in calcium levels was due
to an ﬁncoupling of liver mitchondria as a result of cold-acclimation. However,
it is generally accepted today that uncéupling of liver mitochondria is not
involved in nonshivering thermogengsis. Because liver mitochondria are more
fragile in CA rats (Lusené & Depocas, 1967), a possible Explanation for the
findings of these workers is.that a greater percentage of the liver ﬁito-
chondria from the CA rat bécome damaged during homogenization, allowing a
greater amount of calcium to leaklout.during isolation. This would give rise
to an apparent reduction in thé calcium content of the mitochondrial fraction.

In all of these studies one must bé careful not to draQ too many con-
clusions from calcium determinations on isolated ﬁitochondria. Even though
an attempt was made to minimize shifts in calcium distribution du;ing homo-
genization of the muscle by excluding calcium chelating agénts and by adding
ruthenium red, it is uncertain whether the values oﬁtaiqed reflectithe true

in vivo calcium contents of the mitochondria.

PART B: THE EFFECTS OF CALCIUM ON RESPIRATION OF SKELETAL MUSCLE
MITOCHONDRIA FROM WARM- AND COBD-AGCLIMATED RATS

1! Purﬂ%se of the Experiment

Musé¢ie mitochondria from cold-acclimated rats were found previously to
show increased state 3 respiration rates and somewhat smaller increases in -
State 4 respiration rates with a variety of substrates (Himms-Hagen et al.,

1975; Hbous, 1976). It is of interest then, to see whether calcium-stimulated

. . 3 . .
resplration rates (analagous to state 3 or ADP stimulated rates) are also



elevated as a result of cold-acclimation. |In this experiment, calcium-stimu-

’

lated respiration as well as respiratory control ratios and Ca/0 ratios are

i

compafed for muscle mitochondria from WA aid CA rats, Changes in the two

latter parameters might indicate calcium-associated alterations in mitochon-'

.

drial control mechanisms. ) l’

2. Description of the Experiment

Ten warm-acclimated rats meighing 500 £ 16 g and 10 cold-acclimated rats
(380 * 19 g, acclimated about 3 months) were selected for these experiments.
Preliminary work eétablished the ideal incubation medium for obtaining optimal
-respiratory control ratios and Ca/0 ra%ios. A description of this medium and
the procedure folléwed may be found in the Methods.

3. Results and Discussion

q

The values obtained for calcium-stimulated respiration ratés, state 4 T
rates before and after calcium addition, RCR's and Ca/0 ratios for the sub-
s trates o-glycerophosphate, succinate and pyruvate-malate are summarized in
Table IIT and illustrated graphically in Figure 15.- ,
First, it can be seen that the stéte_ﬁ rates before calcium addition
were slightly elevated in mitochondria from the CA rat (although the increase
with pyruvate-malate as substrate was not statistically.significant). Calcium-
stimulated rates were significantly higher in mitachondria from CA rats with
a-glycerophosphate and pyruvate-malate as substrates, but not with succinate.
Finally, the state 4 rates measured after the accumulation of calcium were
significantly incfeased with all three substrates. No differences between
WA and CA rthAts were observed in either RCR'swor Ca/b ratios. N

Thede changes should be compared with the changes in ADP-stimulated

respiration in muscle mitochondria of CA rats (Figure 12, page 45 ). Keeping

]
"
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Figure 15. The Effects of Calcium on Respiration of Skeletal Muscle
Mitochondria from Warm- and Cold-Acclimated Rats

This graph illustrates aﬁd compares the respiration rate of muscle mito-
chondria isolated from warm-acclimated (W) and cold-acclimated (C) rats
using three different respiratory substrates: g-glycerophosphate (GP),

/fsu;cinate, and pyruﬁate—malate (Pyr—Ma;). Eacﬂ.bar signifies from left to
t”/// rigﬁt, state 4 respiration rate before Ca2+ additién‘(4), the calcium-
stimulated rate (Ca), and the state 4 rate after b32+ uptake (4). Shaded
portions of the bars signify the increases in respina\ion rate found in mito-
chondria from cold-acclimated rats., Vertical lines at the top of each bar .
répresent standard errors of the mean. Also shown at the top of the graph

~. . )
are respiratory control ratios (RCR) and Ca/0 ratios for each substrate.

' . 0
The temperature of the experiment was 37 C.

100
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in mind that a different incubation medipm was used in these experiments, one
can see that the increase in response of muscle mitochondria from CA rats to
added ﬁalcium is qualitatively similar to the inér;asé in response to ADP

in the same mitochondria although the latter was larger. With g-glycerophos-
. phate“as substrate the increase in éalcium—stimulated respiration waé 22%
whereas the increase in ADP~stimualteﬁ respiration was 60%. For pyruvate-
malate the percent increases were 14% (calcium) and 32% (ADP), and for
succinate, 0% (calcium) and 15% (ADP). State 4 respiration rates were
slightly higher in mitochondria from CA rats both after Ca2+ accumulation

and after ADP phosphorylation. In muscle mitochondria‘froﬁ CA rats,lno changes,
take place in ADP/Q or Ca/0 ratios or in the respective RCR's.

The- reason that no increase was found in the calcium-stimulated rate - ‘
with succinate as substrate is not readily apparent. Rates were always very
high with this‘substrate aﬁd quite variable, as indicated by the large stan-
dard errors of the mean (Table III). It is possible that the precision of
the méasurements are not sufficiently high toldetect-a difference. The percent
increase found in calcium-stimulated respiration rates with a-glycerophos-
phate and pyruvate-malate as substrates were a little less than half the
corresponding increases in ADP-stimulated rates. By'analogy, then, one would
expect'the calcium-stimulated rate for succinate to be only ébout,s%, which
might not b'detectable by the techniques used here.

Tﬁe fact that no change was found in RCR's or Ca/0 ratios indicates that.
the changes the muscle mitochondria undergo during cold-acclimation are not .
like those of the mitochondria of brown adipose tissue, Christiansen (1971)
studied the effects of calcium on respiration of BAT mitochondria from newborn,

cold-stressed and weaned guinea pigs and found that thermogenic BAT mitochondria
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" . required the présence of nuéleo%ides to show resﬁiratory control with calcium.
A similar nucleot;de requirement'iS‘seen?for respiratory control with ADP

(see LiteratureuﬁéView, page 36 3}. The E::Panégd RCRignd Ca/0 ratios reported
here were expected in light of.previous findings in this laboratory théf muscle
mitochondria do not become uncoupled or loosely-coupled as a reéult of cold-
acclimation as evidenced by normal RCR's and ADP/O ratios (Himms-Hagen et al.,
1975; Hbous, 1976); the only differences found in the muscle mitocﬁondria from

CA rats were increases in ADP-stimulated respiration rates and smaller increases

in state 4 rates (after ADP). These observations may now be extended to
calcium-stimulated respiration rates. '

A likely explanation for increased iﬁf’_——stimulated respiration rates is ‘
the f}nding that the activity of the ADP tranglocgse is elevated by 35% in
the CA rat (Hbous, 1976). Thus ADP is made available to the coupling site
of the réspiratory chain at a greater raté in mitochondria from the CA rat.
One could poétulate, then, that a similar mechanism exists for calcium. In
the CA rat the activity of the calcium transport system could be enhanced,
thereby allowing a greater rate of calcium transport into the mitochondrion.
This could result from either an increase in the aff%pify of the carrier for
calcium or an increased number of calcium carriers per mitochondrion. Experi-
mental investigation of these possibilities will be presented later iq.the
thesis.

It should also be pointed out that at least part of ;he increase in
calcium-stimulated respiration rate seen in mitochondria from CA rats witﬁ
g-glycerophosphate as substrate may be due to the fact that the acfivity of
a-glycerophosphate dehydrogenase is 60% higher in these mitochondria (Hbous,

1976). This enzyme is also activated by extremely low levels of calcium
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{0.1 pM) (Carafoli § Sacktor, 1972). It is also possible that the addition L

of calcium activates the enzyme to a greater extent in mitochondria from CA

rats in these experiments. h‘\‘\
M Y

Another interesting aspect of these studies and the earlier work of

Hbous (1976) is the increased state 4 respiration rate (after ADP—stimulation-v
and after calcium-stimulation) seen in muscle mitpchondrialgp;m CA rats.

Energy dissipation during state4‘res§iration results from the maintenance of
various gradients across the mitochondrial inner membrane. These include the -
maintenance of an asymmetric distribution of ATP and ADP (Stucki § Walter,
1972), recycling of endogenous calcium (?tucki & Ineichen, 1974) and the
recycling of protons (Stucki, 1975). Conceivably, any of these proces§£§

.

could be working at a higher level in muscle mitochbndp&g from the CA rat.

The next part of the thesis looksavl; recycling of endogenous calcium as ‘

/ )
a possible mechanism for increasing stite 4 rates.

: /
PART C: THE EFFECTS OF RUTHENIUM RED AND IONOPHORE A23187 ON RESPIRATION OF
MUSCLE MITQCHONDRIA FROM WARM- AND COLD-ACCLIMATED RATS

1, Purpose of the Experiment

The purpose of this experiment is to test the effects of ruthenium red
and A23187 on state 4 respiration rates of isolated muscle mitochondria from
WA and CA rats. Rutheniﬁm red has been used by'Stucki and Ineichen (1974) to
inhibit that portion of state 4 re&pi%ation.of liver mitochondria due to
recycling of endogenous calcium. Similar experimeﬁts with muscle mitochondfig
should teil if calcium recycling contributes more to state 4 respiration in

the CA rat and if it is responsible for the increased state 4 rates seen in

these mitochondria,
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The diQQient cation ionopﬁore A23187 causes the efflux of calcium .and
magnesium from mitdchondfia and stimulates respiration because the released
caicium is reaccumulated (Reed § Lardy ,1972; Wong et al,, i973). A second
purpose of the experiments reported in thié séction is to seé whether the
fast calcium recycling induced by the ioéophore occurs at a greater rate in

muscle mitochondria from the CA rat.

2. ggigﬂxption of the Experiment
(‘ .

Five WA rats weighing 477 % 15 g and 5 CA rats weighing 404 * 14 g,

acclimated 3-4 months, were selected for these experiments. Respiration was
measurad, using the techniques outlined in the Methods, in an incubation medium '

consisting of 210 mM mannitol, 70 mM sucrose, 10 mM.HEPES, pH 7.4, -0.2% bovine

serum albumin, 5 mM Tris-glutamate, 5 mM tris-malate, 1 mM potassium phosphate

-

and mitochondrial protein, 1 mg/ml. The effects of.rﬂﬁﬁgnium red were tested
on state 4 respiration rates measured both before and after ADP-stimulated
state 3 rates. Ionophore A23187 was added to mitochondria resPiring in state
4 both in the presence and absence of inorganic phosphate. °

3. Results and Discussion . 5

(a) Effects of Ruthenium Red

The. concentration of ruéhenium red required to-produce'an inhibitory
effect on mitochondrial respiration was found to be critical in these experi-
ments. The maximél inhibition of state 4 respiration rate occurred at 1 n
mole ruthenium red/mg mitochondrial protein."%Concentrations below and above
'this value inhibited the rate to a lessgr extent, but above 5 n mole/mg
protein respiration rate was enhanced, possibly because of uncoupling effects

inducéd by the dye at these high concentrations.

Table IV summarizes the results of experiments in which 1 n mole ruthenium
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TABLE IV
-+ The Effects of.Ruthenium Red and A23187 on Respiration of
Muscle Mitochondria from Warm- and\ Cold-Acclimated Rats.

(‘. ~
- - A N 3
l\-r )
7+ A. Effécts.of Rathenium Red .
(a)- staté 4-ratec (beforé-ADP} 61.3 + 1.0 67.2 £ 1.7 0.02
RR present - 53.1 £ 1.3 57.4 % 2.0 NS . ¢
" % inhibition _ 15% 17%
(b) state 4 rate (aftei ADP) 75.8 * 6.4 86.7 * 7.3 NS
“RR present - 60.0 + 4.0 68.3 * 3.0 NS
‘% inhibition o 26% 26%
B. Effects of A23187
(a) state 4 rate (+Pi) 61.0 1.7  69.4 £ 3.0 0,05 - ‘
A23187 present ‘ © 93.1 £4.0 104.3 + 5.6 NS T
% activation . " 52% 50% '
(b) state 4 rate (-Pi) 36.4 1.3 40.5 + 1.2 0.05
A23187 present 207.3 + 4.4 114.1 % 2.7 NS
% activation 194% , 181%

: : . )
The rates are expressed as mean * S.E.M.; units are ng-atoms O/min/mg. at 37  C.

§ -
L
. 1
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red/mg protein was added to mitochondria either before or after ADP addition.
Ruthenium red caused an approximately equal inhibition of state 4 Fespiration /
rates in mitochondria from WA and CA rats,“whether added before ADP or after
ADP-stimulated respiration had ceased. This implies that the proportion of
sfate 4 re5piratio£ due to endogenous cglcium }pcycling is no different in
the CA rat. Unfortunately, with the substrate used in these experiments
(glutamate—malaté), the state 4 rates (aftejiﬁB?T’ﬁbre quite variable and the
increase seen in mitochondria from CA rats was not statistically significant
(Table IV). ‘No significant increase was found either in thelexperiments of
Hbéus (1976, Figure 12) in state 4 rates tafter ADP) with glutamate as sub-
strate. In retrospect, it would have been better to use pyruvate-malate -
because the increase seen in state 4 rates .with this substrate is relatiVeiy
large (see Figurés 12 and 15). One might then have been able to see if the
increase was due to enhanced calcium recycling.

However, the validity of using rutheﬁium red to measure calcium recycling
is in question in light of the studies feported here. Because the inhibition

-

of the state 4 rate was dependent on the concentration of ruthenium red added,
- : “
one has to wonder whether this pound is specifically inhibiting the cal-

lium‘recycling process alone. As discussed in the Literature Revisﬁ (page 57 ),
différent workers have noted different effects of ruthenium red towards

calcium uptake and reIeﬁSe. Because this compound binds nonspecifically to
mucopolysaccharides, it seems reasonabie.to believe that it would cause

qhangeé in membrane proéérties and could influence mitochondrial processes

other than calcium transport.

(b) Effects of A23187 '

-

The ‘effects of this ionophore on state 4 respiration rate are summarized

in Table IV. In the presence and absence of phosphéte, A23187 stimulated

[y
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respiration but the inc&ggseskobsefyed were approximately the same in mito- ==
- chondria from WA and CA £ats.' Note that state 4 respiration rates were -
lower in the absence of phosphate and so the pqycen; increase in rate induced
by the  ionophore are much greater than in the presence” of phosphate. According
to Reed and Lardy (1972) and.Wong et al. (1973), the reason fof the A23187-
induced stimuiation of oxygen uptake by mitochondria is the release of mito-
chondrial calcium followed by its immediate énergf;linked peuptake. This
conclusion was based on observations that the‘rate in;reasé could be blocked
by L33+ or ruthenium red which inhibit the calcium 6érriér, of by EGTA and
EDTA, which chelate released calcium and prevent its feuptake.' .

The fact thﬁt recycling indﬁced by the ionophore appears to be no different
in mitochondria from CA rats compared to controls implies that there is no
" increase in-the.activity of the calcium transport system. in mpsgle mito~ 1!!
chondria ;s a result of cold-acclimation. This finding does not eliminate .
a heat-producing mechanism involving calciumlrécycling béc;pse AL3187 is not

a naturally-occurring substance in mammalian systems. Moreover, the cycling

of calcium induced by A23187 is dependent on the calcium available in the

Y.
1y

mitochondria, shown already.to be the same in CA and WA rafsr It is still

possible that muscle mitochondria from the CA rat show a greater sensitivity ///’/
to releasing agents such as cyclic AMP and prostaglandins. Thénfact that
calcium-stimulated respiration rates were elevated, albeit to a small extent

.in the CA rat, suggests that some difference exists in the calcium transporting

L3

ability of these mitochondria. To test this implication further, the best
approach would be to monitor the uptake and release of calcium directly
rather than by using oxygen Uptake as an inatcator of calcium accumulation.

Results of such experiments are reported in g§e°next two parts of the thesis.

/ S

-
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PART D: MEASUREMENT OF THE UPTAKE OF CALCIUM BY MUSCLE MITOCHONDRIA
FROM WARM- AND COLD-ACCLIMATED RATS

-

1. Purpose of the Experiment

A mechanism of nonshivering thermogenésis in muscle involving‘calcium'
recycliné might involve an adaptive change in the calcium transportlsystem
which ‘would enable the mitochondria to accumulate calcium at a greater rate
or to a greater extent than normal. This idea is supported by‘the results
of the pfévious experiment that showed that muscle mitochondria from'the CA
rat have enhanced calcium—séimulated respiration rates. In the experiments
reported in this part, initial rates of calcium uptafe and the time course of
calcium uptake are\comp#red in muscle mitochondria from WA and;CA rats. In

t
addition, initial rates of calcium uptake are méasured in rats undergoing

«q

acclimation to cold to see whether this process undergoes_éhanges during
the development of NST.

2. Description of the Experiment

For measprement of the initial rates and time course of calcium uptake,
6 warm-acclimated rats weighing 467 = 21 g and 6 cold-acclimated rats weighiﬁg
376 * 12 g were used. These aniﬁzls had lived either in the cold or the warm
for aﬁout 3 months. For the experiments injﬁiicﬁ the initial rate of calcium
uptake was followed during acclimation to cold, a large group of young rats
recently acquired from the breeder and weighing 150-200 g was divided into
two groups and placed either in the cold room or at room temperature. "Measure-

—_—

ments of the initial rate of calcium uptake of the muscle mitochondria were
. . / .
made on 3 cold-exposed and 3 control rats after each of the,following number

¥

of days in either the cold or the warm: 1, 7, 16, 23 and 37. The procedures

used for determining calcium uptake are described in detail in the Methods.
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3. Results and Discussion

' Since the techniques used here to measure calcium uptake were originally
developed for liver mitochondria (Reed § Bygrave, 1975b), certain preliminary
experiments were carried out to make gure they could be successfully applied
to the study of mu§c1é mitochondria. ) |

As outlined in the methods {(page 86 ), calcium uptake at various time
ingervéls.is quenched by the addition of EGTA + ruthenium red.. It is iﬁportant
to verify that these compounds actually do prevent further uptake of calcium
and that(they do not themselves induce efflux of accumulated calcium. Figure
16 illustrates ghe retention of calcium by mitochondria after the uptake was
s topped by the EGTA-ruthenium red quench solution. In both the presence and
absence of phosphate, the muscle ﬁitochondria from either WA or CA rats did
nét\accumulate any additional calcium.. In the absence of phosphate, no calcium
was lost by the mitochondria even after 10 min in the quench solution. With
phosphate present, a small amount of calcium did leak out after this time
period. Howévér, mitochondria were always separated from the medium by fil-
tration within a few minutes after quenéhing.. After this time the loss of
calcium even in the presence'of phosphate was negligible. Similar results
were found when the uptake was quenched at various times after calcium addition.
Thus the EGTA-ruthenium red quench method developed by Bygrave for measuring
calcium uptake is suitable for use with muscle mitochondria.

In any enzyme kinetic study one must establish that the rate of the
reaction is proportional to the enzyme concentration. Figure 17 shows the -

e ffects of varying. the mitochondrial protein concentration on the initial
rate of calcium uptake. The reaction was clearly still linear at the protein

6oncentration of 1 mg/ml recommended by Reed and Bygrave (1975b) and routinely

used in the studies  reported here.
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Figure 16. Effects of the EGTA-Ruthenium Red Quench Solution on the
Retention of Accumulated Calcium by Muscle Mitochondria

Muscle mitochondria isolated from warm-acclimated (e) and cold-acclimated

(o)} rats were allowed to accumulate 4SCa (total concentration, 200 uM) for

15 min in an incubation medium consisting of 210 mM mannitol, 70 mM sucrose,
10 mM HEPES pH 7.4, 5 mM pyruvate, 5 mM malate, 1 mg/ml mitochondrial protein,
t 1 mM phosphate (Pi)} at a temperature of s°C. At time 0, the reaction was
quenched by the addition of an equal volume of EGTA-ruthenium red quench
solution (10 mM EGTA, 6 uM ruthenium red dissolved in MSH medium). Samples
were withdrawn at the times indicated on the graph, filtered, and the calcium
content remaining in the mitochordria determined by measﬁring the radioactivity
r

of the filters., Each point is the mean of experiments using 3 individual

rats.
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Figure 17. The Effects of Mitochondrial Protein Concentration on the
-Initial Rate of Calcium Uptake by Muscle Mitochondria

The graph shows the effects of varying the mitochondrial protein con-

centration on the initial rate of calcium uptake by muscle mitochondria from

warm-acclimated (W, closed symbols) and cold-acclimated (C, open symbols)

rats. The incubation conditions were as described in Fig. 16.

Measurements

were performed either in the presence (circles) or absence (triangles) of

1 mM phosphate (Pi). Temperature was s°c. Each point represents the mean of

experiments using either 3 (=Pi) or 4 (+Pi) individual rats.

p
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Phosphate, a permeant anion for calcium accumulation by mitochondria,
would be expected to stimulate the in;tial rate of calcium uptake. This is
indeed the case as shown in Figure 18, The phosphate concentration chosen
for routine use in the experiments in which the initial rates and time course
of calcium uptake were compared in mitochondria from WA and CA rats was 1 mM,

even though a greater initial rate of uptake wagvgeen at higher phosphate
concentrations. The reason for this ch;}ce is that phosphate concentrations

much ‘above 1 mM were found to have advefge effects on the retention of cal-

cium by mitochondria. For example, muscle mitochondria from both WA and

CA rats lost accumulated calcium rapidly in the presence of 5 mM phosphate,

but retained it for long periods of time if the phosphate concentration was

reduced to 1 mM. Other workers have noted that excessive phosphate abolishes ‘
the stoichiometric relationship between ﬁalcium accumglation and oxygen uptake

{Rossi § Lehninger, 1964; Thorne § Bygrave, 1973).

(a) The Time Course of Calcium Uptake

5,

Figure 19 illustrates the time course of calcium uptake by muscle mito-
chondria from WA and CA rats, both in the presence and absence of 1 mM phos-
phate. Looking first at the results obtained with phosphate present, one can
see that mitochondria from both groups of rats accumulated virtually all of
the calcium added té6 the medium (200 ng-atoms/mg protein) by 10 min after
addition. This is a matrix loading situation, since the presence of the ' -
permeant anion allows the uptake of a large amount of calcium by virtue of
its transport inﬁo the mitochondrial matrix and its deposition there as cal-
cium phosphate salts. If the first two minutes of the time course is examined,

however, it is clear that mitochondria from the CA rats accumulate calcium at

a greater rate than those from the WA rats (see below, Part (b)). Uptake is
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Figure 18. The Effect of Phosphate Concentration on the Initial Rate of
Calcium Uptake by Muscle Mitochondria

The initial rate’of calcium uptake was measured on mitochondria from
a warm-acclimated ra£ (o) and a cold-acclimated rat (o) as # function of
phosphate concentration. The incubation conditions were as described in
Fig. 16. Phosphate wasﬁpresgnt at the'indicated concentrations, Temperature

was 5°C and the reaction was started by the addition of 45CaCl2 {final con-

centration, 200 M),

| | "
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Figure 19. The Time Course of Calcium Uptake by Muscle Mitochondria from

Warm- and Cold-Acclimated Rats in the Presence and Absence of
Phosphate

The graﬁh\shows the time éoursg of calcium uptake by muscle mitophonq}ig

from warm-acclimated (closed symbols) and cold—accliﬁated rats'(open symbeols) .

-

4SCa was added “to

The.inéubation conditions were as described in Fig. 16.
start the reaction at a final concentration of 200 uM. The two uppef curves
(circles) represent uptake in the presence of 1 mM phosphate, while the two
lower curves show uptake in the, absence of phosphate. The reaction was

s topped at appropriate tiﬁe intervals by withdrawing of an aliquot of the
reaction medium and placing it in an equal volume of EGTA-ruthenium red
quench solution. This was followed by %iltration and'counting of the radio-
activity remaining on the filters. The values shown are the means of

experiments using 5 individual ;éfs. Standard errors are represented by the

vertical lines at each point on the graph. Temperature was 5° c.

-/ ,
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. complete by about 7 min (CA rats) compared to 10 miﬂ for WA rats.
»  The two lower curves illustrate caicium uptake under membrane loading
conditions, that is, in tﬁe absence of the permeant anion phosphate; It will

be recalled that under these conditions, mitochondria héve only a limitéd
capacity for calcium uptake, less than 100 ng-atoms/mg protein. éomparing
uptake by muscle mitochondrig from WA and CA rats, the graph shows that mito-
chondria from the C@ rat nﬁt only accumulate calcium at a greater rate, but
uptake reaches saturation at a higher level as well. Under the conditions
of the experiment, the capacity of muscle mitochondria from WA rats for
membrane loading is about 75 ng-atoms/mg protein, compared to 95 ng-atoms/

mg protein for the CA rats. This increased capacity for membrane loading
/ P

-seen in the CA rat might result from a greater number of the binding sites

‘Q responsible for this type of calcium binding,

(b) The Initial Rates of Calcium Uptake

To obtain a more quantitative measure of calcium uptake, the initial
rates of thi; process WGEE’;Ltained by.following uptake over the first minute
of the time course during which calcium accumulation is linear with respec%
to time. The results are summarized in Figure 20. The initial rates of cal-
cium uptake both in the presence and absen;e of phosphate were signif@cantly
greater in mitochondria from the CA‘rats. This increase amounted to 24% {-Pi).
and 35% (+Pi).

Itlis important to establish whether the increases observed in the
initial rate of calcium uptake parallel the development of the cold-acclimated
state if they are to be'implicated in a mechanism of nonshivering thermo-
genesis. For this reason, the initial rates of calcium uptake were measured

on muscle mitochondria from rats exposed to cold and undergoing acclimation



INITIAL RATES OF CALCIUM UPTAKE )
40—
+PIl
30—
o
E
£
: 3
8 =Pl
o
[ =4 BTH
L
10}
wiC w|C

‘Figure 20. Initial Rates of Calcium Uptake by Muséle Mitochondria
from Warm- and.Cold-Acclimated Rats

The graph illustrates initial rates of calcium uptake by muscle mito-
chondria isolated from warm-acclimated (W) and cold-agclimated rats (€) in
the presence (+Pi) and absence (-Pi} of 1 mM in;rganic phosphate. The shaded
portions of the bars indicate significant differences in the initiél rate of
calcium uptake between mitochondria from warm-acclimated and cold-acclimated
rats. Standard errors of the mean are shown as vertizzl lines on the top ¢f
each bar. Values are the means of experiments using 6 individual rats, and
were as follows: (a) -Pi: WA; 14.0 *+ 0.8; CA, 17.3 + 0.3 (P<0.001);

(b) +Pi: WA, 27,4 £ 1.7; CA, 37.0 £ 2.7 (P<0.02). Units are ng-atoms

. 0
Ca2+/min/mg mitochondrial protein. Temperature was 5 C.
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to cold, Figure 21 shows the results of this experiment. After one day in
the cold, the calcium uptake_rate was lower than that seen in ihe cofresponding
controls. This is probably the-resﬁlt of the severe cold stress th;sea;ats
undergo during the first stages of cold exposure. If was also ob;erved that
the cdld-é£posed rats did not éﬁi(br drink during their first day in the cold,
and this too may have contributed to the decreased calcium uptake rate.

Rates of uptake-after one, two and three weeks were no different in the cold-
exposed rats compared to controls. After five weeks, at which time full
acclimation to cold is normally achieved, the initial rate of calcium uptake
wag greater in the mitochondria from the cold-exposed rats, but the difference
was statistically significant (P<0.05) only when phosphate was present in the

© incubation medium. Also shown on the graph for comparative purposes are the
results from Figure 20 which represent rats that have lived in the cold or \\5

warm for about 100 days. . ’
"The most significant finding of this experiment is that the increased e
<

rates of calcium uptake are not associated with shivering thermogenesis but

only become apparent when the rat is” fully cold-acclimated. 'Idéally, the rate

¥

of calcium uptake should increase gradually during cold-acclimation as daes
¢ .

4 ’ .
the enhanced metabolic response to noradrenaline (see Figure 5, page 17 ).

However, the difference between WA and CA rats is small even after full \

acclimation to cold, and so to see a gradual increase in rate, one would

have to take the average of a large number of experiments over the time course
L 3

of the acclimation period. This was not done for practical reasons (great
amount of time required, large expenditure for rats and chemicals). The
experiment reported here, however, does verify that the increased initial rate

]
4

of calcium uptake seen in the cold-acclimated rat is not present when the
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Figure 21. Development of the Increased Initial Rate of Muscle Mitochon-
drial Calcium Uptake in Rats Undergoing Acclimation t% Cold

Rats were placed either in a warm room (27°C) or a cold room (4°C) on
day 0. _Initial rates of uptake were measured on warm-acclimated rats. '
(W, ciosed symbols) and cold-exposed rats (C, open symbols) in the presence
(circles) and absence (érﬁangles) of 1 mM .phesphate on days 1, 7, 16, 23
and 37. Each }élue represents the mean of experiments using 3 individual
'rats; standard errors are shown as vertical lines at each point. Also

shown, (day 100) are the values obtained in the experiment of Figure 20.

Initial rates were determined at 5o C.
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animal is using shivering thermogenesis and so may be considered to be truly

associated with NST. Further support for this conclusion.could be obtained

by treating rats with oxytetracycline to prevent the development of the céid-
"acclimated state and the accompanying alterations in the musclé mitochondria
and seeing whether the increased rates of calcium uptake are also abolished.’

It is tempting to speculate that one of the adaptive changes that muscle
st“f}:‘ '

PN : . - ‘ —
mltochondriggandergo during cold-acclimation is a modificdtion of the calcium -

carrier such that it transports calcium into the mitochondrion at a greater
rate, thus contributing to the increased oxygen consumption seen ih CA rats.

This could come about from an increased number of calcium carriers or an

increase -in their affinity for calcium. It is significant that the synthesis

of at least part of the calcium transport system appears to be controlled by
the mitochondrial protein synthesi&ing1 apparatus. Carafoli et al, (1973)
found that the incorporation of 1.‘;V(:-ser:i.ne into ;hé Ca2+—binding glycoprﬁtein
could be blocked by chloramphenicol, an inhibitor of mitochondrial protein
synthesis. The incr;ased turnover of mitocﬁondrial proteins seen in cold-
acclimation (Bukowiecki § Himms-Hagen, }971), and the inhibition by oxytetra-
cycline of the increased number of muséle mitochondria (Himms—Hagen et al.,
1975) have pointed out the importance of mitochondrial protein synthesis in
cold-acclimation. :
Adaptive changes in mitochondrial calcium transport are not without

precedent. Bygrave gE_él: (1975) measured calcium uptake in muscle mito-

chondria of the developing sheep blowfly Lucilia cuprina. Initial rates were

low in mitochondria from flies obtained in the pupal stage, but increased

dramatically in newly-emerged flies, being maximal (-2 hr post-emergence.
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Rates then declined as the flies aged and were quite low in the adult Blowfly.

.

Interest?ngly, ‘the respiration rates (state 4 and state 3) of the mitochondria

changed in the oppdsiﬁp direction, that is, were low in newly-emerged flies -

and.maximal in adult{flies. The reason for the changes in the rates of

calcium uptake are not known, but ‘the findings do show that the m1tochoﬁ§;1a1

calciuﬁatranspogt system undergoes adaptive changes associated with the

flyls stége of development. It could be a reflectigﬁ of changing mitochon-

drial pobulations because as thé fly‘develoEs: the mitochondria show a great ‘

incfease in oxidative capacity in oraer to provide the lagge“amount of ATP

réqu;red to support the rapid movement of the\flight muscles. {g other words,

the mitochondria in p?e mature flykgftome sbgpialized for ATP sfﬁ%hesis and

lose much of their calcium tramsporting ability. : . ‘
Aﬁother example of a change in mitochondrial calcium transport is the

observation of Dorman, Barritt and B?grafe {1975) that elevated blood insulin
A -

~levels cause a 75% increase in the initial rates of calcium uptake by llver

r

mltochondrla and\an enhanced ability of these mitochondria to retain accumu-
lated calcium. This change was shown not to be due to hypoglycemia, was
. .

cycloheximide-sensitive, and took place 2 hr after insulin administration.
The authors proposed that insulin-induced nuclear DNA-directgh protein syn;
thesis resulted in altered transport of calcium translocation inm mitochondria, -
possibly as a result of increased ﬁroduction of a protein component.of the
calcjum qarrier..*

These ‘two examples lend support to the possibility fthat cold-acclimation

could also give rise to increased rates of calcium uptake as a result of an

adaptive change in the mitochondrial calcium transport system,
, .

-
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PART E: MEASUREMENT OF THE RELEASE OF CALCIUM BY MUSCLE MITOCHONDRIA
_FROM WARM= AND COLD-ACCLIMATED RATS )

1. Purpose of the Experiment

L]

v

In the ﬁreviops experiment, evidence was presenﬁed for an enhanced
uptake of calcium by muscle mitochondria from CA rats.. If altered uptake
of calcium by muscle mitochondria is to be postulated as a thermogenic
mechanlsm in CA rats, it is clear that there must also be altered releas:
of ca1c1um This set of experiments looks at various aspects of the release

.
of accumulated calcium by mitochondria . First, EGTA is used to compare
) sbontaneous release of'cﬁlqiﬁm by mitochondria from WA and CA fats. Second,

the effects of various naturally-occurring releasing agents are tested.

These experimen?s should reveal if muscle mitochondria from CA rats, in

addition to displaying a greater rate of uptake of mitochondrial calcium,

L
“also release. calcium more rapidly, either spontaneously during recycling or
under the influence of releasing agents whose concentration is elevated by

noradrenaline.

2. Description of the Experiment

Rats used in the -experiments reported here had all lived in the warm or
cold 2-3 months when saciificed. The number of rats used and their mean
weights for each particular experiment are given in the legends to the
figures. The release experiments may be divided into four sections depending
on the releasing agent used: (a) EGTA, (b) cyclic AMP, (c) prostaglandin

El’ and (d) Na+.

3. Results and Discussion
(a) EGTA -

The measurement of mitochondrial calcium release in the presence of

EGTA is actuaily a measure. of the calcium:released+during recycling, since
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b

EGTA itself acts on{y by cheldting gpontaneously released calcium and does
not directly induce release at the level of the calcium transport systenm
(see Literature Review, page 56 , and Reéd § Bygrave, 1975b). Figure 22
describes the conditions of the experiment and summarizes the results.

The mitochondria from the CA rat releq;sd a greater amount of calcium
.ﬁhan mitochondria fr;m the WA rat in the presence of EGTA. Thus both the
rates of uptake‘and release of mitochondrial calcium are enhanced as a result

of cold-acclimation. This suggests that muscle mitochondria from CA Tats

have a greater potential for an increased rate of calcium recycling than

. -
those of WA rats. This appears to contradict the findings of the earlier
experimen; (Part C) in which ruthenium red was used to inhibit calcium
recycling. In that experiment, only a small amount of endogenohs,calcium .‘
. - .

Y

was present -in the mitochondria, while in the experiment reported here mito-
chondria were first allowed fo take up calcium from the ﬁedium before release
W as measured.q‘Bbth!;onditions are probably artificial; mitochondria in the
intact cell probably contain a quantity of calcium somewhere in between the
amounts present in the two experiments. Since calcium release is measured
directly in the experiment reported in this section, it is considered to be

a more valid indication of calcium recycling than the previous experimént,
especially in view of the somewhat anomalous behavior df ruthenium red on |
mitochondrial respirationlrates.

It might also be noted that phosphate was absent from the incubation
medium for tﬁis'experiment. With phosphate present, release of calcium in
the presence of EGTA was extremely siow, This was probably due to the
removal dﬁring ubtake of much of thé célcium to the mitochondrial matrix
as calcium phosphate thus making it less available for recycling. Under

- -~
3 Y
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Figre 22. The Effect of EGTA on the Release of Calcium by Muscle
Mitochondria from Warm and Cold-Acclimated Rats
Mitochondria were allowed to accumulate 45Ca for 15 min in a medium con-
sisting of 210 mM manngtol, 70 mM sucrose, 10 mM HEPES pH 7.4, 5 mM pyruvate,
5 mM malate (Tris salts) and 1 mg/ml mitochondrial protein at a temperature
of 5°C. A-sample was withdrawn to determine the éotal amount of calcium pre-
sent in the mitochondria. Then EGTA was added to give a final concentration
of 5 mM. Samples were withdrawn at the times inzzéated on the gréﬁh and
rapidly filtered. Filters were washed, dried, and counted as described in the
Methods to determine the amount of calcium remai;ing in the mitochondria at
each time interval. The amount of calcium released is determined by sub-
trdcting this value from the total amount of calcium taken up by the mitochon-
‘dria before the addition of EGTA. Each point represents the mean * S.E.M. of
experiments using 5 individual warm-acclimated rats weighing 426 % 38 g (e)

and 5 cold-acclimated rats weighing 341 * 30 g (o). Calcium contents (ng-at./mg

protein) at time 0 were: WA: 87.6.% 4.3 ; CA: 94.5 £ 2.5,
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membrane loading conditions the calcium remains in a more mobile pool in

association with the mitochondrial inner membrane,

(b) Cyclic AMP

Cyclic AMP in micromolar concentrations was found to cause a rapid
release of accumulated calcium from liver, kidney and heart mitochondria
(Borle, 1974; Matlib § O'Brien, 1974). However, no success whatsoever was
obtained when similar experiments“were carried out with muscle mitoéhondria
from both WA and CA rats. Cyclic AMP did ot induce calcium release from
these mitochondria even thdugh a wide variety of conditions were tried.*
Various incubation media were used, including the standarq MSH medium.used
for the uptake and release studies reported in this thesis, as well as the
media described by Borle (1974) and Matlib and O'Brien (1974). The presence
or absence of phosphate, ATR or protein kinase made no difference. A wide
range of cyclic AMP concentrations was tested, but agai; the mitochondria
tenaciously retained their calcium. It must bé concluded that either skeletal
nuscle mitochondria are simply not sensitive to the releasing effects of
cyclic AMP, or that the isolation procedure used to prepare these mito-
chondria destrﬁys their sensitivity to cyclic AMP. The proteol}tic digestion
step is not at fault because omission of this step still yielded cyclic AMP-
insensitive mitochondria. Other workers have also had trouble repeating
Borle's findings. For example, Dhdlla, Varley and Harrow (1974}, working
with dog heart mitochondria, reported that "although cyclic AMP has been
shown to release calcium from heart mitochondria (Borle, 1974), we have ).ot
yet been able to obtain favorable conditions to demonstrate this efféct."

Also, Carafoli (1976) states in a recent review: "It has recently become

clear, however, that the releasing effect of cyclic AMP is not easily repro-

* See Appendix.B for data.



ducible and may depend considerably‘on the experimental qonditioné employed.
In our laboratory, efforts to induce efflux of Ca2+ frbm mitochondria by
the cyclic nucleotide have been largely unsuccessful."

It is Unfortunate that no cyclic AMP-induced release was demonstrable
in muscle mitochondria from CA rats because'it would have been a logical
way to link the action of noradrenaline on the sarcolemma to an. aspect of
mitochondrial funétion, namely an increased respiration rate due to enhanced
calcium release followed by reuptake.

(¢) Prostaglandin E

1

Prostaglan& n E1 is‘another naturally cccurring substance that causes
net calcium release from liver mitochondria (Carafoli § Crovetti, 1973;
Malstrom § Carafoli, 1975). The effects of prostaglandins on calcium trans-
port in skeletal or heart muscle mitochondria do not appear to have. been
s tudied.

Muscle mitochondria from either WA or CA rats were incubated in 210 mM
mannitol, 70 mM sucrose, 5 mM pyruvate, 5 mM malate, 1 mg/ml mitochondrial
protein and 200 uM45CaC12. The medium was buffered either at pH 7.4 with
10 mM.HEPES or pH 6.4 with 10 nM imidazole. The temperatuq&~used in these
e xperiments was 25°¢ {Carafoli & Crovetti, 1973)&::///’

Mitochondria were allowed to accumulate calcium for 5 min, after which
time upfake is complete at ZSOC, and then prostaglandin E, (PGEl) was added

in a small volume of ethanolic solution to give a final concentration of

5 ﬁM. Alternately, PGEl was present in the incubation medium from the
4

[}

5CaCl addition. The calcium contents of the mitochondria

beginning before 2

125

at various times were determined as described for previous uptake and release .

experiments.
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At pH 7.4, PGEl caused no calcium release, either Wt a concentration of
5 UM or at other concentr;tions ranging from 0.1-20 uMT The presence or
absence‘oflphosphate made ho difference; neither did altering the température
pr respiratory substrate. Carafoli and Crovetti {1973) found that the PGE1
e ffect was opfimal under slightly acidic conditions (pH 6.4) and was not
apparent at pH's of 7.0-7.4 that are usually used in the study of mito-

chondrial funétion.

At pH 6.4, the muscle mitochondria failed to retain fheir calcium
whether PGE1 was present or notf The calcium was accumulated normally over
the first 2 min but after that it leaked rapidly‘back into the medium. Thus
it was impossible Fo tell whether PGEl had any effeft on net calcium release
in these experiments. The retention of calcium was\not improved by modifying
the incubation medium in a variety of ways. This appears to be another way
in which‘muséle mitochondria differ from those of liver, and so unfortunately
no conclusions can be drawn about possible differential effects of prosta-
glandins on muscle mitochondria from WA and CA rats. -

{(d) Sodium Ion

Figure 23 shows the results .of aﬁ experimerit designéd to test the
e ffects of Na' on the release of calcium from muscle mitochondria from WA
- and tA rats. This phenomenon was first reported by Carafoli et al. (1974)
for heart mitochondrﬁa, and according to these workers does not take place
in liver mitochondria to any appreciable extent.

Under certain conditions, ﬁa+ can induce release of calcium from skeletal
muscle'miéochondria from both WA and CA rafs. ‘Referring to Figure 23, it can

+ . . . .
be seen that 25 mM Na alone had no effect on net calcium movement. However,

' . : + .
if ruthenium red is included in the incubation medium, Na induces a rapid

See Appendix C for data.
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Figure 23. The Effect of Na' on the Release of Calcium by Muscle Mltochondrla
from Warm- and Cold Acclimated Rats J

Mitochondria from warm-acclimated rats (closed symbols, - - - -) and

cold—aéclimated rats (open symbols, -) were incubated in 210_mM mannitol,
70 mM sﬁcrose, 10 mM HEPES pH 7.4, 5 mM ﬁyruvate, 5 mM malate at a concentra-
tion of i mg protein/ml and at a temperature of 25°C. At time 0, ZOOIUM
(final concentration) 45CaCl2 was added.‘ Ruthenium red (final coﬁcentration
3 uM) was added at 4.5 min, and Na' (final concentration 25 mM) was adﬁeq at /////’#
5.0 min. The graph shows the amount of calcium remaining in the mitochondria

after adding Na® alone {(upper curves, V}, ruthenium red alone (RR, middle

curves, A),}and Na® + RR (lower curves, o). Each pﬁint represents the mean

* S.E.M. of experiments using 5 individual warm-acclimated rats (380 * 27 g)

and 5 cold-acclimated rats (337 * 26 gf, except for the points on the two upper

curves (Na+, designated as V and ¥) which are the means of only 3 experiments each.
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release of mitochondrial calcium, but the rate or extent of this release is
no different in mitochondria from CA rats compared to WA rats. In a control
experiment, ruthénigm red alone induced a certain amount of release, most
likely due to tﬁé inhibition of calcium reuptake during recycling or perhabs
.
due to an effect of the dye on some other mitochondrial process (see Part C,
page 108). Note that at réduced temperatures (5°C) ruthenium red did not
cause célcium release (see Figure 16). The requirement for ruthenium fqd’//}
or respiratory inhibitors in the incubation medium in order to demonstrate
Na*-induced calcium release was also noted by Carafoli et al. (1974).

Releése was aiso seen wﬁen the temperature was reduced to SOC, when the
medium contained 1 mM phosphate,‘ox when-the Na' concentration was reduced
to 5 mM. However, the rate of release was much lower-unde} these conditions
compared to those of Figure 23. Potassium ion caused no calcium release,

-4 and when present with ruthenium red induced no more calcium release than
ruthenium red alone.
| If Na¥ does_inducé cglcium release and the calcium is immediately
taken up again by the mitochondria (upper curves, Figure 23), one would'
-eipect a:stimulation omeitochondrial respiration by added Na*. It was found
that ﬁa+ dia increase state 4 respiration rates (after Ca2+ accumulatioﬁ) in
isolated ﬁusclé mitochondria, buf other ions such as k" had the same effect.
1t is likely thaé this represents an ionic strength effect on the electron
transPO}t chain rather than an increase in calcium recycling.
. This experiment has successfully demonstrated that N 7 can cause calcium
release f;om skeletal muscle mitochondria, and thus it could sérve as a

physiological releasing agent, enhancing calcium recycling as described in

the hypothesis presented in the Literature Review. However, it must be

Q
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pointed out that no d{f@erence in the response of muscle mitochondria towards

+ ' L
Na was observed between WA and CA rats, and so one would have to theorize

that noradrenaline causes a greater elevation of Na' in the sarcoplasm of

a CA rat. Also, ruthenium red must be present toSdemonstrate an effect of
+ . . . . . .

Na , 1S presents a serious problem in relating the observation to the

situation in the intact animal.

/'PART F: MEASUREMENT OF THE HIGH AFFINITY AND LOW AFFINITY CALCIUM BINDING

SITES OF MUSCLE MITOCHONDRIA FROM WARM- AND COLD-ACCLIMATED RATS
— ,

1. Purpose of the Experiment

As discussed in the Literature Review (page 53 ), respiration-inhibited
mitochondria possess two classes of calcium binding sites, one of high affinity
and the other of low affinity. The high affinity sites are few in Pumber
and are thought to represent the mitochondrial ealcium carrier. Because
‘the increased rate of calcium uptake observed in muscle mitochondria from
CA rats might result from either an increased number of calcium carrier
molecules and/or an increase in their affinity for calcium binding, this
experiment was undertaken to compare the numbér and affinity of both the
high and low affinity calcium binding sites in muscle mitochondria isolated
from WA and CA rats. |

2. Description of the Experiment

-

-

Six warm~acclimated rats weighing 471 * 8 g and 6 cold-acclimated rats
| of weight 390 £ 4 g were used in the binding site experiments. These animals
had lived 2-3 months at their respective acclimation temperatures. The
techniques used for determining the number and affinity of each class of

site is described in detail in the Methods, page 88 ).
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3. Results and Discussion

Figure 24.shows an example of a Scatchard plot derived from measurements’
on muscle mitoéﬁondria obtained from WA rats. It is typically bipthic in
nature, indicating that two classes of binding sites of differing affinities
. are present. The method for calculating the nd@%er of each type of site and
their -affinities for calcium binding are shown in the legen;‘to the figure.

Table V summarizes the binding data obtained from-SéZ%bhard plots
obtained from experiments using 6 ind{;;;;al WA and 6 CA rats. It is evident
that‘no significant difference exists in either the numbér or affinity of
both classes of binding sites between muscle mitochondria from WA and CA rats.

It is'interesting to compare the values obtained for skeletal muscle
mitochondria with thoge obtained for other tissues from various species.
Considerable variation exists depending on the source of the mitochondria.
Skeletal muscle mitochondria contain more of the high affinity sites than ‘
mitochondrii‘from other vertebrate tissues and the dissociation constant. is
about one o;der of magnitude higher. Note that a recent gtudy of rat heart
mitochondria by Lehninger's group (Jacobus et al., 1975) revealed a ;ather
high value of 80 ¥M for the dissociation constant of the high affinity sites.
This\TB\g much higher figure than previously found in the same laboratory
for vertebrate mitochondria. This point will be discussed further below.

Although Lehninger and Carafoli hold the opinion~fhat the high affinity
sites represent the galcium carrief, several other Qérkers have challenged
this view. Akerman et al. (1974), Southard & Green (1974) and Reed and
Bygrave (1974a) all presented evidence that the high affinii}isites actually

are artifactstof the techniques used to measure them. They argue that

inhibition of respiration was incomplete in Lehninger's experiments and that
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Figure 24,

Scatchard Plot of Calcium Binding Data for Muscle Mitochondria
Obtained from Warm-Acclimated Rats

The incubation medium consisted of 250 mM sucrose, 2 mM Tris, pH 7.4,
1 mg/ml mitochondrial protein, 0.25 M rotenone, and 0.225 M antimycin A.
The temperature was 0°C. Each point represents binding data obtained by
adding *° '

CaCl2 at various concentrations (1.0-500 ng-atoms/mg protein) and

is the mean of experiments using 6 individual warm-acclimated rats. Standard

errors of the mean are also shown for the values calcium bound/free (vertical

lines) and calcium bound (horizontal lines).. é?e dashed straight lines

indicate extrapolations of the high affinity and low affinity portions of

the curve. The values obtained were:

(2) high affinity sites: ordinate (nK') = 2.60, abscissa (n)} = 26.6
Thus, K' = 0.098 and K = 10.2 " _

(b) 1low affinity sites: ordinate (nK') = 0.46, abscissa (h)

= 114.0
Thus K' = 0.004 and K = 250. .
Where n = no. of sites (ng-atoms/mg protein), K'

-1
= stability constant (M 7)
and K = dissociation constant (uM).
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TABLE V

Comparison of the Number and Affinity of the High Affinity and Low
Affinity Binding Sites of Mitochondria from Warm- and Cold Acclimated Rats

WA CA P
High Affinity Sites
number of sites (ng-atoms/mg protein) 30.5 £ 4.3 38.4 + 4.8 NS
dissociztion constant (uM) 11.4 + 1.8 13.6 £ 2.3 . NS
Low Affinity Sites
number of sites (ng-atoms/mg protein) 106.8 * 8.4 103.4 * 9.7 NS
dissociation constant {pM) 161.0 + 28.8 136.6 * 14.9 NS

\ 2
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TABLE VI

Comparison of the Number and Affinity of the High Affinity and Low
Affinity Binding Sites -of Mitochondria from Different Tissues and Species

Tissue and Species ° " Number of Sites Affinity (uM)

(Referende) '(ng-atcms/mg:p;btein}‘ R

: B High Low High Low
Rat liver | '120 40 '0.025 100
(Reynafarje & Lehninger, 1969)° : '
‘Mouse liver ‘ 4.4 43 1.21 10.4
(Carafoli & Lehninger, 1971)
Rat kidney 5 28 1 21
(Carafoli & Lehninger, 1971)
Ox adrenal cortex : 10 - 60 5.5 100
(Carafoli & Lehninger, 1971) . ' -
Yeast < none 45 - 13
{Carafoli & Lehninger, 1971)

' T
Blowfly flight muscle none none - -
{Carafoli & Lehninger, 1971)-
Sweet potato 7 63 0.58 28
_ (Chen & Lehninger, 1973) -

Turnip 39 99 - 48 200
{Chen § Lehninger, 1973) .
Rat heart ' 8 43 80 1120

(Jacobus et al., 1975)

[

Rat skeletal muscle 30.§g
(present study - WA rats]).

11.4 ' 161
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the observed high afflnlty blndlng reflects nothing more than residual energy-

linked ca1c1um uptake. In the experlments of Jacobus et al. (1975),.an

.

attempt was made to ovepcome this problem by using a hzgher respiratory

-

1nh1b1tor concentration coupled with a 1onger prelncubatlon of the mito- ot

chondrla with_the 1nh1b1tors than‘was used in earlier experiments. The

result was a lower affinity of the high affinity sites for calcium than was

" found in earl1er work in the same laboratory This'might very well mean that

-residual energy- llned calcium uptake was 1nh1b1ted to a greater extent
resultlng in an-increased dlSSOClathﬂ constant for the high afflnlty sites.
This flndlngwfherefore supports the- contentlon of the critics.

Inhibitors of m1tochondr1a1 ca1c1um transport (gg » ruthenium red)
}1ave also been used to estimate the number of calcium carrler molecules

_(Mela § Chance, 1969 Reed & Bygrave, 1974b). . Much lower values are obtained

rby these techniques for the number of carriers than are indicated by measuring

" the number of high affinity sites’

-

In summary, the meaning of "high agfinity calcium binding" by mito-

chondria is unclear and so the fact that there was no jifference in the

“number and affinity of these sites between muscle mitochondria from WA and

CA rats does not necessarily mean that the number of calcium carrier molecules
-

or'affinity of the carrier is not different as a result of cold-acclimation.
.It would have been better to evaluate'tﬂe affinity of the calcium transport
process by determining—the Km for calcium uptake by the usual methods used in
'enzyme studies, that is by measuring the initial ra;es of calcium uptake in the
presence of incfeaéing calcium concentrations and then performing a double-
reciprocal plot_(eg. see Reed § Bygrave, 1975a}.b).

Low affinity binding bf mitochondria is_generally‘considered to represent

non-specific calcium binding to mitochondrial membrane components (eg. phos-
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pholipidstand so a difference between muscle mitochondria from WA and CA

rats would not be expected,

“In conclusion, there is no difference in the number or affinity of
either high or low affinity calcium binding sites in muscle mitochondria _
from WA and CA rats. This implies no change in the calcium carrier as a
régult of cold-acclimatién,’but_the apparent danger of equating high affinity

binding-with the calcium carrier challenges the validity of this conclusion

] . - B
and leaves open the possibility that differences.could be found using other

-

techniques.

=
et
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; CHAPTER V: CONCLUSIONS ' ‘

The burpose of the research reported in this thesis was to compare various
aspects of calcium transport in muscle mitochondria from warm- and cold-
acclimated rats in order to find out: (a) whether any differences in this
process exist in muscle mitoéhondria'from cold—accligated rats compared to
conp;ols; and (b) if these differences, if founs% could provide an-éxplana-ﬁf
tion.fo} the mechanism of nonshivering thermogenesis in muscle.

The major findings 6f the-study were as follows:

(1) There is no change 'in the calcium content of isolated muscle mito-

chondria from.cold-acclimated rats.

(2) Small increases in calcium-stimulated respiration rates were observed

with certain substrates in muscle mitochondria from cold-acclimated rats.
(3) The recycling of endogenous mitochondrial calcium does not appear to be

different in the cold-acclimated rat, based on experiments with ruthenium

red and AZ23187. '

(4) Muscle mitochondria from cold-acclimated rats accumulate calcium from
_the medium at a greater rate than mitochondria from controls. Furthermore,
muscle mitochondria develop a greater capacity for membrane loading of cal-
cium as a result‘of cold-acclimation. The increased initial rate of calcium
uptake is seen_only in mitochondria from rats fully acclimated to cold and.
not in rats using largely shivering thermogenesis. .
(5)'l1he.spontaneous release of accumulated galcium from muscle mitochondria
Aobcurs ét a higher rate in the cold-acclimated rat when EGTA is present in
the medium to frevent reuptake of releaséd calcium,

(6) Of the naturally-occurring calcium releasing agents tested, cyclic AMP
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did not induce release of calcium from muscle mitochondria, nor did prosta-
glandin El' Sodium ion induced release if ruthenium red was present in the

. . . . . »
incubation medium. However, the rate or extent of Na'-induced calcium release

.

was no different in mitochondria from warm- and caold-acclimated rats.

(7} No difference was observed in eifher the number or affinity of the

respiration-inhibited high and low affinity calcium binding sites of muscle

mitochondria as a result of cold-acclimation.

The results satisfy the first purpose of the research, that is, cold-

Y

‘acclimation does give rise to changes in the mitochondrial calcium transport
system, the most notablg, change being an increased rate of calcium uptake

by the muscle mitochondria.- This represents another biochemical difference
- .

in these mitochondria, others being increased rates of ADP-stimulated réspirﬁf
tion and increased activities of a-glycerophosphate dehydrogenase and adenine
nucleotide translocase. The changes found in calcium transport lend further

support to the idea that muscle mitochondria undergo 'repackaging" during “

cold-acclimation such that they become more numerous and smaller in size, '
with this alteration in form being reflected in an alteration in mitochondrial

*

function.

It is not known what changes take pldce in the mitochondrial calcium

transport system as a result of cold-acclimation that allow it to accumulate

calcium at a greater rate than that seen in animals not adapted to cold.

T

The most attractive explanation is that a greater number of calcium carriers
are synthesized as a result of the adabtive process that takes place during
cold-acclimation. It has been demonstrated in this laboratory that cold-

acclimation is intimately related to mitochondrial protein synthesis (Himms-

Hagen et al., 1975). One could speculate that one of the products of the

'
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increased mitochondrial protein synthesis seen in cold-a¥climated rats is a
polypeptide component of the calcium transport system. Carafoli et al..
(1973) have implicated mitochondrial protein sy&thesis in the formation of
their calcium-binding glycoprotein. It would be interesting to see whether

there is a greater rate of turnover of caléium—binging proteins isolated

b

from muscle mitochondria of cold-acclimated rats.

‘ "

The second purpose of the research, to relate alterations ‘in mitochondrial
calcium traﬁsport to a biochemical mechanism of nonshivering thermogenesis
has only been partially f&lfilled and mény unans@ered questions remain._‘A’
hypothesis of nonshivering thermogenesis involving a noradrenaline-induced

’

enhancement of calcium recycling in the muscle mitochondria of cold-accli-

’

mated rats was outlined in the Literature Review (see Figure 13, page 74 ).

Noradrénaling was postulated to increase the concentration of a mitochondrial

calcium’'releasing agent in the muscle cell, which would in turn enhance the
release of calciim from the mitochondria, making more calcium available for
energy-linked uptake. This enhanced recycling of calcium would be an energy-
dissiﬁating procéss and might account in part for the large enhancement of
metabolic ratedseen in éhe cold-acclimated rat during noradrenaline'infusion.
Unfortunately, of the releasing agents tested, only Na' induced the release
of calcium, and this only occurred in the presence of rufhenipm red, which
is of course not a ﬁéturally-occurriﬁg compound. No{success'was dchievéd
with cyclic AMP and prostaglaﬁdin El as releasing agents.: Othgr agents

(eg. phos?hoenolpyruvate) Qere not studied. Basedlon these observations

one could now propose that noradrenaline enhances mitochondrial calcium .

recycling by elevating Na' levels in ‘the muscle cell, with Na* causing-cal—

cium release from the mitochondria. Since no difference was observed in the
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rate or extent of calcium release induced by Na* in mitochondria from the
cold-acclimated rat, nbradrenaline would have to elevate Na+-1eﬁéls in the
sarcoplasm to a greater extent in the cold-acclimated rat than fn the warm-
acclimated rat. Whether this actually happensi is not known, in fact it i§
not ;lear what effect noradrenaline has on Na' movements in muscle cells,

In the absence of calcium releasing‘agents, mhscle mitochondria from
cold-acclimated rats showed an increased rate of calcium uptake and an
enhanced release of accumulated calcium in the presence of EGTA. To.what
e%tent.might these éhanges contribute to the overall heat 'produced in non-
shivering thermogenesis? ' The increase -in %nitial rate of calcium uptake

was only 35% (in the presence of phosphate), while noradrenaline infusion

results in about a four-fold enhancement of metabolic rate in the cold-

acclimated rat. It thus seems unlikely that an increase in calcium recycling

alone could account for the large increase in metabolic raté characteristic

139
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TR { . .‘ .
of nonshivering tHermogenesis. A method would have to be found for increasing:

to a much greater extent the availability of calcium for energy-linked uptake

by muscle mitochondria in cold-acclimated rats compared to warm-acclimated
rats. Conceivably, this could occur by a number of mechanisms; the research
reported here has concentrated on ways of increasing calcium availability
by enhancing the release of mitochondrigl calcium.‘ Possibly, noradrenaline
could elevate-sarcoplasmic calcium levels by'enhancing calcium release from

the sarcoplasmic reticulum or by increasing the entry of calcium from the
extracellular fluid. Of course, the problem then arises of separating the
events of muscle contraction from mitochondrial calcium uptake.

Obviously a considerable amount of research remains ‘to be done before

a mechanism of nonshivering thermogenesis in muscle invelving calcium recycling

can become firmly established. In particular, the effects of catecholamines

& <

-
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on ion movements in intact muscle cells needs to be investigated in both
warm- and cold-acclimated rats. Because increasing evidence indicates that
the ionic environment plays a major role ip regulating metabolic processes,
research into that ‘field may provide further clues to the biochemical mech-
anism of nonshivering thermogenesis.

A problem that should be mentioned with respect to the results reported
in this thesis is the possible influence of morphological differences between
muscle mitochondria from WA and CA rats. Rates of calcium uptake are expressed
in terms of the amount of calcium accumulated per unit mass of mitochondrial
protein. However, because mitochondria from the CA rat are smaller than
those of the WA rat, there would be more miteochondria (and Ehus a greater
surface area) in the incubation medium in the case of the CA rat even though
total brotein concentration is the same as for the WA rat. éonceivably, the
increased rates of calcium uptake seen in mitochondria from the CA rat may
simply be a reflection of an increased area of membrane being made available
to the transported ion calcium. Even though a size reduction of the mito- '
chondria would lead to an increased surface area of the outer membrane and the
inner boundary membrane, the total surface area of the inner membrane may.
not necessarily change. The calcium carrier is present in the inner mem- ‘
brane but whether it is localized in one area, such as the innéinboundary
membrane, has yet to be established. In any event, experiments are currently
underway using the Coulter Counter technique to establish the size distri-
bution, volume and surface area of muscle mitochondria from WA and CA rats.
. Other parameters such as density and water space could also be compared.
Such measurements may help to resolve the problem outlined here. '

In conclusion, the research reported in this thesis has shown that
changes in the muscle mitochondrial calcium transport system take place in
the cold-acclimated rat, but incorporating the observed changes into a

biochemical mechanism of nonshivering thermogenesis requires further research.

'" \
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APPENDIX A
Preparation of Mitochondria.for Calcium Determinations by Atomic Absorption -

Spectrophotometry - Comparison of Acid Extraction and Dry Ashing Techniques

Purpose: -to compare two methods for the preparation of mitochondria for the
determination of calcium by atomic absorption.spectrophotometry:
(a) extraction of cél;ium from mitochondria by hot HCIl. |
(b) destruction of total organic matter by dry ashing the mitochondrial
protein in a high tempetature muffle furnace:

Methods:

(a) HCl Extraction: This method is described on p. 84 of the thesis.
(b) Dry Ashing: Mitochondrial suspensions (about S5 mg protein) were
placed in siiica crucibles, then evaporated to dryness and charred

under an infra-red lamp. The samples were then ashed overnight in a i

muffle furnace at 450° C. The ash was dissolved in 2.0 ml of 0.5 N

Hlecontaining 1% LaCl3 and the calcium concentration determined
by atomic absorption spectrophotometry.
Results: The table gives calcium contents (ng;atoms/mg protein) of mito-

chondria from WA and CA rats:

WA : - ca-
(a) Acid extraction © 14,5 £ 1.4 ‘ 15,1 £ 1.2
(n=8) 5
- (b} Dry ashing ' 14.8 £ 5.9 . 16.3 * 3.8
(n=3)

4

Conclusions: It is clear that calcium concentrations determined in the
dry ashed mitochondrial preparations are not different from those
determined following acid extraction. Bécause it is simpler to

perform and gives more reproducible results, the acid extraction

method was chosen for the investigations reported in this thesis.
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APPENDIX B

Lack of Effect of Cyclic AMP on the Release of Calcium by Muscle Mitochondria
and on Mitochondrial Respiration Rates

r(a) Caléium Release
Release in the presence of cyclic AMP was measured using the principlés
described in the Mafefials and Methods (see pp. 87-88). The results of a
representative experiment are presented here: .
Mitochondria (1 mg/ml) were allowed t; accumulate calcium for 1S min
in an incubation medium consisting of 210 mM mannitol, 7d mM sucrose, 10 mM
HEPES (pH 7.4), 5 mM pyruvate, 5 mM malate, 200 uM 45CaCl, and 1 mM phosphate. X
" Total volume was 2 ml and the temperature was SO’C. After completion of'
calcium uptake, one of the following was added:

(i) no additions (control)

(ii) cyclié AMP (3 uM final concentration - Borle (1974) )

(iidi) _ruthehium red (3 pM final concentration)

(iv) cyclic AMP + ruthenium red

The following table gives the calcium content of the mitochondria

(ng-atoms/mg protein} measured at various times after addition of cyelic

AMP and/or ruthenium red.

TIME CONTROL . CAMP " RR cAMP + RR
(min) WA CA WA . CA WA - CA WA_  CA
0 190.6°  185.4 | 198.1  194.7 | 193.5  189.5 | 195.1  199.3
1.0 192.0  180.6 | 194.7  194.6 | 192.6' 192.8 | 188.4 : 192.9
2.5 195.5  182.7 | 194.9  104.5 | 182.7 189.2 | 183.9  190.9
5.0 | 194.5  192.7 | 193.0  194.0 | 178.5  185.4 | 178.8  185.2
10.0 194.4  185.0 | 191.1  181.7 | 177.4  177.2 | 168.8 {173.7
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The results show that cyclic AMP does not céuse release of calcium from

the muscle mitochondria from either WA or CA rats. The addition of ruthenipm
_ red along with.cyclie AMP caused no more release than did ruthenium red alone,

thus arguing against the possibility that cyclic AMP is causing release of
calcium followed by a rapid reuptak;. -

A similar lack of effect of cyclic AMP was noted in expé}i—
ments utilizing a varietylof other conditions, for exampfé:

- different cyclic AMP concentrations (0.01, 0.1{ 1.0, 2.0, 3.0, 5.0,

10.0, 100 pM).

-presence of protein .kinase (0.1 mg/ml)

- p;esence of ATP (0.5 mM) |

-different initial calcium and phosphate concentrations, including no

phosphate.

- different incubation temperatures (5, 25, 37° c.).

(b) Respira;ion Rate

Cyclic AMP (3 uM final concentra;ion) was adéed to muscle mitochondria
respiring in state 4 either before calcium aéditioﬁ or after calcium accum-
ulation. The incubation medium was 80 mM KCl, 10 mM Tris (pH 7.4), 0.5 mM
phosphate, 0.2% bovine serum albumin, S-ﬁM pyruvate, 5 mM malate, mitochondrial
‘ protein 1 ﬁg]ml. Total volume of the mediumrwas 2.0 ml and the temperature
waqh§7° C. Calcium was added to give.a final co?centratégn of 0.2 mM.

Respiration Rate (ng-atoms O/min/mg)

WA CA

(i) State 4 (before Ca’’) 43.1 49.5
’Rate in presence of cAMP 43.1 49.5

(ii) State 4 (after Ca®’ ace- 4.6 - ~50.1

umulation) :
Rate in presence of c AMP 44,6 . 50.1
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il

*

Cyclic AMP thus does not alter the rate of réspiration of muscle’mitochon-
dria. This also argues agalnst a cycllc AMP induced release of calcium fol-

lowed by rapid reuptake, since thlS process would be expected to stimulate

- L

respiration,

A

)
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APPENDIX C : o .
: . t

The Effects of Prostaglandin E1 on Calcium‘Retention by Muscle Mitochondria

|
\

Release in the presence of prostaglandin El was measured aceording to -
the techdiques described, in the Materials and. Methods (pp. -87-88)

Mltochondrla (1 mg/ml) were loaded w1th ‘calcium in a medlum con51st1ng
of 210 mM mann1tol 70 mM sucrose, 10 mM HEPES (pH 7.4), 5 mM pyruvate, 5 mM
malate, 200 uM 45CaClz,Land in theé- presence or absence of 1 mM phosphate. ‘
The total.volume of the incubation medium was 2.0 ml and the\temperature was -
5° ¢. Prostaglandln E1 was .then added at a final concentratlon of 5 UM, and

the samples were withdrawn at tlmed 1ntervals thereafter.and the calcium con-

* centration of the mltochondrla determlned The following table summarizes the

A

results; calcium concentrations are expressed_gf ng.-atoms/mg protein.

Note that the ruthenium red (RR) concentration was 3 uM.

TIME _ Phosphate Present PhosPhafe Absent _
(min.) -RR ' *RR , -RR +RR
| WA . cA WA cA |- WA ca WA . CA
187.9  194.6 .193.5  197.0 | 86.3 - 87.5  81.8 87.6-
1.0 184.1 ' 194.3  196.7 192.2 | 8.2 87.6 82.2  83.9
2.5 189.9 . 192.7  188.2 ' 186.7 | 87.9. .89.6. 84.3 . 85.8
5.0 - 185.3 © 165.3  184.4  181.1| 85.8  93.1 81.6 85.6
10.0 185.0, 192.0  172.6  166.4 | 90.1 92.8 82.8 78.7

15.0 181.8  182.Z7  161.5  157.8 | 88.5 88.6 . 77.7 . 85.1

-

[N

-

Under these cOﬂdlthﬂS no PGE-induced release’was seen The release
'ev1dent when phosphate and ruthen1um red are 1nc1uded in the incubation medium

is no more than that- normally seen under the same cond1t1ons in the absénce of

. B . .



E

PGE.

-

.(rii)

(iv)

-

)

Temperature of 25° .

PGE concentrations of -1,

10 and 20 uM.

s

PGE added to-the incubation medium'beforé~oa1eium:

"Reduction of the pﬂ to 6.4.

1

“A 51m11ar lack of effect of PGE was found under the following cond1t1ons
9 {1)
©(i1)

Carafoll and Crovettl (1973) reported that the effect of PGE on calcium

release was more eV1dent at pH 6.4 than at 7.4.

v
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qgs notgd above reduction of the

pH to 6 4 wd¥ without effept u51ng the descrlbed incubation medlum

.Carafoll and Crovétti used an ionic_ medlum ratHer than a sucrose medium. The

'experlment was therefore repeated under the fo110w1ng conditions:

:'10 mM succ1nate 10 mM 1m1dazole (pH 6. 4), r mg/ml m1tochondr1a1 proteln 5 uM

’ ~

#PGE in a total volume of 2.0'ml and at a temperature of 25° C.

Il

T

However,

[

100 mM KC1,

Mitochondria

were 1ncubaé§d for 5§ mln in the ‘presence of 200 uM CaClz, and the PGE was added

at tlme

0. The results are summarlzed in the fbllOW1ng table calcium contents

are expressed as ng- atoms/mg proteln

&

LY

s

€

,-Time Control Uptake "PGE Aldded
. (min.) (no PGE) . AN
“after PGE WA cA | WA CA
addition
1,0 35.7 357 > 16.4 29.4
3.5 136.2 35.4 15.4 27.3
27.9 26.3 92 22.3
L T
7.5 26.5 22. 5% 10.1 19.5,
10.0 24,5 " 21.6 9.5 18.4
15.0 22.1 13.7 7.0 13.6
20.0 14.1 10.4 % 6.4 9.5

~

-

S0 the effect of PGE cannot be eveluated

<

-

e

.
e

-

Under these condltlons the m1tochondr1% fall to retaln their caIC1um and





