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ABSTRACT .
' Nonshivering Thermogenesis (NST} is an adaptation
in Q};iLch there ].S a high metabolic rate that can bg switched
on and off according to the needs of the animal The
mechanism of NST is still not understood.’ Since the skeletal
muscles are believed éo be the hajor site where NST occurs,
and since NST is a condition in which there  is a high‘metabolic
rate, then, changes in tﬁe mitochondria of this tissue;are
éxpected. Thus the aim of this work was to look for specific
biochemical changes in the skeletal muscle mitochondria of
cold-acclimated rats that might shed some lighﬁ on t mechanism
of NST in this tissue. The f;llowing characteristidgs were
Atudied: .
1 ~ The 'respiratory‘ and oxidative properties of the isolated 1
skeletal muscle mitochondria éf both warm- and cold-
2 acclimated rats. The results showed that the isclated
skeletal muscle mitochondria of cold-acclimated rats
have normal ADP/0 ratios and normal respiratory ratios.
However, the results showed that these mitochondria
have higher rates of respiration in both states 3 and 4,
the former being more marked.
2 - The levels of some enzymes of the Kreb's cycle, and
related enzymes. Changes were found in t?e'specific
activities of the mitochondrial G—glycerophosphate and'

malate dehydrogenases, the former increased by 60%,



and the latter decreased by 24%.

'3 - The transport of reducing equivalents from cytosol
-into mitochondria.” The results showed that the
@-glycerophosphate shuttle migh£ have a greater
capacity in the skéletal muscles of cold-acclimated
rats leading tq\a greater capacity for"glygplysis.

4 - The transport of ADP from cytosol into mitochondria.
The results showed a 35% increase 1n the rate of Abp.
uptake by the isolated skeletal muscle mitochondria

-

of cold—acclimated rats.

The significance of all the above findings are discusséd
.as well as the possible involvement of the thyroid hormones

in the mechanism of NST.

-



CHAPTER A

INTRODUCTION

Cold acclimation is a Problem which has always faBcinated
scientists- the scientific dream being the expansion of the
habitat of the human race to the cold regions of the earth
with the use of the least amount of enerqgy such as heating
'fuel Until recently, the problem has .been dealt with only
in physiolbgical terms This is not surprising since cold
acclimation is the net outéome of whole bédy adaptation includ-
-ing hormonal, nervous, cardiovascular and other physiological
changes, However, recently‘the great advance of biochemical
methods and techniques has sparked the beginning of a very
act:.ve study of cold acclimation and the brocesses behind it q
at the molecular level,

" In tﬁis work an attempt has been made to push present
knowledge about the molecular meéhanism of cold acclimation
a step forward. Since the mitochondrion is generally accepted . ¢
to be the.powerhouse of the cell, the study has been mainly .
concentrated on this drganelle. Also, since it was impractical
to study the mitochondria of all tissues , one tissue which
is believed to be the major site for heat production during
cold acclimation, namely skeletal muscle, has been chosen.

Therefore in this thesis, comparative studies on the

mitochondria of skeletal muscle of cold and warm-aceclimated '

rats are described in order to find out those changes which |,



make the acclimation to cold possiblé.“

In view of the.resuits of this work and the discussion
presented in the general conclusion, it is necessary to
intfoduce the reader to some areas which will help him comprehend
the general problem of cold—acclimation; the significance of the
findings and the validity of the general discussion..

Thus, the introduction will start with a classification
of the general defence mechaﬁisms which a homeothermic animal
has wheh put in the cold, and wﬁich then make his stay in the
cold possible. This will be followed by a discusgion of whf
" skeletal muscle is thought to be the)%ajor site of heat product-
ion in’the cold. Then, the roles of the sympathetic .nervous
system and‘the thyroid hormones in the adaptation to cold will
be discussed. This part of introduction is very important for ‘
the understanding of the general conclusion. This will be |
followed by a summary of the present knowledge of the molecular
mechanisms which make living in the'cold possible. Lastly, an”
attempt will be made to review the known changes in skeletal
muscle mitochondria under different sets of conditions. This
‘last part of the introduction is intended to give the reader
an insight into the flexibility of mitochondria in terms of
the many ways they can change and adapt to the external and

internal environments.

~



SECTION I

SHIVERING THERMOGENESIS

NONSHIVERING THERMOGENESIS {NST)

When an animal is put in a cold environment the
thermal gradient between the exterior and his body temperature
' increases,  thus leading to an increased heat loss from the body.
The body temperature therefore would tend to decrease if it
were not for the presence in homeotherms of defence mechanisms
which do the following:

~a) Physiological adaptations which tend to decrease heat loss

from the body.

These include vasoconstr.:Lct'ion of blood vessels in the ‘

skin and pilecerection.

b) Muscular shivering, which is controlled by the central

nagvous svstem and activated by cold.

This muscular shivering, which is not doing york, is
known as shivering thermogenesis (ST) because it is essentiaily
a heat-producing mechanism. The hydrolysis of the ATP during
shivering liberates great amounts of heat which if continueg
can compensate for the.greater ioss of heat from the body.

This means that ATP must be synthesized coneﬁnuously at a
faster rate. This in turn requires more substretes to be
oxidized. That is why in the cold, animals eat more, and
their sympathetic nervous system, which is activated by the

cold, mediates a greater release of dglucose from the liver



l ‘
ahd free fatty acids’ from the white adipose tisSug into the

blood in order to be used'by the tissues, especially the shiver-

ing muscles (for reviews, see Himms—Hageh. 1972 a and b)..

¢) The actiﬁation of mechanisms of heat production other
than shivering called nonshiVering thermogenesis (NST).

This NST replaces gradually shivering thermogenesis

until the animal becomes totally dependent upon NST in order
to produce tye extra heat required to keep his body temperature
| conshant. When this happens,‘the anima1>is considered to be
cold-adapted to the exté;nal temperature. If the external
temperature is further dropped; shivering might stért again
for some time until NST is further augmented. Thus, éhive;ing
thermogenesis can be described as the first line of defence
until the second line, namgly NST, is well developed.

The extent of the ability to develop NST is species
dependent. It occurs in some newborn species (rabbit, guinea
pig, rat, human), in hibernating mammals (bat, hamster, ground
squirrel), and in species acclimated to cold. Thus, NST stays
dormant until it is needed by the animgl (Depocas, 1960b;

and Himms-Hagen, 1970). - .



SECTION 2

' THE LOCALIZATION OF THE MAJOR SITE OF NST

All tiséugs of the body are producing heét as a result
of basal metabolism. Even in this case, the relative
contribution of each organ to the total heat production’ is
not knowﬁ. During'acclimation to cold, extra heat should
be produced by the mechanism(s) of NS?. A major problem to
sé ve then is: which site of the body is the most extensively
involved in‘the production of extra heat by NST. This problem
is basic to the study of the mechanism of NST. One must know
where it-occurs, or at least where most of it occurs because
the study of the mechanism of NST is a comparative one. One
1boks'for changes in the cold-acclimated state and from the;e
changes, expects to unravel the mechanism of NST.

In. the literature, there are conflicting results on the.
site of W&t production in NST. The controversy concerns
three sites:

a) The visceral organs including the 1iver,.the intestines
and the kidneys. |

b) . The skeletal muscles.

c) The brown adipose tissue.

The most direct technigque that can give information
about the quantitative contribution of each of the above sites
to NST is to measure the blood flow to each organ, and from the

arteriovenous difference in oxygen content ( the extraction of
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oxygen from tﬁe blood), one can calculate the relative
quantitative contribution of each organ. However, this method
is practically impossible in amali animals since cannulétions
of small vessels uﬂder physiological'conditions cannot be done.
Therefore, other methods must be used. \

Based én the assumption that the cytochrome oxidase
activity of an organ is an indication of its metabolic capacity, o
Jansky estimated that the skeletal muscles of the rat could .-
contribute 50-70% of total NST (1966): the skin not more than
6% (1966): tig kidneys, 5% (1966): the liver, less than 25%
(1971, 1973). It must be noted however, that Jansky;s definition
of NST included the basal metabolic raté (1973);

. The experiments performed by Jansky and Hart (1968), in

which metabolic capacity was calculated from the blood flow

through various. organs of warm and cold-acclimated rats, showed
that the visceral organs can account for the greatest proportion
of the total NST. However, these experiﬁents can be questioned
for the following reason: the metabolic contfibutions of the
visceral organs to NST were calculated by multiplying the
increased blood flow to each organ in the cold-acclimated state
by the concentration of oxygen in the blood. Therefore, a big
assumption was made here, namely that the organs will conéume
all the oxygen of the extra blo;d that flows through them.

In my view, this isjan invalid assumption. However, even on

the basis of sﬁch calculations, the authors estimated that the

metabolic contribution of skeletal muscles to NST is 50% at most.
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Oon ﬁhe other ?and, the results of Depocas (1958) argue
strongly against the idea théﬁ the visceral organs are the
méjbr site for NST. Depocas performed experiments in which
hemastﬁcte@ blood flow to the visceral organs éf cold-
acclimated rats and then éxposed the raté to the cold. The
iats showed a large increase in oxygen uptake éimilar to the:
sham-operated rats. 1In the later work, Depocas (1960 a)
showed thaﬁ the functionally eviscerated Eold—acclimatéd'rafs
reacted to the infusion of noradrenaline w}th an increase
in oxygen consumption equivalent to that of the sham-operated
animals, Tﬂe conclusion of Depocas was that the visceral
organs afe not required for the switching on of NST, and that
extravisceral tissues are quantitatively more important sites
for NST. Another conclusion from the above experiments of
Depocas is the following: If NST which is already developed
.in the cold-acclimated rat is locélized in the visceral organs,
then the infusion of noradrenaline or the cold exposure of.the
functionally-eviscerated rats could not have resulted in a
response as great as that of the sham-operated rats. The
response must have come fromaextravisceral tissues where NST
is localized, probably the skeletal muscles.

Jansky and Hart (1963) were able to prove directly that
skeletal muscles contribute to NST. They calculated the oxygen
consumption of the muscles of tﬁe hind leg of the cold-acclimated

rat, from blood flow values and the arterio-venous differences



in oxygen contents, before and after cold exposure or
noradrenaline infusibn. The results showed that the oxygen
consumption increased more than two-fold. Although this
finding does not provgtthat the skeletal muscles are the major ~
site of NST, vet it proves fwolthings: i) that the skeletal |
muscles contribute to NST, ii) that the skeletal muscles‘have
the power to be the major site pf NST.

Consistenf witg these statements (1 and 1i), are the
findings of Mejsnar and Jansky (1971).  The authors shpwed
that the metabolism of the gracilis muscle is &irectly
stimulated by noradrenaline, and not by increases in blood
flow or increases in the amounts of substrates released under
physiological conditions ivﬁo the blood.

Three lines of findings from our laboratory are consistent
with the préposal that skeletal muscles are the major site of
NST. They are the following:

a) There is an increased turnover of some protéins of the
skeletal muscle mitocho§dria, and none for the liver or kidney
in cold-acclimated rats (ﬁimmSeHagen et al, 1972).

b) The inhibition of mitochondrial protein synthesis in
skeletal muscle by oxytetracycline prevents the development
of the enhanced response to noradrenaline during acclimation
to cold and reverses it if it has already developed (Himms-—
Hagen et al, 1975).

¢) There are mitochondrial changes in size and number in the

skeletal muscles of cold-acclimated rats. The mitochondria of
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the skeietal muscles of cold-acclimated raﬁs increase in number
and decrease in size (Behrens and Himms-Hagen, in press).

Although the brown adipose tissue hypertrophies in cold-
acclimation and becomes the warmest region of the body
fﬁiﬁmé-Hagen, 1970), its contribution to the total NST can be .
considered to be small (between 6 and 12%, Himms-Hagen, 1969). \\‘~—
In addition, although the calcula?ionsof.Jansky and Hart (1968}

- which were based on blood flow and the total extraction of

oxygén frqm the blood were criticized, yet this method can be
used'to.éliminate quantitativeiy some of the 6rganﬁéas

significantly confributing to total NST, including the brown

adipose tissue. The authors estimated that the brown adiposé

tissue could contribute to only 6% of the totai oxygen ' ‘
consumption of the rat.

In experiments aimed to estimate the quantitative
contribution of the brown adipo;E%tissue to NST, the surgical
removal of the interscapular brown adipose tissue (about one
third of the total brown adipose tissue in the cold -
acclimated’rat) has had relatively little immediate effect
upon the enhanced calo;igenic responsé to noradrenaline in
cold-acclimated rats (Himms-Hagen, 1969: and Foster, 1974),
but in a number of independent studies, it has caused a delayed
reduction of 40 - 60% after two to four days {Hayward and Davies,
1972: Himmsiﬁégen, 1969; Horwité et al; 1972, and Leblanc et al,
1972). However, two recent studies have shown no such delayed

effect (Flattery and Sellers, 1972; and Foster, 1974).

.



These discrepanciés‘were attributed to fallure to monitor

*

body temperature in the operated animals during noradrenaline

infusion (Foster, 1974).

In conclusion, it is probably safe to consider the
.
skeletal muscles as the major site of NST.

10.



SECTION 3

THE ROLE OF THE SYMPATHETIC NERVOUS

SYSTEM (SNS)' IN COLD-ACCLIMATION.

The role of the SNS in cold-acclimation is best exﬁlained

by discussing it under the following headings-

i) The,SNS_is activated during cold-exposure and cold-
_adaptation. '
ii) The catecholamines can mimic the switchlng on of NST .

‘-by cold exposure

iii) The adaptation to cold Fequires the presence of an intact

r

‘ SNS. _
iv) ° The SNS.ia_gggentinl for the mobilization .of the energy .
| reiervesﬁ. i A \ . ) i
v) The calorigenig action of the catecholamines.
Each part wili now be discussed,separately:

i) The SNs is aétivated during cold-exposure and cold-acelimation.
/

The time—coursehof changes in the excretion oflthe
catecholamines after cold-exposure was studied by Leduc (1961).
He foundkthat during the first week‘of cold exposure, thé
excretion of noradrenaline increases 5 times, after which it
falls, but remains at high lévels for several weeks until the '
rat becomes cold-acclimated. After that, the excretion falls
" to a slightly higher wvalue than that of warm achimated rats.
On the other hand; the excretion of adrenaline follows a

different pattern. . It increases gradually‘and reaches its
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maximum in about one week after which it falls in a few days
to normal levels. Leduc {1961) also showed thaf the amount
‘excreted is proportional ﬁo the geveriﬁy of the cold exposure,
and is greater in young animals {age-dependent). On the other
hand, during deacclimation (the removai of tHe réy/from the )
cold),.the excretion of noradrenaline returns to normal w;thin
one or two days. The increase in the excretion of noradrenaline
in the cold is due to an increase in its secreﬁion rather than

a decrease in its degradation since Shum et al., (1969} showed
rthat therelis also an increase in thg excretion of the major

metabolites of the catecholamines. Therefore, in cold-

exposure and cold-acclimation, there is an increase in the-

'
- -
——

" synthesis and secretion of the catecholamines, espeéially of

3'noradré;§al ine. ‘

- ~

.11) The catecholamines mimick the switching on of NST by

- told-exposure.

The intravenous infusion of the catecholamines results
in an increase in the oxygen consumption éf the warm-acclimated
rat, and a much greater increasé when phe animal is cold-
acclimated (Hsieh and Carlson, 1957; Himms—Hagen, 1970).
When the infusion is stopped, the ékygen consumptién returns
to nomal in both warm and cold-adapted rats. The time-course
of the increase in the calofigenic respénse to the catecholamines
during the 4 week period required for cold-adaptation, coiﬁcides
with the decrease in shivering. The response becomes maximal

when shivering becomes minimal (Depocas, 1960b). Esapecially




13.

interesting are the results of Leblanc and Pouliot k1964)

who showed that the resistance to cold increases when rats
.are treated with noradr;analine for long pericds. Also,the calorigenic
respose to noradrenaline is enhanced..Therefore, the SNS can switch on

and off NST,’ and plays a role In the development of NST.

1i{) The adap;ation to cold requires the presence of an

~

intact SNs: _
fhis can be provea by deactivating thgﬁ?NS in some way )
and studying whether the animal can ntill adapt %0 cold..or:not.
This cah be done by snrgical, immunological and Pharmacolo-
gical techniques. . The conclusion:drawn from such experiments
was that an intact SNS is required for cold-adaptation. These
fj'.ncf%ings were reviewed by Himms-Hagen  (1975). ‘

iv) The SN5 is essential for the mobilization of the energy

reserves:

The first action of the catecholamines on the intact
animal in tefms of the mobilization of the enerqgy reserves is
their hyperglycemic effect., This response is mediated by an
increase in liver glycogenolysis, an increase in liver
gluconeogenesis, and inhibition of insulin secretion leading
to decreased utilization of glucose by the tissues (see review
by Himms—Hagen, 1967). The second major metabolic effect of
the catecholamines on the intact animal is the rise in blood
free fatty acids concentration due to an increased liberation

of these compounds from the white adipose tissue. This effect

*
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_ré;ults from an increase in the rate of lipolysis in the
white adipose tissue. The Eatecholamines a%ﬁp act on other
. tissues to mobilize their own reserves for internal use,
Examples aré the skeletal muscles which use their gylcogen,
and the brown.adipose tissue which uses its triglycerides.
Therefore, the catecholamines mobilize the energy.reserves
for internal and external use by the tissues, thus supplying
the substrates required for the eventual increase in metabolic
rate. The mechanism of this action‘of the catecholamines is
believed to be due to an increéggg—gghcentration of cyelice
AMP which in turn stimulates the pathways which lead to the

eventual response.

v} The calorigenic effect of the catecholamines. {
The mechanism of the calorigenic action of the q

catecholamines is not understood. The increase in substrate

concentration due to the increased mobilization of the energy
reserves is not the factor which controls the metabolic rate.
The metabolic rate is controlled by the pPhosphorylation state
ratio (ATP}/(ADP) (Pi) (Wilson et al., 1974).

During cold-exposure of the warm-acclimated rat, the
signal for the beginning of the inérease in oxygen éqnsumption
is the rise in ADP production in the shivering muscles as a
result of the utilizatioﬁ of ATP for the contractile process.

‘ The nature of the éignal in cold-acclimation is not known,
There are at present two major hypotheses which try to explain

the calorigenic effect of the catecholamines in cold-acclimated



rats: -

A - The electron transport becomes less restrained by the

availability of ADP in some way.

e

B - An increase in the role of energy ‘s consuming pathways
and/bé processes. ' //5}

These will be discussed in greater detail under section 4.

v




SECTION 4

THE MECHANTISM OF NST, CURRENT CONCEPTS

The mechanism of NST can be described as a silent
mechanism whose aim is to produce heat in order to compensate
for the great loss of heat by the animal‘to the exterior.

It is described as silent becausetﬁt does not involve such
“actions as shivering (during cold exposure), or contraction
(during exercise). Since the silen£ mechanism of NST results
in an increase in oxygen consumption of the animal in the

cold, then the only way possible to study this mechanism is

to put down all the possible hypotheses that theoretically

can lead to an increased oxygen consumption, and then test
each separately. This mechanism must fulfill two requirments:
i) It must be "switched on" by the catecholamines; ii) It
must occur in tissues where'NST occurs and not occur in tissues
‘where NST does not occur. There are, at present two major
hypotheses which can explain an increase in oxygen consumption.
They are the following:

A - The electron transport becomes less restrained by the

‘availability of ADP. .

B - An increase in the operationrof energy-consuming
pathways and/or processes.

Each hypothesis will now be discussed sepmruitely.

Hypothesis A:

Ix -nexmal mitochondria, electron transport cannot occur
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to an appreciable extenﬁ unless ADP is present. If this
lockea relationship becomes weakened in some way, electron
transport will then proceed less restrained by'the‘availability
of ADP. This situation is known as uncoupling or loose
coupling and an. example of this type has, been reported in

the isolated mitochondria of* the brown adipose tissue
(Flatmark and Pedersen, 1975). When the mitochondria of the
brown adipose tissue are isolated by methods used to isolate
mitochondria of other tissues, they are found to be uncoupled,
in e sense that the addition of ADP does not stimulate the
reSpiration. Originally, two groups of investigators, each

7
using different methods, formulated two different mechanisms

to explain the uncoupled state of the brown adipose tissue ‘

mitochondria. The first group used ATP and carnitine in the
incubation medium (Hittelman et al., 1969), and were aﬁle

to bring the mitochondria intc a coupled state. This group
suggested that because of the high concentration of free
fatty acids in the brown adipose tissue, and due to the high
sensitivity of the brown adipose tissue mitochondria to free
fatty acids, a minor fraction of these fatty gcids controls
the state of loose coupling in the mitochondria. The removal
of a small fraction of these fatty acids (by ATP and carnitine)
can bring the mitochondria from the uncoupled to the coupled
state (Cannon, 1971). The second group of investigators used

albumin and ATP in the incubation medium to bring the uncoupled

«
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‘ mitochondria to the coupled.stéte {Hohorst and Raf§el, 1968).
This group suggested that changes in thé relative concentrat-
iéns of adenine nucleotides within the mitochondria may be
part of a mechanism regulating coupling (Pedersen and Grav,'
1972; Skéane et al., 1972). It was suggested that the’
nucleotides could act on the energy-conserving mechanism of
the mitochondria by some conformational change in thé mitoch-
ondrial membrane. Later, the above two mechanisms were
reconciled by the hypothesis of Christiansen (1973). He
prop;sed that the firee fatty acids are not only causing loose
coupling, but by way of the acyl CoA formed from them in the
cytoplasm (apd which requires ATP fqr its synthesis),” inhibiting
the adenine nucleotide translocase of the inner mitochondrial
membrane. The resulting change in the relative mitochondrial
‘adenine nucleotide concentration also contributes to the.
regulation of coupling. Thus, the free fatty acids in the
brown adipose tissue play three roles:

i) Act as substrates to support the high metabolic rate.

ii) Regulate the state of coupling. .

iii} Change the relative adenine nucleotide concentrations
in the mitochondria via inhibition of the adenine. -
nuclectide;translbcasé; This change will then act in
collaboration with the fatty acids to contrcl: the

coupled state.

This mechanism of uncoupling in the brown adipose tissue
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mitochondria is a dynamic oné in the sense that the degree
of uncoupling is a process that gradually develops during
cold-acclimation and reverts slowly to normal upon deaccli-

mation {Andersen et al., 1970).

Hypothesis B:

This hypothesis is even more complicated than hypdthesis
A since one can think of a multitude of energy-consuming
pathways and procésses. For some energy-consuming processes,
it is not certain whether ATP is the energy donor. Therefore,
this hypbthesis can be divided into two pérts:
Part 1: Those energy-consuming pathways and/or processes where

ATP is the enérgy donor.
Part 2: Those energy-consuming processess whl&e ATP might not
"be the energy donor.

i will now discuss each part separately:
Part lcan be further divided into 3 subparts:
i) subpart a: synthetic and degradative pathways.
ii) subpart b: futile enzymic cycles.
iii) subpart ¢: the Na K ATPase

The synthetic pathways (éubpart a) are those for
triglyceride, glycogen, urea and glucose. The reason why
these synthetic pathways are suspécted to play a role in
consuming ATP, was the fact that the catecholamines delive;
great amounts of substrates to these pathways. Calculations

of the theoretical contribution of such synthetic pathways
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“to the total increase in oxygen ﬁptake aféer infusion of
catecholamines into warm-acclimated rats, showed that, the
contributidns fall short of explaining the large increase
in oxygen congumption (H}mms—Hagen, 1967). Howevgr, there
exists the possibility that there are intracellhlar
increases in the turnover of these synthetdc Esthways which
are not included in plasma studies (Himmé—Hagen, 1967).

The futile enzymic cycles (subpart b) are pairs of
enzymes where the end-product of one is the substrate of
the other, and where both enzymes work together for a sbecific,
reason, namely, to consume ATP. The difference between the
futile enzymic cycles and the synﬁhetic and degr;dative path-
ways {subpart a) is that the former can be very easy to operate
and control since they involve only two enzymes rather than
two sets of enzymes. Examples of such futile enzymic pathways 1
are: 1) the glucokinase-glucose~6-phosphatase pair shown to
occur in rat. liver (Hue and Hers, 1974); ii)lthe
phosphofructokinase-fructose diphosphétase pair shown to occur
in kidney cortex (Newsholme and Underwood, 1966), and liver
(Williamson et al., ;968). In addition, an increased operation
of this futile cycle for the generation of heat was reported
in the f£flight muscle of bumblebees during the warm-up before_f
flight (Clark et al., 1973a,) and in the skeletal muscles of
halothane~induced hyperpyrexia in pids (Clark et al., 1973b).

In fact, Williamson et al., (1971) suggested that this futile
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cycle plays a role in NST in liver.

An increased activity of Na K ATPase (subp:rt c)
was proposed to be a majorcomponent of the mechanism of NST
(Hoxwitz, 1975). This topic is reviewed by Himms-Hagen
(1976), and will be summarized briefly here. The proposition
that this enzyme plays a major role in NST stemmed from ‘the
following lines of evidence: |
i'— Noradrenaline causes variable changes in the state of
polarization of the cell membranes of various tissues leading
to alterations in the jonic environments and thus to the
stimulation of the enzyme (Horwitz, 1975).
ii - The activity of the enzyme increases in brown adipose
tissue homogenates upon the addition of noradrenaline (Horwitz,
1975). 1In addition, the enzyme's activity doubles in liver
slices of cold-acclimated rats, accompanied by a 30-80% ‘
increase in the rate of oxygen'consumption (Videla et al., |
1975). e
iii) ouabain (an inhibitor of the enzyme), inhibits the
calorigenic effect of noradrenaline on brown adipose fissue
(Fain and Jacobs, 1973). 1In addition, the skeletal muscles
of cold-acclimated hamsters (Horwitz, 1975), mice (Stevens
and Kido, 1974), and the liver of cold-acclimated rats
(Videla .et al., 1975), were shown to have an increased ouabain-
sensitive respiration.

It must be noted however, that one should be cautious in

interpreting this evidence for the following reasons:
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i - Almost all hormoneé cause changes in tﬁe state of
polarization of the cell membranes, and yet most do not have
calgrigenic effects.
ii - The activity of Na K ATPase seems to increase in
other states of hypermetabolism such as hyperthyroidism
(Ismqil—Beigi and Edelman, 1971, 1974), and ethanol feeding
(fsrael et al., 4973). Thus it is not specific to cold-
acclimation.
iii) - Ouabain has effegts other than inhibiting the Na K
ATPase (see Himms-Hagen, 1976). Examples are the following:

1. It inhibits lipolysis in white adipose tissue. .

2., It stimulates gluconeogenesis in kidney.
- 3. It inhibits gluconeogenesis ‘in liver.

4. It has insulin-like effigpg on glucose uptake by muscle
g and white adipose tissue. N . 1

5. It modifies Ca2+-transport. |

Thus respiration méy be altered by vuabain because of /

any of these effects. ‘ : . T
iv - An increased ocuabain-sensitive respiration of liver
slices also occurs in warm-acclimated rats treéted with
adrenaline (Bernstein et al., 1975). This finding implies
that there are reserve pump sites not in use un the cells,

These dormant pump sites can be unmasked by cold-exposure{

or by adrenaline.
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Part 2: Those enerqy-consuming processes where ATP might

not be the enerqy _donor.

This has been the least defined and studied. Sdme
authors have included this part under the uncoupling hypothesis.
and considered it a kind of uncoupling since some high-energy
compounds synﬁhesized along the pat@way of oxidative phosph-
?rylation are consumed, and thus ATP is not synthesized.
However, I have defined loose coupling as that state where
electron transport becomes less restrained by the availability
of ADP in some way, and not as that state where electron
transport becomes uncoupled from ATP synthesis. This part can

be also divided into the following subparts:

1 ~ subpart a: ion pumping

ii - subpart b: cellular and organelle movements.

Ion pumping (subpart a) by cells and organelles is a ‘
process that requires energy. The most studied ions are Ca2+
and K+. The mitochondria, for eXample, will spend energy for

taking up Ca2+

in preference to ADP phosphorylation (Lehninger,
1974)Y. More studies are required in the field before any
conclusion could be made about the significarce of ion rumping
in thermogenesis,

Cellular and. organelle movements (subpart b) could pPlay
a role in therﬁogenesis. In vivo, cells and their organelles

are in a state of continuous motion. Organelles change their

shape and move from one part of the cell to another. These
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active movements are most noticed during cell division. --
In fact, recent electron-micrescopy studies have shown that
most cells contain actin: and myosin filaments forming complex
netWorks (Marx, 1975).

The possibility exists thét an increase in such mévements
might constitute a thermogenic process that contributes to

NST (Himms-Hagen, 1976).
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SECTION &

' THE_ROLE OF THE 'DHYROID HORMONES ' ‘

IN COLD—ACCLIMATION N

-

The best way of discussing the role of the thyroid

hormones in cold-acclimation is to ‘divide it into the following

parts:

Part 1 - The thyro%d hormones are necessary for the successful

‘/;/" ... survival in the cold. | “ |

Part 2 ~ The modes of secretion and utilization of the
thyroid hormenes change after coldrexposﬁre and
dufing‘cold acclimation.

Parf 3 - .The‘thyroid hormones - catecholamines ifterrelation~'
ships. ‘

Part 4 -~ The caloricjenic‘ mechanism of the thyroid hormones. 1

Part 1 - The:thyroid hormones are necessary for the successful

‘

survival in the cold.

Hsieh (1962) showed that when rats were fed with an
iodine-deficient diet and an antithyroid drug for 4 weeks
before\esgesure to 4° c, they died in one day. However, when‘\\\\
the rats were fed with\qommercial diet and antithyroid drug,

. they were able to live in the cold for 17 days. The conclusion
was that the iedine present in the commercial diet allowed
the rats to survive for only 17 days in the cold. The. thyroid
gland could still synthesize some'thyroid»hoimone using the

iodine present in the commercial diet even in the presence of

-

+ . ) h
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‘the antithyroid drug. On the other hand, Hsieh (1962) found

that the injection of thyroid hormones prevented death, and
the groﬁth of the rats became similar to that of the control

rats., His conclusion was that the rats cannot survive in

‘the cold without some circulating thyroid hormone. Hsieh

(1962) also showed tﬁat the cold-acclimated rats can tolerate
doses of T3 that are toxic to the warm-acclimated rat, and his
conclusion was that the cold does not increase the sensitivity
of the rat to the thyroid hormones. Another conclusion from
this finding is that changes have occurred in’the body tissues
80 that they can utilize the high levels of T3 with no drastic
effects.

'Essentially éhe saﬁe results were obtained by othef
authors (Leblond and Gross, 1943; Sellers and You, 1950;
Sellers et al., 1951). Their results showed that athyroid e
rats cannot survive ‘in the cold, and that the injection of ‘
thyroxine can make the survival in the cold possible. ‘
Therefore, the conclusion made by all the above authors was
that some thyrd;d hormoneisindispenéable for prolonged sufvival

in the cold.

Part 2 - The modes of :.secrétiom and utilization of the

thyroid hormones change after cold exposure and

. during cold-acclimation.

It is generally accepted that the thyroid gland is

activated after cold-exposure and cold-acclimation. Different
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authors came to this conclusion by observing different things.
For example, cold has been shown to incrgase the storage |
(D'Angelo, 1960) and secretion (Knigge, 1960) of the pituitary
thyroidotrophic hormone. Other.authors reported an increase
in.the weight of the thyroid gland (Stevens et al., 1955), an
increase in the acinar ..epithelial cell ‘height of the
thyroid.gland ( Dempsey and Astwood; 1943 ) an. increase -

in radioiodine thyroid output (Brown-Grant, 1956) ahé an
increase in the peripheral degradation of the thyroid hormones
(Cottle a<r’1d Carlson, 1956; D'Angelo, 1960; Gregéerman, 1963;:
Galton and Nisuia, 1969).

It mﬁst be mentioned, however, that some authors argue g
against the involvement of the thyroid hormones in the ‘
mechanism of cold-acclimation since an increase in the thyroid
stimulating hormone (TSH) levels in the plasma in response to
cold was demonstrated only in ratg and -human infants (Varis
et al., 1974), and not in other species. This argument however
'may be disputed since we know that the final availbbility of
thyroxine at its target sites in the cells depends on such
factérs as thé rate of degradétidn of the hormone in the
tissues and the degree cof binding of the hormone to the plasma
proteins. In the guinéa big for example, Yamada et al.,

{1969) showed that the binding affihity of thyroxine to the
plasma proteins decreased in the éold—exposed pigs, implying

that in the cold, more free thyroxine is available to the

tissues. In fact, this result is consistent with the results
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of Ershoff and Colub (1§50),-and Heroux.and Petrovic (£§69)
who reported a decreased gon&entration of serum-protein-
boundjiodine after cold-acclimation. The decrease in the

- binding of thyroxine to the plasma proteins results in less
detection of iodine in the protein fraction of the piasma
of cold-acclimated rats.

However, the picture is not that simple. Balsam, (1974)
showed that in cold~-acclimated rats, there is a decrease in
plasma proteinkbound Jiddine, and vet, the relative binding
of the plasma hormone (T4 and T3) to the plasma proteins
increased. The explanation given to this discrepancy was
that the thyroid gland in gold~acclimation was secreting Ty
in preference for T4. Since Ty is known to bind to plasma

proteins one-sixth as tightly as 'I'4, ‘then less iodine will ‘

be detected in the protein fraction of the plasma. In gact,

this was found to be the case'by Reichlin et al., {1973) who
showed that plasma T4 levels were less in cold-adapted rats,
.while Plasma T3 levels were higher than the controls. Bernal
and Rey {1975b) showed that these bhanges were due to an
‘increased conversion of T, to T3 by the extrathyroidal tissues
and not to a preferential secretion of Ty by the thyroid gland.

. On the other hénd, since the binding of T3 by the tissues
exceeds that of T4 by as much as fivefold, then one would
expect to find more T3 in the tissues of cold-acclimated rats.
In fact, this was shown to be the case by two independent

studies. Reichlin et al., (1973) showed that the kidney
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of the cold-accl;mated rat contains more T3 than the control
but no increase was found in the liver or brain; Balsam and
Leppo (1974) showed that in the cold-adapted rat theré is an
increasedvhormonal‘bindihg by thﬁfkidney, muscle and liver,
Bernal and Rey (1975a and g)*éhéwed that the T3/T4 ratio of
the extrathyroidal tissues of colduexposedarats incrgased
more than two fold. “ ’

Therefore in the rat, cold exposure might iﬁcrease the
conversion of 'I'4 to fs by the extrathyroidal tissues. In fact,
this increased conversion might explain why the injection of
doses of T3 lethal to the warm-acclimated rat is tolerated

by the cold-~acclimated rats (Hsieh, 1962). The cold-acclimated

rats might dispose of the hormone at a faster rate,

Part 3: Thyroid hormones - Catecholamines interrelations: .‘
The interrelation between the thyroid gland and the

sympathetic nervous system was noticed by scientists from the

beginning of modern endocrinology to the present day. There

have been many reviews dealing with this interrelation

(Harrison, 1964; Leak, 1970; Waldstein, 1966; Gale, 1973).

This interrelation will be sunm@rized under the following

headings: ‘

a) Clinical observations.

b) Metabolic observations.

c) Mode of interaction.

d) significanee in cold-acclimation.
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Each heading will now be discussed separately:

a) Clinical Observations:

The clinical symptoms of the hypethyroid state show
_many similarities éo the symptoms of activation of the.
sympathetic nervous system. It has also been observed that
patients with thyrotoxicosis are hypefseneitive'to cate-
cholamine administration. These observations have led-to
some clinical applications. For example, adrenergic blocking
‘agents hdve been used to overcome the symptoms of hyperthyroid-

ism during the time it takes for antithyroid drugs
radioiodlne to exert their full therapeutic efféag:?r

b) Metabolic Observations:

The mobilization effects of the catecholamines on the
energy reserves are infiuenced by.the thyroid state. In vitro,
the lipolytic effect of the catecholamines disappears in the
absence of thyroid hormones. On the other hand, the.hyper—
glycemic effect of the catecholamines increases in the presence
of excess thyroid hormone and diminishes in hypothyroidism.
‘Also, hyperthyroidism increases and hypothyroidism decreases
the calorigenic effect of the catecholamines.

c) Mode of interaction:

Although the actions of the thyroid hormones and the

catecholamines are interrelated, the mode of this interaction

?

is still not clear. Two major hypotheses were presented«

-

1) the catecholamines have a direct effect on the metabolism

ﬂ
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of the thyroid gland, and the thyroid hormones have a direct
effect on the metabolism of the catecholamines; ii) there
exists a factor or a pathway common to both the action of
the tﬁyroid hormones and the catecholamines responsible
for the mutual interaction.

These two hypotheses were reviewed by Harrison (1964).
His conclusion was that there is no substantial evidence for
such mutuai direct effects (hypothesis 1). Hypothesis (ii)
is believed to be morehprogable. The observation that
tyrosine is elevated in hyperthyroidism might be a factor
‘since tyrosine is a precursor to both thyroid and catecholamine
hormones. The'possibility that the two hormones aét upon
consecutive rate-limiting steps, some authors favouring
thyroxine and some catecholamines as acting upon the later ‘
step, was considered. Other authors suggested that thyroxine
may indirectly decrease the rate at which cyclic~-AMP is
inactivated, thus potentiating the effects of the catecholamines
which are known to st}mulaﬁe-adenylate cyclase resulting in
the accumulation of’cyclic AMP, tIf”manyrB—reéeptgrteffects
are. secondary to the accumulation of cyclic AMP, then thyroxine
might éhuskincrease the B - receptor activity of the catechola-
mines. In fact, recently, Rosengvist (1972} showed that the
hypothyrold state decreases the response to noradrenaline

in white adipsese tissue and smooth muscles by increasing

alpha-adrenergic receptor. function.

ik
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dI;Signif;cangg_in cold-acclimation:

When hypothyroid rats weée acclimated to cold, it was
found that the increase in the excretion of ﬁoradreﬁqline
was more than that in the control cold-acclimated rats (Sellers
et al., 1974).“ The conclusion was that some thyroid hormone
is required for cold-acclimation, but that the rats can
compensate for mild hypothyroidism by an increased activity ~
of the sympathetic nervous system.

Leblanc and Villemaire (1970) showed that thyroxine and
noradrenaline injections into rats gave them a resistance to
a cold temperature of -259C similar to that of cold-adapted
rats (at 4°C) transferred to -250 C.

In summary, the thyroid hormones and the catecholamines
besides each having .unique effects not shared by the other,
each can produce independently the effects they share.
Therefore, one is considering two independent effectors,

'the sum of whose effects is greater than their individual
contributions. Such a phenomenon is known as synergism
(Veldstra, 1956).

Part 4: The calorigenic mechanism of the thyroid hormones:

"The biological actions of the thyroid hormone are many
and include its calorigenic action, its effects on growth and
development, its effects on the turnover of proteins, lipids
and other body constituents and its effects on the physiological
function of body organs. These effects and others were

reviewed by Pitt~Rivers and Tata (1959), and by Barker (1964).



Ny

33.

To discuss all these effects of the thyroid hormone is beyond
the scope of this thesis. Only the calorigénic effect will

be discussed.

L3

Older concepﬁs of the mechanism of.the célorigenic
effect of the thyroid hormones have eéphasized its uncoupling
effect on oxidative phosphorylation. This effect, however,
is observed only with relatively high doses of hormone (Tata
et al., 1963}. This uncoupling cannot be accepted, ‘especially
since the thyroid hormone stimulates growth and development (
(and metamorphosis in some forms of life), processes which
require large supplies PffATP- It is now generally accepted
that liver and muscle mitochondria from hypéerthyroid animals .
have higher respiratory and phosphorylative activity than ‘
those from normal controls, but the.same ADP/O raﬁios and
respiratory control ratios (Smith et al., 1966, 1962; Degroof
et al,, 1968::Tata et al,, . 1963), ‘Ia fact, recently Sacktor
et al., (1972) and Babior et al., (1973) reported that state
3 (ADP-dependent} reépiration is more increased than state
4 respiration. They also reported no change in ADP/O ratios
or respiratory control.

Therefore, the mechanism of the calorigenic effect of
the thyroid hormones must £all under the hypothesis of an |
increase in eﬁergy—requiring processeé. The energy-requiring
processes believed to be increased by the thyroid hormones

are mainly two: i) an increase in the mitochondrial turnover;
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ii) an increase in the operation of the sodium pump.

The increase in mitochondrial turnerr (i) is evidenced
by lhe results of many workers. Sokocloff and Raufman (1959)
for example, showed that thyroxine administered in vivo or in
vitro increased the incorporation of amino acids into the
Preteins of liver mitochondria, and their conclusion was that
tﬁis energy—requiring process will result in an incréase in
the metaRplic rate characteristic of hyperthyroidism. In
this connection, Booth and Holloszy (1975) showed that the
increased éontent of mitochondrial cytochrome C in liver of
thyrotogic rats appears to be due to an increased synthesis
as well as an‘increased degradation, the former increase being
greater than the latter. 1In addition, Gross (1971) showed that ‘
the turnover of both proteins and DNA of the mitochondria of
liver and heart increased after thyroxine administration, and
decreased after thyroidectomy. On the other hand, Neubert
et al., (1970), showed that thyroidectomy results in a decrease
in the activities of the nuclear and mitochondrial RNA
polymerases, the decrease in the mitochondrial ones being
more pronounced. After T3 administration, the activities of
both the nuclear and mitochondrial RNA polymerases increased.

It is known that protein and nucleic acid synthesig
requires large amounts of energy. In the case of proteins,

the amino acid activation step requires ATP, and during

synthesis of the polypeptide on the ribosome, GTP and possibly
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other high-energy.compounds are required. In ad@ition,
lafée ambﬁnts of AT?&HE required for the synthesis of the
nucleotides, the building blocks of the nucleic acids. Thus,
this action of the thyroid hormone cgéfa contribute to its
calorigenic affect. : -

The eéfect of the thyroid hormones on the sodium pump
has been studied by Ismail-Beigi and Edelwan (197b, 1971, 1974).
Their studies showed that most pf the increase in oxygen
consumption after T4 or T3 administration could be explained
by the increase in the dperation of the sodium pump. The

measurement of the oxygen consumption due to the sodium pump

was done by using ouabain (an inhibitor of the Na-K-ATPase),

and then measuring the inhibitibn of oxygen consumption. The
difference between Q0, in the absence of oubain and Q0, in its
pPresence was considered to be that amount cqnsumed for the oper-
ation of the sodium pump. In addition, the activit§ of Na-K-ATpase
was found to be increased in tissue homogenates after Tj admin=
istration. The tissues that gave positive resui;; were the liver,
skeletal muscles and kidney.' Cerebrai slices and homogenates’

gave negative results. These results are consistent with the fact
that the metabolic rate of the brain is not influenced by the
thyroid hormones. The authors also showed that after Tg4
dédminisgstration, the.time course of increases in axygen consum-
cption . of the liver in .the absence:of Ou%bain,:in:the-ouabain-
sensitive respiration, and .in .the. activity.of - Na~K-ATPase

were almost parallel to.each .- other.. The conclusion
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was that thé increased operation of the sodium pump, ev%denced
by the increase in the Na~-K-ATPase and the increased ouabain-
sensitive respiiation,,lqads to the-increase in oxygen
conéumption.in hyperthyroidism. At this point, it would be
intere;ting to note that the activity of this enzyme was found
to be doubled in liver of c91d—acclimated rats (Videla et al., j
1975}.

On the other hand, other authors sﬁowed that the thyroid
hormone increases the pumping of other ions such as Ca2+.
Suko (1971) reported an iﬂcrease in Ca2+ uptake and ATP hydrolysis
by the Ca2+ -activated ATPase of the sarcoplasmic reticulum
in hyperthyroidism, while both were reduced in hypothyroidism.
Wallach et a}., (1972) reported as increase in the influx of
Ca2+ and Mg2+ by the liver cells after Ty administration. The
authors suggested that these changes in ion.transport and
intracellularr concentration of ion,sﬁ;ould play a role in the ‘
biological actions of the thyroid hormones.

Recent findings give more insight into the mechanism
of the calorigenic effect of the thyroid hérmone. Babiorx
et al., (1973) showed that the administration of T3 results
in an increase in the mitochondrial uptake of ADP in the liver.
They also showed that the increase in ADP uptake could explain
the increase in state 3 respiration (ADP-dependent) of the

" mitochondria. Why would the activity of the adenine nucleotide

translocase increase if the rate of ADP uptake 1s not limiting?
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The incregsed_utilization of ATP in the cytoplasm requires
that the ADP produced should be rephosphorylated in the w
mitochondria at a faster rate. It is possible that the
translocase, even if working at saturation, cannot cope with
the great demand; a synthesis of more enzyme, or an increase

L2

in its activity may become essential. .
Something which is essential for the operation of the
above mechanisms has not been discussed yet. If the cycling
‘of ATP increases ‘in hyperthyroidism, then substrates £or
oxidation must be delivered at a faster rate. In fact, the
‘thyfoid hormones enshre that such a process is accomplished
by doing mainly two things: (1) potentiatiné the mobilization
effects of the catecholamines on the body energy reserves;
(ii) causing enzyme changes in the cglls 56 that>some key

pathways are activated.

The first éction (i) delivers more substratesi:to:the':tissues

{see pagei3 ). The second action (ii) includes the ?étivation

of many enzymessystems in the cell which tead to furgishing,
substrates for oxidation in the mitochondria at a faster rate.
Glock and McLean (1955) reported an incrffse in the activities-

of glucose 6-phosphate and 6—phosphogludoﬁate dehydrogenases

in rat liver in hyperthyroidism. The authors concluded that

the phosphogluconate pathway for glucose oxidation is more

"operative in hyperthyroidism. Spiro and Ball (1958), in an

-attempt to compare the operation of the phosphogluconate



pathwd§~and glycolysis, showed that both pathways are maYe
~operative in the hyperthyroid rat

Lardy et al., (1959) reported a great increase (20~fold)
in the activity of the mitochondrial ‘0 -gylcerophosphate
dehydrogenase ' in liver after thyroid hormone administration.
This increase implied an increase in the operation of the
X-glycerophosphate shuttle leading to an increase in glycolysis
because of the decrease in the NADH/NAD ratio in the cytoplasm.
A thermogenic role was given to this enzyme by Smith (1964)
who suggested that the oxidation of a-glycerophosphate is
coupled to cytochrome C and therefore only one phosphorylation
step occurs on the electron ttansport chain. Therefore,
the oxidation via the a;glycerophosphate pathway proceeds
at one third the efficiency of that via the 8 ~hydroxybutyrate ”
pathway in terms of thé number of ATP. molecules formed, and *
will give ig terms of heat an amount equivalent to two
phosphorylation steps. Thergfore pPer one ATP ﬁolecule formeqd,
more oxygen would be consumed, more g «glycerophosphate oxidized
and more heat produced than when g—hydroxybuty:éte is oxidized.

Kubista et al., (1971) also reported an increase in the
mitochondrial a-glycerophosphate dehydrogenase in both red
'skeletal muscles.and in heart after‘thyroid hormone administra-
tion. In this connection, Isaacs et al., é1969} showed that
the hearts of hyperthyroid rats can utilize lactate in vitro

twice as fast as do control rats. YThe authors ascribed this
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finding to the high concentration of NAD in the cytoplasm

bktought about by the. increased Bpé;ht;on of the a-glycero-
phosphate’ shuttle. ° _ '

- %y general then, the thyroid hormones through;their
actions at the level of the whole animal, at the organ level

and at the ce}l level, ensure that enough substraté is

“available Yo sustain the increased metabolic rate.

Thé thyroid hormones also seem to incréase the capacity
of the electroﬁ transpoft system by increasing the levels of -
some éf its'compone;ts. Drabkin (1950) showed that the tissues °
of hyperthyrold rats contain increased concentrations of
c&tochrome C, while the tiésues of the hypofhyroid rat contain
less than one-half the amount found in mormal animals. The
author's éonclusion was that the thyroid hormones control the
tissues' concentration of qyt;chrome C. Recently, Booth and .
Hollbszy (19755 showed that the increaéed content of mito-
chondrial cytochrome C in liver of thyrotoxic rats was due to
both an iﬁcreased degradation and an increased sythesis, the
latter exceéding the former. In adﬁition, Beyer et al., (1961)
showeg that coenzyme Q levels were increased by thyroid °
injection'and decreaséd by thyroidectomy.‘ At this'point,_it
would be worthwhile noting that these two components, namely,
cytochrome C (Klain, 1963) and coenzyme Q (Beyer et al., 1962).

levels increase after cold-acclimation. -
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SECTION 6

J ' . .
ADAPTIVE CHANGES IN MUSCLE FIBERS AND MUSCLE «

MITOCHONDRIA UNDER PHYSTOLOGICAL, PATHOLOGICAL,

AND EXTREME CONDITIONS.

There follows a short review of all those conditions

known to produce changes in muscle fibers ﬁith emphasis on

2

the changes that occur in. the mitochondria. Among such
conditions are: exercise, ‘aging, denervation, .cross-innerVation
and reinnervation, disuse atrophy, altitude acclimation,

steroid hormones, thyroid hormones and coid—aéclimation.

A - Exercise: . .

The literature is rich in studies on the effects of
exercise on muscle fibers and muscle miﬁochondria. However,
there are mdny conflicting fesults which make it difficult to
draw conclusions about the changes that occur. The confusion

1

exists because the changes that occur after .exercise ares

-

dependent on: a _
a) the-muséle studied and the type of fibers it contains.

b} the type of exercise (swimming, running, etc.). |

c) the.@uration of‘exercise each time {10 minutes, one hour,etc).
d) thegéuration of the exercise period (weeks, months, etc.).

e) therfrequency of the exercise (once a day, twice a day, etc).

£) theﬁtime at which the studies were made after the exercise.

In view of the confusion in the literature due to these

Iy ' b}
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reasons, it would bé useful to summarize: those studies which

_ are specific in describing their materials and methoas in

‘Table I; This is done in table I. One can see some trends ’
that occur in mu;cle és a result of exercise. They are the
following: ' |

i) The aerobic capécity of skeletal muscles increases after

regular ph&sical ﬁraining. This is believed to be due to the
increase in the ﬁumber and size of the mitochondria as well as -

the activities of the mitochondrial enzymes; These increases

aré evidenced by the increased sythesis of total protein, RNA

énd DNA seen after training in skeletal and heart muscles

{Van Linge, 1962:_Laguens and Gomez-Dumm, 1968; kabinowitz

and Zak,j 1972; Brostrom et al,, 1974). The formation of new ‘
oxidative enzymes is én adaptive response to the higher demand . %
for ATP by the contractile work. In this connection, Fitts

et al., .(1975) showed that the endurance of rats (the duration
of the run to exhaustion) correlated with gastrocnemius muscle
.cytochrome_c concentration and citrate synthase aétivity, and
‘with the oxygen uptake capacity of gastrocnemius. -muscle
homogenates. | |

ii) The muscle showé an increased capacity for prolonged
submaximal physical activity. This is beiieved to océu;

- because of the better abilit? of muscles after training to
keep the lactate level (which causes fatigué)low. The muscle

can do that‘by increasing its capacity- to oxidize fatty acids,

thus leading to the slowing of glycolysis with a decrease
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in the rate of formationlbf pyruvate and extramitochondrial

45.

NADH. En this connection, Fitts et al., (1975) showed that
tliere was &n inverse relationship between the amount of
‘glycogen depleted from liver and muscle during exercise and
the respiratory capacity of the rat's leg muscles. |
iii) The skeletal muscles after training become capable of
taking up ketone bodies and oxidizing them more rapidly
(Holloszy et al., 1973). . This is wﬁy physically trained
animals have a greater resistance to ketosis. This change
might be a reflection of the increase in the amounf of
B-hydroxybutyrate dehydrogenase enzyme in skeletal muscle
mitochondria.
iv) Sowe authors believe tﬂat wi£h exercise, there is a
shift in fiber population towards the red oxidative fibers
(Syrovy et al., 1972), thus resulﬁing in an:increase in the
amounts of oxi@ative enzymes.
B - Aging: N

It is/known that the skeletal muéﬁles decrease in
weight with age if there is no training. This decrease in
weight was éhcwn to be the result of both: i) a decrease
in the number of fibers especially the red ones; ii) a
decreése in-the volume of the fibers (Faulkner et él., 1971;
Tauchi; et al., 1971;Lieberman et al., 1972}). .

In theilr comparative studies on the heart structure of
young and old "rats,ff'ramane‘rcrana'-xaﬂsc'sﬁ '(1973) shéwed that

in the hearts of the old rats there were aggregations of dense
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mitochondria. The authors suggested that these aggregations
were caused by the proliferation of the mitochondria in responﬁe
to the decrease in the muscle's capacity to utilize oxygen..

In addition, comparative studies were made on the
resp;ratory and phosphorylative properties of heart énd skeletal
muscle mitochondfia of ‘young ,and old rats. Chen et al;, (1972}
found no change in the ADP/b ratios nor in the state 4 rESpir-'
ation (in the absence of ADP) with all substrates. However,
lthere was a decrease in state 3 respiration (ADP-dependent)
with some substrates. The authors suggested that aging brings
with it a change in the coupling mechanism leading to some

loss in the réspiratoqy control with some substrates.

C ~ Denervation:

When a muscle is -denervated, its contact with the
nervous system is abolished, and biochemical changes are
expected to occur leading in the end.to atrophy. After dener-
vation, all types of muscle fibers show a gradual decrease in
the activities of the enzymes of energy metabolism. The fast,
glycolytic (white) fibers lose more rapidly their glycolytic
enzymes, and the slow, oxidative (red) fibers lose their
oxidative enzymes, so that the metabolic differences between
the two types of fibers disappear (Romanul and Hogan, 1965;
Hogan et al., 1964). These changes are then followed by |
decreased respiratory activity of the mitqchond;ia,land

decreased activity of the mitochondrial enzymes, thus }eading

L

‘
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to the eventual atrophy (Romanul and Hogan, 1965).

-

Mitochondrial changes'in shape, size and distribution
were also reported 24 hours after denervation (Slater and
Mileéi, 1965): and fragmentation of the'fibe; mitochondria
was reported by Muscatello and Pétriarca'(1968). In fact,
these changes are expected since the muscle is oﬁ'the way to
| atrophy.‘ : ,

. The interesting finding here is that after denervation,
. the muscle fibers undergo metabolic differentiation to a
homogeneous tyée of new fibers. This finding raises the.
possibility that the energy metabolism of ‘the muscle fibers
is determined by their nerve supply. 1In fact, this was

pProven in cross—innervation knd reinnervation experiments.

D - Cross-—innervation and reinnervation:

Romanul and Van Der Meulen (1966, 1967) carried out
experiments on young and adulé rats and Caté in which the
nerves to the soleus muscle (siow) were sectioned and cross-
united in some animals to the fast flexor digitorum longus
(FDL) or flexor hallucis longus (FHL) which were also sectioned;
in other animals, reunited the sectioned nerve of the soleus
back to the soleus. Then, they performed the opposite operation
in which the ne;Qes of the fast muscles (FDL or FHL) were
sectioned, cross-united or reunited. Four to ten months after

these operations, the cross innervation experiments showed that

the soleus has changed fo become a fast muscle rich with
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glycolytic fibers, and that FDL andrFHL have ‘changed to

become muscles characteriStic of the slow oxidative type.

- On , the other hand the reinnervation experiments resulted in
n¢ change in the fiber type of the muscles. The involvement,
of the mitochondria in the above differentiations is clear,
since the oxidative eénzymes are mitochondrial. The conclusion
drawn from these studies was that the preferential energy

" metabolism of the muscle fibers is determined by their nerve.
supply. In fact, there is a correlation between the metabolism
of the nuscle fibess, their speed of contraction and the
physiological characteristics of the nerve f rs that innervate
them (Eccles et al., 1958). 1In this connection, ﬁette et al.
(1973) showed that the intermittent long-term stimulation of
fast rabbit muscles with a frequency pattern resembling that

of a slow muscle led to the transformation of the fast muscle
to a slow muscle as evidenced by histochemlcal staining, and
rearrangement of the enzyme activities, resulting in a decrease
in the activities of_the'enzymes of glycogenolysis and .
glycolysis and an increase in the activities of theiznéymes of
‘the citric acid cycle, of fatﬁy acld activation and oxidation,

and of ketone body utilization.

E - Disuse atrophy:

Disuse atrephysof the muscles of the hind limb can be
produced by driving a needle through the calcaneous into the

shaft of the distal tibia, and another needle through the

N
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" distal femur into the proximal tibia. In this way, the'limb
is immobilized and disuse atrophy will result. Max et al.,
(1973) performed this kind of immobilization angd studied the
response of the mitochondrial enzymes of the gastrocnemius
muscle to the decreased activity. The authors found that the
mitochondéial yleld from the atrophic muscles decreased
gradually. They also found that the activities of cytochrome
oxidase and monoamine oxidase per total muscle ﬁomogenate
decreased, hut the specific activities in isolated mitocheondria
did not change. The authors concluded that therg -are: fewer
mitochondria. In addition, the spécific activi;y of malate
dehydrogenase in the isolated‘mitochondria was found to 7
decrease up to 35% of the control by the 15th day. The authors ‘
suggested that the decrease in the activity of this matrix.enzyme
is a reflection of different rates of turnover of mitochondrial -
components, and not a reflection of permeability changes. since
the nicotinamide nucleotide, the Ca2+ levels and NADH oxidation
were not different from the control.

In addition, Max (1972) showed that the mitochondria under
these conditions had very low ADP/O ratios and respiratory
control which appeared as early as the first day after immobil-
ization and progressed until the 6th day at which time, the

ADP /0O ratio could no longer be measured, and the respira;ory

control was completely lost.
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F - Altitude-~acclimation and hypoxia:

'Significant changes occur in the mitochondria of
ma@mals acclimated to hypobaric pressures. Shertzer and
Cascarano (1972) 'studied the mitochondrial changes in heart
muscle and in other tissues of rats maintained at 0.5
atmosphere for 14 days followed by 14 days a£"0.4 atmospheres.
The hypoxia-~acclimated aniﬁals showed a- 26% decrease in
cytochrome oxidase activity per gram wet weight, but no change
when the'activity of the enzyme was expressed per unit of g
mitochondrial protein. The authors concluded that the mito-
chondfial mass is diminished in heart muscle after altitude
acclimation. In other work, Rabinowitz et al., (1971) exposed
rats to 6-hoﬁr periods of 4-5% oxygen and found that this .
kind of hypoxia led to the destruction of the mitochondria.
However, when the " animals were feturned t0o normal atmosphere,
rapid synthesis of mitochondrial protéins occured.

The work of Shertzer and Cascarano (1972) also showed
that after the altitude acclimation, the activity of succinic
dehydrogenase per unit mitochondrial protein increased b& 41%.
In addition, the concentrations of cytochrome a + a3 per unit
of mitochondrial protein showed little change, while cytochromes

b and c'+c1, as well as succinate-reduced flavoprotein increased

significantly.

G - Steroid hoxrmones :

As far as I know, no .study of enzymic changeé has been
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done on mdscle ané muscle mitochondria after glucocorticoid
'iadministration.' Some micrqscopic studies.were done ‘showing

that more enlarged mitochondria appear especially next to

the subsarcolemmai zone. In addition, some destructioﬁ of

 the mitochgﬁdria appea;ed in dgeper zones,.in the interfibrillar
regions. These éhanges-were observed in both red and white
fibers (Engel, 1967; Bullocﬁ et al., 1971). 1In a later study,
Bullock et al., (1972) showed that some of the cbrt;costereids
caﬁsed a significant fall in the respiratory control ratioc of
the mitochondria with some substrates after 12 hours adminisﬁ-

ration.

ﬁ - Thyroid h‘om_ jones : . ' S _ ‘
Zaimis ét"éiii‘(1969), reported an increase in the sizé-
and number of mitochondria in the hearts of hyperéhyroid cats,
but only an increase ip-sizé in.thevguineaipig.4Theaauhhaza¢ak50‘
réported the existénce .of mitochondrial -pleomorphism, and .-
decreased mitochondrial matrix in both hyperthyroid cats and
guinea pigs. Recently, Callas and Hayez (1973) showed that the
ladministration of thyroid hormones resulted in changes in heart
mitochondriaf fae mitochondria became larger in size but did
not increase in num?er. The cristae were disoriented and thefe
- were localized areas of vacuolization. The authors élso showed
that these c#anges were reversible since a return to the
euthyroid state was accompanied b& the disappearance of these

changes. The authors suggested that since the changes are
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reversible, then they must reflect the increase in the metabolic
: qgtivity broughé about by the hyperthyroid state.

The mitochondria of skeletal muscles were alsq studied
in thyroxine-treated rats. Gustafsson et al., (1965) reported
an increase in size, and a 3-fold increase in the total number
of the mitochondria. .However, in this case, these mitochond-
rial chénges were fbund t6 persist after 3 weeks:.of cessation
of hormone administration éven though the 6xygen.donsumptién.
had returned to normal at that time. This implied .that the -
mitochondrial structural changgs were not correlated with the
increase in the metabolic rate. It was possible however, that
the'necessary changes that could bring back the basal metabglic
rate to normal haQe occured éven though not observed“bﬁ electron
microscopy. If Gustafsson had waited a longer time, he might )

have observed normal mitochondria again. By the same token,

the increa;e in oxygden consumption a?ter hormone admingstration .
could have preceded the observed structural changes "in tﬁe-
mltochondria,

On the other hand, Winder et al., (1975} observed no
chahgelin the skelgtal muscle mitochondria of rats after thyroid
hormoné'administration,leven though the-authors ﬁéed the same
doses that produced changes when used by other auth&rs.

These confiicttﬁg results céll'for caution in interbreting
dkmmnannmicroscopf studies, Thus, the exact effeéts‘of the

thyroid hormones on muscle mitpchondria remain to be settled.
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- As to the functional and enzymic changés in muscle’
mitochondria caused by the thyroid hormones, these we;e ' -

‘discussed in section 5 under the mechanism of the calorigenic

action’ of the thyroid hormones.

I - Cold-acclimation:

It is believed that prolonged coldsexposure leads to
increases in the activity of certain enzymes and cﬁfaCtérs:
associated with electron transport system of skeletal musciee
of the rat. Hannon (1960) reported increases in the activities
of succinate dehydrogenase and cytochrome oxidase; Beyer et al.,
(1962) reported increased levels of coenzyme Q (ubiquinone);
Klain (1963) reported increased levels of cytochrome C. Depocas
(1966) showed that while the average concentratnan of cytochrome c
in alluskeletal muscles was higher in cold-acclimated rats than in .
warm-acclimated rats, yet the‘concentration of cytchrome C
did not increase in all the skeletal muscles tested S0 that the q
'total amount of skeletal muscle cytochrome C per rat did not . h
change. -"However, there are sdme conflicting results in -the
‘literature. For example, Hamilton and Fergusonj(lQ?Z)-found
ho chan;: in the activity of succinate dehydrogenase; Himms-
Hagen et ., (1975} found no change in the activity of ecytochrome
' oxidase. - ‘ - |

As to structural changes, éehrens and Himms-Hagen -{in press)
showec that the mitochondria of both red ‘and white skeletal

muscles of cold-acclimated rats become increased in number but

decreased in size.

Y
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-In conclusion, the skeletal muscle mitochondria are
flexible in the sense that they can adapt to external and
internei conditions. HoweVer, it is clear from the above
discussion that the studies made on such adaptations are

not consistent and sometimes confusing,. which makes it very

fdifficult to draw conclusions.

Lm
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Statement of the problem

Nonshivering Thermogenesis (NST) is an adaptation
in which there is a high metabolic rate that can be switched
on aﬁaggff according to the ﬁeeds of the anima}. The
' mechanism of NST is still not understood, but since the
skeietal muscles are believed to bé the major site of NST.
(see page 5 )}, then one might expect to find 7ﬂ%nges in the
mitochondria of this tissue, especially since the flexibilit
of mitochon@ria to environmental changes is well documented.
{see pagelid ). In fact, recentl - and Himms-Hagen
(in press) showed that the skelletal muscle mitochondria of
cold-acclimated rats become smaller in size but more numerous.
Thus, the aim of this work was to look for specific
_biochemicalhchangés in the skeletal muscle mitéchondrialof
-cold-acclimated rats that might shed some light on the
Eechanism_of NST in this tissue. The comparative character-
- isticg studied were thhe following: |
1 - The respirétory_ perties of the isolated skeletal
. ‘muscle mitochpnd;ia of both warm and cold-acclimated rats;
2 - The level; of some enzymes of the Krebs cycle, and related
' enzymes, 2 —
3‘; Two major types of mitochondrial-cytosclic interactions

‘namely, thé,transport of reducing equivalents, and the

transport of ADP from cytosol into mitochondria.

i
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. . CHAPTER B

MATERIALS AND METHODS

- _ Y

.i - Materials:
a) Rats:
Male white rats pur%hased from Heltzman Ceﬁﬁany were
-used in all the'experiments described in this thesis. After
arrival in the laboratory ﬁLey wefe.kept at room temperature
(25-28°C) for one week in a large wire cage containing 12 fats.
At the beginning‘of the experiment they were aivided into -
warm-exposed and cold-exposed groups and placeg into individual
’cages ‘With free access to water ‘and food forat least’4 weeks.,
‘Thetanperature-of the cold room was mei?pained at 4°C and the
temperature of the warm room was 25-28°C. Artificial light
was Kept on for approximately 12'hoqrs daily (6 a.m. to 6 p.m.). )
The rest of the time.the animals were in the dark. The bogdy ‘
.weight was determined weekly‘and only rats with normal growth
were used in the experiments.
b) .Chemicals: |
ATP (Adenosine-~5' -triphosphate,.disodium salt), ADP
(adenosine-5'-diphosphate, sodium salt), Tris (tris-hydroxymethyl— -
aminomethane), EDTA (Ethylene;diamino tetraacetic acid, tetrasodium
salt), Rotenone (Grade.II), sucrose, mannitol, hepar;n (117 units/
mg}, protease (suﬁtilisih BPﬁ‘; 6.6 units/mg), BHEPES (N-2-hydro-
xyethylpipérazine -N'-2 -ethanesulforilc acid) buffer, bovine: ‘

serum albumin (low fatty acid-content), DL-%-glycerophosphate
. _ g
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.(disodium salt. grade x), succinic acid, o-ketoglutaric
acld (disodium sait), pyruvic. acid (sodium salt), malic acid‘
(sodium salt),malbnic acid (sodium salt), glutamic acid, phos-
phoenolpyruvate (trisodium salt), isocitric acid (sodium salt),
B—hydroxybutyrate {(sodium salt), | |
. PMS (phenazine meﬁhosulphate), INT
(iodonitrotetrazolium violet, grade 1), B-NAD ( B-nicotinamide
adenine dinucleotide, grade III), B-NADH (B-dihydronicotinamide-
adenine‘dinucleotide phosphate, monosodium'salt), atraofyloside
-(éotassium salt), lactic dehydrogenase (LDH—S(M4) isoenzyme,
from rqbbit‘muscle, type V), malic dehydrogenase (féom rig
'heart),‘pyruvate kinase (from rabbit skeletal muscle, type II)},
myokinase from rabbit muscle, {grade III), glucose-G—phosphate
dehydrocgenase (from Torula Yeast, type XI}, phosphoglucose
isomerase (from yeast, grade III), were purchased from Sigma

Chemical Company. Potassium cyanide (KCN), trichloracetic acid

{(PCA) and ethvl acetate were purchased from Fioher Scientific
Company. Potassium phosphate (monobasic and dibasic) were
purchased froﬁ J.T. Baker Chemical Company. (U—14C) Adenosine
5'-diphosphate (ammonium-salt} was purchased from Amorsham/Searle
Corporation.

For the electron microscopy studies, the following chemicals
were used.

Glutaraldehyde: Ladd Reseach Industries, Inc., 70%

glutaraldehyde, cacodylate acid: sodium cacodylate: Sigma



. -

58.

Chgmical Co., osmium tetroxide: Electron Microscopy Sicgﬁqeé,
etﬁ;;6§: Liéuor Con£r01 Board of thario, styrene: Eastman
Kodak Co., vestopalQW,_initiator and activator and resin:

Mme Mﬁrtin Jaeger, Geneva., lead citrate:'Electron Microscopy

Sciences, uranyl acetate: British Drug Houses, Analar.

2 - Methods:

a) Removal of the skeletal muscles:

The rats were killea hy decapitation at room temperature
after determination of their body weight. The muscles of the
hind legé were then quickly exposed, and removed with scissors
and transferred to a cold 0.15M KCL solution. The muscles were
‘then cleaned by removing the fat and connective tissues as
much as possible. This was done as fast as possible and on
a cold plastic pl.éte', The muscles were then minced very ‘
cquickly on a wooden plate using a very sharp razor blade, and
then weighed. Usually, 10 grams of muscle mince was used

for further operations.

b) Preparation of the mitochondria:

The method described here was worked out by Behrens

and Himms-Hagen (unpublished work}. The entire operation was

L]

carried out between 0 and 4° C. The solutions jjused wera:

-
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a . b c
Mannitol isolation Mannitol isolatioJ Digestion medium
medium (M.I.M.) +medium Heparin (DIM!)
{(M.I.M + H) ‘
Mannitol 0.21 M M.I.M. + Heparin M. I.M.+H(100ml)
Sucrose 0.07 M 250 Units/ml
EDTA 0.01 M ATP (1 mM)
HEPES: buffer 0.01 M .
20 mg protease
PH = 7.4 PH = 7.4 PH = 7.4

i - The digestioh medium was prepared freshly before the

experiment. The muscle mince was added to 100 ml. of the freshly
prepared digestion medium and stirred for 30 minutes éh ice'ag

about 120 r.p.m. _

ii - After the 30-minute digestion period, the contents were
homogenized (motor driven) in a loosely fitting all-glass ,‘

Potter-Elvehjem homogenizer for 10 seconds. The homogenate
was then submitted to differential centrifugation as follcws-
iii - The muscle homogenate was poured into 4 X 50 ml. plastic
centrifuge tubes and centrifuged at 650X g for 5 minutes in

a swinging bucket rotor (HB4) in a Sorvall Superspeed RC 2-B
-centrifuge.‘ ' :

iv - The supernatant was filtered through cheesecloth into i
4 x 50 ml. tubes and the sediment discarded. The supernatants
were topped with M.I.M. + H medium aﬁd centrifuged at 13,000 x g
for 15 minutes. //?’//

v ~ The supernatant wag discarded. The peliet QaSréLspended

in M.I.M. (without heparin) and homogenized smo?fgly by hand
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"in a glass -~ homogenizer with a teflon pestle. The suspended -
mitochondrial pellet was then centrifuged at 10,000.x.g for

10 minutes. | |

vl -~ The supernatant was discarded, and the mitochondrial

pellet was resuspended in the M.I.M. (without" heparin) and

homogenized as in pa;t v. The homogenate was then é;ntrifuged
at 650 % g for 5 minutes.

vii - The supernapant was saved, and the sediment was re-
suspended in the M,I.M. (without ‘heparin) and homogenized as

in part v. The homogenate was then centrifuged at 650 x g

for 5 minutes. |
-viii - The superhatant was added to the saved supernatant of ~
part vii énd the pellet was discarded, Théhtwo supernatants
combined make up the mitochondrial suspension from which “
sémples were taken for protein estimation and electron micro-' ‘

scopy studies. L #

fx - The mitochondria.were finally éent;ifuéed at 10,000 x g
for 10 miﬁutes. The superngtant was discarded. The pellet

was then résuspended in different solutions depending upon

the experiments to be performed. These will be described in

the results section under: "description of the experiment”.

¢) Fractionation of the mitochondria into membrane and matr;x
fractions. & |
i -~ The final mitochondrial pellet was sugpended.in 0.2 M
phosphate (KH2P04) buffer, pH 7.5 at a concentration of 1 mg/ml,

by hand, using a glass homogenizer with a teflon pestle. -'?ﬁ
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ii - The suspension was sonicated f;r 2 minutes at high

power. output, but interrupted after every 20-second interwval
for cooling. The sonicato; uéqd was the Biosonik III:

(Bronwill Sc?@htific), and the intensity wetting was ét

maximum using the large size probe. The suspension wés.kept ’
%;pse to 0°C on salted ice.

iii - The gonified suspension was centrifuged at 100,000

k-g for one hour. The supernatant was saved. The pellet was
resuspended in the phosphate buffer as in part i and centrifuged
again at 100,000 x g for one hour. The supernatant was then, s
added to the first one to make up the matrix fraction. The |
pellet was finally suspended in phosphate buffer as in-ﬁart'5‘~ #, o

. B KR ‘i
i. This suspension makes up the membranes fraction (Klingenberg, ]
, S

1967). - ' ‘ : N ‘

d) Preparation of th cytoplasmic fractibn‘of-the?muscle ‘ ® )

fibers:
. - ' * Q
The muscles were removed and cleaned as described before. .
The muscles were then homogenizeg'in a mortar i?a pestle in the

presence of neutral alumina oxide (Lee and Lardy, 1965)...

N

The solution used for:homogeni%ation varied dependiné
upon the enzymes tﬁ be assayed. 'When tﬁe cytoplasmic B
Q- glycerqéhSSphate and malate dehydrogenases were beihg
studied, the solution was 0.25 M sucroéeﬁ In this case, 2
grams of cleaned muscle were homogenized in 6 ml. of_0.25 M

sucrose (Lee and Lardy, 1965). When the cytoplasmié_alanine

" and asparbatetransaminasés were being assayed, the so;utipg ;

» ) \
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used was 0.25 M sucrose - lmM EDTA, pH = 7.0. 1In this case

2 grams of cleaned muscle were homogenized in 8 ml.of 0.25 M

- lmM EDTA, pH = 7.4 (Gatehouse et al., 1967).

The homogenates were then centrifuged at 100,000 x g
* for one hour. The supernatant was used for the enzyme assays

(Lee and Lardy, .1965)-.

e) Protein estimation .
) The method uéed_for protein estimation was a modified
Lowry et~al., (1951) methéd developed by Schacterle and .
Pollack (l§73f. ‘Howeqer,‘due-td the interference of HEPES-

buffer with the method, the following prelimdnary steps had :1

to be carried out:-

- buplicates of 0.1, 6.2 and 0.3 ml. of the sample were
added to 6 centrifuge:tubeé. Then 2 ml..of 12.5% TCA was added
”to each éliquoﬁ} ahd_allowed to stand on.ice for 30 minutes,
'éfter which the§ were ééntrifuged'at 10,000 x g for 5 minutes.
The supefﬁatants_;ere discarded, and the pellets (proteins),
each q;éolved in 1 mll’of 0.5 N NaOH.

The following steps were those of Schacterle and Pollack
(1973). o

f) Mitochondrial respiration

The set—dp used for the study of mitochondrial respir-

ation was the ¥YSI 6xygen monitor, model 53. It consisted
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of the following:

a - The oxygen meter, Model 53 (Yellow Springsi.

o
1

The bath, stirrer assembly.

(9]
|

The oxygen sensor (a Clark polarographic sensor).

d - A pump, thermostatéd,‘circulating, Haake, Model FE.

t

e A Beckman recorder {(Model 1005) was connected to the

oxygen meter,
The measurement of the mitochondrial respiration is

described in "description of the experiment" part of the

results section.

g) Enzyme assays:

7, ,The'assay procedures for all the enzymes studied in this
~mork are described under the "descgzﬁtion of the' experiment"
part of fhe results section. |

h) Electron Microscopy:

Mitochondria were fixed in suspension by adding 2.5
ml of ice cold 6% glutaraldehyde in 0.02 M sodium cacodylate
buffer, pH 7.0 to 5 ml of mitochondrial suspension containing
5 mg of protein (Munn and Blair, 1967). After one hour’ the
suspension was cent;ifuged for 30 minutes.at'lo,OOO-rpm
(25,000x g) and the supernatant was rellaced by 3 ml of 1%
osmium tetroxide in 6.02 M sodium cac;i;}ate buffer pH 7.97
The osmium tetroxide solution was reblaced once after a further
30 minutes of centrifugation. After another 30 minutes of

4

centrifugation the osmium tetroxide solution was replaced,

the pellet broken into small f ragments with a finely drawn
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glass rod and the fragments allowed.to rémain in the osmium
tetroxide for another hour. The fragments were dehydrated
-successively inS50%, 75%, 95% and 100% ethanol,- transferred

to styrene and then embedded in Vestopal-W. Impregnation.

" with Vestopal was allowed to proceed for 2 déys at room
tempe:ature as recommended by Nunn ¥1970).before polymerizatioﬁ
at 60° for 4 days.‘ Thin sections {silver) were cutlwith a
Reichert Ultramicrotome (UM-2) using glass kniQes. Sectidns
were stained with lead citrate (Venable and Coggeshall, 1965)
for 4 minutes and with uranyl acetate (satuggted solution in
60% ethanol) for 4 minutes. Specimens were viewed in a Siemens

101 electron microscope at, 7000 x magnification.'

i} ' Statistical analysis of the results:

The statistical analysis of the results were performed
according to Snedecor (1965). The results represent means

+ standard errors and the significance was measured by a 1
) ' o |

student "t" test.
&
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' CHAPTER C

RESULTS

SECTION 1

DETERMINATION OF THE PURITY OF THE TISOLATED MITOCHONDRIA

OF THE SKELETAL MUSCLES OF COLD-AND WARM-ACCLIMATED

RATS BY ELECTRON MICROSCOPY

i - Purpose of the Experiment:

It is necessary in every piece of work directed towards
the understanding of mitochondria, but performed on mitochondgial
fracktions to raise and, if possible, to answer the following

questions:

— ,

a) What is the likelihood that the results obtained express

properties of contaminants rather than of the mitochoﬁdria
themselves ?

" 'b) If the observed properties are truly mitochondrial, what
is the likelihood that they have been ﬁodified or afﬂsc;ed in
any way by the preseﬁce of contaminants ?

Such questions are not easily answered, but this is:no
reason. to ignore them. It is the purpose of this section to
determiné by electron microscopy the purity of the mitochondrial
fractions. |

ii: - Description of the experiment:

»

The method used for the electron microscopy has been

described in chapter B, part 2 (h).
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iii)- Results add discussion:

The electron micrograpns of the mitochondria of the
skeletal muscles (red and'white) of cold- and;warmwaccliﬁated
rats. are shown in figures 1 and 2 respectively The mitochon—
dria are recognized morphologically by the presence of two
membnanes, of which the inner one shows infoldings or
cristae. . ‘ -

The mitochondria in both show a variety in shape, size
and in conf8rmaticn.. It is obvious'in Both ‘figures that the
mitochondrial fractidns are almOSt entirely mitochondria,

" however there are some contaminants, although a minor fraction.
?hese contaminants might be nuclear fragments, cytoplasmic
'granules, cell membrane components,rfibfousﬁmaterial, or any
combinationAof these. )
A comparison of figures 1 and 2 shows the following:
a) 1In figurc 2,_tne section is thicker and this explains why
the background'looks darker and more electron dense, leading
to the exaggeration ofdthe differénces between figures ¥ and 2.
b) The mitochondria in both figures show the typical three
types .of configurations of isolated muscle mitochondria®
described by Weber (1972). They arelthe following:
i - The coalesced and aggregated configuration,in which the
inner membranes "come together" in many of the inmerices |
{the structuros composed of two inner membranes pPlus enclosed

matrix), giving them a honeycomb appearance in many-instances:
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’ )
. oz ' ’ Cow ’
Flgure 1: Electron micrograph of the'- isolated skeletal myscle mitochon}r_ia
of a warm-acclimated rat at 7000 x magnification. ) C
) 12\ \. . . . -
rJ - ) .
ﬁ g .".: ‘ ) ’
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- . :
- 'Figure 2: Flectron,micrograph of the isolatéd skeletal muscle mitochondria’
' of a.cold-acclimated rat at 7000 x magnification. '
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Thﬂsconfiguration is pr ' “in Xigure 1 and this might

be the reason why these mitochondria lod g:intactIn fact

this is the appearance cﬁaract?nistic of isolated.skeletal
' musclé mitochondria from normai rats'GKuner and Beyer, 1970).
ii - The distended configtration in which éhe inmerdces
have a twisted tubular appearance at many points, agqaaQeas
-~ that appear éistended (swol%en) in man? inmerices afe almost
circular in most cases. "This configuration is prédominant in
figure 2. - - o
iii - The condensed configuration in ﬁhich the.majofity of
the swollen and twiéted inmerixal areas of the distended
'configuiation have glisappeared or condensed. This configuraton
is predominant in figure 2. 3
} Thus, the apparent difference between mitochondria from
a warm-Boc¥imsted rat (figure 1) and mitochondria from a cold-
acéiimatéd rat (figure 2) would appéar to be due to a difference
in - metébolic’statg {(Weber, 1972). The reason for this
difference'is‘unknown. It is unlikely,ﬁo be due to a diffg§ence
~in éoupling sinée these mitocﬁondria were found to be tightly
coupled.(see section 2 in chaper b).

It appears therefore that the mitochondrial- fractions

o

' —-.isolated in this work are almost entirely mitochondria. This

fact is essential for later work.

-

, N

-



SECTION 2

DETERMINATION OF THE RESPIRATORY RATE! THE ADP /O

RATIO,. AND THE RESPIRATORY CONTROL OF, THE SKELETAL

MUSCLE MITOCHONDRIA OF COLD AND WARM-ADAPTED RATS.

i). Purpose of the experiment: to explore the respiratory

and oxidative properties of the isolated mitgchondria of
muscle of cold—accliméted rats, and to compare them~ﬁitﬁ those
of the warm-acclimated rats. The ﬁbssibility was that the

former mitochondria might be loosely coupled.

ii) Description of the exper}m%ht: '

The miEochondria from both warm and cold-acclimated rats
ware prepared as méntioned in the methods. They were sﬁspended .
in a medium composed of 0.021 M mannitol, 0.07 M sucrose,
0.01 HEPES buffer pH 7.4, 0.01 M EDTA, heparin 250 units/ml

and 1% bovine serumﬁalﬁumin (Low fatty acid content).

k"

Respiration was measured polarcgraphically at'37°C—in
a medium cohéainiﬁg 0.015 M potassigm chlokride,d.025 M Tris
buffer pB 7.4, 0.007 M-EDTA, 0.045 M suérose, 0.005 M'magnesium
chlqride and mitochondrial protein, 0.5 mg/ml (Max et al.,1952).
Respiration was measured in the présence of one of the
following substrates: 5 mM o-glycerophosphate, SmM succinate
(FAD~1inked subs;ratés),'lo mﬁ_PJketoglutarate, 10 mM
pyruvafe + 10 mM malate, 10 mM y-ketoglutarate +10mM malonate

{NaD~linked substrates).

State 3 respiration was measured in the presence of 0.2
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mM ADP in the case of the FAD-linked subsf:raﬁés, ‘or 0.4

mM ADP in the case of the NAD-linkeghsubstfates. State

4 respiration is the rate after stimulation by ADP has ceased.
The steps of the heasurementé were as followsf

a) The incubation medium was added firét and allowed to

equilibrate‘with the 37°é temperature for 5 minutes.

b) The mitochondria were added and allowed to incubate for

3 minutes. The total'éblume was 3 ml,

c) The substrate was finally added after the tracing bn the

chart was switched on. A.ldw rate of respiration was initiated.

d) After 2'minutg§ of the above low rate of respiration 10 }p1.

of K, HPO4(pH=7.4)'was-added at a concentration of 10 ‘mM. A rapid

inc??ase in the.rate of respiration occurred. This condition was

allowed to proceed for another 2 minutes.

e) ADP was then added, and a rapid increase in the rate of resp-

iration started. This condition is known as state 3 respiration.

It was allowed to proceed until all the ADP had been phosphorylated,

after which the rate returned to a valug approximately equal to that .

after the Pi addition. This last rate of respiration is known

as state 4 respiration. The volume of ADP solution added was 10HL.
£f) The rates of respiration,in all the abdve conditions were
calculated by assuming that at 379C the solubility of oxygen in
the incubation medium is 1.2 microatoms/Bml.

g) The ADP/b ratios were obtained by dividing the number of
micromoles of ADP consumed by the number of microatoms of oxygen

used for this consumption.
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h) The respiratory control ratic was obtained by dividing
the rate of staté 3 respiration by that of state 4.
1) As a specific example of all the above calculations,

a typical tracinb is presented in figure 3.

1ii) Results and discussion: ¢

| The results of the experiment are shown in téble IT and
figure 4. As can be seen in thetable, no changes were fougﬁ

in the ADP/O ratios of all}subsirates studied. fThe respiratory
control ratios did not change also for all substrates éxcept
for ©-glycerophosphate where the respiratory control ratio
increased. The results also showed that the mitochondria

from the r;old—acclimated ::at have greater respiratory and
phosphorylative éctivit%és as evidenced by the increases in
state 3 respiratiézﬂgor all the substrates studieg and

increases in state 4 respiration for most of the substrates

studied (no changes for glutamate orgketoglutarate + malonate).

From %table IIX, the increases in the rates of respiration

in states 3 and 4 for all the substrates can be seen more )

clearly. First one should explain the increase in the stgge

4 respiration of the FAD-linked substrates and some of the
NAD-linked substrates ( G-ketoglutarate and pyruvate + mélate).

‘It is possible in this case that thére are increases in the

activities of the mitochondrial dehydrogenases for these‘

substrates or increases in the permeability to the substrates .

Table IXI also shows that the absolute increases in state 4

o
)
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. INCUBATION MEDIUM
P BUBSTRATE MITOCHONDRIA

ADP/O = |-2/x
RC = V2

' c.0l2 natomsg
/ }*oxygen

- ! . v

Figure 3. Typical tracing of phosphorylating mitochondria.
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Figure 4. Respiratory and oxidative properties of skeletal muscle

-

mitochondria of cold- and warm—acclimat:eii rats.
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respirations are ﬁore pronounced for the FAD-linked substrates
than for the NAD-linked substrates. A look at table IT

can explain this. The respiratory control ratios for the=
FAD-linked substrates are felatively much ;ess than those

for the NAD-linked substrates.- In otHer words, the rates of
respiratUE< in the absence of exogenous ADP (state 4), are
relatively high. “This implies that the tightness qf coupling .
at the secona and fhird‘phosphorylation sites may be relatively
weaker than that';t the first gite. In fact, Christiansen et
al., (1969) suggested that in uncoupled brown adipose tissue’
mitochondria site ¥ is the ieast uncoupled. *Therefore, in

the absence of ADP, an increase in the actlivities of the

dehydrogenases of the FAD-linked substrates or an increase 'q
in the amounts of some eomponente of the electron transport
s;etem could be reflected by a greater increase in respiration
with/the NAD-linked ‘substrates since the oxidation, of
the 1 tter is more limited by /he availabllity of ADP to sité I,
/ It is also noticed in table III that the increases in
state 3 respixation for the NAD-linked substrates are more.
pronounced than those fo; the FAD-linked substrates. This {f"
can be explained: by the:jpogsibility: that ADP which betomes '
avaikable' in state 3 will abolish the restriction imposed on
 the electron transfer at site I, and therefore the rates of
res?iration for NAD-linked substratee‘will increeee and exceed

the increase obsérved for the FAD-linked substrates. Table

III shows that there ere increases in the 'state 3 respirasion

.S
[ ] ,.' f
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rate’of- all the NAD-linked substrate.s and the FAD-lirﬂted aubst;-
ates. \The increases in state 3 respiratiﬂn for all the
substrates studied are more pronounced than the'increases

in state 4'respiration.a Two possible suggestions can

explain these fiﬁdingsi The first is that the mitochohdria

of the cold-acclimated rat mag'take'up ADP at. a faster rate.
The second is that there may be increases in any of the
following; xy, |

i - the activities of tﬁe dehydrogenages ,

ii - the permeability of the mitochondria to the substrates
iii -]&he amounts of some components of the electron

transport system. ' -

. The changes found in the respiratory properties of the 1
mitochondria of skeletal musclesfof cold-acclimated rats not |
onLy support the belief that the skeletal muscles could bhe
the major site for NST, but also support the previous findings
of our laboratory Recently, our laboratory reported a
c;ange in the ultrastructure of the mi?ochondria.of skeletal
muscles of cold-acclimated rats '(Behrens and Himms-Hagen, in
prees). The mitochondria becope smaller in ?ize and more
numerous so that the mitochondrial\mase and the’lactivity of
cytochrome oxidase do not change per g:am'o% muscle. e | N

ultrastructural changes are presumed to reflect cHQnges in

"\ _functiona activity of the mitochondria.

/ \ ~
TN .. .
S ' ' o
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The next s;ep was.Fo find out why the mitoceondria of
the qold—acclimated‘rat have higher respiratory rates in both
‘states 3 and 4, and why'the ;ﬁcrease is‘more pronouﬁced in;
state 3. The changés‘yﬁ respiratofy enzyme activities are/
describedmiﬁ section 3. The changes in ADP translocation |

are described in section 5.




SECf&ON 3

DETERMINATION OF THE SPECIFIC ACTIVITIES OF SOME KEY

ENZYMES OF THE CITRIC ACID CYCLE'AND RELATED ENZYMES

IN THE SKELETAL MUSCLE MITOCHONDRIA OF COLD

AND WARM-ADAPTED RATS.

1 - Purpose of the expefiment- tcifind out whether the

. increases in the rates of states 3 and 4 respiratlons
described in section 2 could be explained by increases in

‘the activities of the mitochondrial dehydrogenases. At the
r-’ .

same time; the purpose is’ to correlate the changes found, if

Co \';.
.

any, to the mechanism of NST,
Q‘\\__

. ii - Description of the eiperiment:

The mitochondria were prepared as described in the

’

methods . chever, they were finally suspended in 0.25 M

sucrose. . The mitochondrial enzymes studied were:

‘a) c—glycerophoephate_dehydrogenase (FAD)

b) Succinate dehydrogenase (FAD)

c) malate dehydrogenase (NAD) .

d)- Isocitrate dehydrogenase (NAD)

:? B—hfdroxybﬂtyrate dehydrogenase (NAD)

_£) giutamdtefaéhydrogenHSeZ(NAﬁ) _

g) a;ketoglutarate dehydrogenase (NAD) _(

The:steps.fdilowed in the experiment were:the following: *

1 - fhe medium in which the activitigs of the above enzymee ,{

were meesurea consisted of one of the“substrates<50 mM pH =

7:4; KCN, 1 mM; KH,PO,, 50 mM,pH 7.4; NAD, 0.1 uM in the



-case of the Ehbmlinked“substrates: the electronlacceptors
phenazine methosulphate (PMS) and iodonitrotetrazoliam_
violet (INT)}, 0.025% and 0.1% respectively: ;etweea.io and
80 1g of mitochondrial protein in a total veiume of 1 ml.
(Nachlas et al., 1960),-(Singer and;Lusty,‘1960), (Lee and
‘Lardy, 1965), (Gardner, 1974). ‘ ‘ . !
2 - The PMS-INT mixture is-very unstable and sensiri%e to
light. Therefore it was prepared Jjust before use. The
reactions were carried out under dark conditions (using only
dim lights from 'some distant lamps). .

3 - After }é\minutes of temperature equilibration at 379,

the PMS-INT mixture was added. tThe reaction was stopped at
different time interqéfs (0,:5, 10 and 15 minutes) after thé
addition of PMS-INT by the addition of 1 ml of 10% TCA.

The formazan formed was extracted by vortexing with 4 ﬁlf

of ethyl acetate in the cases of d-glyceropaesphate,suéciﬂate
ang, malate, hut with 2 ml. of ethyl acetate in the case of
the remaining substrates in order to get a-higher reading;

Then, a sample was taken from the top layer and its absorbance

was read at wavelength 490 against a blank which lacked only

the substrate.

| When B -hydroxybutyrate dehydrogenase was ayed, the
mitochondrial suspension-had to be soqicated for 15 ’econds
on salted ice at medium intensity/ﬁgiag the BiosongEEIII

(Bronwill Scientific). The sonication was found to be
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essential for the detection of activity. .
When isocitrate dehydrogenase was assayed, 2 x 10-3,M ATﬁ

r

 was prresent for activation of'the énzyme {Lee and-Lardy, (1965).

iii - Results of discussion: ‘ N
The results are shoyn in table IV. As- can be seen in

this table,'only two éﬁzymgs changed, the specific activity

of the mitochoridrial (FAD)‘a —glycerophosphaté dehydfogéﬁase

increased by 60% and that of the mitochondrial (NAD) malate

aehydrogenase decreased by 24%. What is the significance of
these-findings:

The mitochondfial a~glycerophosphate dehydrogenase seems q'll
to play a majof role in intermediary metabolism. In skeletal
muscles for example, a high activity of this enzyme is found
in the white fast-twitch-giycolytic fibers which hayé a high
anaerobic activity; and a low aétivity in" the red slow~twitch-
aerobic, low glycolytic f;bers. Other fibers have a high
aerobic capacity in gdditioy to high glycolytic capacity, and
are found to contain high activities of the enzyme (Peter et al,
1972). Therefore it seems that there is a correlation between
1‘}theﬁactivity of this enzyme and the activity of the pathway of
f’;lyéol§sis. Consistent with this conclusion is the finding by
. Bass et al., (1969) that the raffio of the mitochondrial @ -glycero-

phosphate dehydrégenase tb the activity of the pathway of

. L]
glycolysis is constant in all the wmuscle types inwestigated.

Therefoxe, a measure of the .relative activity



¥ w .
. m - . / .
8 ' ..m.. ’ 4 ‘ \
o+ . o+ - .
SN NQWNW.O - Nommm.o S aseusboapiysp o3ieaejniboysyn-»
. MY
: o _J . o .
SN . ¥v0°0+. 680 0+ )
vy t=3 L2 T €9p°T S oseusboapAysp ajzeUIDONS
100°0>d 520°0F ) €0°0F .
. GE"S =3 590 I98°0 G aseusboIpAysp sjeiEed
R .. i -
.+ 10070>d €£10°0+ 6000+ - . _
< P9TET=3 £89°0 S9E°Q G aseusboapAysp mumsmmonmoqumAmia
oy — T 3 ;
: . mOO O+ s €000+ ““ .
St .,.. 201" O 0010 g ‘ mmmc.mwvaHU%ﬂmmu MUMH#ﬂUO.WH
P L ' d. s . ,. :
L : mz 6100 0F "0+, -
L. mIsor o - Smmmmd .S oseuaboapiysp mumﬁmus@v
. SN m.o_oo.“o.ﬂ, ©.5000°0F |
; o SLY0*0 . 0LbO 0 G aseusborpiysp a3exi3IngixoIpiy-g
- . . \ .4. ‘..,... v.HO.U. . .. 4.... ... wIiem )
. — .u.p”.ﬁ.“ T
utez0xd TetapuoyoolTw Suw/ufw/oef . o -
L ERU ! ; \ S ‘| *dxg o ‘oN swizug
8973 TATIOR DFF7oads :

»
i

mﬂu@=0£uouﬂE msu uf EmﬁﬁonmumE Abisus JO sowAzus Aoy 2WOS JO SOTITATIOR OTIToads aylL

Lo v «

*S]BX PS3BWT[IDR~-WIBM PUR PTOD JO 9TdSnu [e3sTays -JO

AT ST9BRL



. . ' 84,

> of the enzyme can be used as a markef of the relative ratq;\ﬁ!
| of glycolysis. ‘ ' . )

The mechanisé by which this enzyme can contr?l glycolysis
is through its role in thea ~glycerophosphate shuttle in )
transporting reducing egquivalents from the cytoplaém into

* the mitochéndria, A high activity of the enzyme implieé a
1 ‘high NAD/NADﬁZ ratio in the cytoplasm, and the rate of gly-
col&sis‘(Kof acker and Ball, 1968)._ Consistent wiﬁﬁ.this
mechanism igythe cgrrelétion between the acfivity of this
enzyme and the activity of lactate dehydrodenase (Peter
et al., 1972; Bass et al., 196§). The cofrelation is
believed to be due to the dependence of lactate dehydrogenase
on the cytoplasmic concentration 6f NAD, Isaacs ét al., |
s (}969) showed that the heart muscle can oxidize lactate more
I » when the a-glyceropﬁosphate shuttle is more éctive.
| The mitocﬁdndrial a-glycerophosphate dehydrogenase can
also'play an important role in lipid metabbfiém. Since -
a~glycerophosphate is a substrate for the synthésis of
glyceroéhosphatides and tryglycerides, an enzyme that can
*\‘\Tf“\-\\gfidise this substrate must play a key ro}e. This has been
shown in the brown adip&se tissue which is known to have a
high metabolic rate (Ohkawa gt al., 1969). The brown adipose
tissue was found to contain an unusuallf high activity of
the enzyme, 10 times that'in liver, 20 times that in the white

-

adipose tissuesand 9 times. that in the kidney. The authors
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suggest that the apposition of the lipid droplets to
mitochondria Jobserved in brown fat cells by Napolitano and |
Fawcett (1958) may be a morphologic expreSSion of the key
role of this enzyme in regulating the availability of
—glycerophosphate fgr fatty acid esteriflcation.
" On the other hand, the activity of the mitochondrial

—glycerophosphate dehydrogenase seems to correlate,with the

metabolic rate TIn the brown 'ladipose tissue for example,

Barndzd et al., (1970) reported a‘parallel i?crease in the

e's activity with the respiratory activity of the tissue

W

after birth and after cold—acclimation.. ‘Also, Smith (1964)
]

-

and Smith and Hoijer (1962) ré'ported that the only appreciable ‘
enzymatic change observed in the liver and brown adipose
tissues after cold-acclimation was ah increase in the activity
of the mitochondrialG—glycerophOSphate dehydrogenase.
The enzyme is also reported to increase in hyperthyroidism.

Lee and Lardy {1965) reported a 20-fold increase in the
activity of the enzyme in the liver after thyroid hormone A
administrationf Kubista et al., (1971) Feported an increase
in this enzyme in heart and red skeletal muscles after thyroid
hormone administration. The enzyme did not increase in the
white muscles possibly beacuse the enzyme's activity is already
high in the white muscles (Peter et al., 1972).

erefore, there seems. to be a correlation between the
a &—P«rjt;

of the mitochondrial cx-glycerophosphate dehydrogenase,



glycolysis and hyper-metabolism. The findiné in this work
that, there is a 60% \increase in the specific activity of
the enzyme in the skeletgi'musclé mitochondria’ of cold-

. o

-

acclimated .rats may indicate that:

a) There is an increasedicapacity for glycolysis in the
skeletal muscles of cold-accliﬁaéed rats. .In this confiection
Depocas showed that nonfasting (1960C) and'faéting (1962) ..
rats. increase their glucose oxidation after exposure to coid
and du;ing cold-acclimation in proportion to the increase in
respiratory 902 production. In addition, Depocas shqwed that
in both fasting and nonfasting rats, the gluccse gbncentration
in the plasma, the volume distribution of glucose and the
turnover of glucose increase aftefygold ex?osgre and cold
acclimation. _ ,//// l

b) The skeletal muscles of the coldwacélimatgd rat have a
éreater_capacity to consume 6xygen than those of thg warm-
;cclimated rgt: This finding gives support to the beief that
the skeletal muscles contribute significantly to NST. -

The mitochondrial ©-glycerophosphate deﬁydrdéenasé
might Le activated in other cases of hypermetabolism. This
enzyme was found to be activated by Ca2+ in the liver
mito;hondria (Bukowiecki and Lindberg, 1974). Thus, in
shivgring and exerciselwhgre the metabolic-rate increases, the'

ca?t that leaks into the gytﬁfol from the endoplasmic k

retriculum as a result of the nervous impulses ﬁight'éctivate

- 1

the‘enzyme which in turn might allow the speedimy up of the
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. rate of glycolysis' in order to délivefﬁsubsirates at a faster -
" rate to the rapidly phosphorylatiné mitochondria. 1In additisﬁ;

' Hansford én%*Chappell (;967) reported that -this ehzyme is

2+ : S - " :
activated'by Ca - in blowfly flight-muscle mitochondria.

L]

The authors suggested from kinetic data that the aétivation

of -the enzyme was through the increase -in the affinity of the

enz%me for substrate. . . 4
No changes were found in the specific activities of the‘
Mitochondrigl‘dehydrogenasegsuécinate and .B—hfdtoxybutyrate.

Succinate dehydroggnase is known ‘to be localized in the inner

rd

"membrane iSottocasa et al., 1967). ﬁ—hyd;oxybﬁﬁyrateudeh?dro—

A

genase; 'on' the other hand, is known to be localized on the ‘
inside of the inner membrane (Matlib ama O'Brien, 1975). |

‘ No cﬁénges were found in the specific activities of the
dehydrogenases a-ketpgluéarate and isocitrate (NADi, the two
enzymes being kﬁown to be loosely bound to the inner membrang'
(Matlib and O'Brien, 1975)}. -

In the case of the dehydrodenases or glutamate and

malate, two "true" matrix enzymes (Matlib éﬁ& O'Bfien, 1975),
no change was found in the specific activity of glutamate
dehxdrogehase, but a 24% decrease in that of malate dehydrogénas

Therefore, no increases in enzyme activities were found -

-(excepﬁ for ¢ —glycerophosphate dehydrogenase), which could

explain the higher rates of states 3 and 4 respiration .
observed in‘éection ZL\ The increases in statés 3 and'4

respiration could then be attributed to either an increase

- -
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in ADP-uptake=or to an increased permeability to the substrates.'
The 24% decrease in -the specific activity of the mito-

"chondrial malate dehydrogenase cannot be explained at this stage
This enzyme is known to be the most availagle in the cell in

terms of concentration, -1s believed to have the fastest turnover

L]

of all the mitochondrial enzymes, and was found to decrease by
3;% in disuse atropby‘ofdskeletal muscles (Max et al., 197}).
The adthors suggested that this enzyme is the first to reflect
. ' changes in “the mitochondria during disuse atrophy. With these
facts in mind it was suspected that the 24% decrease in the
‘specificractivity of the enzyme might reflect_a decreasea
matrix protein content;per mg mitochondrial protein, and thus
anuincreased.membraﬂe protein content per mg mitochondrial
protein. This possibility is strengthened by the .findings
of Barnard et al., (1970) The authors showed that the mito-
chondria of the brown adipose tissue‘or cold-acclimated rats
have more inner membrane relative to the matrix. They v
suggested that the high metabolic rate of this tissue in'the
cold~acclimated rat might be due to-an increase in the components
\\\kh_ oﬁxthe:electron transport chain. Although no changes were
’ found in the specific activities of the inner-membégneebound
snccinate and B-hydroxybutyrate dehydrogenases, yet a 60%
increase in the specific actiﬁity of the inner membrane-bound

W | metachondrial o~glycerophosphate dehydrogenase was found.’ !
k%

“‘ﬁééén addition to this, Beyer et al., (1962) reported an increase
. ' ! .
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in coenzyme Q levels in the .skeletal mcscles of cold-acclimated:
rats; Klain (1963) reported an increase in cytochrome C content
per gram skéletal muscle. Bbth, cytochrome C and coenzyme Q

kY

are localized in the inner membrane. Therefore, it was
necessary to assess the dlstributlon of mitochondrial proteins

in the hatrix and memhrane fractlons of the skeletal muscle
mltochondria.' This is ﬁescribed in sectiop'4.

Om the other hand, the mitochondrial malate dehydrogenase

'is involved in the malate-aspatate shuttle for the transport
. of redpcing equivalents across the mitochondrial membrane. The
24% decrease found in the specific activity of this enzyme
indicated that there might be an alteration in the operatlon

of this shuttle. This is described in section 5.
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SECTION /4

) . -
STUDY OF THE RELATIVE DISTRIBUTION OF MITOCHONDRIAL PROTEIN -
. - ~ = — "

IN -THE MATRIX AND MEMBRANE FRACTIONS OF THE SKELETAL, MUSCLE

MITOCHONDRIA OF COLD AND WARM-ACCLIMATED RATS.

1 \Qumpose of the experiment: . :

In order to study some enzymes of the malate-asparate
shutitle (section 5), it was necessary to gzactionate the
mitochqndria\igzglmgtfix and membrane fracFions, and to assess
the distribution of mitochondrial protéin in these fractioﬁ%g‘\.ﬁ
and whether this distribution was altered by colé—acclimation.

On the éther hand, the finding.reponSEd in section 3 of
an increase 'in the spgcific activity of the inner msmbrane-bound

®-glycerophosphate dehydrogenase, and a decrease in a"true"

matrix enigyme namely, malate dehydrogenase implied that there

‘might be relative changes in the protein contents of both matrix

and membrane'fractioﬁs per unit q}&gﬁéondviai protein, Other
components of the inner memb;ane were found to be increased by
cold~acclimation, namely, coenzyme .Q (Beyer et al., }Qéii, and
cytochrome C (Klain, 1963) while some of the inner-membrane

components were found not to change such as succinate
dehydroéenase and f}hydroxybu{*gaﬂ% dehydrogenase (this work).
In addition, no change was found in tHe'specific activity of

-

cytochrome oxidase (Himms-Hagen et al., 1975).
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il - Descriptiaon of the experiment:

‘?ﬁe mi%ochoné;ia were isolated and fractionated intb

L)

the ‘membrane and matrix fractions as described in the methods.

iii - Results and discussion: , ‘\‘
5‘ o - "

The results are shown in table V. No changés were
found in any -of the follqying&

. - -
a) the recovery of whole mitochondrial protein.

. Bb) the recovery of matrix proteins.-

c¢) the fecove;y of membrane proteins.

It must be noted however, that the sonication method
employed here'could ‘have dislocated théjrellatively loosely- ‘
bbund p;ot@in components Qf the %hner.memprane s0 that these
components were ¥ecoveredliﬂ=the matrix fraction, thus
masiing the situation existing in vivo. However, the
conclusign that can be stated here is thatﬁyhe;e ls no change

in the bulk tightly-bound protein' content of the membrﬁne

fraction after cold-acclimation.

L
- - -

-



Table V. The relative membrane and ﬁa

in mitochon@;ia

-

L]
*

trix protein contents

Fraction .Cold y T .Warm
Wet muscle 5 grams . 5'grams
Whole mitochondria /7| 6-325 6.704
T v {mg) .4 |+ 0.549 + 0.592
: NS
q/}‘ : . -
Matrix . |T1.653 1.821 A
~ + 0.074 + 07242
{(mg} NS
i
- - : -
- Membrane 3.331 3.625 .
’ + 0.258 - 4+ 0.439
. (mg) © Ns
» -
% Matrix - 26.37% " 26.69%
/Mitochondria +1.57% #0.967%
NS : X
e 2N / = ‘ -
% Membrane 52.74% 52.80%
/Mitochondria +0.63% ~+0.818%
NS .
’
% Matrix 49,73% 49.94%
/Membrane iQ.lQﬁ% +1.035%
. NS / a
L
Recovery: 79.11% 79.49%
% Matrix + Membrane )
/Mito-| +2.2% +1.527%
chondria NS

1)
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~ ) " SECTION 5

DETERMINATION.OF THE SPECIFIC ACTIVITIES OF THE

‘ ENZYﬁEéiINVOLVED INE&HE SHUTTLES RESPONSIBLE
. < -

. - FOR THE TRANSFER OF REDUQING EQUIVALENTS

. . ~
ACROSS THE MITOCHONDRIAIL. MEMBRANES.

»

i -~ Purpose of the experiment:

N

The only enzyme'changes found in section 3 were two .
enzymes involved in two ;huttles responsible for the transport
of reducing equivalents from the ‘cytosol into the mitochdndrion:
This finding prompted a more detailed studf of\tﬁe shuttles. |

Since }he inner membrane of éhe-mitochondrieﬁ is
relatively impereable to pfridiné nucleotides (Purvis and

owensteih;~1961), the transfer of reduciné equivalentg from
the cytosol to. the mitochondrion is believed to oc;;.zlzl;- . ‘
indirectly by way of shqttles.' Two such shuttlgs are -the
a—glyéerophosphate and the malate shuttles (Bucher and =
Klingenberg, 1958).

In the o-glycerophosphate shuttle, dihydroxyacetbne
phosphate oxidizes NADH in the cytosol a reaction catalyzed
by an NAD-linked cytoplasmic a~glyceropho$phate.dehydfogenase.

a-glycerbphosphate then énters ﬁhe mitochondrion and is #
reoxidized to éihydroxyacetone phosphate; a reaction catalyzed
by the flawvin-linked a—éiygeropﬁbsphate dehydrogenase which is
localized on the ogtside of the inner membrane. In discussing-
the thermogenicﬂggyg of Fhe 0 ~glycerophosphate shuttle proposed

\:iiatﬁ (1964), it wag suggested by the author that the
y i .

3
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- mitochondrial d—gIQeerephbsphate dehgdrqgéﬁeee'is linked
to cytochrome.c. In faet, it is not kneﬁhi§e; whethe: the
mitochondrial a-glycerophosphate dehydrogenase is iinﬁed.eo
cytochrome C or FAD. ' _(

’ 'In the original_malate shuttie, oxaloacetat; is redueed
in the cyt0plasm to malate catalyzed by the cytopla m1c malate
dehydrogenase Malate t en enters the mitochondrlon where
it is redxidized to oxaloacetate by the mitochondrial malate

;dehydregenase. ]Oxaloacetate.then d;ffuees back to the cytosol.

. However, a negative side of this simple.malate shuttle is the
fact that the inner mitochondrial membrane is poorly per-
meable to oxaloacetate (Haslam and Krebs, 1968). Therefore

. Borst (1963) modxf;ed the malate sﬁuttle tc include transamin-
ation between oxaloac¢etate and glutamate by means of tﬁe cytosolie
and mltochondrial aspartate aminotransferase isoenzymes.
ﬂ% Therefore the stegy of the activities of all those

P
- enzymes involved in the two shuttles was necessary. The

) a—glycerophosphate shuttle is composed of two enzymes, the
cytoplasmlc and the- mitochundlaluglycerophosphate dehydro-
nenase. . The mltochondrial ‘enzyme was found to%ﬁgcrease in
speciflc activity by 60%. In this section the activity of
the cytoplasmic enzyme will be described.

In the case.of the malate-aspareate shuttle, only the

mitochondrial malate dehyqfogenase has been studied and a 24%

: : »
decrease was found. Therefore, in this seofion, the activities,
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of all the enzymes involved in the malate—asparmte shuttle
will bhe studled including a. repeated study of the mitochond-

rial malate dehydrogenase but employing a different method

' just gor comparison. _
ii - Description of the experiments ﬁ o N
a) The cytoplasmic o uqucerophosphate a malate dehvydro-

genases.

The cytoplasmic fraction was prepared as described in
the methods. The enzyme activities were measured spectro-
photometrically by following the incrd‘;e in absorbance at
340 nm due to the reduction of NAD The reaction medium
contained the folloW1A§. glyc1ne (NAOH) 0.1 M pH 10.0. NAD
0.5 mM, substrate { ajglycerbphosphate or malate) 5 mM, enzyme
preparation (the'cytoéiasmic fraction), 15, 20 and 25U g
protein. This protein éontent was used so that the increase
in aﬁsorﬁancg at 340 nm was less than 0.06/minute. The total’

volpme of the reaction medium was 1 ml. The blank used

contained all the components except NAD. The temperature of

the reaction was room temperature (22-25°C), (Lee and Lardy,

e reactﬁon was started by the addition of the substrate
after NAD\reduction by endogenous substrates had stoqped. This
is time ze o,'and then readings were taken every lS)seconds.

The rate'wa linear for at least one minute.

The extinction coefficient for NADH is 6.22 mM-1 el
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N {
b) The ¢vtoplasmic alanine and aspartate aminotransferases

+ The cytoplésmic fraction was prepared as described. in

. A ‘
the methods. The enzyme activity was studied by following the

3490
temperature., The reaction medium contained the following:

decrease in 0.D__  due to the oxidation of NADH at room

K PO, 0.1 M pH 7.3, substrate (alanine‘zo.mM or aspartate
lO?%M), NADH 0.2 mM: a-ketoglutarate 4.1 mM, lactate dehydro-
genasg 2 units (When alanine is the substrate),or malate dehydro-
genase units { when aspartate islthe substrate), enzyme prép—
aration| (15,20,25 ug protein when aspartate is the substrate:
and {L0OO, 150, 200 ug whén alanine is the substrate),

‘'The reaction was started by the addition ofa-ketoglutaraté.
The.rétes were linear for at least 3 minutes, and readings were
taken every gne minute (Karmen, 1955: Wroblewski and La Due, 1955).

The extinction coefficient for NADH is 6.22 mM~ L cm~l.

c) The mitochondrial aspartate aminotransferase and mito-

chondrial malate dehvdrogenase.

S

The mitochondria were isolated as described in the methods.
. The preparation ofthe soluble matrix and the membranes of the
mitochondria is also described in the methods.

‘ The assay method used for the mitochondria aspartagé
aminoéransferase was the same as that used for the cytoplasmic
one. The.assay methoé used for'£he mitochondrial malate

dehydrogenase was the same as that used for the cytoplasmic one.
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The enzyme. preparations used for the assay of the aboﬁe
two enzymes were two for .each enzyme: One was from fhe matrix
preparation and the other from the membrane preparation.

'5 1g of matrix-preparation was psed in the case of both enzymés,
while'SOlig membrane protein was used for ech enzyme.

iii) Results and Discussion:

as sﬁown in table VI, no changes were found in the specific
activities of the cytoplasmic malate and a~9glycerophosphate
dehydrogenases,"nof in the specific acti%ities of the cyto-
plasmic alanine and aspartate aminotransferases. Also, no
change was found in the specific activity of the mitochondrial'
aspartate aminotransferase, a matrix enzyme {(Matlib and O'Brien,
1975).

On the other hand, a 19% decrease in the specific activity
of the mitochondrial malate dehydrogenase was found in'the matrix,
This 19% decrease supports the finding in séction 3 of a 24%
decrease in the specific activity of this enzyme when emplc?;ing ‘
whole mitochondrla as the enzyme preparation and a different
assay method.

Thus, dnly two enzymiq'gﬁanges*were found in the
enzyme components of tﬁe two shuttles. These two enzymes are
the mitochondrial o-glycerophosphate dehydrogenase and the
mitochondriak malate (NAD) dehydrogenase. The former enzyme

increased by 60% (section 3), and the latter decreased by 24%

(section 3) and 19% (section.5). Thus, the membrane and matrix

S
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Table VIa: The cytoplasmic CG-glycerophosphate and malate

dehydrogenases.

nmoles NADH formed/min/mg

¢ -glycerophosphate dehy. malate dehy.
Cold 216 395
- +12.02 +14.45
Warm ,_ 205 ' 408
: : +5.09 +26.85 .
NS NS

n=3

Table Vib: The cytoplasmic alanine and aspartate aminotransfer-

ases.
nmoles NADH formed , .
/min/mg
Alanine aminotrans. Aspartate Aminotrans.
. Cold 20.89 441
+3.26 +18. 24 ‘
Warm 20.49 460
+2.3 +20,58
NS NS
n=4
Table VIc: The mitochondrial aspartate aminotransferase and
malate dehydrogenases.
1 meles NADH/min/mg
Aspartahe aminotransfebaggs ol Malate dedydrogenase
" Matrix Membrane Matrix Membrane
Cold 3.12 0.126 5.35 0. 390
+0.1889 +0.037 +0.261 +0.106
Warm 3.2 0.126 6.60 0.454
+0.2 +0.032 +.187 +0.079
NS NS .0l¢pe. 02 NS

n = 4
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”

fractions of the mitochondria do not change as a unit; rather

the changes can be very specific in each fraction Examples

to this statement are:

JR

a) The "true" matrix enzymes glutamat; dehydrogenase and
aspartate aminotransferase did not change. .

b) The inner membrane-bound dehydrogenases succinate and

B-hydroxybutyrate did not change.
éince it is generally acceéted that the amount of the

mitochondréal a~-glycerophosphate dehydrogenase determines the
rate of operation of ‘the -awglycerophosphate shuttle, it was
concluded (see section 3 zn discussion) that the a-gl&cero-
‘phosphate shuttle is capable of operatiﬁg more rapidly which
in turn might lead to an increased rate of glycolysis. Ip the
case of the malate-aspartate shuttle, it is not known whethér

the amount of mitochondrial malate dehydrogenase is the main

&

limiting factor in the gperation of the shuttle, but this .
possibility seems unlikely for the following reasons:

a) The operation of the'malate—aspartate shuttle requires
a rapid and easy passage af its substrates, mdlate, glutaméte,
o~ketoglutarate and aspartate. Thus, any factor that can
potentially inhibit this process,can be rate-limiting.

b) The operatién of fhe malate-aspartate shuttle requires
-that sufficient amounts of its substrates are present all the
time in the cytoplaém and the mitochondria. The competition

between the different metabolic pathways in the cell on these

substrates would influence the rate of operation of the shuttle.

Ea

N

-
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¢} The operation of the malate-aspartate shutt?b requires

that all the enzymic components of the shutt;e’(cytoélasmic and
mitochondrial) be ;elatively active, all at the same time.
The evér—chaﬁgingenvironment of the _cell can influence any
of these enzymes andlinlturn influence the rate of operation
of the shuttle. ‘
| Thus, the significance of the decrease in the specific
activity of the_mitochondrial malate dehydrogenasé;in.the
skeletal muscles of coid-acclimated rats remains to be explained.

In conclusion no enzymic changes were found that could
explain the increases in sfates 3 and 4 rates of respiration
except for the increase .in mitochondrial 0‘—glycﬂzerophosphate
dehydrogenase. In the next section {section 6) the possibility
that an increase in&%he rate of ADP uptake may be the cause,

will be investigated.



SECTION 6

DETERMINATIQN OF THE ACTIVITY OF THE ADENINE NUCLEOTIDE )

j

/f' TRANSLOCATION ACROSS THE MITOCHONDRIAL MEMBRANES OF

SKELETAL MUSCLES OF COLD AND WARM-ADAPTED RATS,

1 - Burpose of the experiment:

Since no enzymic changes were found ‘that could explain
thg increases in the rates of states 3‘and 4 respirations
reported in section 2 (except for a ~glycerophosphate), then
the possibility of én iﬁcreased rate of ADP uptake by the
skeletal musclé mitoéhondria of cold~ada§ted rats had to be
investigated, |

ii - Descritpion of the experiment:

The mitochondria were isolated as described in the methods,
but the last homogenization was done in 0.25 WM sucrose to end ‘
with a protein concentration of 0.5 mg prbtein'per 50ul.. Then:

14011 of a medium containing the following:

K_ HPO 13 mM oy
2 4 ) pH = 7.4
K H_ PO I mM : .
2"
KC1 - 58 mM
- NacCl . 30 mM

was added to a small test tube. Then 50H1 of the mitochondrial
suspension {0.5 mg) in 0.25 M sucrose was added. The reaction
was started by adding 10pl of an ADP solﬁtion conﬁaining the
following: | .

0.04umoles ADP .

0.04 uci (u —lf'c ADP)
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The reaction was carried out at 6°C‘(Babior et al.,
1973). The reaction was stopped after 5 seconds by adding
100Ju1 of 0.2 mM potassium atractyloside solution. Then,
quickly 100yl was withdrawn and injected into the:center of
a millipore filter (0.45 ym) under reduced pressure. The
mitochondria were then quickly washed with 10 ml of 0.15§ M
Na €l solution. The whole operation starting from: the
addition of ADP to the Na Cl washing took less than 30 seconds.

?he millipore filter was thea removed, dissolved in a
Beckman Bio-Solv BBS-3, special dissolution agent and toluene
containing PPO and dimethyl POPOP and the amount of radio-
activity was counted in a Beckman LS-250 liguid seintillation
counter, using the external standard ratio method, in order to
calculate the amount of ADP taken upxby‘O 5 mg of mitochondrial
protein. The counts per minute were converted to disintegrations
per minute and from th:Ls the total amount of ADP taken up by ‘

fﬁthe mitochondria was calculated by multiplying the percentage

. of radioactivity taken up by the mitochodnria, by the total
amount of ADP present initia%ly in the test. tube (radioactive
+ nonradioactive).

The nenspecific binding of ADP was ieatimated in the same
way except that atractyloéide was present before starting the
reaction with ADP, .

For a given set of mitochondria, the total ADP uptake was

determined in ‘duplicate, and nonspécific uptake .was determined
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2
once. Th:/Earrier—médiated ADP transport was calculated'ﬁy
. subtract.on of the vﬁlue of noﬁ—specific ADP uptake from
the average of the baiues for total ADP uptake. The non-
specific_ADP uptake represented generéily less than 30% of
the total ADP uptake. ‘ \

[}

iii - Results and discussion:

‘

Thé results are shown in table VII. As can be seen in the,
table, there is a 35% increase in the rate of ADP.uptake by the
skeletal mdscle mitochondrial?f cold acclimatéd rats.

From the kineticldata, Klingenberg and Pfaff (1966) showed
that the adenine nucleotides enter two compartments of Erat-liver
mitpchondria, the first being the intérmembrane space which the
adenine nucleotides enter passively:, the second being the.matrix
compartment within the inner membrane which tﬁey suggested 9
contains the atractyloside-sensitive carrier. In their studies,
Winkler et al., (1968) showed that mltochondrlal preparations
stripped from their outer membrane had an atractyloside-sensitive
ADP uptake which was very similar to that of intact mitochondria
in rate and capacity. Their conclusion was that thé inner membrane
contaigs the adenine nucleotide transloc;se. It is not yet known
exactly where this enzyme complex is localized in the inner mem-
brane, whether on the outer or inner surface. _

The fihding hére of a 35% increase in the rate of ADP

uptake by the skeletal muscle mitochondria of cold-acclimated

rats is a very important one since it appears that there is a

correlation between the figé of mitochondrial ADP uptake



&
.Carrierﬂmediated ADP-uptake
nmoles ADP uptake
/min/mg
Cold " .
n=4 1.78 "+ .037 P< 0.01
Warm
n =4 1.32 + .p8
’
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Eéd the metabolic rate. First of all, it is believed that
the Abmber of atractyloside—sensitive nucleotide binding.
sites in the mitochondria must be relatively small compared
to the tqgal number of nucleotide molecules in the mitochon- =~ "
dria, which means that the amount of.énzyme complex must be
a limiting factor in the entrance of ADP into the mitochon-
dria. Bruni et al., (1965) calculated the number of
atractyloside-binding sites in rat liver mitochondria .
and found that about 0.15 n moles o£ atractylagide were
bound per mg of mitochondrial protq}n, and that 2% o?‘fﬁé//
total mitochondrial adenine nucleotide would be bound to
atractqugade~sensitive sites at a given time. Tﬁereforeﬁ the
35% increage in the rate of ADP uptake found here could lead
to increased o:-éygen consumption in coupled mitoc;hondria since ‘
ADP is the prlme regulator of oxygen consumption in Coupled
mltochondrla |

On the other hand, it was shown that ‘the rate of uptake
of ADP by the mitochondria is directly proportional to the
metabolic rate. For exdmple, Shrago et al., (1972) showed L -%
that the liver mitochondria of the hibernating ground \ﬁm‘ N
squirrel élow metabolic rate), respond very weakly to the
addition of ADP due to the low rate of ADP uptake by these
mitochondria. The authors suggested that the acyl éoA esters
of free fatty acids which accumulate in liver during hiber-

nation, inhibit thezdenine rnucleotide translocase as evidenced

by the finding that carnitihe’ can release the inhibition

&
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and that the livgr'ﬁitochondria of the diabetic ra£ and
ménkey (diabetes is a condition where fatty acid oxidation f/f
is stimulated) are also uncoupled and bhéw a low rate of
ADP uptake. On the other hand. Babior et al., (1973)
showed that in hyperthyfoidism, there is an increased
activity of the adenine nucleotide translocase in the liver
mitochondria ofi:the rat (hyperthyroidism is a condition
whe%e the metabolié raée is high); Therefore, it becomes
Qypry probaﬁle that the acEivity of the adeniné nucleotide.
' translocase is a prime determinant' of the metabolic rate.
‘The finding of a 35% increase .in the rate of ADP uptake in
the skeletal muscle mitochondria of cold-acclima@ed rats
{ a condition where ‘g metgbolic rate is high) supports this
belief, $t¥\d/—\ﬁ
-The 35% increase in the rate of ADP uptake found here .‘
could Qéll explain the increased rates of state 3 respiration
for all the substrates stdﬂied inisection 2, except far
a-glyéerophosphate,in which case the 60%.increase in the‘
specific activity of the mitochondrial t-glycerophosphate
dehydrogenase was the prime céuse. However,'£he increased rate
of ADP uptake could explain the observation that the increase
in state 3 respiration Qith(x-glycerophosphate (68%) was
slightly greater than the increase in 0!—glycerophosph‘atew'
dehydrogenase (60%).
A very iﬁ;ortant question now arises: If the-.rate of
ADP uptake determines the meﬁabolic_ratem then what ab?EE/;—a

-
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the rate of ADP uptake during shivering and - exarcjhke,
conditions where the oxygen consumption of the anlmal is

as high as in cold-acclimation ?

It i1s possible that the rate of ADP uptake also

during shivering gﬂd exercise. However, the

in these two conditions might be due to activatlon
off this enzyme During shivering and exercise, the Ca2
4&0ncentf§$&on in the cytoplasm rises as a result of the
nerzgus 1m§ulses and depolarization of the cell membranes.
Bygrave and Spencer (1972) showed that ca<?t can stimulate the

translocation of ADP. From Kinetic data, the authors showed

that Ca2+

increases both the éffinity for adenine nucleotides
and the maximal velocity of the translocase. The authors

\ suggest that this increased activity results from an interaction
of Caz+ with pﬁospholipids located near the translocase enzyme,
In shivering and exercise the rate of ADP uptake would increase
because the translocase is activated by Ca2+ and is working at
maximum capacity.A

The suggestion that during shivering or exercise of warm-

acclimated rats, the rate of ADP uptake by the mitochondria
ingreases due to the activation of the ADP translocase by
caZ+ ;and ithe finding in this work that the specific activity
of the ADP translocase increased by 35% after cold-acclimation,
could explain the ghservations of Hart and Jansky (1963).
These authors showed that in the warm-acclimated rat, shivering

and exercise do not summate in terms of the increase in heat
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t | o
production, while in the cold-aéclimated‘rat, exercise and
NST do summate. A possible explanation of these observations.
is the following;

a): in@the Qarm-acclimaﬁed rat, both shivering and exercise

activate the ADP translocase thréugh the release of.Ca2+ |

| iﬁto the cytoplasm.- Thus, since both conditions influence
the ADP translocase by the same way, they do not sﬁqmate.

because there is a limit after which the ADP translocase

cannot be further activated even by further inéreasing the

we @MOUNt of Ca2+_in.the cytoplasm. ’

N

b} 1In the cold-acclimated rat, exercise and NST can
' summate because each influences the enzyme in an independent

way. Exercise activates-the enzyme through the release of

-
-

Ca2+ . and NST is associated with the presence of more enzyme.

»

"

»



CHAPTER D

GENERAL, CONCLUSION AND DISCUSSION

The results of this research can be discussed in terms

of three major aspects:

"Aspect A: The extent to which the results contribute to the

understanding of the mechaniém of NST in ékeletal muscle.
Aspect B: The possibility that the changes found in this
reséarch in the.skeletal.mu5cle mitochondria of cold-
“ acclimated rats are produced by thé thyroid hofmones.
Aspect 'C: The pPossibility that the thyroid hormone is one of

= - - ¢
the components of the mechanism of NST.

Aspect A b

The finding that the mitochondfia isclated from the .
skeletal muscles of cold-acclimated rats have normal ADP /O ‘
ratios and normal respiratory cbntrol ratios rules out
uncoupling as the mechanism of NST in skeletal muscles, aﬁd
places the mechanism of NST in the category 6f-increased
energy - consuming.pathays and/or pfocesses. This -ategory
requiress the presence of a complete ciicuit which can be
divided into two half-circu%és (see figure 5). The synthésis
of ATP is represented by haif—circuit 1, andﬁthe consumption
of ATP is répresented by half-circuit 2h' As shown in the
)figure half—circﬁit zn'can be divided into many sub-half-circuits

since energy .consuming Processes.can o¢cur anywheré. in .the cell, -

tn-the:cell membrane,-.in- the .cytosol. and in the -organelles . .
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Figure 5. Half-circuits 1 and Z_ .
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including the 'mitochondria. Haléapircuit‘l on the othér .hand,
. can .occur ‘only in the mitochondria,.

The significant increases in the activities of the
mitochondrial adenine nucleotide translocase and @ -glycero-
phosphate dehydrogenase reported in this theéis suggest
that half-circuit 1 might operate at a faster rate in the
skeletal muscle mitochondria of cold-acclimated rats.

Both the mitochondrial o -glycerophosphate dehydrogenase
‘(safer et al., 1971) and the adenine nucleotide translocase
{(Bruni et‘%l., 1965) are liniting enzymes. The increase in
the specific activity of the mitochondrial a-glycerophosphate
dehydrogenase might be an indicétion of an increasedfcapacity
of the pathway for glycolysis. 1In fact, Bass et al., (1969)
and Peter et al., (1972) showed that the ratio of the
mitochondrial o -glycerophosphate dehydrogena§e to the activity
of the pathway for glycolysis is constant in all the muscle
types investigated. Thué, it seems that the capacity of
substrate delivery to the mitochondria of the skeletal mﬁscles
of cold-acclimated rats might be augmented.

On the other hand, the increase in the rate of ADP
uptake: might Be an indication of a faster rate of electron
transport in the skeletal muscle mitochondria: of cold-
acclima£ed rats. 'In fact, ADP is known to be the prime

regulator of the rate of electron transport in coupled

mitochondria (Wilson et al., 1974). The possible significance
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of the increases found in this work in the activities ofﬂfhe
mitochondrial %-glycerophosphate dehydrogenase and the adenine

ke

nucleotide translocase is summarized in figure 6,
i The mitochondrial ® -glycerophosphate dehydrqgenase
(Bukowiecki and Lindberg 1974) ‘and the adenine nucleotide
translocase (Bygrave and Spencer, 1972) were shown to be
activated by Ca2+ . Thus, it becomes possible that these two
enzymes might be activated during shivering and exercise where
the Ca2+ concentration in the cytoplasm fises as a result oq
the nervous jmpulses that depolarize the sarcolemma releasing‘Ca2+
from the sarsgplasmic reticulum . If it ig assumed that these

two enzymes require activation during shrivering and exercise
(cases where the metabolic rate increases) because the tw;
enzymes are limiting then the increases found in this work in
their specific activities might be an indication of their
important role in the mechanism of NST through increasing the
capacity of half-circuit 1 without a need for activation by

ca2+,

What about half-circuit 2, ? Since the mechanism of

NST was placed under the category of increased energy-

consuming pathways and/or processes, then an increase in the
utilization of half-circuit 2n deserves investigation, especially
since an inirease in the capacity of half-ci;cuit 1 was found.

At pregent this is being investigated in our laboratory.

It must be mehtioned however that the increase in the

-~ L]

.
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Flgure 6: Significance of the increases in the specific
activities of the mitochondrial o -glycerophosphate

dehydogenase and the adenine nucleotide trénslocase;

60%, increase in the specific *  35% increase in the specific
activity of the_mitocgbndrial activity of the adenine nucl-
C-glycerophosphate dehydrogenase eotide translocase.

| J, ..
Increased cgpacity of the Increased capacity of ADP
C-glycerophosphate shuttle ' uptake

L
Increased capacity of glycolysis

L 4

L 4 ..
Increased substrate availability Increased availability of ADP
to the mitochondria to the mitochondria

i - Increased rate of electron transport
ii - Increased rate of oxygen consumption
iii - Increased rate of ATP synthesis R

iv - Increased rate of heat production.

T ——
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capacity of half-circuit 1 found in the present work is
small relative fo the three to four-fold increase in the
oxygen éonsumption observed in the cold-acclimated rat. -

It is possible that the newly synthesized or unmasked
a-glycerophosphate dehydragénase and adenine nucleotide
translocase are more active in vivo, but very sensitive to
the isolation mathod used for the mitochondria so ‘that

relatively small increases were detected,.

Y
/
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ASPECT B

The changes found in this study on the skeletal muscle
mitochondria of cold- -acclimated rats are known to be prod;ced
in different tissues of the rat after thyroid hormone admin-
istration. These changes are the following: |

a) -After thyroid hormone administration, the mitochondria

of rat liver (Smith et al. 1960, L962 Tata et al., 1963)

and skeletal muscle (Tata et al, 1963; Gustafsson et al., 1965:

De Grooet et al., 1968) show higher respiratory and phosphoryiative
activities, normal ADP/0O ratios and normallrespiratory control,
Recently Sacktor et al., (1972) and Babior et al., (L973)

noted that the rate of state 3 respiration of %tat liver

* mitochondria is more affected by 'I'3 administration than the
rate of state 4 respiration. 1In the 'present study the skeletal
muscle mitochondria of cold-~acclimated rats Qere found Eo have
normal ADP/O ratios, normal respiratory control ratios, higher
respiratory rates and most important, a greater increase in
state 3 respiration than in state 4 respiration.

+ b) After T3 administration, the specific activity of the
adenine nucleotide translocase of the'liver mitochondria of rats
intreases (Eébior et al., 1973). A similar increase was found
in the skeletal muscle mitochondria of cold-acclimated rats in
the course of the present experiments.
¢} After thyroid hormone administration, the specific activity

-

of the mitochondrial o-glycderophosphate dehydrogenase increases

{

\/ﬂj} .



in liver (Lee and Lardy, 1965; Israel et al., 1973), in
heart muscle (Safer et al, 1971; Kubista et al., 1;'71){ N
in red skeletal muscles (Kubista et al., 1971), and in the
brown adipose tissue of suckllng (Hemon and Berbey, 1968)
‘but not older rats (Hemon and Berbey, 1968 Heick et al.
1973) In the present study, a 51m11ar lncrease‘was found
in the specific actrvrty of the enzyme in the sskeletal
muscle mitochondrla of cold acclimated rats. Cold, acclrmatlon
also increases the activity of thlS enzymelln llver (Smlth.
1964) and in the brown.adlpose t155ue (Smlth, 1964; Barnard
et al., 1970; Videla et.al., 1975). ) i

The abovelsimilar changes miqhtlbe an indication af
an lncreased utlllzatlon of the ipyro;d hormones in cold-
.acclimat_gn. However the cold- acclrmated rat is not hyper-
thyroid in the sense that plasma-beund iodine concentratlons
are not lncreased ln.cold-exposed rats (Rand et al., 1952;
‘and Reichlin et al. 1973) and the basal metabollc rate is
not increased‘(Hsieh 1963) In'addrtlon, Hsreh (l962}'showed
that the dose of T4 requ1red for normal growth of rats, fed on
an iodine—def1c1ent dlEt contalnlng '0.05% propylthlourac1l i
.(PTﬁlIis'the same in the cold aa in the:warm Thus 1t appears
‘that increased ramounts - of thyroid hormone are not requ1red
for cold-ecclimation ' However, recent research on the Utlli--

zatlon of the thyroid hormone in cold acclimated rats ‘has brought

out’ a dafferent viaw of the problem. In 1965, Albright et al.,
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. showed that';he T3/‘I‘4 ratio in all the extrathyroida}

of cold-exposed rats has increased. More recently, Balsam
(1974) anq Balsam and Leppo {1974) showed that the binding
of T3 and T4 to liver, Lidney, spleen, testis and muscle
increased in cold-acclimated rats using radioimmunaassays.
: Re;chlin.et al., (1973) showed that the plasma'T4 levels
were less in-cold~adaptgd than control rats, while pfhsma
'T3 ievels were 80% higher. iwo exXplanations could be given
to thgse increases in the TB/'T4 ratig of .the extrathyroidél
.tiésues of cold-adapted rats. The first is that the thyroid
gland sécretes T3 in preference to T;. The second is that
. there is an increased coﬁversion of T; to T4 by the extra-

thyroidal tissues of cold-adapted rats. The experimenf:s of ‘
Befnal and Re& (1975 a and b) suggest that the latter explaﬁr
atioh was correct. These authors showed that in cold-e;\\ééd
rats, the concentration of T4 decregsed'in all,tissues,/izereas
the concentration of Ty did not decrease. Therefore, the
T3/@4 ﬁ:tio of the extrathyroidal tissues of cold~exposed réts
increased more than two-fold. They also showed that the activity
of the mitochondrial C’1-glycea:o_phc:sphate‘dehydrogenase in a'
given tigéue correlated with the concentration of T3 and not
wiht that of T,- Thus these authors concluded thgt the

conversion of T4 to T3 might play an important role in the

expression of this biological effect of T and that this

4!
conversion might be increased by cold-exposure.

J
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In this connection, Hilliesx 1968) showed that there
was a positive correlation between the deiodination of thyroxine
and the urinary catecholamine excretion in spld—exposed but
not in warm-exposed rats. Thus it appears that in the cold-
acclimated fat, the increased urinary caﬁecholaming excretion
indicates an increased deiocdination of T, to T3 by the
extrathyroidal-tissues: In.addition, Sellers et al.,  (1974)
showed that hypothyroid rats can cold-acclimate through a
compensatory increase in the activity of the sympqthetic >
nervous system. ' It is possible that this will le#d to a . -
. compensatory increase in deiodination.
| Thus, 1if it is assumed that the conversion of f4 to T,
plays an important role in the express;o}m of the bic;iogical ‘
effects of tbefthyroid hormone and that this conversion is
1ncréased in the extrathyr01dal tissues by cold-exposuf%\
(Bernal and Rey, 1975 a and b) then t specif¥t blophemical
increases found in thls research cou{ia;e an_in&icatidﬁ of
an incfeased utilization of the thyroid hormone. The differenée
between cold—aqclimaéion and hyperthyroidigm is that in £he
_1atter,’phere is increased.cbncgntration of circula?ing hormone
due to the injectioﬁ of large amounts of thg hérmone by the
gland, whiie in éold—acciimation, there is ﬁo‘increased
coﬁcentratiOn'of ciéﬂ:lating hormone, but an increased deiodin-
.ation of T by the extrathyroidal tissues causing increased T3/T4

ratio. . Thus in hyperthyroldism and cold-acclimation, there is

L}
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ihcreased availability of T3 to the tissues although by
different means, yet leading to similar ené}me'changes which
migﬂt‘support bu§/aould not cause a raised metabolic rate
in both conditions,

On the other hand, there are many other biochemical
changes known to occur afte? thyroid hormone administration.
Some‘gﬁ these changes were also showﬁ to ocecur in cold-

acclimated rats! For instance:

i - Ismail - Beigi and Edelﬁaﬁq(lQ?O, 1971, 1974) showed .that
the activity of Na-K-ATPase ;ncreased in tissue ﬂomogenates
of liver and kidney after T3 administration. Recently, Asano
et al., (1976) showed that this increase. also occurs in
skeletal mﬁscles. Videla et al,, (1975) showed that the
activity of this enzyme doubled in liver of cold-acclimated
rauiand suggested that the thyroid hormones might be involved
in cold-acclimation. .

ii - Drabkiﬁ (1950) showed that the concentration of cyreghrome
C increased in liver, heart, kidney and mostly in skel;tal
muscle of hyperéhyroid rats, while it decreased in hypothyroid
or thyroidectomized rats. The author suggésted that the
thyroid hormone might control the tissues' concentration of
this electron carrier. Klain (1963) had already shown that
cold~exposﬁre increases the concentration of cgtochrome c

in heart, kidney, lung, spleen, and mostly in liver and

skeletal muscles and on this hasis, he pointed to the possible
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xole of the thyroid hormones in cold-acclimation.
iii - Beyer et al., (1961) showed that coenzyme ( levels

were increased by thyroid hormone injection and decreased

by thyroidectomy in rat liver, skeletal muscle, heart, andi
kidney, but not in the brain. Later, Beyer et al., '(1962) 3
showed that coenzyme levels also increasedlafter cold-
aéclimation in the same tissues., These authors suggested

that the thyroid hormones might be involved in cold-acclimation.
iv - Patton and Platner (1970) compared the effects of coldl
acclimation and thyroxine treatment on liver mitochondrial

fatty acid?. The authors found that both condigions

in a decrease in the total unsaturation of fatty acid

’«.i N
with an antithyroid drug, this change was prevented.

authors suggested that thyroxine could be reépdnsiblé for
altering the fatty acid composition in the cold-acclimated
rats.

It is rather interesting to note that the similar
biochemical changes induced by the thyroid hormones and by
cold-exposure appear not only in skeletal muscle but in
other tissues as well. Thus, it becomes possible that NST
might be a generalized phenomenon like the effect of the
thyroid hormone on almost all body tissues. In{GEher words,
if is possible that all the target cells of'the thyroid

hormone might be modified during cold-aceclimation.
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ASPECT C

If it is assumed that the adaptation found in half-
circuit 1 is a component of the mechanism_of NST (aspect a),
and that this adaptation might be a result of an increased
utilizatioﬁ of the thyroid hormone {(aspect B), then the
possibility arises that the thyroid hormone might ke one
of the components of cold~acclimation. In discussing ﬁhis
possibility, it must be borne in mind that there is much more
:to cold-acclimation than an increased utilization of the
thyroid hormone. The sympathetic nervous system is well
established to be a major component of éold-acclimation
(see pagell of the introduction). 1In addition, more components
might be involved such as the nervous system, the cardio-
vascular system, the corticosteroids, the growth hormone and ‘
so on. Thus, it follows that many facts about the mechanism
of NST cannot be explained by an increased utilization of the
thyroid hormone. For example, hyperthyroid rats have a
permanent elevated basal metabolic rate whereas, cold-acclimated
rats can switch on and off a high basal metabolic rate depending
on their needs. This regulation of the basal metabolic rate .
is egssential to the understanding of the mechanism of NST,
In addition, Hsieh et al., (1966) showed that hyperthyroid
rats have increased sensitivity to the éalorigenic effect qf
noradrenaline but no increase in capacity to fespond, whereas

cold~acclimated rats have an increased capacity to respond.
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. Moreover the skeletal muScle\mitochondria of cold—acclimated
rats become smaller in size but more numerous (Himms-Hagen et

1change remains to be settled

‘

-

/

‘observed in this work

1975) ‘whereas in hyperthyroidism the exect morphological

Jsee page 52 of the- introduction)

Thus,’ caution must be called in interpreting these electrén

microscopy studies. ‘ o N

To conclude, the - results of this work point to a

-

possible involvement of the thyroid hormones in cold—acclimation.

However, a study that would prove’ that the - thyroid hormones are

a component of NST is one in which the time-course for
develoPment of cold- acclimation and ﬁeacclimation are compared
quantitatively with the time-course for variance of both the’
T3/"1‘4 ratio in the tissues and the biochemical changes |

If a positive quantitative correlation
were obtained between the timetcourse

for development of

cold-acclimation, the increase in the T3/T4

and the changes observed in this.work and a

on the one hand;
positive guantitative correlation were - -obtained between the
time—course for deacclimation, the decrease in the T /T
ratio in the tissues and the loss of the biochemical changes
chserved in this work on the other hand,‘then the evidence
that thyroid hormones are a component of NST would be much |,
stranger. At first glance these correlations ‘could he. expected

since Hillier (1968) showed that there was a pOSitive'

. correlation.between the deiodination of Ty and the urinary

-

excretion of catecholamines %P cold-exposed rats,

the latter
)

N

ratio in the tissues
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alréady known to correlate positively with the development
of cold-acclimation. (Leduc, 1961),

" If the thyroid hormones were proven to be one of the
components of NST in the sense that they are responsible for
ali.or some of the biochemical changes described so far in
ﬁhe literature and in this thesis, then their relationship
with the catecholamines ( an essential component of NST)

would require more study.
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