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SUMMARY |

Cold acclimation is known to be characterized by an increased
calorigenic response to catecholamines which is observed when
cold acclimated rats are exposed to cold or when they are infused
with noradrenaline. Although it is known that stimulation of
adenyl cyclase is involved in many metabolic effects of catechol-
amines it is not known whether such a stimulation is an essential
part of the calorigenic effect of catecholamines nor is it known
whether the enhanced calorigenic effect of noradrenaline in cold
acclimated rats is associated with a change in the adenyl cyclase
system. The aim of the work described in this thesis was to see
if any change in the amount and/or properties of the adenyl cy-
clase system in tissues of cold acclimated rats could account for
the enhancement of the calorigenic response to catecholamines in
fhese animals.

The activities of adenyl cyclase and phosphodiesterase were
measured in brown adipose tissue and skeletal muscle, tissues
believed important in the process of nonshivering thermogenesis,
in warm acclimated rats and in cold acclimated rats during and
after the development of the adaptation to cold., A possible
change in the sensitivity of the adenyl cyclase to catecholamines
was assessed from dose-response curves for the stimulation by
noradrenaline and adrenaline of adenyl cyclase of brown adipose
tissue and skeletal muscle, In addition, in order to further
assess the role of cyclic AMP in mediating the calorigenic res-

ponse to noradrenaline in warm acclimated rats and the enhanced



calorigenic response to noradrenaline in cold acclimated rats

the concentration of cyclic AMP itself was measured in various
tissues of rats exposed to cold or receiving an infusion of nora-
drenaline,

No evidence was obtained for any increase in the amount of
catecholamine-sensitive adenyl cyclase in the brown adipose tissue
or for any increase in the sensitivity to catecholamines of the
adenyl cyclase of brown adiﬁose tissue of cold acclimated rats,
On the contrary, the specific activity of the noradrenaline-
stimulated and of the adrenaline-stimulated adenyl cyclase vas
reduced by cold acclimation. Unlike the catecholamine-stimulated
adenyl cyclase the fluoride-stimulated enzyme did undergo rapid
changes in response to cold exposure and evidence was obtained
for the existence of an extra adenyl cyclase, not sensitive to
catecholamines, which aﬁpeared within two days of exposure to
cold, persisted throughout cold acclimation and practically dis-
appeared within one day when the cold acclimated rats were re-
turned to room temperature, The aﬁbearance of this extra adenyl
cyclase activity does not seem to be due to synthesis of new
protein since doses of cycloheximide and actinomycin D which
inhibited the usual cold-induced growth of the tissue did not
block the appearance of the extra adenyl cyclase activity, No
hormone could be found which would stimulate the extra adenyl cy-
clase activity in the brown adibose tissue of the cold exposed or
cold acclimated rat. Phosphodiesterase activity, measured at
millimolar substrate concentration, was unchanged in the brown

adipose tissue during cold acclimation,




There was no difference in the amount or in the catecholamine
sensitivity between the adenyl cyclase of skeletal muscle of warm
acclimated rats and that of cold acclimated rats. However, during
the first few days of exbosure to cold there was a transient in-
crease in the specific activity of the noradrenaline-stinulated,
the adrenaline-stimulated and the fluoride-stimulated adenyl cy~-
clase of skeletal muscle and an increased sensitivity of the adenyl
cyclase to stimulation by adrenaline. Phosphodiesterase activity
of skeletal muscle was not altered by acclimation to cold,

The concentration of cyclic AMP was higher in the brown
adipose tissue and §1asma of cold acclimated rats, regardless of
whether they were in the cold or in the warm, and cold acclimated
rats in the cold excreted more cyclic AMP in their urine. The
increased amount of cyclic AMP excreted by the cold acclimated rats
could be derived entirely from the brown adipose tissue although
possible contribution by other tissues cannot be exluded. The
concentration of cyclic AMP was not altered in other tissues (liver,
nuscle, white adibose tissue) of cold acclimated rats. Infusion
of noradrenaline raised the concentration of cyclic AMP in ske-
letal muscle to the same level in cold acclimated rats as in warm
acclimated rats. An increase in the cyclic AMP level also occurred
in response to noradrenaline infusion in the ﬁlasma and liver of
warm acclimated rats, to a much lesser extent in the plasma of
cold acclimated rats and not at all in liver of cold acclimated
rats,

CONCLUSIONS

1. No change in the amount, properties and operation of the cate-

cholamine-sensitive adenyl cyclase system of the tissues important

“



in nonshivering thermogenesis (brown adipose tissue, skeletal
muscle) occurs in association with the development of the enhanced
calorigenic response to noradrenaline in cold acclimated rats.
Thus the enhancement of this response brought about by the
acclimation to cold cannot be attributed to a change.in the system
involved in the initial interaction of noradrenaline with the
tissues involved.

2, A transient increase in amount and sensitivity to adrenaline

of the adenyl cyclase of skeletal muscle apbears to occur in
assoclation with shivering rather than with nonshivering thermo-
genesis, An increased defatiguing effect of adrenaline on the
shivering muscles may occur at this time,

3. The increases in cyclic AMP concentration in the brown adipose
tissue and the plasma of cold acclimated rats are associated

with the state of adaptation rather than with the acute stimulatory
effect of cold since they ﬁersist in cold acclimated rats after
their return to the warm. The abbearance of an extra adenyl
cyclase and the rise in cyclic AMP concentration of the brown
adipose tissue during acclimation to cold may be associated with

a speclal function, other than heat ﬁroduction, for this tissue

in the development and maintenance of the altered state of

adaptation,
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CHAPTER I: GENERAL INTRODUCTION

A) Introduction and statement of the problem

When a rat is exposed to cold, a muscular activity, shi-
vering, is responsible for the heat production necessary for
the survival of the animal. If the rat is allowed to live
continuously in the cold, the shivering decreases and
finally disappears after about four weeks (Hart et al,, 1956),
and a different process called nonshivering thermogenesis
accounts for the heat production.* If shivering is prevented
by tubocurarine (Hsieh et al., 1957) warm acclimated rats
die in hypothermia whereas cold acclimated rats maintain their
body temperature. Cold acclimation is thus a gradual process
requiring approximately four weeks during which there is a
gradual increase in cold resistance and in food consumption,
an elevation of metabolic rate and of peripheral temperature,
and a decrease in shivering thermogenesis accompanied by an
increase in nonshivering thermogenesis,

Nonshivering thermogenesis means the production of heat
other than by shivering or muscular movements. It is an
adaptive process which occurs only in certain newborn species
(rabbit, guinea pig, rat, human), in hibernating mammals
* Rats which have adapted to cold (4°C) in this way will be
referred to as cold acclimated rats; rats which have not lived
in the cold and are kept at controlled room temperature (28°C)

will be referred to as warm acclimated rats,



(bat, hamster, ground squirrel), and in certain sﬁecies that
have acclimated to cold (see review by Himms~Hagen, 1970).
It does not occur in those same species when they are adult
or not hibernating or not acclimated to cold and this 1s why
it is called an adaptive process., It is also a facultative
process which does not occur continuously but can be turned
on and off in accordance with the requirements of the animal.
It is believed that the switching on and off of nonshivering
thermogenesis is due to the liberation of noradrenaline from
sympathetic nerve endings. Infusion of noradrenaline ipto
animals acclimated to cold can mimick this switching on and
off of heat production caused by exposure to cold., This
effect of noradrenaline of increasing both heat production
and oxygen uptake of animals is called the calorigenic effect
of noradrenaline, At the cellular level, an increased heat
production is associated with an increased rate of oxidation
and this would involve in the whole animal an increase in
the oxygen consumption., The metabolic rate is expressed as
consumption of oxygen per unit of surface area per minute,
and this is why the terms increased oxygen consumption, in~
creased metabolic rate and increased heat production are used
interchangeably, In cold acclimated rats, there is an in-
creased calorigenic effect of noradrenaline which is believed
to be a basic factor in the development of cold acclimation
(Hsieh and Carlson, 1957). A rat that has lived in the cold
for four to six weeks can increase its metabolic rate during
infusion of noradrenaline (at room temperature) to a level

that approaches its maximal capacity for oxygen consumption




while the warm acclimated rat that.has lived at 28°C for the
same period of time can only sligh;ly increase its metabolic
rate during noradrenaline infusion.(Depocas, 1960b),

But there is an increase in heat pFoduction in both the *
warm and the cold acclimated rats when they are exposed to
cold, The increase is due to shivering in the warm acclimated
rats and to a nonshivering process in the cold acclimated
rats. In both groups there is an increased oxidation of
substrates in response to a higher demand for energy and the
difference between the two groups does not reside in the vay
they metabolize the substrates responsible for the production
of heat. The difference between these two groups resides in
the mechanism by which the increased oxidation can be triggered.
In the warm acclimated animals, increased ADP production in
skeletal muscle due to shivering can increase the rate of
oxidative phosphorylation in the muscle. In the cold acclimated
animals, the exact nature of the triggering mechanism is un-
known but the primary event is believed to be the release of
noradrenaline from sympathetic nerve endings (Himms-Hagen, 1967).
Cold acclimated rats differ from warm acclimated rats in their
capacity to respond calorigenically to noradrenaline. Cold
acclimation is accompanied by a large enhancement of the
calorigenic response to noradrenaline,

The biochemical basis of acclimation to cold is unknown.
The biochemical basis of the calorigenic effect of noradrenaline
which occurs in warm acclimated rats to a limited extent and

in cold acclimated rats to a larger extent, is also unknown.



However, all of those metabolic effects of the catecholamines
which have been elucidated are known to be mediated by cyclic
AMP and it is possible that the enhancement of the calorigenic
response to catecholamines in cold acclimated rats might be
due to an alteration of the adenyl cyclase system of the tis-
sues involved in the nonshivering thermogenesis process.

The aim of this work is to see if there is any change in
the amount and/or properties of the adenyl cyclase system in
tissues of cold acclimated rats in order to see if the enhan-
cement of the calorigenic response to catecholamines might be

due to a change in the adenyl cyclase systen,

B) Existence of nonshivering thermogenesis

There are two distinct mechanismsfor increasing heat
production: shivering thermogenesis and nonshivering thermo-
genesis. When warm acclimated rats are exposed to cold, there
is an increase in the electrical activity of their skeletal .
muscles (Sellers et al., 1954; Heroux et al,, 1956)., The
marked and continuous increase in electrical activity (which
is referred to as shivering and can be recorded with an
electromyograph) observed in these animals precedes by 15 or
20 minutes the rise in oxygen uptake which occurs when rats
are exposed to cold. So the heat production in warm acclimated
rats exposed to cold 1s due to a muscular activity, shivering.
Cold acclimated rats show no change in the electromyogram when
exposed to cold (6°C) implying that no shivering is present
in those animals (Héroux et al., 1956)., But the cold acclimated

rats show a larger increase in metabolic rate upon exposure to



cold than do warm acclimated rats, and the mechanism res-
ponsible for this heat production, because it involves no
shivering, is called nonshivering thermogenesis,

The disappearance of shivering in rats exposed to cold is
proportional to the period of exposure to cold. During the
first week, the electrical activity remains elevated and
then slowly begins to fall, and in four weeks, it has reached
the level observed in rats maintained at 30°C (Hart et al,,
1956) . So nonshivering thermogenesis is a gradual process
requiring approximately four weeks during which there is a
gradual decrease in shivering and a gradual increase in heat
production by means other than muscular activity,

It is possible to prevent s£ivering by treating rats with
tubocurarine, a compound which can block muscular activity,
When curarized cold acclimated rats are exposed to cold, they
are still able to increase their -heat production while cura-
rized warm acclimated rats are unable to do so and show a
decrease in their body temperature (Cottle agd Carlson, 1956;
Hsieh and Carlson, 1957). In other words shivering, which
1s essential for heat production in warm acclimated rats
exposed to cold, is replaced by another mechanism of heat
production in cold acclimated rats during cold exposure, a

mechanism called nonshivering‘thermogenesis.

C) Involvement of the sympathetic nervous system in acclimation

to cold
1) acute exposure to cold

One of the ways to see the involvement of the sympa-

N



thetic nervous systenm during acute exposure to cold is to
measure the levels of noradrenaline and adrenaline and their
metabolites in the urine of animals exposed to cold, It vas
first reported by Leduc (1961) that cold exposure caused an
increase in the excfetion of noradrenaline and adrenaline in
warm acclimated rats. Since then, the increased urinary
excretion of adrenaline and noradrenaline and their metabolites
(metanephrine, normetanephrine, MHPG (3-methoxy-4~hydroxy-
phenylglycol) and MHMA (3-methoxy-4-hydroxy-mandelic acid)
has been shown in different species of animals exposed to cold
(see review by Himms-Hagen, 1972b). A value which might be
called the minimum rate of catecholamine production has been
calculated by Himms-Hagen (1972b) from the values of the
excretion of catecholamines and their'metabolites; thislvalue
is approximately  12ug/kg/hr for warm acclimated rats at room
temperature and 45.5ug/kg/hr for warm acclimated rats exposed
to cold (Himms-Hagen, 1972b), Thus, there is an increased
excretion of catecholamines during acute exposure to cold.
Another approach to the study of the involvement of the
sympathetic nervous system in cold exposure, is to measure
the turnover rate of catecholamines in tissues of animals
exposed to cold, The turnover rate of noradrenaline is increased
in the heart of cold exposed mice (0liverio and Stjarne, 1965)
and rats (Bhagat and Friedman, 1969). There is a depletion
of adrenaline and noradrenaline content of brain stem and
heart of cold exposed rats (Gordon et al.,, 1966), There is

also depletion of the noradrenaline content of liver, muscle,
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spleen and brown adipose tissue in cold exposed animals (see
review by Himms-Hagen, 19725).

S0, it is possible that noradrenaline turns over in nerve
endings at an accelerated rate in animals acutely exposed to
cold, In cold exposed animals, there is an increase in the
excretion and probably in the synthesis and most likely in
the secretion of catecholamines, phenomena which favor the
participation of the sympathetic nervous system in acute
exposure to cold,

2) acelimation to cold

The involvement of the sympathetic nervous system
in cold acclimation is also shown by an increased excretion
and probably by an increased synthesis and an increased secre-
tion of catecholamines in cold acclimated animals,

The excretion of catecholamines and their metabolites
is less in cold acclimated rats than in acutely cold exposed
rats. In rats that have lived in the cold for four weeks,

the excretion of adrenaline has returned to the low level

observed in warm acclimated rats; the excretion of noradrenaline

1s also less than during the first week of exposure to cold
but it remains elevated as long as the rats continue to live
in the cold (up to six months) (Leduc, 1961; Leblanc and
Nadeau, 1961), The excretion of MHPG remains at a high level
in cold acclimated rats although it is less than after 24
hours of exposure to cold (Shum et al.,, 1969). The excretion
of normetanephrine reaches a maximum after two weeks of ex-

posure to cold and decreases thereafter (Shum et al., 1969).

B e AR




There are very few measurements which would imply

a higher synthesis of catecholamines in cold acclimated ani-
mals. The noradrenaline content of the tissues of cold
acclimated rats is the same or higher than in warm acclimated
rats (Leduc, 1961), and the turnover of noradrenaline in

the brown adipose tissue of cold acclimated rats is increased
(Cottle et al., 1967).

Although more measurements of the turnover rate of
catecholamines in different tissﬁes of cold acclimated animals
should be done, it can be postulated that there is increased
synthesis of catecholamines in cold acclimated animals; there
is increased excretion and most likely increased secretion of
catecholamines in cola acclimated animals, The sympathetic

nervous system is then probably involved in the acclimation

to cold.

3) mimicking effects of the administration of adrenaline
and noradrenaline

Cold acclimated rats show an enhanced calorigenic
responée to administered catecholamines, Hsieh and Carlson
(1957) first showed that an intramuscular injection of nora-
drenalin; caused an increase in oxygen uptake in both warm
and cold acclimated rats, although the increase was much larger
in cold acclimated than in warm acclimated rats, The intra-
venous administration of noradrenaline (Depocas, 1960b) or
adrenaline (Himms-Hagen, 1969) causes a much larger increase
in oxygen consumption than does intramuscular or subcutaneous

administration, The calorigenic response to intravenously

administered catecholamines is greatly enhanced by cold accli-




mation (Depocas, 1960b; Himms-Hagen, 1969). The calorigenic

response to catecholamines increases slowly with the time of
exposure to cold and is maximum after four weeks (Depocas,
1960b; Mejsnar and Jansky, 1971), As the calorigenic res-
ponse to catecholamines increases, the shivering decreases
and it can be said that nonshivering thermogenesis 1s closely
associated with an enhanced calorigenic response to cate-
cholamines. Both noradrenaline and adrenaline are involved
in nonshivering thermogenesis and the whole sympathetic ner-
vous system, including the adrenal medulla, participates in
the process of nonshivering thermogenesis.

Another line of evidence concerning the role of the
sympathetic nervous system in cold acclimation, comes from
the possibility to simulate a state of cold acclimation in
warm acclimated rats by injecting them daily, for approxima-
tely six weeks, with small doses of noradrenaline, Rats
injected daily for six weeks with noradrenaline have an
enhanced calorigenic response to catecholamines; they can
survive exposure to lower temperatures for longer periods of
time than control rats and the growth of their brown adipose
tissue is promoted (Leblanc and Pouliot, 1964; Leblanc and
Villemaire, 1970),

So, not only can rats progressively increase their
calorigenic response to catecholamines with prolonged exposure
- to cold but they can reach a state similar to that of cold
acclimation if they are injected daily for six weeks with

noradrenaline at room temperature, The observations that cold




acclimated rats respond more to administration of catechol-

anines and that a state similar to cold acclimation can be
induced by repeated administration of noradrenaline, demons-

trates the importance of the sympathetic nervous system 1in

cold acclimation.

4) inhibition of the activity of the sympathetic nervous
system

It is possible to inhibit part of the functioning
sympathetic nervous system by surgical, immunological or
pharmacological means., In order to see the role of adrenaline
in cold acclimation, rats can be demedullated (by removal
of the adrenal medulla which is responsible for the production
of adrenaline). Young rats lacking their adrenal medulla do
not maintain their body temperature and do not survive very
long when exposed to cold (see Himms-Hagen, i972b). But
older rats when demedullated can survive in the cold for
several months. However, if rats already cold acclimated are
demedullated, and then reexposed to cold, they show a much
smaller increase in metabolic rate and become somewhat hypo-
thermic (Cottle and Carlson, 1956). So the adrenal medulla
and consequently adrenaline, seem to play an important role
in the heat production in young rats and in cold acclimated
rats; but, in older rats, the sympathetic nervous system can
compensate for the removal of the adrenal medulla by increasing
the role of some of its other constitutive parts in order to
maintain survival of the older animals (see review by Himms-

Hagen, 1972b).
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Immunosympathectomy (which results in the lack of
adrenergic nerve endings inbsome tissues such as heart and
blood vessels of skeletal muscle but not in tissues such as
intestine and reproductive organs) does not alter the ability
of rats to survive in the cold. This appears to be due to the
remnant of the sympathetic nervous system still functioning
in these rats since their excretion of noradrenaline is
not diminished by the intervention (see Himms-Hagen, 1967).
So the immunological techniques are not very useful in the
study of the involvement of the sympathetic nervous system
in cold acclimation since it 1s almost impossible to render
the sympathetic nervous system partially inactive because
of the compensation by the other parts of the system,

Administration of the ganglionic blocking agent
hexamethonium, and of the adrenolytic agent piperoxane, pre-
vents the rise in oxygen uptake normally observed when cold
acclimated rats are exposed to cold. These rats were cura-
rized to prevent any heat production by muscular activity,
The effects of hexamethonium could be reversed by injecting
the rats intramuscularly with adrenaline or noradrenaline
(Heieh and Carlson, 1957). So, blocking the sympathetic ner-
vous system activity, prevents the normal manifestations of
cold acclimation (higher calorigenic response to catechol-
amines) while treatment of rats with adrenaline and or nora-

drenaline can restore the state of acclimation to cold to its

full expression.
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When the sympathetic nervous system can be success~
fully inhibited, the ability of animals to acclimate to cold
1s impaired, and this emphasizes the involvement of the syn-
pathetic nervous system in the process of nonsﬂivering thermo~

genesis responsible for the acclimation of animals to cold,

D) Sites of nonshivering thermogenesis

Nonshivering thermogenesis then seems to be a process
mostly due to the action of noradrenaline liberated from
nerve endings in the different tissues of the animal acclimated
to cold, The location of the heat production, or in other
words, the location of the nonshivering thermogenesis process,
in the different tissues of the cold acclimated animals is a
difficult problem to study. Different approaches have be;n
taken, most of them not leading to any conclusive evidence,

The respiration of tissue preparations in vitro does
not correspond to the oxygen consumption of the tissue in
the intact animal and it is impossible to estimate the rela-
tive contribution of different tissues to the total heat pro-
duction of the animal by comparing their rates of in vitro
metabolism,

The best way to assess the heat production of a tissue
in an intact animal is by measuring its oxygen consumption
but there are problems in assessing this parameter in the
intact animal. Blood flow measurements to different tissues
of both cold and warm acclimated rats have been obtained

(Jansky and Hart, 1968), But measurement of the blood flow

to a tissue is only the expression of the total amount of blood
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and of the total amount of oxygen entering the tissue, The
tissue does not usually consume all the oxygen contained in
the blood entering the tissue and only when the arterio-
venous difference is obtained for a tissue is it possible to
estimate the amount of oxygen consumed by the tissue. Blood
flow measurements must then be accompanied by a measurement of
the arterio-venous difference across the tissues studied in
order to indicate how much oxygen a tissue is taking in and
consuming, and comparisons of the arterio-venous differences
and of the blood flow measurements of the tissues of the warm
and the cold acclimated rats must be done, in order to assess
the importance of the different tissues during cold acclimation.
Direct measurements of the oxygen consumption of individual
tissues (by arterio-venous differences and blood flow mea-
surements) have been done for ‘different tissues in different
species (see review by Jansky, 1965) and extrapolations of
these values have been used to measure the percentage of
oxygen consumed by different tissues of warm acclimated rats
(Jansky, 1966). The carcass (including skeletal muscles,
bone and skin) consumed 63.5% of the total oxygen consumed by
the rat; the liver, 20.47%7; the heart, 2.57; the kidneys, 6.6%;
the brain, 2.8%; the lungs, 0.67 (Jansky, 1966). Most of the
oxygen consumed by an animal is consumed by the skeletal mus-
cles and the liver, and the possible contribution of these
tissues to the increased metabolic rate observed during non-
shivering thermogenesis has been studied,

Measurements of cytochrome oxidase activity of dif-

ferent tissues have also been used to estimate the participation
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of different tissues to nonshivering thermogenesis.

Jansky (1966) made the assumption that the total oxidative
metabolism of all the tissues of an animal could not be
greater than the sum of the activities of cytochrome oxidase,
the terminal enzyme of the oxidation chain, and he arrived
at a fairly good agreement between the cytochrome oxidase
activity of different tissues (which they c#lled the metabolic
capacity of the tissues) and the maximal metabolism of the
same tissues measured in vivo (from blood flow measurements
and arterio-venous differences) (Jansky, 1965). But it is
possible (Himms-Hagen et al., 1972) to obtain values of cyto-
chrome oxidase activity much higher than those obtained by
Jansky and co-workers (Jansky, 1966; Jansky et al.,

1969), which would give values higher than maximal for the
metabolism of the whole animal. So, measuring the capacity

of a system to consume oxygen (cytochrome oxidase activity)
does not give a measurement of the amount of oxygen actually
consumed by the system.,

It 1s possible to measure the contribution of a tissue
to nonshivering thermogenesis by observing the effects of its
removal on the oxygen consumption of the whole animal, This
method also presents problems; removal of a vital organ can
have effects other than direct ones on the oxygen consumption
of an animal (the general metabolism of the animal can be
impaired so much that the animal will not survive more than
a few hours after the treatment), Removal of a tissue such

as brown adipose tissue is also problematic because of the
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diffuse distribution of the tissue, Only the interscapular

brown fat pad can be removed easily but the remnant of the

brown adipose tissue can overgrow to compensate for the
Piubx:L

lack of the interscapuléf pad (Himms-Hagen et al,, 1972),

However, use of this technique has brought some useful inform-

ation concerning the role of the brown adipose tissue (Himms-
Hagen, 1969; Himms-Hagen et al., 1972) and of the skeletal
muscle (Depocas, 1960a) in nonshivering thermogenesis.

Tvo lines of evidence point to the non-significant
contribution of the liver to the process of nonshivering
thermogenesis, First, evisceration of cold acclimated rats
(which consists in occluding the blood supply to the liver and
the intestine) does not significantly affect the increased
oxygen consumption observed after noradrenaline infusion
(Depocas, 1960b), Secondly, no change in the liver oxygen
consumption 1s observed after perfusion of the tissue with
noradrenaline, although the glucose output of the liver is
increased considerably (Jansky et al., 1964), So the liver
cannot respond calorigenically to the catecholamines and this
makes it a very unlikely site of direct heat production in
the cold acclimated rats,

Skeletal muscle contributes to a large extent to the
production of heat during cold acclimation. The evisceration
of cold acclimated rats shoved the non-participation of the
liver in nonshivering thermogenesis but it also strongly sug-

gested the important contribution of skeletal muscle to the

increased heat production (Depocas, 1960b). . Direct measurement




16

of the oxygen consumption (using arterio-venous difference
and blood flow measurement) of leg muscles have been done in
situ, in anesthetized and curarized cold acclimated rats
before and during cold exposure and before and during nora-
drenaline infusion (Jansky and Hart, 1963)., The oxygen con-
sumption of the leg muscles doubled during noradrenaline
infusion or exposure to cold, The oxygen consumption in the
whole animal also doubled during noradrenaline infusion or
cold exposure. From these results, the contribution of ske-
letal muscle to the process of nonshivering thermogenesis was
estimated. The total amount of oxygen consumed by the rat

muscles, assuming that muscles represent 507 of the body mass

and assuming that all muscles consume the same amount of oxygen

per unit of weight, only represented 122 of the total oxygen
consumed by the rat, But the quantitative comparisén of the
response of the leg muscle and of the whole rat, cannot be
carried too far because the leg muscle may not be responding
maximally under these experimental conditions, and it may be
responding less than other muscles of the body, But, if it
is assumed that all cells of the body have the same average
metabolic rate which is represented by that of the leg muscle,
then the relative contribution of the muscle can be estimated
in another way. As was sald before, muscle accounts for 50%
of the total mass of the rat (which makes it a very good
potential tissue for nonshivering thermogenesis as far as the
mass of the tissue is concerned), and in the experiment being
described, 507 of the total body mass has doubled its oxygen

consumption while the whole body has also doubled its oxygen
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consumption; it can then be calculated that the relative
contribution of muscle to the heat production is 50%. The
assumptions made are unlikely to be true but the fact that
muscle can double its oxygen consumption in cold acclimated
rats exposed to cold or receiving noradreraline at room tem-
perature (Jansky and Hart, 1963) (Mejsnar, 1971), and the fact
that it represents approximately 507 of the total body mass
of the rat, makes it a very likely important contributor to
the process of nonshivering thermogenesis,

There has been recently a lot of controversy about
the significant contribution of brown adipose tissue to heat
production during the process of nonshivering thermogenesis,
The properties, distribution and heat production of the
brown adipose tissue have been reviewed (Johansson, 1959;
Smith and Horwitz, 1969; Himms-Hagen, 1970), and will only be
summarized here in order to ascertain how brown adipose tissue
could contribute significantly to nonshivering thermogenesis.
The rate of oxygen uptake per unit of mass, either in vivo or
in vitro, is very high in the brown adipose tissue. The cells
carry a very good potential for metabolic power, both absolu-
tely and relative to other cell types. The cells contain a
large number of mitochondria which under the electron micros-
cope appear to be heavily laminated with cristae (Smith and
Horwitz, 1969). The oxygen uptake of isolated cells, slices
or homogenates from rat interscapular brown adipose tissue
can be stimulated by noradrenaline to levels corresponding to
those observed in the whole rat (Himms-Hagen, 1970), When

normal rats are exposed to cold, the brown adipose tissue
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hypertrophies and there is proliferation of mitochondria

and more specifically of mitochondrial inner membrane with
increases in activity of the respiratory chain enzymes of the
inner membrane.(Skala et al., 1970b)., The brown adipose tissue,
and particularly the interscapular brown adipose tissue, is ‘
the warmest region of the body when nonshivering thermogenesis
occurs and under those circumstances the oxygen uptake, the
blood flow and the temperature of the tissue are increased
(Himms-Hagen, 1970). Brown adipose tissue has a high content
and turnover of catecholamines, and the turnover of noradre-
naline is significantly increased during cold stress (Smith

and Horwitz, 1969),

.The distribution of the brown adipose tissue is dif-
fuse. In the adult rat, the areas vhere brown adipose tissue
generally occurs are:

1) a pair of brown adipose tissue pads located deep in the
middorsal superior cervical region
i1) the'interscapular region with ventrolateral extensions
which protect the vessels of the axillary region
11i) the thorax where the tissue overlays the aorta and azy-
gous vein as well as the sympathetic chain
iv) the extensions along the aorta and spreading out medio
dorsally at the level of the kidneys where it often
covers the converging iliacs and renal veins (Smith and
Roberts, 1964).

The brown adipose tissue is then stfategically located

around major blood vessels and nerve tracts in the thoracic

and cervical regions. It also protects the spinal cord all
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the way down to the kidneys by providing a local heat source,
The increase in brown adipose tissue mass observed with cold
exposure 1s common to all of the major sites and the condition
can lead to a doubling of the total tissue mass, It can be
said that in the acutely exposed animal, the central core is

 protected by virtue of some closely applied heating by the
brown adipose tissue.

So, the high metabolic rate of the brown adipose tissue
and its capacity to respond to éatecholamines as well as its
strategic location would make it likely to play an important
role in the increased heat production observed during cold
acclimation. But, in the white rat, for example, the brown
adipose tissue represents only 17 of the total body mass and .
this is in disfavour of an important contribution by the
brown fat to the process of nonshivering thermogenesis., The
contribution of the brown adipose tissue to the process oi
nonshivering thermogenesis has been estimated to be from 67 (Jansky
and Hart, 1968) to 87 (Imai et al., 1968) by calculations
based on blood flow measurements and heaf production by the
brown adipose tissue. Removal of the interscapular brown
adipose tissue causes a decrease in the oxygen uptake of the
cold acclimated rat receiving an infusion of noradrenaline.
Extrapolation to the total mass of the brown adipose tissue,
brings the contribution of the brown adipose tissue to 10 or
127 of the nonshivering thermogenesis (Himms-Hagen, 1969).

But four d#ys after the removal of the interscapular brown

adipose tissue, the calorigenic response of the rat to noradre-
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naline and adrenaline has decreased considerably compared to
that of the sham operated rats. The magnitude of the decrease
in the response to catecholamines is too large to be accounted
for by removal of the oxygen-consuming tissue itself and it
has been postulated that the brown adipose tissue has some
function other than heat production during cold acclimation.
It has been postulated that the brown adipose tissue secretes
a 'told-acclimation factor" which.can modify the ability of
other tissues to respond calorigenically to catecholamines
(Himms~-Hagen, 1969). So although the direct contribution of
the brown adipose tissue to the increased heat production in
cold acclimated rats is only 10%, the tissue may have an impor-
tant indirect contribution to the process of nonshivering
thermogenesis by modifying the ability of other tissues to

respond calorigenically to catecholamines.

E) Metabolic effects of catecholamines

Catecholamines have numerous effects on metabolism
which are generally described ' a5 their metabolic effects, It
1s far beyond the scope of this presentation to discuss these
numerous effects of the catecholamines., The subject has been
discussed extensively by Himms-Hagen (1972a). Catecholamines
increase the breakdown of triglycerides mainly in adipose tis-
sue but also in skeletal muscle, heart, liver and brown adipose
tissue. Some of the consequences of the lipolytic effect of
catecholamines are the increased concentrations of FFA, gly-
cerol and ketone bodies in the blood and the increased oxidation

of free fatty acids, The primary direct effect of catecholamines
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on carbohydrate metabolism is to modify the activities of gly-
cogen synthetase and glycogen phosphorylase in liver and other
tissues as well. The principal result of this acfion is the
increased breakdown of glycogen and an increase in the blood
glucose level, The latter is further amplified by the de-
crease in the production of insulin by the pancreas.caused

by the catecholamines, ' Direct effects of catecholamines on
carbohydrate metabolism occur in liver, striated and smooth
muscles, heart and adipose tissue (see review by Himms~Hagen,
1967) . The consequences of the metabolic effects of cate-
cholamines on the whole animal are a shift in the energy re-
serves, mainly glycogen from the liver and triglycerides from
white adipose tissue, for use by other tissues. The sum of
these metabolic effects can only account for a small portion,
quantitatively, of the calorigenic effect of catecholamines in
warm as well as cold acclimated animals (Himms-Hagen, 1967)

(Himms-Hagen, 1972a),

F) Role of cyclic AMP in mediating the metabolic effects of

catecholamines

All of those effects of the catecholamines which have
been elucidated have been shown to involve the adenyl cyclase
system (see review by Robison et al,, 1971), Cyclic AMP was
discovered by Sutherland and Rall in 1957, 1Its role in
mediating hormonal action has now been established in numerous
systems and the word cyclic AMP has become synomymous with intra-

cellular messenger, Cyclic AMP is the second messenger for the
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production of one or more of the effects of the following hor-

mones: catecholamines, ACTH, glucagon, LH, TSH, MSH, TRH,

prostaglandins, thyroid and parathyroid hormones, vasopressin,
histamine and serotonin (Robison et al.,.1971).

The chain of events by which a given hormone can cause
an intracellular effect is the following:

a) The hormone interacts with~its target tissue at.the recep-
tor site (broadly defined as that part of the cell membrane
with which the hqrmone interacts specifically to produce
a response),

b) The receptor is in close contact with adenyl cyclase, plasma
membrane bound enzyme which catalyzes the formation ¢f
cyclic AMP from ATP., The interaction of the hormome with
its receptor causes activation or inhibition of adenyl
cyclase which in turn leads to increased or decteased intra-
cellular level of cyclic AMP,

¢) Cyclic AMP can then have one of many different effects
depending on the tissue concerned. Most, if not all of the
effects of cyclic AMP, can be attributed to the activation
of some enzyme, usually a protein kinase,

d) Cyclic AMP is then hydrolyzed to AMP by an enzyme called
cyclic AMP-phosphodiesterase, a soluble enzyme first.dis—
covered by Sutherland and Rall (1958),

The level of cyclic AMP represents a balance between

the activities of adenyl cyclase and phosphodiesterasé. A

small stimulation of adenyl cyclase by a given hormone can

cause important changes in cellular activity; cyclic AMP is said

to be a very sensitive regulator of cell function (Robison et al.,

1971).
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Although it is known that stimulation of adenyl
cyclase is involved in the effects of catecholamines on carbo-
hydrate and lipid metabolism, it 1s not known whether such
a stimulation is an essential part of the calorigenic effect
of catecholamines and the role of cyclic AMP in the calori-
genic effect of catecholamines has been 1little studied,
Strubelt (1968) injected high doses of cyclic AMP (50 and 100
ng/kg, intravenously) in the whole rat and did not observe
aqy effect on the oxygen consumption., No conclusion can be
drawn from this negative result because of the low permeability

of cells to cyclic AMP and also because injecting large doses

of an intracellular mediator of the actions of many hormones

on different tissues can cause numerous effects unrelated to

the calorigenic effects of catecholamines, Strubelt and Sie-
gers (1969) injected an inhibitor of cyclic AMP phosphodies-
terase in order to cause an accumulation of cyclic AMP in the
cells and to see if this would lead to an increased calorigenic
response in the whole rat, Theophylline and caffeine (60mg/kg)
could increase oxygen consumption by 65% in awake rats, and

by 387 in anesthetized rats, But both theophylline and caffeine
are well known to cause a release of catecholamines from nerve
endings. In fact, the calorigenic effect of 6.6mg/kg of
theophylline was completely abolished by pretreatment of rats
with reserpine (which can cause depletion of noradrenaline from
nerve endings) but the response to 60mg/kg of theophylline was not
blocked by reserpine but was blocked completely by the B-blocking
agent propanolol.(Strubelt and Siegers, 1969). Calorigenic

effects of small doses of methyl xanthines were entirely due
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to their effect on the release of catecholamines from nerve
endings but the effects of larger doses were possibly due

ndt only to indirect but also to direct effects of the methyl
xanthines, i.e., on the accumulﬁtion of cyclic AMP in the cells
and not only on the release of catecholamines from nerve end-
ings (Strubelt and Siegers, 1969). No conclusions can be
drawn from those results concefning the role of cyclic AMP in

the calorigenic response to catecholamines.

G) Possible role of cyclic AMP in nonshivering thermogenesis

and in cold acclimation

It is possible that the enhancement of the calorigenic
response to catecholamines observed in cold acclimated rats
might be due to an alteration of the adenyl cyclase system of
the tissues involved in the nonshivering thermogenesis process,
In the present study, in order to assess the role of cyclic
AMP in acclimation to cold, the activities of adenyl cyclase
and cyclic AMP phosphodiesterase were measured in brown adipose
tissue and skeletal muscle, tissues believed important in the
process of nonshivering thermogenesis. Such measurements have
been made during the development of the adaptation to cold to
see 1f any changés in the amount and/or properties of these
enzymes occurs in association with the development of the capa-
city for nonshivering thermogenesis, This higher capacity of
the cold acclimated rats to respond calorigenically to catechol-
amines could be due to an increase in sensitivity to noradrena-
line and adrenaline of the adenyl cyclase system. The sensi-

tivity of the enzyme to adrenaline or noradrenaline can be



25

measured, in vitro, by doing a dose-response curve for those
two catecholamines. A change in sensitivity of the adenyl cy-
clase to adrenaline or noradrenaline would give rise to a shift
in the dose-response curve, Dose-response curves for the
stimulation of adenyl cyclase by noradrenaline and by adrena-
line were done in the brown adipose tissue and the skeletal
muscle of warm and cold acclimated rats.

The activity of an enzyme only measures the capacity
of a system to carry on a given reaction., In order to assess
the amount of a given metabolic intermediate at any one time,
the actual level of the compound must be measured in vivo
under the experimental conditions being studied, So, to fur-
ther assess the role of cyclic AMP in acclimation to cold, the
levels of cyclic AMP were measured in brown adipose tissue and
skeletal muscle and also in white adipose tissue, liver, plasma
and ufine of warm and cold acclimated rats. If cyclic AMP is
involved in the acclimation to cold, higher levels of cyclic
AMP should be found especially in the tissues known to be
important in the process of nonshivering thermogenesis. The
possible role of cyclic AMP in the mediation of the calorigenic
effect of noradrenaline in the warm and the cold acclimated rats
was studied by measuring levels of cyclic AMP in different
tissues of warm and cold acclimated rats after infusion of con-

centrations of noradrenaline known to increase the oxygen con-

sumption of the animals,

H) Summary

Cold acclimation is characterized by an increased calori-

genic response to catecholamines which is observed when cold
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acclimated animals are exposed to cold or infused with
catecholamines,

Cyclic AMP is the intracellular mediator of the action
of many hormones on many tissues including those of catechol-
amines on different tissues,

The purpose of this study 1s to see if the adenyl
cyclase system is involved in cold acclimation. The activities
of adenyl cyclase and cyclic AMP phosphodiesterase were mea-

sured in brown adipose tissue and skeletal muscle (tissues

believed important in the acclimation to cold) of warm and
cold acclimated rats., Such measurements were also made during

the development of the adaptation to cold to see if any changes

in the amount and/or properties of these enzymes occur in asso-
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ciation with the development of the capacity for nonshivering

thermogenesis.

The increased calorigenic response to catecholamines
observed with nonshivering thermogenesis could be due to an
increase in sensitivity of adenyl cyclase to catecholamines.

Dose-response curves for catecholamines of adenyl cyclase of

brown adipose tissue and.skeletal muscle were done with tissues

from warm and cold acclimated rats.
Levels of cyclic AMP were measured in different tissues
of warm and cold acclimated rats, in order to see if in the

intact animal, cold acclimation had caused an increase in the
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concentration of the cyclic nucleotide., To see if cyclic AMP
is involved in the mediation of the calorigenic effect of nora-

drenaline, tissue levels of the cyclic nucleotide were measured
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after noradrenaline infusion, in warm and cold acclimated rats.
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CHAPTER 2: ADENYL CYCLASE IN TISSUES

Section I: Survey of adenyl cyclase

A) Distribution of adenyl cyclase

1) tissue distribution of adenyl eyclase
Adenyl cyclase is present in every mammalian tissue
that has been studied, Catecholamines can stimulate adenyl

cyclase in many mammalian tissues including liver, spleen,

kidney, cardiac, smooth and skeletal muscles, brain, pineal
gland, white adipose tissue, pancreas, leucocytes, parotid

gland, lung (see review by Robison et al.,, 1971), and brown

R I e

adipose tissue (Skala et al., 1970a; Forn et al,, 1970a),

Adenyl cyclase is stimulated by ACTH in adrenal cortex and

adipose tissue, and by glucagon in liver, pancreas, adipose '
tissue and heart, Adenyl cyclase is stimulated by parathyroid
hormone in kidney and bone, by TRH in anterior pituitary, by
ISH in thyroid gland and by thyroxine in heart and white adi-
pose tissue. Adenyl cyclase is also stimulated by vasopressin
in various epithelial tissues, by LH in ovarian and testicular
tissues, by histamine in the brain and by prostaglandins in
various tissues (see review by Robison et al,, 1971). Adenyl
cyclase is then widely distributed in mammalian tissues where

it is stimuléted by various hormones depending on the tissue

considered,

Adenyl cyclase is also present in species other than mammals.

. It is present in avian skeletal muscle (Sutherland et al,, 1962)
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and erythrocytes (Davoren and Sutherland, 1963) where it is
stimulated by catecholamines; in amphibian erythrocytes where
again it is stimulated by catecholamines (Rosen and Rosen,
1969) . Adenyl cyclase is also present in fish, insects and
segmented worms (Sutherland et al., 1962). 1In the liver fluke

Fasciola hepatica adenyl cyclase is stimulated by serotonin

(Mansour et al., 1960). In bacteria, adenyl cyclase is not,
as may be expected, stimulated by hormones; but it can be
dependent or not on pyruvate for activation according to the
type of bacteria studied (Hirata and Hayaishi, 1967; Khandelwal
and Hamilton, 1971; Tao and Lipmann, 1969),

2) subcellular distribution of adenyl eyelase

Adenyl cyclase appears to be a constituent of the

plasma membrane in those cell types in which its subcellular
distribution has been studied. Sutherland and coworkers (1962)
reported that particulate fractions from a number of tissues
were able to synthesize cyclic AMP when they were incubated
with ATP and Mg++. The adenyl cyclase of rat liver homogenate
sedimented at 1,000g, in the so-called "nuclear" fraction which
may have contained both nuclei and cell membranes. It was con-
cluded that these two cell components were the principal candi-
dates for the location of adenyl cyclase (Sutherland et al.,
1962), Under certain conditions of.homogenization, nuclei
and cell membranes can both be sedimented together by centrifu-
gation at low speed but can be separated effectively in certain
preparations by utilizing a dispersion procedure (such as pres-

sure homogenizer) which extensively fragments the membranes but
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does little damage to the nuclei. Davoren and Sutherland (1963)
used this technique with pigeon erythrocytes and rat liver pre-
parations and showed that adenyl cyclase activity under these
conditions was located in the cell membrane. The different
subcellular fractions were identified by electron microscopy
studies,

The activity of adenyl cyclase can sediment with dif-
ferent subcellular fractions depending on the tissue studied
and on the degree of homogenization. But electron microscopy
studies or enzyme marker studies should be done before assign-
ing the activity of the enzyme to a particular organelle, 1In
rat cerebral cortex, for example, mogt of the adenyl cyclase
activity sediments with the mitochondrial fraction but electron
microscopy studies have shown that this fraction contains
mainly synaptic membranes (De Robertis et al., 1967)., 1In all
cases well studied, adenyl cyclase has been found associated
with the cell membrane (Davoren and Sutherland, 1963; De
Robertis et al., 1967; Skala et al., 1970a; Seraydarian and
Mommaerts, 1965).

3) adenyl cyclase in brown adipose tissue

During the course of this study, two papers have been
published on adenyl cyclase in the brown adipose tissue. TForn
and coworkers (1970a) have shown that denervation does not affect
the stimulation of adenyl cyclase from brown fat cells homo~
genates by noradrenaline and NaF, Skala and coworkers (1970a)
have measured adenyl cyclase activity in homogenates of BAT*

from young rats and have observed that adenyl cyclase could be

BAT: brown adibose tissue (see list of abbreviations)
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stimulated by noradrenaline and NaF and that most of the ac-
tivity was associated with the 100,000g pellet and supernatant,
as well as with the 650g pellet., Parallel studies of the sub-
cellular distribution of the plasma membrane marker 5'-nucleo-
‘tidase showed a similar pattern of sedimentation and it was
concluded that the plasma membrane had been broken in small
fragments during homogenization and that aden§1 cyclase was in
fact as expected in the plasma membrane of brown fat cells
(Skala et al.,, 1970a).

A variety of hormones are known to stimulate lipolysis
in BAT slices. Joel (1965) has reported the stimulation by
glucagon, ACTH, TSH, noradrenaline and adrenaline of lipolysis
and oxygen consumption of slices of BAT. Beviz and coworkers
(1971) have shown that noradrenaline, ACTH and serotonin can
stimulate 02 consumption and the production of lactate and gly-
cerol in BAT slices. These effects were blocked by the B-blocking
agent MJ 1999 kBeviz et al,, 1968). Skala and coworkers (1970a)
could not observe an& significant effect on adenyl cyclase from %
BAT homogenate of ACTH, beta-MSH, alpha-MSH, GH, TSH, secretin,
glucagon, beta-LPH, ICSH, vasopressin, thyroxin, insulin, pros-
taglandin El’ oxytocin or dexamethasone, This could mean that
adenyl cyclase is selectively stiﬁulated by catecholamines but
it is also possible that homogenization damages the receptors
for some of these hormones, especially those able to affect the
respiration and the lipolysis of BAT., In isolated brown fat
cells, only catecholamines stimulated the oxygen uptake while

serotonin, insulin, glucagon, ACTH.and prostaglandin El vere
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without effect (Girardier and Seydoux, 1971), So, only in
slices and not in homogenates or in isolated fat cells of BAT,
have hormones other than catecholamines been able to stimulate
respiration or lipolysis and it is possible that the positive
effects observed with the tissue slices are due to an indirect
effect of these hormones on the cells via the release of cate-
cholamines from the nerve endings (Girardier and Seydoux, 1971),

It 1s quite clear that in the brown adipose tissue
~eyclic AMP mediates the calorigenic effect of the catecholamines
in the warm acclimated rat.y Noradrenaline can increase the
concentration of cyclic AMP in incubated slices of brown adipose
tisgue; addition of cyclic AMP or the derivative dibutyryl-
cyclic AMP or theophylline to BAT slices can increase the oxy-
gen consumption and the release of glycerol, lactate and free
fatty acids from the tissue (Beviz et al., 1968; Beviz et al.,
1971; Reed and Fain, 1968)., Cyclic AMP and theophylline, in
combination, have a potentiating action on the oxygen consumption
of BAT slices and an additive effect on lacgate and glycerol

production (Beviz et al., 1968).

Thus, in considering the mechanism of the calorigenic
effect of the catecholamines in the intact animal, it is pos-
sible, for at least brown adipose tissue, to assume that stimu-

lation of adenyl cyclase is a necessary step in the process.

4) adenyl cyclase in skeletal muscle

Adenyl cyclase in skeletal muscle has not been charac-
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terized very well, The subcellular distribution of adenyl
cyclase has however been studied in skeletal muscle (Suﬁherland
et al., 1962; Rabinowitz et al.,, 1965; Seraydarian and Mom-
maerts, 1965). The enzymatic activity of adenyl cyclase has
been associated with the mitochondrial and the microsomal frac-
tions and it is not known if this activity derives from frag-
ments of the sarcoplasmic reticulum or from fragments of the

T system which is regarded as a continuation of the plasma cell
membrane (Franzini-Armstrong, 1964)., Although this constitutes
all the work reported on skeletal muscle adenyl cyclase, more
evidence has been obtained concerning the increase in cyclic

AMP levels caused by adrenaline in skeletal muscle,

Adrenaline injected in the heart of a cat caused an

increase in the level of cyclic AMP in the anterior tibialis

and soleus muscles (Butcher et al,, 1965), Intracardial or
intraperitoneal injection of adrenaline caused a rise in the
level of cyclic AMP in the rat gastrocnemius (Posner et al.,
1962), and intravenous injection of adrenaline provoked an in-
crease in the level of cyclic AMP in the mouse gastrocnemius
(Lyon and Mayer, 1969). In all of those experiments; the muscles
to be studied were exposed before the injection and were quickly
frozen within one minute after the injection, 1In vitro studies
were also done with rat diaphragm. Addition of adrenaline to
incubated rat diaphragm caused an increase in the cyclic AMP
content of the tissue (Goldberg et al,, 1967; Lundholm et al,,

1967; Craig et al., 1969).
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Although a stimulation of the activity of adenyl cyclase
by adrenaline has not been measured directly, it is quite certain
that the increase in cyclic AMP in the tissue caused by adrena-

line is due to a stimulation of adenyl cyclase activity.

§) variation in the amount of adenyl oyelase

Since in the present work a change in the amount
and/or properties of adenyl cyclase is being sought in order
to explain a change in response to catecholamines, a survey
will be presented of these instances in which changes in amount
and properties of adenyl cyclase have been observed. Several
examples may be cited of variation of the amount and/or proper-
ties of adenyl cyclase with the stage of development of the
animal or with changes in environmental stimuli,

Metamorphosis of the tadpole to the frog is associated
with an increase in the specific activity of the red cell adenyl
cyclase and with the appearance of sensitivity to stimulation by
catecholamines (Rosen and Rosen, 1968; Rosen and Erlichman, 1969),

The mammalian pineal gland is another tissue in which
the amount of adenyl cyclase can vary; when rats are kept in
continuous light or when the pineal gland is denervated (both
situations being associated with low or absent sympathetic
stimulation of the gland) the amount of adenyl cyclase in the gland
rises (Weiss, 1969). Response of adenyl cyclase to noradrenaline

and NaF increases with age in the rat pineal gland (Weiss, 1971),
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Denervation of the heart does not alter.adenyl cyclase
activity at a time when the tissue shows increased responsive~
ness to catecholamines (Sobel et al., 1968), Hearts from
vhyperthyroid cats contain normal amounts of fluoride-stimulated
adenyl cyclase but contain more catecholamine-stimulated adenyl
cyclase than normal hearts (Sobel et al., 1969a; Levey et al.,
1969a) . Hearts from hypothyroid cats have less fluoride~
stimulated adenyl cyclase than hearts from euthyroid cats but
respond normally to catecholamines (Levey et al., 1969b). Guinea
~ pig failing hearts have less fluoride-stimulated adenyl cyclase
than normal hearts (Sobel et al,, 1969b)., Adenyl cyclase from
failing human hearts has lost the ability to be stimulated by
glucagon (Goldstein et al,, 1971),

White adipose tissue from hyperthyroid rats has more
fluoride-stimulated adenyl cyclase and more catecholamine-
stimulated adenyl cyclase than the tissue frﬁm euthyroid rats
(Krishna et al,, 1968b). White adipose tissue from hypothyroid
rats has less fluoride-stimulated adenyl cyclase than normal
and also has a reduced lipolytic response to catecholamines
(Krishna et al,, 1968b)., White adipose tissue from fasting
rats has less noradrenaline-stimulated adenyl cyclase than tissue
from fed»rats (Brodie et al., 1969); white adipose tissue from
cold acclimated rats has more basal and more noradrenaline-
stimulated adenyl cyclase than tissue from warm acclimateé rats
(Therriault et al,, 1969), White fat cell gdenyl cyclgse from
adrenalectomized or hypophysectomized rats is much less acti-

vated by ACTH than that from normal rats (Braun and Hechter,
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1970) . Adenyl cyclase decreases with age in rat white adibose
tissue (Forn et al,, 1970b).

Glucagon and adrenaline responsive adenyl cyclase
activities decline with age in rat liver but are always higher
in the female than in the male rat., The glucagon and adre-
naline responsive components of liver adenyl cyclase vary
independently as a function of age, sex and steroid hormone
levels in the rat (Bitensky et al.,, 1970). Cholera toxin ac-
tivates the basal adenyl cyclase in mouse liver to the level
of the adrenaline-stimulated activity; adrenaline can then no
longer stimulate adenyl cyclase in vitro while glucagon has not
lost its ability to stimulate the enzyme (Gorman and Bitensky,
1972).,

The activity of rat cerebral and brain stem adenyl
cyclase (basal and fluoride-stimulated) increases rapidly in
the first two weeks after birth, then reaches a maximum at
twenty days and then declines during several weeks; in contrast,
cerebellar adenyl cyclase activity increases very slowly
reaching a maximum after 32 days (Weiss, 1971),

Testicular adenyl cyclase activity can be stimulated
by FSH in rats less than 21 days old and in adult hypophysec-
tomized rats but very little stimulation of adenyl cyclase by
FSH i observed in testicles of mature intact rats (Kuehl et
al., 1970). There is more stimulation of adenyl cyclase by LH
in immature ovaries from young female rabbits than in mature
ovariés (Smith and Major, 1971).

When salivary glands are stimulated to excessive secre-
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tion by isopropylnoradrenaline they lose much of the adenyl
cyclase activity (Schranmm and Naim, 1970). There is more
adenyl cyclase in the isolated islets of Langerhans of obese-
hyperglycemic newborn mice than in normal newborn mice (Atkins
and Matey, 1971),

Denervation of brown adipose tissue does not alter
adenyl cyclase activity at a time when the tissue shows increased
responsiveness to catecholamines (Forn et al., 1970b), The
fluoride-stimulated adenyl cyclase activity of BAT reaches a
maximum three days before birth, is minimum at birth and then
slowly increases to reach again the maximum after ten days
(Counis and Raulin, 1970).

So, the amount and/or properties of adenyl cyclase in
different tissues can vary with changes in environmental
stimuli or in the stage of development of the animal, It is
then possible that a change in the temperature of acclimation
of rats (from 28%¢ to'4°C) might induce changes in the amount

and/or properties of adenyl cyclase in different tissues.

B) Purification and properties of adenyl cyclase

1) purification of adenyl cyclase

A lot of difficulty has been encountered in the attempts
to purify adenyl cyclase.. The fact that adenyl cyclase is a
plasma membrane enzyme, probably of lipoprotein nature, has
rendered difficult the solubilization and purification proce-
dures., Sutherland and Rall (1960) have shown that adenyl cyclase

is relatively labile and that it behavesmuch like a lipoprotein.
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Attempts to purify the enzyme in higher organisms have not
been very successful: a two or three fold purification of the
2000g precipitate from brain homogenate was obtained while a

15 fold purification of the 600g precipitate from liver homoge-~
nate was obtained (Sutherland et al., 1962), Rosen and Rosen
(1969) were able to purify the frog erythrocyte adenyl cyclase
150 to 200 fold. The fact that the enzyme is partiéulate and
present in the plasma membrane is responsible for the difficul-
ties encountered in purifying the enzyme. The bacterial enzyme
is not as tightly bound to the membrane and for that reason,

it has been possible to solubilize it and to purify it more,

In Escherichia coli, the enzyme was purified 100 fold and re~

quired Mg+? for activity and was inhibited by fluoride and
pyrophosphate and was not stimulated by pyruvate (Tao and Lip-
mann, 1969). Hirata and Hayaishi (1967) purified adenyl

cyclase from Brevibacterium liquefaciens about 100 fold., In

addition to Mg++, this enzyme preparation requires pyruvate
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for activity (or another a-keto-monocarboxylic acid). Khandelwal

and Hamilton (1971) have purified adenyl cyclase from Strepto-

coccus salivarius and have obtained up to 3200 fold purification,

The enzyme was completely devoild of ATPase, GTPase, cyclic AMP
phosphodiesterase and pyrophosphatase and was always recovered
from the Sephadex G-200 column in three distinct peaks (I, II
and III), Enzyme III was the most homogeneous containing only
two contaminating bands on disc gel electrophoresis, The enzyme
was Mg++ or Mn++ dependent and was still stimulated by NaF. The

possibility that the three peaks represent three isozymes was
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discussed by the authors (Khandelwal and Hamilton, 1971),

The differences in the activation by NaF, in the rates of the
reverse reaction aund in the degree of NaF inhibition of the 3
reverse reaction favor that hypothesis. But it is always pos-
sible that contamination in peaks I and II (which were purified

267 and 975 fold respectively compared to 3200 fold for peak

II1) may be altering the kinetic parameters., The bacterial
enzymes do not seem to have uniform properties from one species
to the other and the fact that they cannot be stimulated by

hormones suggest that they may be somewhat different from the
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mammalian enzyme. So the purification of adenyl cyclase from

higher organisms will be essential before one can explain the

A

mechanism of the reaction and of the stimulation of that reac-

LIV

tion by hormones and NaF, o

2) properties of adenyl cyclase

a) stimulation by hormones

The mechanism by which a given hormone stimulates
adenyl cyclase is still unknown, and will probably remain un-
known until the purification of adenyl cyclase.and/or of the
receptor for some hormone is achieved., Adenyl cyclase behaves
as a lipoprotein in most tissues and may be associated with
the 1ipid matrix of the cell membrane (Sutherland et al., 1962;
Davoren and Sutherland, 1963). Robison and coworkers (1967a)
have proposed a model for adenyl cyclase in which the molecule
is composed of at least two distinct subunits, a regulatory
subunit facing the extracellular fluid and a catalytic subunit,

the active center of which is in contact with the interior of

the cell. According to this model, the hormone would be expected ‘
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to interact with the regulatory subunit which in turn night
influence the configuration of the catalytic subunit, In
‘other words, the receptor would be a part of the regulatory or
discriminator subunit of adenyl cyclase and would represent
the variable component of the adenyl cyclase system, varying

to some extent from tissue to tissue while the catalytic sub-
unit might be expected to be fundamentally similar in all tis-
sues (BHr and Hechter, 1969),

There is of course some disagreement with this model,
Marinetti aﬁd coworkers (1969) believe that the adrenaline
receptor in'rat liver is a protein different from adenyl cyclase.
Their evidence is based on the following results: 1) the
binding of labelled adrenaline to isolated rat liver plasma
membranes precedes by teén minutes the activation of adenyl
cyclase (Marinetti et al,, 1969). 11) Heating the membrane
preparation for one minute at 90°C greatly inhibits the adenyl
cyclase activity without affecting the binding of adrenaline
to the membrane preparation (Tomasi et al., 1970)., 1iii) 10_4M
para-chloromercuribenzoic acid increases adenyl cyclase activity
while decreasing the binding of adrenaline (Tomasi et al., 1970).
iv) Adrenaline is bound to a fast moving protein fraction on
Sephadex 6-200 which can be separated from the fraction contain-
ing the bulk of the adenyl cyclase activity (Tomasi et al., 1970).
But the question of whether the receptors are part of the adenyl
cyclase system or not cannot be answered, since there is no
conclusive evidence one way or the other and the ansver must

awvait the purification of mammalian adenyl eyclase,
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In cells in which two or more structurally different
hormones are known to be capable of stimulating adenyl cyclase,
.the question arises as to whether all the hormones stimulate the
same enzyme or whether there is a different adenyl cyclase for
each hormone. For rat adipocytes, the available evidence
(Rodbell, 1967; Birnbaumer and Rodbell, 1969) suggests that

all the hormones (catecholamines, ACTH,.thyroxine, serotonin,

LH and prolactin) stimulate the same enzyme since the activity
of adenyl cyclase in the presence of two hormones only reaches
_ the activity produced by the more effective of the two (Butcher

et al,, 1968). The failure to produce additive effects on

cyclic AMP levels in fat cells when various lipolytic hormones "
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are tested in combination, suggests that multiple forms of

hormone-sensitive adenyl cyclase are unlikely to exist., A

single catalytic subunit could be associated in the cell membrane
with either a single discriminator or regulatory subunit pos- E
sessing different sites for different hormones or multiple dis-
c;iminator subunits each of which interacts with a different

hormone with the same catalytic subunit (BHr and Hechter, 1969).

In the liver, the situation is different and rather

confusing., Bitensky and coworkers (1968) have been able to
selectively destroy the adrenaline stimulated adenyl cyclase
activity and to increase the glucagon sensitive adenyl cyclase
activity by repeated washings or serial dilution of liver homo-
genates. The adrenaline responsive component of adenyl cyclase
1s also more easily damaged by heating or sonication, If

glucagon and adrenaline are added in combination at saturating
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concentration, the rate of cyclic AMP formation is equal to the
total sum of the rates obtained by the 1nd1viaqa1 hormones, Bit-
ensky and coworkers (1970) have shown that the activities of the
glucagon and adrenaline responsive adenyl cyclase can vary inde-
pendently as a function of age, sex and steroid hormone levels in
the rat, From those results, the authors have concluded that
there were two different adenyl cyclases in rat liver, one res
ponding to glucagon and the other_responding to adrenaline., But

it is possible that the greater lability of the adrenaline respon-

sive adenyl cyclase ig due to removal by washing or dilution of

some factor such as Ca++ which would be essential fpr stimulation
of the adrenaline component of adenyl cyclase. Marinetti and co-
workers (1969) have found that a minimum concentration of 10-5M
Ca++ was necessary for stimulation of liver adenyl cyclase by
adrenaline, while stimulation by glucagon was reduced by Ca+T.

It is also possible that adenyl cyclase in different cells of the
liver may have different hormonal semsitivities, A recently devi-
sed cytochemical technique (Reik et al., 1970)'has shown that
isopropylnoradrenaline stimulated adenyl cyciase is present in the
plasma membrane of parenchymal cells but not in the plasma mem-
brane of reticuloendothelial cells while the glucagon stimulated
adenyl cyclase is present mainly in the reticuloendothelial cells,
The fluoride stimulated adenyl cyclase is localized in both cell
types. Although these results seem to suggest that there is more
than one type of adenyl cyclase in rat liver, they do not permit one

to distinguish between either more than one type of adenyl

cyclase or more than one type of discriminator subunit on the
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same catalytic subunit, since different discriminator subunits
could have different lability and ion requireﬁent wvhich would
lead to an apparent separation of different adenyl.cyclases (Bir
and Hechter, 1969). The fact that a given type of cell does not
respond to stimulation by a given hormone could mean that the
discriminatory subunit for that hormone is not a constitutive
part of the adenyl cyclase present in that cell type. The situa-
tion would then be very similar to the one in white adipose
tissue where different discriminator subunits are attached to the
same catalytic subunit, It may in fact be that the catalytic
| subunit of adenyl cyclase is always very similar but that the
discriminator subunits are different in different tissues accor-
ding to the hormone by which they can be modified,

b) the adenyl cyclase reaction

The a-phosphate of ATP is the precursor of the phosphate

of cyclic AMP and the B and ¥ phosphate residues of ATP appear

as inorganic pyrophosphate. Adenosine 3',5'-phosphate-l’32 is.
formed by adenyl cyclase in the presence of AP32PP vhile little
32,32

radioactive cyclic AMP is formed in the presence of APP™"P
(Rall and Sutherland, 1962).

¢) cofactor requirements

Excluding some preparations of the bacterial enzyme
for which pyruvate is an essential cofactor (Hirata and Hayaishi,
1967), the only known cofactor for the adenyl cyclase reactiom
is Mg++ (in some cases Mg++ can be effectively replaced by Mn++)
(Rall et al., 1957). Ca++ is usually inhibitory although it
has been reported that calf brain is stimulated by Ca++ (Brad-

++
ham et al,, 1970) and that adrenaline requires Ca  to stimulate
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liver adenyl cyclase (Marinetti et al., 1969); ACTH seems to
++
require Ca  in order to stimulate adenyl cyclase in isolated

vhite fat cells and in adrenal cortex (Bir and Hechter, 1969).

d) pH optimum
The pH optimum for the formation of cyclic AMP in
most preparations is broad and lies between pH 7.2 and 8.2

(Sutherland et al., 1962).

e) stimulation by fluoride

Fluoride ion can stimulate the activity of adenyl

- eyclase in most broken cell preparations that have been studied
(Robison et al., 1971). The mechanism of this stimulation is
unknowq. The maximum velocity of the adenyl cyclase reaction

is usually markedly increased by fluoride with little or no
change in the apparent affinity of the enzyme for ATP. The
optimal concentration of NaF may vary but is generally between

5 and 10 mM (Robison et al., 1971). Fluoride has not been shown
to stimulate the formation of cyclic AMP in intact tissue, Fbr
eiample, incubation with 5mM NaF stimulated brain homogenate
adenyl cyclase markedly but did not increase the level of cyclic
AMP 4in slices of the same brain (Robison et al., 1970). Similar
observations have been made with a variety of other tissues
(Robison et al., 1970). An interesting finding is that of
Schmidt and coworkers (1970) who observed that in the first few
days follo&ing birth, the adenyl cyclase of washed particulate
preparation of rat brain was insensitive to stimulation by

NaF. At some point between the fifth and the ninth day after

birth, adenyl cyclase activity measured in the absence of NaF

4
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began to decline, reaching very low levels by the twentieth

day, at which point the apparent stimulation by NaF was very
striking., It would appear that this effect represents the rever-
sal by NaF of an inhibitory influence which is absent in the
newborn rat brain. This effect of NaF may develop differently

in different organs and in different species since in preparations
from newborn rat liver, fluoride produced a substantial stimu-
latory effect even at birth (Wicks, 1969).. Although its mecha-
nism of stimulation of adenyl cyclase is unknown, NaF has been

" used extensively in the study of different adenyl cyclase prep;-
rations and the NaF-stimulated activity is very often referred

to as the maximum activity of adenyl cyclase. The basal level

of adenyl cyclase in tissues is usually very low and the use of
NaF has permitted to characterize better the different adenyl

cyclase systems.

C) Methods of estimation of adenyl cyclase

Rall and Sutherland (1958) designed the first method
of determination of adenyl cyclase activity. The method is
based on the transformation of liver phosphorylase b into liver
phosphorylase a by cyclic AMP formed by adenyl cyclase. The
hydrolysis of glycogen by phosphorylase a can be assayed by
the formation of inorganic phosphate or‘by the intensity of the
polysaccharide-iodine color. The amount of cyclic AMP formed
. 1s then proportion#l to the amount of inorganic phosphate formed
or to the intensity of the polysaccharide-iodine color, assuming
that appropriate blanks are taken into account (Rall and Suther-

land, 1958).

4
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The more recent methods of estimation of adenyl cy-
clase are based on the formation of labelled cycliq AMP from
labelled ATP and on the separation by chromatographic means
of the labelled cyclic AMP from other nucleotides. ATP-U-C]'4
has béen used as the substrate in many systems and the Cld-
cyclic AMP formed has been isolated by either thin-layer chro-
matography on silica gel (Jungas, 1966), or descending paper
chromatography (Streeto and Reddy, 1967; Williams et al,, 1968).

32

ATP-P™" has been used as a substrate (Rabinowitz et al,, 1965)

in a system using descending paper chromatography for separation

of cyclic AMP-P32

from other nucleotides.

Krishna and coworkers (1968a) proposed a simple and
sensitive method for the assay of adenyl cyclase in tissue
homogenates, Tritiated cyclic AMP formed from tritiated ATP
is isolated by chromatography on Dowex SO-H+ colunns followed
by precipitation of all nucleotides except cyclic AMP by zinc
sulfate-barium hydroxide treatment. The recovery of the pro--
cedure is measured by the addition of Cla-cyclic AMP to the
medium after the incubation is terminated, The method is sen-
sitive enough to detect a 0.005%7 conversion of ATP to cyclic
AMP and is more rapid than the paper chromgtography systems
(Brodie et al., 1966; Krishna et al,, 1968 ;Krishna and Birn-
baumer, 1969).

Another method which has the advantage of being able
to measure adenyl cyclase activity directly in the cells has

been designed by Kuo and Dill (1968). Fat pads are preincubated

with adenosine-s-cla and glucose prior to the isolation of the

1
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fat cells by digestion with collagenase, according to the
method of Rodbell (1964). After the digestion is completed,
the dispersed adipocytes are washed of the excess of adenosine-
Cla and resuspended before the incubation, The cyclic AMP-C]'4
formed during the incubation is isolated by the Basoa treatment
(Krishna et al,, 1968), without chromatography on the Dowex-n+
colunns, This modification of the method was introduced by Kuo
and Dill (1968) and is only applicable in systems where the
amount of labelled ATP is limited. In order to decrease the
non-enzymatic formation of labelled cyclic AMP during the
| isolation procedure, a concentration of cold ATP which could
give approximately a fifty-fold dilution of the labelled ATP
was added to the incubation medium, after the reaction was
terminated (Rodbell, 1967). The BaSO4 supernatants were exa-
mined chromatographically to ensure that the radioactivity
present in those fractions was associated exclusively with
cyclic AMP (Kuo and DeRenzo, 1968). This method offers a very
- good way of studying adenyl cyclase directly in the cells with-
out having to homogenize the tissue aprocedure which may cause
the loss of hormonal sensitivity of the preparations. One of
the inconvenlencesof this method is that the concentration of
substrate is unknown and that it may not be optimal during the

incubation,
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Section II: Experimental: adenyl cyclase

in brown adipose tissue

A) Materials and methods

1) animale

Male white Sprague-Dawley rats weighing 120 grams,
obtained from the Holtman Company (Madison, Wisconsin), were
kept at room temperature (25-28°C) in individual wire mesh
cages until they weighed 150 grams., Some of the rats were
. then killed, they are referred to as being killed on day zero.
Other rats were either placed at 4°C for up to eight weeks
(cold exposed or cold acclimated depending on the period of ex-
posure to cold) or kept at room temperature for the same length
of time (warm acclimated rats)., Rats were killed by decapitation
within five minutes of their removal from the temperature of
acclimation with the exception of some.rats which, after being
kept in the cold for eight weeks, were transferred to room teﬁ-
perature for 24 hours before they were killed (referred to as
cold acclimated rats in the warm).

2) treatment with eyeloheximide and actinomyein D

In the experiments in which cycloheximide was adminis-
tered, rats weighing 150 grams were divided in four groups, two
receiving NaCl 0,97 and the other two receilving cycloheximide
in saline solution. Two hours after the first injection, one
control and one treated group were transferred to 4°C while the
other two groups were kept at room temperature. In the first

series of experiments, the rats received a total of three injec-
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tions over a period of 48 hours. The first injection was a
dose of 1.5 mg/kg of body weight while the subsequent injec-
tions were 0.75 mg/kg, given intraperitoneally, Iﬁ the second
set of experiments with cycloheximide, the rats received
0.8 mg/kg per day for a total of five injections (96 hours),
The rats were weighed before every injection and the amount
of cycloheximide or saline to be given was calculated. The
dilution of the cycloheximide solqtion vas such that the ani-
mals would receive approximately - 0.5 ml pér injection, All
rats were killed two hours after the last injection,

In the experiments using actinomycin D, the rats (at
150 grams) were divided in six groups, two saline-treated and
four actinomycin D-treated, two different doses of actinomycin D
being used (50 and 12.5 ug/kg, twice a day). The rats were
placed either at 4°d or 28°C one and a half hour after the first
injection and were killed one and a half hour after the last
injection. In the first set of experiments, the animals re-
ceived a total of five ihjections over a period of 48 hours,
In the second series of experiments, the animals were supposed
to receive a total of nine injections over a period of 96 hours.
But in the groups treated with 50 ug/kg twice a day, signs of
the toxicity of the drug started to appear on the third day and
in some cases the injections were discontinued to ensure that
the animals would stay alive for the time of the experiment.
In the group kept at room temperature, the rats received five,
six, seven, eight and nine injections respectively but the
results being of the same order of magnitude were compiled to-

gether. In the cold exposed group, treated with the high dose

Y Y

= aararan L

z
!
i
)
i
{

a




49

of actinomycin D, only two rats survived, one having received
nine and the other one five injections., Their results were
also compiled together, Rats were weighed before every injec-
tion and the volume of the solution of either saline or actino-
mycin D (50 ug or 12,5 ug/kg) was calculated. Animals were
receiving approximately 0.5 ml per injection, When signs of
toxicity started to appear, in addition to the brown adipose
tissue, the following tissues were removed and weighed after

the rats were killed: liver, kidneys, heart, lungs and spleen.

3) preparation of the brown adipose tissue
The interscapular brown adipose tissue was removed im-
mediately after the rat was killed and placed in ice-cold 0,25 M
sucrose; it was then cleaned of adhering white and connective
tissues, minced with scissors, homogenized in a glass homogenizer
in 0.25 M sucrose, filtered through glass wool and diluted to a

final concentration of 40 mg of tissue per ml of homogenate.

4) assay of adenyl cyclase

Adenyl cyclase activity was measured by the method of
Krishna, Weiss and Brodie (1968) with some modifications, intro-
duced to ensure optimal conditions for the brown adipose tissue
enzyme and for recovery of contaminant-free cyclic AMP,

In this method, tritiated ATP is the substrate and the
labelled cyclic AMP formed during the reaction is isolated by
chromatography on Dowex SO-H+ columns followed by treatment
with zinc sulf;te and barium hydroxide, ATP, ADP, 5'AMP, adenine

and inorganic phosphate are quantitatively precipitated by this
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treatment whereas more than 99.97 of the cyclic AMP remains

in the supernatant fluid (Krishna et al,, 1968a). The following
compounds are also precipitated by zinc sulfate and barium
hydroxide: xanthosine, xanthine, 2'AMP, guanine, guanosine,
cyclic GMP, GTP, hypoxanthine, inosine, ITP, theophylline, NADP
and NADPH (Krishna et al,, 1968). This procedure in combination
with chromatography on Dowex 50-H+ gives a very good separation
of cyclic AMP from ATP and other products formed during the
reaction with crude enzyme assays. Krishna and coworkers

(1968) have demonstrated the purity of cyclic AMP in the super~-
natant fractiuvn after the zinc sulfate barium hydroxide treat-
ment by ion-exchange énd paper chromatography, by crystallization
"to constant specific activity, and by electrophoresis.

The separation of cyclic AMP from other nucleotides by
chromatography on Dowex SO-H+ was first demonstrated by Suther-
land and Rall (1957b). Figure IA illustrates the separation
on a Dowex SO-H+ column of the products of incubation of H3-ATP
with 5 mg of brain homogenate. No labelled cyclic AMP was
added after the reaction was terminated but unlabelled cyclic
AMP was added to decrease the nonenzymatic formation of tritiated
cyclic AMP., ATP and ADP are eluted in fractioms 1-3; the broad
peak (fractions 8-15) consists of AMP, The formation of ADP
and AMP during the reaction is due to the action of ATPase and
phosphatases. The cyclic AMP formed during the reaction is
eluted in fractions, 4, 5, and 6, and was idenfified by its ab-
sorbance at 260 nanometers, The peak of tritiated cyclic AMP

is not visible on the figure IA due to the fact that the per-
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Figure 1A: Separation on a Dowex 50-X8 column of the products

of incubation of,H3-ATP with 5 mg of brain homogenate.

The incubation medium contained 2mM ATP, l6mM Mg , 10mM
theophylline, 10mM NaF in Tris buffer pH 7.4 (40mM). The reac-
tion was carried out for 15 minutes at 30°C and was stopped by

boiling for three minutes, The mixture was centrifuged and the

supernatant was applied to a Dowex 50-X8 (hydrogen form) column,
0.5cm by 5.5¢m in dimensions, Nucleotides were eluted from the
column with glass distilled water and 1 ml fractions were collec-

ted and added to 13 ml of modified Bray solution (as described

in the text) and counted for radiocactivity. ‘§=

No labelled cyclic AMP was added after the reaction was ;
terminated but unlabelled cyclic AMP was added to decrease the
nonenzymatic destruction of Ha-cyclic AMP,

The first peak (fractions 1 - 3) consists of ATP and ADP;
the broad peak (fractions 8 - 15) consists of AMP, Cyclic AMP §
would be present in fractions 4 - 6 (see Figure 1B), Note that
this separation of cyclic AMP by column chromatography is followed
by a further purification of the pooled fractions 4 - 6 (see

text for details).

Figure 1B: Elution of Cla—cyclic AMP in fractions 4 - 6 from

a Dowex 50-X8 column,

Unlabelled ATP was incubated with 5 mg of brain homogenate.
The incubation medium was as described for Figure 1lA. After the
reaction was terminated 014-cyclic AMP plus some unlabelled cyclic
AMP was added. Most of the labelled material was eluted in

fractions 4 ~ 6.

-
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centage of conversion of ATP to cyclic AMP by adenyl cyclase
is very small (17 or less). .There is nevertheless 20,000 cpm
in fractions 4 to 6., Note that this separation of cyclic AMP
by column chromatography is followed by a further purification
of the pooled fractions (4-6) by BaSO4 treatment, Figure IB
illustrates the elution of cyclic AMP in fractions 4 to 6 on
the Dowex 50-11+ column, Cla-cyclic AMP plus some unlabelled
cyclic AMP were added after the reaction was terminated. The
medium contained cold ATP but no tritiated ATP., The nucleotide

content of every fraction was estimated by its absorbance at

260 nanometers and the radioactivity of every fraction was
counted,

A modification of the Krishna method (Krishna et al.,
1968a) was introduced to maintain the concentration of ATP

constant during the reaction. ATPase activity is very high in

PPN N B P e D WP Ve 3

homogenates and the addition of an ATP-regenerating system is
essential to maintain the concentration of ATP, the substrate
of the adenyl cyélase reaction, constant during the reaction
(Williams et al., 1968). Figure 2 illustrates the prevehtion
of the accumulation of AMP (fractioms 6 to 15) by the addition
to the incubation medium of 20mM phosphoenolpyruvic acid (tri-
cyclohexylamine salt) and of one unit of pyruvate kinase (type
I). The formation of ADP from ATP which takes place in the
absence of the ATP-regenerating system cannot be seen in this
chromatographic system because both ATP and ADP are eluted in
fractions I and 2. The ADP produced is further hydrolysed to

AMP which can be detected because it is eluted later on the Dowex
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Figure 2: Prevention of the accumulation of AMP by including

an ATP-regenerating system in the reaction mixture.

The constituents of the incubation medium are the same
as described in figure 1. H3-ATP and C14-cyclic AMP were present
but no unlabelled cyclic AMP was added after the reaction was
terminated, In addition, an ATP-regeneraﬁing system was added
to the incubation mixture designated by closed circles (o - o).
The ATP-regenerating system consisted of 20mM phosphoenolpyruvic
acid (tricyclohexylamine salt) and of one unit of pyruvate kinase,
type I. (One unit will convert one umole of phosphoenolpyruvate
per minute, at pH 7.6, at 37°).

The nucleotide content of the different fractions is

measured by their absorbance at 260 nanometers.
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50-X-8 column; the prevention of the accumulation of AMP by the
ATP-regencrating system can be used as a fair measurement of the
efficacy of the system to maintain the level of ATP constant.
The reaction catalyzed b& pyruvate kinase (ADP + phosphoenolpyru-
vate -+ ATP + pyruvate) is such that the ADP formed by ATPase
action is reconverted to ATP., The concentration of substrate for
the adenyl cyclase can thus be maintained constant during the
incubation,

With the brown adipose tissue preparation, the incubation
vas carried out at 30°C in 0.04M tris (hydroxymethyl) aminomethane-
HC1l buffer, pH 7.4, containing 10 mM theophylline to inhibit the
hydrolysis of cyclic AMP by phosphodiesterase, The medium also
contained optimal concentrations of enzyme, ATP, Mgsoa, and NaF
or noradrenaline when necessary. The labelled substrate, 3H-ATP,
had a final specific activity of 2mCi/mmole (it was purchased at
a specific activity between 5 and 15 Ci/mmole), The ATP-regenera-
ting system used with the BAT preparation consisted of 13 mM phos-
phoenolpyruvic acid, tricyclohexylamine salt, and 2 umolar units
of pyruvate kinase (pyruvate kinase, type I, from rabbit skeletal
muscle; one Mmolar unit will convert one mole of phosphoenolpyru-
vate to pyruvate per min at pH 7.6 and 37°), The reaction was ini-
tiated by the addition of 0.1 ml of homogenate, which brought the
final volume to 0.4 ml, and the samples were incubated at 30°C for
15 minutes. Carrier cyclic AMP was then added (0.1 ml of a solu-
tion containing 0.3 mg of 14C—cyclic AMP with a specific activity
of 3,75 uCi/mmole; (14C-cyclic AMP was obtained at a specific acti-

vity of 50 mCi/mmole) and the reaction terminated by immersing
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the tubes in a boiling water bath for 3 minutes. The tubes
vere centrifuged and the supérnatant fluids chromatographed

on 0.5 x 5.5 cm columns of the cation exchange resin, AG 50W -
X8, 100 - 200 mesh, hydrogen form. Nucleotides were eluted
from the columns with water and 10 fractions of 1 ml each

were collected. Nucleotide content was determined by measuring
its absorbance at 260 nanometers. The three fractions contain-
ing cyclic AMP were pooled and treated with zinc sulfate and
barium hydroxide., 0.3 ml of ZnSO4 0.25M and 0.3 ml of Ba(OH)2
0.25M were added to the fractions containing the cyclic AMP,
nixed and centrifuged. The supernatant was transferred to
another tube by decantation and the treatment with barium hy-
droxide~zinc sulfate was repeated adding the Ba(OH)2 first,

An aliquot of 1.5 ml of the supernatant from this second pre-
cipitation was added to 13 ml of a phosphor mixture (5 grams
2,35~diphenyloxazole (PPO), 100 grams naphthalene in 1 liter of
l,4-dioxane) (modified Bray solution)., Radioactivity was mea-
sured at room temperature in a Beckman LS-250 liquid scintil-
lation céunter with Automatic Quench Correction, Under these
conditions the efficiency for counting tritium was 307 and

the efficiency for counting carbon-14 was 657; the contribution
of carbon-14 in the tritium channel was 107. Recovery of 3H—
cyclic AMP produced in the adenyl cyclase reaction was assessed

from the recovery of the added 14

C-cyclic AMP, Activity was
expressed as nanomoles of cyclic AMP produced per.minute (see

Appendix 1 for the method of calculation of the results).
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When the effects of different agents on adenyl cyclase
were studied, these were added to the incubation medium after
they had been diluted to give the final concentration desired.
Hormone solutions were made fresh immediately before the incu-
bation. Noradrenaline, adrenaline, ACTH, dexamethasone, growth
hormone and serotonin creatinine H2804 complex, were diluted

in glass distilled water; corticosterone was diluted in 107

ethanol; insulin, glucagon, L-triiodothyronine were made up in

10™°M NaOH.

5) protein estimation

Protein was estimated by the Lowry method (Lowry et al.,
1951), Standard curves were performed with every set of deter-

minations.
6) chemieals

- Adenosine-ﬂ3(G)5'-triphosphéte was obtained as the tetraso-
dium salt from New England Nuclear

- Adenosine-ClA(B) 3',5' cyclic monophosphate was purchased
from Schwartz Bioresearch

- Dﬁwex 50-X8, 100-200 mesh, hydrogen form was obtained from
Bio-Rad |

- Serotonin creatinine sto4 complex H20 and theophylline
were purchased from Calbiochen

- ATP, cyclic AMP, phosphoenolpyruvic acid tricyclohexylamine
salt, pyruvate kinase (type I), noradrenaline, (L-arterenol
bitartrate), cycloheximide, actinomycin D (prepared from

Streptomyces Chrysomallus), growth hormone, insulin, ACTH,

corticosterone, L-triiodothyronine, glucagon, dexamethasone-
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sucrose and calcium chloride dihydrate, Trizma-HCl and Trizma-
base were obtained from Sigma

- Adrenaline (L-epinephrine bitartrate was obtained from
Winthrop laboratories

- Sodiun fluoride, Ba(OH)z.BHZO, Zn804.7H20, 2,5-diphenyl
oxazole (PPO), naphthalene (liquid scintillation grade), 1,4-
dioxane (liquid scintillation grade) were all "Baker Analyzed"
Reagents obtained from Tisher Co.

~ Triton X-100 was obtained from Harleco.

B) Properties

The following optimal concentrations of the different
components required for the adenyl cyclase reaction have been

found for brown adipose tissue homogenates.
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The rate of reaction for basal, noradrenaline~stimula-
ted and NaF-stimulated AC activities is linear for up to 5 mg
of BAT (total amount in the incubation medium) during a 15
minute incubation period at 30% (figure 3). Higher concentra-
tions of enzyme were assayed in experiments other than those
reported on figure 3 and did not give rise to a linear relation-
ship. Four mg of BAT was the amount usually present in the
incubation. The homogenate of BAT was diluted in 0.25 M
sucrose to a concentration of 40 mg/ml and 0.1 ml of that solu-

tion was added to the incubation mixture to initiate the reaction.
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Figure 3: Brown adipose tissue adenyl cyclase; velocity versus

enzyme concentration,

The incubation was carried out for 15 minutes at 30°C.
The enzyme concentration is exﬁressed here in terms of mg of
brown adipose tissue present in the incubation medium. The latter
contained, 1.5mM ATP, 16mM Mg++, 13mM PEP, one unit of pyruvate

kinase type I, 10mM theophylline in Tris buffer, pH 7.4 (40mM).

o - black circles represent the basal adenyl cyclase activity
A - open triangles rebresent noradrenaline-stimulated activity
of adenyl cyclase (noradrenaline concentration 0.75mM)

O - open squares rebresent the NaF-stimulated adenyl cyclase

activity (NaF concentration 2.5mM).
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2) fluoride concentration

The adenyl cyclase from brown adipose tissue is sti-
nmulated by fluoride., With all conditions optimized, NaF can
increase the basal enzyme activity by a factor ranging from
4 to 15, The maximum stinmulation of the enzyme from BAT by
NaF is obtained with a concentration of 2.5mM and there is in-

hibition with higher concentrations (figure 4).

3) concentrations of adrenaline and moradrenaline !

Dose-response curves to noradrenaline and adrenaline

trate the dose-response curves for the stimulation of adenyl

have been done with brown adipose tissue adenyl cyclase from §5
warm and cold acclimated rats as well as from rats that have ié
been exposed to cold for two days. Maximum stimulation of the %g
enzyme was obtained with 0.75mM - 1.0mM noradrenaline or adre- %%
naline in all three groups of rats. Figures 8 and 12 illus- iﬁ

!

cyclase by noradrenaline and adrenaline in warm acclimated rats
and in cold exposed rats (2 days).

The dose-response curves for the stimulation of adenyl
cyclase by noradrenaline and adrenaline in cold acclimated rats
are not illustrated but they are not different from those of
the warm acclimated rats or from the cold exposed rats, repre-
sented in figures 8 and 12. Skala and coworkers (1970a) have
obtained maximum stimulation of BAT adenyl cyclase in newborn
rats with concentrations of noradremaline and between O.i and
0.5uM. Forn and coworkers (1970) with the guinea pig BAT

adenyl cyclase have observed that concentrations of noradrena-
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Figure 4: Adenyl cyclase in brown adipose tissuej velocity

versus fluoride concentration.

Five mg of brown adipose tissue were incubated with 2mM ATP,
8mM Mg++, 10mM theophylline with the usual ATP-regenerating system
in 40mM tris buffer, pH 7.4 for 15 minutes at 30°C.

Different amounts of sodium fluoride were added to the
medium, from 0 to 10mM (final concentration in the incubation
medium). Notice inhibition with concentrations higher than

optimal,
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line between 0.1 and 1mM were optimal, The basal adenyl

cyclase activity was stimulated on the average 5 or 6 fold by

noradrenaline and adrenaline.

4) concentrations of ATP and Mg++

For the noradrenaline and the fluoride stimulated ac~
tivities, 3mM ATP is the optimal substrate concentration and

there is inhibition at higher substrate concentrations (figure
54) .

The basal adenyl cyclase activity is maximum with 4mM

ATP (figure 5A). Higher concentrations of ATP did not give

+
drenaline-stimulated activity was also maximum at 16mM Mg ¥

rise to higher activity with the basal adenyl cyclase and were §3
even inhibitory. With the optimal concentration of substrate %é
the three adenyl cyclase activities were tested for optimal %%
Mg++ concentration, The basal activity is maximum with 16 and %g
24mM Mg++ while the NaF activity was maximum at 16mM., The nora- ﬁ

!

because higher concentrations, when tested gave rise to inhibi-
tion of stimulation (figure 5B).

The optimal final concentrations in the incubation
medium were as follows: basal activity, 4mM ATP, and 24mM Mg++;

++
noradrenaline-stimulated activity, 3mM ATP, 16mM Mg  and 0.75mM

noradrenaline bitartrate; fluoride-stimulated activity, 3mM ATP,

16mM Mg++ and 2,.5mM NaF. All subsequent experiments were done

using these concentrations, unless otherwise specified.
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Figure 5: Adenyl cyclase in brown adipose tissue; velocity

++
versus ATP and Mg concentrations.

Four mg of brown adipose tissue were incubated for 15
ninutes at 30°C. The constituents of the incubation medium were: -
40mM Tris buffer pH 7.4, 10mM theophylline, 13mM phosphoenol-

pyruvate and 1 unit of pyruvate kinase, type I.

® - black circles represent basal adenyl cyclase activity

A - open triangles represent noradrenaline (0.75mM) stimulated !

adenyl cyclase activity

24mM while for the noradrenaline and the fluoride stimulated

O - open squares represent fluoride (2.5mM) stimulated adenyl §
ﬁ(:

cyclase activity. gz

bl

A) Velocity versus ATP concentration 3%
++ y

For the basal adenyl cyclase activity, the Mg  concentration was 3{5

- i

!

++
activities, the Mg  concentration was 1l6mM,

+
B) Velocity versus Mg concentration

For the basal activity, the ATP concentration was 4mM
while for the noradrenaline and the fluoride stimulated activities,

the substrate concentration was 3mM.
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C) Effects of cold exposure and cold acclimation on adenyl

cyclase activity in the brown fat

1) vet weight and protein content of the interscapular

brown adipose tissue

The increase in growth of the brown adipose tissue,
as measured by its wet weight and protein content, was appa-
rent only after 4 days of cold-exposure (Fig. 6). After 8
veeks in the cold the protein content of the tissue in the

cold-acclimated rats had increased by 450 per cent (there was

3
a 200 per cent increase in protein content per unit of body gv
weight). During ;his same time the protein content of the %g
tissue in the rats living at room temperature increased by 15
only 50 per cent (so that the protein content of brown adipose ig
tissue peruﬁit of body weight decreased by 27 per cent) ﬁ

(Table I). No change in protein content was observed after

1 or 2 days in the cold.

2) adenyl cyclase activity

The specific activity of noradrenaline-stimulated
adenyl cyclase decreased after 2 days in the cold, at a time
when no change in protein content had occurred, and remained
at a low level throughout the 8 weeks of cold-acclimation
(Fig. 7B), whereas the specific activity of noradrenaline-
stimulated adenyl cyclase in rats that lived at room temperature
during this same period was not significantly different from

that of the younger rats at day zero (Table I)., Note that the
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Figure 6: Wet weight and protein content of interscapular

brown adipose tissue of rats during acclimation to

cold.

Values shown are means * standard errors, Open columns i
represent wet weight and black columns represent total protein

present in the interscapular brown fat pad. The number of

animals in each group is as follows: days 1,.2, 4,14 and 28,

five rats each; day 0, seven rats; day 7, six rats; day 56,

eight rats, These are the same rats as those used in the ex- g‘ i
3

periments illustrated in figures 7 and 9. " ¢ {
if
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Figure 7: Changes in total activity and in specific activity

of basal, noradrenaline-stimulated, and fluoride-
stimulated adenyl cyclase in the interscapular brown

adipose tissue of rats during acclimation to cold.

Sections A and B represent specific activities and

sections C and D represent total activities. The following

symbols are used:

8 fluoride-stimulated activity;
A noradrenaline-stimulated activity;

¢ basal activity,

Note that the scale on section A (specific activity) is
different from the scale on section B and that the scale on
section C (total activity) is different from the scale on section

D. The numbers of animals are the same as in figure 6.
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specific activity of the noradrenaline-stimulated adenyl cyclase S
remained fairly constant during the period from 4 days in the
cold to 8 weeks in the cold at a time when the protein content
was increasing rapidly (Figs. 7B and 6); this reflects the

parallel increases in total noradrenaline-stimulated adenyl .

cyclase activity of the tissue (Fig. 7D) and in protein content |
(Fig. 6).

The specific activity of the fluoride-stimulated adenyl
cyclase activity, in contrast to the noradrenaline-stimulated

activity, increased markedly during the first two days of cold-

this same period (Table I). The total amount of fluoride-

exposure (at a time during which no change in protein content gt
occurred), then gradually decreased during the 8 weeks of accli- '(j;;
mation to cold (Fig. 7A); after 8 weeks in the cold the specific ﬁﬁ
activity of the fluoride-stimulated enzyme was not significantly g%
different from that in a rat kept at room temperature during iﬁ

W

stimulated enzyme increased progressively during the 8 weeks in
the cold (Fig., 2C) and from day 4 to week 8 bore a close rela-
tionship to the increase in total protein (Fig. 6).

The total basal adenyl cyclase activity, which is very
low and difficult to measure with accuracy, also increased
during the 8 weeks in the cold (Fig. 7D) more or less in parallel
with the growth of the tissue.

The decrease in specific activity of the noradrenaline-
stimulated adenyl cyclase might have been due to an altered
sensitivity to noradrenaline and possible inhibition by excess

noradrenaline. Therefore, dose-response curves were comstructed
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for preparations of brown adipose tissue from rats at day
zero and from rats that had been 2 days in the cold., No change
in sensitivity was noted (Fig. 8)., It is apparent that high
concentrations of noradrenalipe do indeed inhibit activity but

in both these preparations the concentration chosen for all

the other experiments, 0.75uM, produced maximum activation,

3) proportion of total (fluoride-stimulated) adenyl eyelase

susceptible to stimulation by noradrenaline

In this section two assumptions are made: (a) that
fluoride-stinulated adenyl cyclase represents the total enzyme
present; and (b) that noradrenaline can stimulate a con;tant
proportion of the total activity of that adenyl cyclase with
which the adrenoceptors are associated. The proportion of total
adenyl cyclase stimulatable by noradrenaline remains fairly
constant in rats living at room temperature (337 at zero time;
37.6% at 8 weeks; Table I)., However, the proportion of fluoride-
stimulated adenyl cyclase stimulatable by noradrenaline decreases
markedly in two days of cold-exposure (to 13.5%; Fig. 7) and
renains low throughout the 8 weeks in the cold (247 at 8
_weeks; Table I)., If it is assumed that noradrenaline still has
access to 337 of that adenyl cyclase with which the adrenoceptors
are assoclated it follows that a considerable amount of adenyl
cyclase that is no longer accessible to noradrenaline has
appeared during exposure to cold. This amount has been calcu-
lated as extra adenyl cyclase in the total tissue and is illus-

trated in Fig. 9. Starting from no extra enzyme at day zero the
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Figure 8: Dose-response curve for the stimulation of adenyl

cyclase activity by noradrenaline in control and

in cold-exposed rats, P

Each graph represents’pooled values for two rats, In each

case activities are expressed in terms of the maximum activity,

shown here as 1007, The vertical line indicates the concentra-

tion of noradrenaline used in all other experiments (0.75mM),

Section A: rats exposed to cold for 2 days; section B: control

rats, Note that concentrations of noradrenaline higher than

loM inhibit the enzyme.,
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Figure 9: "Ixtra" fluoride-stimulated adenyl cyclase activity
in interscapular brown adipose tissue of rats

during acclimation to cold.

Two assumptions are made in the calculation of the values
shown in this graph. (i) Fluoride-stimulated adenyl cyclase
activity is a measure of the total amount of adenyl cyclase
present, (ii) Noradrenaline stimulates a constant proportion
of that adenyl cyclase with which the adrenoceptors are associated.
The proportion observed in the tissue at day zero is 337 (Table 1).
If total noradrenaline-stimulated adenyl cyclase activity (Fig. 7D)
is taken as 337 throughout the 8 weeks of acclimation to cold
and the 1007 calculated from this ;alue then subtracted from the
observed total fluoride-stimulated adenyl cyclase activity I

(Fig. 7C), a difference is obtained; this difference is plotted

in this figure and is referred to as "extra" adenyl cyclase ac-

tivity,
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amount of extra enzyme increases rapidly during the first 2
to 4 days of exposure to cold and thereafter remains fairly
constant. When the rats that have been in the cold for 8 weeks
are returned to room temperature for one day this extra enzyme

disappears (Fig, 9). This decrease is due to a decrease in

total fluoride-stimulated adenyl cyclase activity with no

change in total noradrenaline-stimulated adenyl cyclase activity
(TaBle I). Note that the specific activity of the noradrenaline-
stimulated adenyl cyclase activity has increased to the control
(8 week) level in these animals after one day in the warm

whereas the specific activity of the fluoride-stimulated (i.e.
total) adenyl cyclase activity has not changed. Thus, this

extra activity appears within 2 days of cold exposure, persists
throughout thé18 weeks of acclimation and practically disappears

within 1 day when the rats are returned to room temperature,

D) Effects of cycloheximide and actinomycin D

The extra adenyl cyclase activity observed during cold
exposure and all the way throughout cold acclimation could be
due to the synthesis of a different adenyl cyclase (synthesis
induced by exposure to cold of the animal) or to a stimulation
of adenyl cyclase already present by a hormone other than nora-
drenaline., The first hypothesis, synthesis of a new adenyl
cyclase, could be tested by treating rats with inhibitors of
protein synthesis at the same time that they are submitted to
cold stress., If cold exposure is responsible for the induction

of synthesis of a new adenyl cyclase, then protein synthesis in-
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hibitors should block the increase in adenyl cyclase observed
after two days of exposure to cold.

Cyeloheximide is a good inhibitor of protein synthesis
which has been used in yeasts as well as in mammals. Appendix
2 suumarizes the properties and usage of this compound, Acti-
nomycin D is a potent inhibitor of RNA synthesis and, as an

immediate consequence, a good inhibitor of protein synthesis

(see appendix 2).

1) cycloheximide

a) effects on body weight

ST

ALISE ST

When rats are exposed to cold, they first lose weight
but after a few days they increase their food consumption and
start gaining weight again. After two days in the cold, the

‘saline-treated rats had lost an average of fourteen grams com-
pared to the saline-treated rats at room temperature. But,
treatment with cycloheximide caused a larger decrease in body
weight, The rats at room temperature réceiving cycloheximide

had lost an average of fifteen grams while the cold cyclo-

heximide-treated rats had lost an average of five more grams
than the saline-treated cold exposed rats., After four days in
the cold in the second series of experiments, the warm cyclo-
heximide-treated rats had lost an average of twelve grams while
the cold cycloheximide treated rats had lost an average of
twenty-four grams more than the saline-treated cold exposed

rats. So, cycloheximide did slow down the growth of the animals,
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b) effects on brown adipose tissue weight and protein

content

As shown in the figures 10A and 10B, there was an
increase in the weight and protein content of the BAT when rats
were cold exposed for two days (saline-treated rats), Cyclo-
heximide has completely inhibited the increase in BAT weight Y
and protein content observed with cold exposure. So, cyclo-
heximide has effectively blocked the growth of the brown adipose
tissue in the cold exposed rats, after two days of treatment, !

In the four days experiment, cycloheximide has sig- !

nificantly but not completely inhibited the larger increase

in BAT wet weight (p < 0.2) and protein content (p < 0.1)

RWNICYS I VIt Y
iniwA

observed with four days of cold exposure (Figures 10E and 10F).

g

The weight of the BAT was slightly less in the cycloheximide- ;é
14

treated group at room temperature than in the saline-treated ‘?

group at room temperature although the protein content of the

BAT in the two groups was not different (Figures 10E and 10F),

So cycloheximide has significantly inhibited the growth and

the protein synthesis in the BAT of rats exposed to cold for

four days.

c) effects on adenyl cyclase activity

After two days of treatment with cycloheximide, there
was no significant difference for the noradrenaline-stimulated
adenyl cyclase in any of the four groups of rats., The fluoride-
stimulated adenyl cyclase showed the characteristic increase in

total and specific activities observed after two days of exposure
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Figure 10: Effect of cycloheximide treatment on growth, protein
content and adenyl cyclase activity in the inter-
scapular brown adipose tissue of rats exposed to

cold for two days.

Black bars represent cycloheximide-treated rats and open
bars represent control (saline-treated) rats. Sections A, B,

C and D are the results of experiments in which rats were treated
for 2 days; the results of the experiments in which rats were
treated for 4 days are in sections E, F, 6 and H, The rats were
either in the warm or in the cold during the treatment, as

shown,

From left to right the individual panels represent total
protein content (A and E), wet weight (B and F), total activity
of adenyl cyclase (C and G) and specific activity of adenyl
cyclase (D and H). In those bars which represent adenyl cyclase
activity the lower portion denotes the noradrenaline-stimulated
activity and the total column denotes the fluoride-stimulated
activity.

The effect of cold may be seen by comparing the right
with the left bars within each panel, The effect of cycloheximide
treatment may be seen by comparing the black bars with the open
bars.,

There are five rats in all groups except in the cyclohexi-
nide-treated cold-exposed, two day group in which there are four.

The results are expressed as means t standard errors.
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to cold, in both the saline and the cycloheximide treated

groups (Figures 10C and 10D), After four days of cold exposure

and of treatment with cycloheximide, the results are essen-
tially the same, The characteristic increase in the total and
specific fluoride-stimulated adenyl cyclase activities (Figures
10G and 10H) in the cold exposed rats has not been inhibited

by treatment with cycloheximide., The noradrenaline-stimulated
enzyne showed some variations but there was no significant dif-
ference between the two cold exposed groups (Figures 10G and
10H).

Cycloheximide has then efficiently blocked the growth
and protein synthesis of the brown adipose tissue in rats
exposed to cold without inhibiting the increase in total and
specific activities of the fluoride-stimulated adenyl cyclase

caused by the exposure to cold.

2) actinomyein D

a) effects on body weight

Five injections of 12,5ug/kg of actinomycin D did not
affect very much the growth of the rats either at 4°c or at
28°C. Five injections of 50ug/kg of the drug, caused a loss of
an average of fifteen grams in body weight in the warm rats and
a loss of an average of sixteen more grams in the cold treated
rats than in the corresponding saline cold rats. In the four
days experiment, nine injections of 12.5pg/kg caused a loss of
an average of sixteen grams of body weight in rats at 28°C»and

a loss of an average of ten more grams in the treated rats at
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4°C than in the control rats at that same temperature, Only
one rat at 28°C and one rat at 4°C survived through nine in-
jections of 50ug/kg of actinomycin D. The one at 28°¢ had
lost thirty-seven grams by the end of the treatment while the
one at 4°C had lost fifty grams, compared to the saline rats
at 4°C which had lost an average of sixteen grams. All other
rats treated with 50ug/kg of the drug, even if they received

less than nine injections had also lost a lot of weight during

the experiment,

b) toxicity of actinomycin D

All rats receiving from five to nihe injections of

50ug/kg of actinomycin D showed signs of sickness, They all

1O I/

i

lost weight, their peritoneal cavity was full of fluid and 3»
)t

their organs showed a decrease in weight, Table 2 shows that i
)h

)

the three rats kept at 28°C which had received respectively }e

five, six and seven injections have significantly less of all :

the organs weighed., The spleen was the most affected by the

treatment and had gone from 0.67 g to 0.17 g. This would be

in agreement with a very fast turnover of the cell components

of that tissue (Leblond and Walker, 1956) or simply with the
dissolution of the cells by actinomycin D (Harris, 1968). The
different tissues are almost melting in the presence of the drug
(Harris, 1968). The only cold exposed rat treated with 50ug/kg
that could be dissected (four out of six rats died before the
end of the experiment) had also less of all the tissues welghed
(table 2). This remarkable toxicity of actinomycin D has been
reported before (see appendix 2 for more details) and has made

X

‘\(1
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difficult the use of the compound as a RNA or protein synthesis
selective inhibitor, It is a too powerful tool in one sense
because it will kill the animals at the same time that it will

inhibit the RNA or the protein synthesis being studied.

¢) effects on brown adipose tissue weight and

protein content

The lower dose (12.5pug/kg) of actinomycin D, after
two days of treatment has not affected the weight and protein

content of the BAT in the rats kept at 28°C but has significantly

(p < 0.05) blocked the increase in BAT wet weight and protein

Fr12lvild

fa 2

content observed with cold exposure (Figures 11A and 11B)., The

r o~
I S
AT .

higher dose (50ug/kg) of the drug has inhibited growth and ;fm
protein synthesis of the BAT in the warm acclimated rats as well %
as in the cold exposed rats. In other words, general protein
synthesis has been blocked in the tissue and not only that :
which was induced by cold exposure (Figures 11A and 11B),

When the rats were treated for four days with 12,5ug/kg
of the drug, there was no inhibition of the growth or of the
protein synthesis in the BAT of the rats kept at either 4° or
28°¢ (Figures 11E and 11F). It seems that the animals are able
to metabolize the drug because the effect that was obtained
after two days with actinomycin D is not seen any more after
treatment of the animals for two more days with the same concen-
tration of the drug. But the high dose of actinomycin D had
a tremendous blocking effect on the growth and the protein syn-

thesis of the BAT either in warm acclimated or in cold exposed
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rats, The rats were intoxicated but it is certain that protein

synthesis in the BAT was blocked efficiently (Figures 11E and 11F),

d) effects on adenyl cyclase activity

There was no difference in the noradrenaline-stimulated
total activities between the six groups of rats after two days
of treatment (Figure 11C). The total NaF-stimulated activities
increased with cold exposure and there was no difference bet-
veen the three cold exposed groups, as well as between the three
warm groups. After four days of treatment with actinomycin D,
there was no difference between the three groups kept at 28°¢
for the total NaF-and noradrenaline-stimulated activities respec-
tively. The cold exposed rats were not significantly different
from each other as far as the NaF and the noradrenaline~stimu-
lated total adenyl cyclase activities were concerned (Figure 116),
In other words, actinomycin D has not inhibited the increase in
the total fluoride-stimulated adenyl cyclase activity observed
with cold exposure.

The figures 11D and 11H illustrate that in all three
groups of rats (saline, low actinomycin D concentration, high
actinomycin D concentration) there was the typical increase in
NaF specific activity of adenyl cyclase with cold exposure.

The group treated with 50ug/kg showed a significantly higher
activity with fluoride than the other two groups. The same effect
is observed in the warm rats. But the total activity being the
same in all three cold exposed groups, a decrease in total pro-
teins of the tissue without a decrease in total adenyl cyclase

activity would cause an increase in specific activity of adenyl
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Figure 11: Effect of actinomycin D treatment on growth, protein
content and adenyl cyclase activity in the inter-

scapular brown adipose tissue of rats exposed to

cold for two days.

White bars represent saline-treated rats, black bars
represent rats treated with 50ug/kg (twice a day) of actinomycin
D and striped bars represent rats treated with 12,5ug/kg (twice
a day) of actinomycin D, Sections A, B, C and D are the results

of experiments in which rats were treated for two days; the

results of the experiments in which rats were treated for four !

days are in sections E, F, G and H. The rats were either in the

_Sritfdi L

warm or in the cold during the treatment, as shown. 8%

From left to right, the individual panels represent total :ié
protein content (A and E), wet weight (B and F), total activity i%
of adenyl cyclase (C and G) and specific activity of adenyl %ﬁ

cyclase (D and H). In those bars which represent adenyl cyclase
activity the lower portion denotes the noradrenaline-stimulated
activity and the total column denotes the fluoride~stimulated
activity.

The effect of cold may be seen by comparing the right
with the left bars within each panel. The effect of actinomycin D
(12.5ug/kg) treatment may be seen by comparing the striped bars

with the white bars and the effect of actinomycin D (50ug/kg)

treatment may be seen by comparing the black bars with the white
bars,

There are five rats in all groups except in the actinomycin
D (50ug/kg) treated cold-exposed rats, four day group in which

there are two. The results are expressed as meansi standard errors.
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cyclase, If the groups are compared two by two, [cold saline
versus warm saline, cold actinomycin D (12,5ug/kg) versus

warm actinomycin D (12.5ug/kg) and cold actinomyéin D (50ug/keg)
versus warm actinomycin D (50ug/kg)] in order to eliminate the
effects of the treatment observed in the warm acclimated rats,
it becomes clear that the increase 1n the NaF-stimulated adenyl
cyclase activity observed with cold exposure as well as the
decrease in the noradrenaline-;timulated adenyl cyclase observed
with cold exposure have not been affected by treatment of the
rats with actinomycin D for two or four days,

In other words, it has been possible to stop the growth
and protein synthesis in the brown adipose tissue of rats exposed
to cold with actinomycin D without affecting the increase in
the NaF stimulated activity of the adenyl cyclase and the de-
crease in the noradrenaline-stimulated activity observed when

rats are exposed to cold.

E) Further studies of the extra adenyl cyclase activity observed

during cold exposure and cold acclimation

The extra brown adipose tissue adenyl cyclase which ap-
pears after two days of exposure to cold and persists throughout
cold acclimation cannot be due to synthesis of a new adenyl cyclase
induced by cold exposure since treatment of the rats with doses
of cycloheximide and actinomycin D which inhibit the growth and
the protein synthesis of the tissue cannot block the appearance
of the extra adenyl cyclase activity with cold exposure. It

is possible that this extra adenyl cyclase activity is due to a
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modification of the enzyme already present, This modification
could be, for example, the stimulation of the enzyme by a hor-
mone different from noradrenaline to which the enzyme was not
sensitive in the warm acclimated rat, Cold stimulus, if this
was the case, could induce a change in the properties of adenyl
cyclase, Agents other than hormones could also possibly modify
adenyl cyclase activity in the cold exposed rat but not in

the warm acclimated rat.. Some of these possibilities were
tested in order to elucidate the reason for the increase in

adenyl cyclase activity observed in the cold.

iradivid

v
b

1) Stimulation by adrenaline

A change in the stimulation of adenyl cyclase by nrora-

Py
=

drenaline does not necessarily imply a change in the stimulation

of the enzyme by adrenaline., Adenyl cyclase is stimulated to

S

the same extent by the same concentration of adrenaline and

ter e e s

noradrenaline in BAT of warm and cold acclimated rats. The

SRR

dose-response curves to noradrenaline and adrenaline are almost
identical and maximal stimulation is obtained in both cases

with 0.75mM, After two days of exposure to cold, adenyl cyclase
from BAT is much less stimulated by noradrenaline than in the
warm acclimated rats but the sensitivity of the enzyme to nora-
drenaline is not changed so that the decrease in stimulation

is not due to a shift in the dose-response curve (Figure 8).

The sensitivity of BAT adenyl cyclase to adrenaline is not affected

either by exposure to cold (Figure 12). The proportion of the

total'enzyme (NaF-stimulated) that is stimulated by adrenaline

is 307 in warm acclimated rats and 157 in rats exposed to cold
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Figure 12: Dose-response curve for the stimulation of adenyl
cyclase activity by adrenaline in control and

in cold exposed rats,

The top graph representspooled values for two rats and
the bottom graph represent values for one rat (means of dupli-
cate determinations). 1In each case, activities are expressed
in terms of the maximum activity, shown here as 1007%.

The section designated by the symbol W02 represents the
dose-response curve obtained for rats that have been exposed
to cold for two days., The section designated by the symbol WW
representgthe dose-response curve for the control rats, i.e,

the warm acclimated, day zero rats,
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for two days. The extra enzyme activity was defined as that
part of the NaF-stimulated activity which is not stimulated

by noradrenaline and it is probably not stimulated either by
adrenaline. The adrenaline-stimulated activity seems to vary
in the same way as the noradrenaline-stimulated activity, since
the dose-response curve to both hormones is the same and since

both activities are decreased to approximately the same extent

by exposure to cold.

2) stimulation by other hormones

Figure 13 shows that none of the following hormones is
able to modify significantly adenyl cyclase from BAT homogenate
of rats that have lived in the cold for two days: ACTH, 5 to
100yg/ml (figure 13B); dexamethasone, 1 to 10pg/ml (figure 13C);
growth hormone, 5 to 100ug/ml, (figure 13D); corticosterone,

1 to 10pg/ml (figure 13E); L-triiodothyronine, 5 to 50ug/ml
(figure 13F); serotonin, 1 to 1l0ug/ml (figure 13G); insulim, 10
to 100munits/ml, (figure 13H),.

It was shown by Skala and coworkers (1970a) that adenyl
cyclase from br;wn adipose tissue homogenate from young warm
acclimated rats cannot be stimulated by any of the hormones
tested here (see section 1lA). So, the extra BAT adenyl cyclase
activity observed when rats are exposed to cold cannot be ex-
plained by a stimulation of the enzyme by any of the hormones
tested,

There is no stimulation of adenyl cyclase by ACTH when
1mM Ca++ 1s added to the incubation medium, There is no stimula-

tion of adenyl cyclase by serotonin when 0.1mM pargyline (an
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Figure 13: Stimulation of brown adipose tissue adenyl cyclase

by hormones other than catecholamines,

The following hormones were tested:
section A, ACTH, 5 to 100ug/ml;
section B, glucagon, 5 to 100ug/ml;
section C, dexamethasone, 1 to. 10pg/ml;
section D, growth hormone, 5 to 100ug/ml;
section E, corticosterone, 1 to 10yg/ml;
section F, L-triiodothyronine, 5 to 50 g/ml;
section G, serotonin, 1 to lOyg/ml;

section H, insulin, 10 to 100munits/ml.
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Adenyl cyclase activity expressed in nanomoles per minute

per total interscapular brown adipose tissue. Determinations &
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were done in the homogenate from two pooled interscapular brown

fat pads from rats that had been exposed to cold for two days.
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inhibitor of monoamine oxidase) is added to the incubation

medium,

3) effects of caleium

1mM Ca++ inhibited the basal, noradrenaline-stimulated, !
adrenaline-stimulated, and NaF-stimulated adenyl cyclase activ-
ities in the BAT of rats exposed to cold for two days. (Figure
14A), No stimulation of the noradrenaline and NaF-stimulated

activities was obtained over a range of calcium concentrations

from 0.05mM to 2.0mM, and in fact inhibition was obtained at

every concentration tested (Figure 14B), The addition of EGTA

[ethyleneglycol-bis (B-amino ethyl ether) N,N'-tetraacetic acid],

—

++
a chelating agent which binds specifically Ca and removes

all calcium from the incubation medium, had no effect on adenyl

S DN Fredes NIt dis w4
.

cyclase from BAT homogenate, at concentrations from 0,025 to

0.25mM, So, the amount of calcium present in the tissue homo-

R T S A A R O R A e e N S T B P S
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genate is not sufficient to inhibit adenyl cyclase activity

but addition of 2mM Ca++ can cause complete inhibition of adenyl

cyclase activity.

4) effects of triton X-100

Triton X~-100 can stimulate adenyl cyclase activity from
rat cerebral cortex homogenate (Perkins and Moore, 1971); con-
centrations between 0.017 and 0.2%Z in the incubation medium
stimulated the basal adenyl cyclase more than 5mM NaF did, and
stimulated the fluoride activity as well, In that case, it cannot
be said that the fluoride-stimulated activity represented the

total amount of enzyme present, In the BAT homogenate, the
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Figure 14: Inhibition of brown adipose tissue adenyl cyclase

activity by calcium,

A) Inhibition by 1lmM calcium of the basal, the noradrenaline-
stimulated, the adrenaline-stimulated and the fluoride-stimulated
adenyl cyclase activities in brown adipose tissue from rats exposed
to cold for two days., White columns represent the activity in

the absence of Ca++ while the black columns represent the activi-
ties obtained when 1lmM Ca++ is present in the incubation medium.
Activities are expressed in nanomoles per minute per total

interscapular brown fat pad.

B) Inhibition of the NA-stimulated (A) and the NaF-stimulated
(o) adenyl cyclase activities by different amounts of Ca++. The
'activities are expressed in percentage of the activity obtained
when no Ca++ is present in the medium. The concentrations of

Ca++ used vary between 0,05 and 2mM,
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Figure 15: Inhibition by Triton X-100 of adenyl cyclase of
brown adipose tissue from rats exposed to cold for

2 days.,

o represents the basal activity

A represents the fluoride-stimulated activity

Activities are expressed as % of the activity obtained

in the absence of Triton X-100,
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addition of Triton X-100 (0.01%7 to 0,27 in the incubation
mediun) did not increase the basal or the NaF-stimulated adenyl
cyclase activities but inhibited both (figure 15). A 0,2%
concentration inhibited completely the basal and the fluoride-
stimulated adenyl cyclase activities (figure 15). In rat cere~
bral cortex homogenate, the non specific interactions of

Triton X-100 with the cell membrane structure activated adenyl
cyclase but in the BAT homogenate, these non specific inter-
actions with the cell membrane structure were detrimental to
adenyl cyclase and it makes our hypothesis of the NaF-stimulated

activity representing the total adenyl cyclase activity present

still valid.

F) Discussion

An enhancement of the calorigenic response to noradre-
naline as observed in cold acclimated rats could be reflected
by an increase in the noradrenaline-responsive receptors in the
cell membrane of the tissues which are important in the process
of nonshivering thermogenesis, For these reasons the nora-
drenaline stimulated adenyl cyclase activity of interscapular
brown adipose tissue was measured during acclimation to cold.
The anticipated growth of the interscapular brown adipose tissue
occurred in response to cold but the formation of the moradre-
naline-stimulated adenyl cyclase did not keep pace with the
growth of the tissue; the specific activity of this enzyme was
reduced in the tissue of the cold acclimated animals. Thus no

evidence was obtained for any increase in the noradrenaline-
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sensitive system in the cold acclimated animals, The enhance-
ment of the calorigenic response to noradrenaline in cold
acclimated rats is not accompanied either by an increase in
the sensitivity of adenyl cyclase from brown adipose tissue

to noradrenaline, The dose-response curve for the stimulation
of adenyl cyclase by noradrenaline is the same either in cold
acclimated or in warm acclimated rats or in rats that have
been exposed to cold for two days.,

Unlike the noradrenaline-stimulated adenyl cyclase,
the fluoride-stimulated enzyme does undergo rapid changes in ac-
tivity during exposure to cold, A marked increase in specific
activity (almost two-fold) occurred during the first two days
of exposure to cold at a time when the noradrenaline-stimulated
enzyme decreased in activity and when the growth of the tissue
had not yet started, This extra activity persisted throughout
the eight weeks of cold acclimation but practically disappeared
within one day when the rats were returned to room temperature.
This is clearly a rather rapid and reversible change occurring
in response to a change in environmental temperature. The
changes observed are unlikely to be due simply to the growth of
the tissue. Another rapidly growing tissue, regenerating rat
liver, maintains a constant specific activity of poth adrenaline-
stimulated and glucagon-stimulated adenyl cyclase throughout
the growth period (Becker and Bitemsky, 1969).

This extra adenyl cyclase activity, not stimulated by
noradrenaline, does not seem to be due to increased protein syn-

thesis in the brown adipose tissue since doses of cycloheximide
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and actinomycin D which inhibited growth and protein synthesis
in the brown adipose tissue did not block the appearance of

the extra adenyl cyclase activity, Careful interpfetation

of results obtained with such potent drugs as cycloheximide and
actinomycin D which can be toxic to the animals, must be done. f:
If, for example, a particular physiological function or a syn-
thetic process is impaired by a high dose of actinomyecin D, 1t
cannot be concluded that this function or synthetic process is
immedi;tely dependent upon transcription of DNA., Actinomycin D
can cause dissolution of cells and secondary effects not directly
related to the blockade of RNA synthesis (Harris, 1968), 1In .

the same way if a particular reaction is impaired by protein

3

synthesis inhibitors (one of the immediate consequences of 3
the use of actinomycin D is the inhibition of protein synthesis

and in that sense it is considered as a protein synthesis in=-

W A
. a4

hibitor), it cannot be concluded that the impairment is due

to a direct inhibition of protein synthesis, But if the func~
tion studied persists in the presence of proven 1nhibito?y con-
centrations of the drug, it can be said with more certitude
that the given function does not require protein synthesis
(Harris, 1968). In the present study, growth and protein syn-
thesis of the BAT were inhibited by both actinomycin D and cyclo-
heximide while the extra adenyl cyclase activity still appeared
upog exposure to cold, It can then be concluded with some cer-
titude that the increase in the specific activity of the NaF-
stimulated adenyl cyclase observed during cold exposure is not

due to increased protein synthesis or to synthesis of a new protein,
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The extra adenyl cyclase activity does not appear to
be due to stimulation of brown adipose tissue adenyl cyclase
during cold exposure by hormones which do not stimulate the
enzyme in warm acclimated rats, since ACTH, glucagon, dexametha-
sone, growth hormone, corticosterone, L-triiodothyronine, and
serotonin did not have any stimulatory effect on the enzyme in
rats that had been exposed to cold for two days (figure 13) or
in warm acclimated rats (Skala et al., 1970a). But, as was
mentioned before, ACTH, glucagon, TSH and serotonin, as well as
adrenaline and noradrenaline can stimulate oxygen consumption
in brown adipose tissue slices (Joel, 1965; Beviz et al,, 1971),
and it was shown that the stimulatory effect of noradrenaline
vas mediated by cyclic AMP (Beviz et al,, 1971), The fact that
no stimulation of adenyl cyclase was observed in the brown adi-
pose tissue homogenate could mean that the receptors for these
different hormones able to stimulate respiration in the tissue
slices, had been damaged by homogenization, The stimulation of
brown adipose tissue respiration and lipolysis by hormones other
than catecholamines has only been observed in tissue slices and
not in isolated fat cells or in homogenates (Girardier and
Seydoux, 1971). So in order to see any stimulation of adenyl
cyclase by'hormones other than catecholamines, it may be neces-
sary to use tissue slices. For that purpose, the method of
determination of adenyl cyclase activity used in the present
study is inadequate (Krishna et al., 1968a). Incubating tissue
slices with adenosine-c14 would be a proper way of measuring

adenyl cyclase activity in brown adipose tissue slices (Kuo and
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Dill, 1968) (see section lc) Even if adenyl cyclase from
tissue slices was stimulated by some other hormones than cate-
cholamines, it would not necessarily mean that there was a
direct stimulation of adenyl cyclase by these hormones. It
has been postulated that the fact that stimulation of respira-
tion in isolated fat cells from brown adipose tissue by hormones
other than catecholamines does not occur, while it occurs in
slices of the same tissue, means ;hat these hormones have an
indirect effect on the cells via the release of catecholanines
from nerve endings (Girardier and Seydoux, 1971), If adenyl
cyclase from tissue slices was more active in the cold exposed
rats in the presence of some hormone other than catecholanmines,
it could mean that in vivo adenyl cyclase was more stimulated,
even if indirectly, by an increased release of catecholamines
from nerve endings caused by an increasel secretion of some
other hormone. The extra adenyl cyclase activity being observed
in homogenates, it would be expected that the factor responsible
for its existence could stimulate the enzyme in the same condi-
tions, i.e. in the tissue homogenates. This extra adenyl cyclase
activity could still be due fo stimulation of adenyl cyclase by
hormones other than catecholamines, even if this was not observed
in the experiments performed, Some hormones could require the
presence of additional cofactors for stimulation of respiration
and lipolysis as well as for stimulation of adenyl cyclase,
factors which could have been removed or damaged by homogeniza-
tion of the tissue or isolation of the cells. Stimulation of

++
lipolysis by.ACTH in vhite adipose tissue, requires ca (Bir
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and Hechter, 1969). Adding calcium to brown adipose tissue
homogenate did not cause any stimulating effect of ACTH, No
effect of serotonin on lipolysis in white adipose tissue is
observed unless the monoamine oxidase activity of the tissue
preparation is inhibited by pargyline. Serotonin is r;pidly
inactivated by oxidative deamination by monoamine oxidase, during
incubation (Bieck et al.,, 1966). In the brown adipose tissue,
no effect of serotonin on lipolysis could be observed even

vhen safrazine (an inhibitor of monoamine oxidase) was present
(Yoshimura et al., 196%a), but when theophylline was added with
serotonin (theophylline alone had a stimulatory effect on lipo-
lysis) a lipolytir action of serotonin on tissue slices could be
observed. The effect of serotonin on brown adipose tissue
slices respiration was also potentiated by theophylline (Ygshi-
mura et al., 1969a). In the present study, neither pargylirenor
theophylline had any effect on the action of serotonin on

brown adipose tissue adenyl cyclase activity. The effects of

serotonin on the lipolysis and the respiration of slices of

brown adipose tissue were completely abolished by reserpinization

of the animals or significantly diminished by denervation of

the brown adipose tissue (Yoshimura et al., 1969b). The effects
of theophylline or adrenaline on the same parameters were not
influenced by reserpinization or denervation (Yoshimura et al.,
1969b). Stimulation of adenyl cyclase of the brown adipose
tissue by noradrenaline or fluoride was not influenced by dener-
vation of the brown adipose tissue (Forn et al., 1970a). The
effects of noradrenaline on the respiration and the lipolysis

of brown adipose tissue slices could be potentiated by serotonin
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and it was concluded that serotonin could only exert an effect
on brown adipose tissue slices in the presence of noradrenaline
or theophylline (Yoshimura et al,, 1969b). Theophylline could
cause the release of catecholamines from nerve endings (Stru-
belt and Siegers, 1969) and that it is probably via those cate- p
cholamines that serotonin had an effect on respiration and
.lipolysis while in the presence of theophylline.
White adipose tissue ghost adenyl cyclase from adrenal-

ectomized or hypophysectomized rats exhibits a striking reduc~

tion in response to ACTH but not in the response to adrenaline,

glucagon and fluoride (Braun and Hechter, 1970). Cold exposure

can elicit hypersecretion of ACTH. After twenty hours of cold zéf
exposure, the ACTH éontent of the pituitary gland is only 357 f% ?
of its normal value, After two hours of cold exposure, there 1:%
is a 3007 increase in the level of plasma corticosterone, as };%

a consequence of increased secretion of ACTH from the pituitary
gland, but after twenty hours in the cold, the plasma level

of corticosterone is back to normal (Maickel et al., 1961). If
hyposecretion of glucocorticoids can decrease the ACTH stimula~
tion of adenyl cyclase in the white adipose tissue, it is a
pleasing hypothesis that the increased adenyl cyclase activity
in brown adipose tissue could be due to an increased stimﬁlation
of the enzyme by ACTH occurring in response to a hypersecretion
of glucocorticoids at the beginning of cold exposure, Unfor-
tunately, brown adipose tissue adenyl cyclase is not stimulated
by ACTH in rats that have been exposed to cold for two days,
although there was an increased secretion of giucocorticoids in

the animals, in the first twenty hours of cold exposure.
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The extra adenyl cyclase activity observed in brown
adipose tissue during exposure to cold 1s not due to synthesis
of a new protein and is not due, as far as can be told, to
stimulation of the enzyme from the cold exposed rats by a hormone
which did not stimulate the enzyme in the warm acclimated rats.
It is possible that the extra adenyl cyclase be due to variation
in thg concentration of some intracellular or extracellular
metabolites induced by cold exposure, Calcium can either stimu-
late or inhibit adenyl cyclase activity (see section I, B 2¢)
and it is also an important regulator of cell function (Rasmus-
sen and Tenehouse, 1968), In rats exposed to cold for two days,
calcium inhibited basal, noradrenaline, adrenaline and NaF
stimulated adenyl cyclase activities in the brown adipose tissue
and certainly could not account for the increased stimulation
of adenyl cyclase activity observed under.those conditions,

It would be desirable to know if the changes in adenyl
cyclase activity observed during cold acclimation were actually
occurring in brown fat cells themselves, But although it is
possible to prepare brown fat cells from warm acclimated rats,
(Fain et al., 1967) it is at the moment impossible to isolate
brown fat cells from cold acclimated rats (Behrens and Himms-
Hagen, unpublished observations). Studies of the ultrastructure
of the interscapular brown adipose tissue during adaptation of
rats to cold (Suter, 1969; Thomson et al., 1969) have stressed
the heterogeneous appearance of the brown fat cells, which may
vary from unilécular through nultilocular with a few large lipid

droplets to multilocular with many or few very small lipid drop-
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lets; this heterogeneous appearance of the cells persists
during the first week of exposure to cold yielding at later
stages of. adaptation to a more homogeneous appearance of the
cells (Thomson et al.,, 1969). The low proportion of brown fat
cells in total interscapular brown adipose tissue reported in
the original method for the isolation of these cells (Fain et
al.; 1967) together with the more recent information from the
ultrastructure studies (Suter, 1969; Thomson et al., 1969)
suggest that many of the brown fat cells are not isolated by
this technique, The variable lipid content is the most probable

explanation for the difficulty encountered in preparing a

representative population of isolated brown fat cells from rats é;
during the course of :adaptation to cold. Thus although it would ﬂ
be desirable to use a relatively pure preparation of brown ?
adipose tissue cells to prove that the changes in adenyl cyclase 25

activity observed are actually occurring in brown fat cells :
themselves, this is not feasible with currently available tech-
niques. The preponderance of brown adipose tissue cells of
various kinds in the interscapular brown adipose tissue (Suter,
1969; Thomson et al., 1969) suggests that the change in enzyme
activity is most probably occurring in these cells.
No function can at present be attributed to the extra

fluoride-stimulated adenyl cyclase activity that appears so

~rapidly after exposure to cold, persists throughout acclimation

and disappears almost completely when the rats are returned to

room temperature for one day. All that can be concluded here is

that adenyl cyclase of the brown adipose tissue is modified by
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exposure to cold in a way which decreases its ability to be
stimulated in vitro by noradrenaline, and that the way by which

the adenyl cyclase is modified is unknown at the present moment.
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Section III: Experimental: adenyl cyclase

in skeletal muscle

A) Material and methods

1) animals

see section II A, 1

2) preparation of skeletal muscle homogenates

Leg muscles were removed immediately after the rat
was killed and placed in cold KC1 0.15 M, The muscle was then
cleaned from fat and connective tissue, weighed and immersed
in Chappell-Perry medium without ATP (Chappell and Perry, 1954).
(The composition of the Chappell-Perry medium is: 0.1 M KCl,
0.05 M Tris-HC1 buffer pH 7.4, 0,001 M Na-ATP, 0.005 M MgSOa
and 0,001 M EDTA). The tissue was then minced finely with
scissors and homogenized twice, first in a glass homogenizer
and then in a Teflon homogenizer, The homogenate was then fil-
tered through glass wool and diluted with Chappell-Perry medium

(without ATP) to a final concentration of 100mg of tissue per

ml of homogenate.

3) assay of adenyl cyclase

Adenyl cyclase was assayed essentially as described in
section II A, 4,  The ATP-regenerating consisted of 13mM phos-
phoenolpyruvic acid (tricyclohexylamine salt) and in most assays
(unless otherwise specified) of one unit of pyruvate kinase type

II (obtained from Sigma and prepared from rabbit skeletal muscle,

\
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substantially free of lactic dehydrogenase, creatine phospho-

kinase and phosphoglucomutase).

4) protein estimation

Protein was estimated by the Lowry method (Lowry et

al., 1951).
5) chemicals

See section II, A, 6,

B) Properties

The following optimal concentrations of the different
components required for the adenyl cyclase reaction have been

found for skeletal muscle homogenates
1) enayme concentration

The velocity of the reaction is linear at 37°C for
30 minutes with concentrations of enzyme corresponding to amounts
of tissue up to ten mg (total amount of skeletal muscle present
in the incubation medium). With fifteen mg of skeletal muscle,
the reaction is linear only for 20 minutes (Figure 16A). Ten
mg of skeletal muscle was the amount used in most assays and
the incubation time was usually 20 minutes. The homogenate was
diluted in Chappell-Perry medium (without ATP) to a concentration
of 100mg/ml and 0.lml of that solution was added to the incubation

mixture to initiate the reaction.
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Figure 16: Adenyl cyclase activity in skeletal muscle homoge-~

nates; effects of enzyme concentration and temperature,

A) Velocity versus enzyme concentration
The incubation was carried out at 37°C and contained
different amounts of skeletal muscle added in 0.1 ml of homo-

genate to the other 0.3 ml of the incubation medium

2 mg;
O 4 mg;
6 mg;
10 mg;
15 mg,
The incubation mixture contained 10mM NaF, 3mM ATP,
16mM Mgsoa, 13mM phosphoenolpyruvate, 1 unit of pyruvate kinase
type I, 10mM theophylline, and 0.25mM EDTA in 40mM Tris-HCl

buffer, pH 7.4,

B) Velocity versus temperature

Ten mg of skeletal muscle were incubated for 20 minutes
with 2.5mM ATP, 8.75mM MgSOa, 10mM NaF, 13mM phosphoenolpyruvate,
1 unit of pyruvate kinase type I, 10mM theophylline and 0.25mM

EDTA in 40mM Tris-HCl, pH 7.4,
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2) temperature of the reaction

Adenyl cyclase is mdch less active at 30°C than at 37°C
(figure 16B). The latter temperature was adopted for most
assays., Adenyl cyclase specific activity is approximatively
ten times less in skeletal muscle than in brown adipose tissue.
The basal activity of adenyl cyclase of skeletal muscle is hardly
measurable at 30°C and that is why 37°C was adopted for most

assays of adenyl cyclase in skeletal muscle,

3) fluoride concentration

Adenyl cyclase activity is maximal with 7.5mM NaF

(figure 18B); higher concentrations of NaF give stimulation of 8

3 ::
adenyl cyclase less than that observed with optimal concentration ﬁ
(figure 18B). o

4) concentrations of adrenaline and noradrenaline )

Figure 22 illustrates the dose-response curve of skele-
tal muscle adenyl cyclase to noradrenaline, The optimal nora-
drenaline concentration is between 0.25 and 0.75uM, Higher con-
centrations inhibit the stimulation of the enzyme. A concentra-
tion of 0,75mM was used in most assays.

The dose-response curve to adrenaline is shown in figure
24, Aden§1 cyclase is maximally stimulated at adrenaline concen-
trations between 0.1 and 0.5mM, Concentrations higher than
optimal give less stimulation of the enzyme. A concentration.
of 0.1mM was used in most assays.

The sensitivity of adenyl cyclase to adrenaline is

greater than its sensitivity to noradrenaline which suggests ;hat

.
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the catecholamine receptor is of the B-type in skeletal muscle

(Bowman and Raper, 1967).

5) concentrations of ATP and Mg++

Fluoride-stimulated activity is maximal with a substrate
concentration between 2mM and 3mM, and is inhibited by higher
substrate concentrations (figure 17A). With a substrate concen-
tration of 2,5mM, the optimal ﬁg++ concentration is 8,25mM
(final concentration in the incubation medium) (figure 17B).

++
The enzyme activity is completely dependent on Mg .

6) concentration of caleium

Calcium plays an important role in muscular contraction
but it has no stimulatory effect on the adenyl cyclase from
skeletal muscle. Concentrations higher than lmM cause inhibition
which reaches 100% at 4mM Ca++ (figure 18B), The fact that con-
centrations smaller than 1mM do not cause inhibition may be due
to the presence of EDTA in the medium, EDTA is a chelating agent
which can bind Ca++ to a certain extent, The fact that Ca++
inhibits adenyl cyclase activity could be of physiological sig-
nificance since concentrations of that order of magnitude can
occur in vivo in the tissue. Watchorn and McCance (1937) have
estimated the amount of calcium in rat skeletal muscle to 13
ng/100g wet weight which would roughly correspond to a 3mM con-
centration, Himms-Hagen (unpublished observations) has estimated
it to 4mg/100g wet weight which would roughly correspond to a

1mM concentration,
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Figure 17: Adenyl cyclase in skeletal muscle; velocity versus

++
ATP and Mg concentrations.

Ten mg of skeletal muscle were incubated for 20 minutes
at 37°C. The incubation mixture contained in Tris buffer,
pH 7.4 (40mM), 10mM NaF, 10mM theophylline, 0.25mM EDTA,
13mM phosphoenolpyruvate, 1 unit of pyruvate kinase type I and

++
different amounts of ATP or Mg .

A) Velocity versus ATP concentration

++
The Mg  concentrations were as follows:

¢ 6.25mM;

A 11.25mM; \

5

0 16.25mM, i

01

73

Notice the inhibition at substrate concentration greater than 3ImM %
3

++ 3

for the three different Mg  concentrations used. Q

fi

B) Velocity versus magnesium concentration

The optimal substrate concentration was used (2.5mM ATP)
and the velocity was measured with different amounts of MgSO4

(0 to 20mM) in the incubation medium.

Notice that there is inhibition with concentrations higher than

optimal,
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Figure 18: Adenyl cyclase in skeletal muscle; velocity versus
fluoride concentration; velocity versus calcium

concentration,

The incubation was carried on for 20 minutes at 37°C.

The incubation mixture contained 2,5uM ATP, 8.,25mM MgSO,, 10mM

4’
theophylline 0.,25mM EDTA, 13mM phosphoenolpyruvate and 1 unit
of pyruvate kinase type I, in 40nM Tris buffer, pH 7.4 and 10 nmg

of muscle homogenate,
A) Velocity versus NaF concentration

Maximal stimulation was obtained with 7,5mM NaF and
inhibition was observed with higher concentrations, Concentra-

tions tested were between 0 and 20mM,

B) Velocity versus calcium concentration

No stimulation by calcium was observed but inhibition was
observed at concentrations greater than lmM, Calcium concen-

trations tested were between 0 and 5uM.
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C) Effects of cold exposure and cold acclimation on skeletal

muscle adenyl cyclase

1) cold acelimation

There is no difference between cold and warm acclimated
rats, for the basal adenyl cyclase activity (figure 19, bars 35
and W35 of the basal activity), the noradrenaline-stimulated acti-
vity (figure 19, bars 35 and W35 of the noradrenaline-stimulated
activity, 0.75mM), the adrenaline-stimulated activity (figure 20,
bars 35 and W35 of the adrenaline-stimulated activity, 0.lmM) and
the fluoride-stimulated activity (figure 21) of skeletal muscle

adenyl cyclase.

2) cold exposure
In rats exposed to cold for three to seven days, there

is no significant increase in the basal adenyl cyclase activity
(figure 19, comparing bars 3, & and 7 to bar 1 of the basal ac-
tivity). There is significantly more stimulation of adenyl
cyclase by noradrenaline (with concentratioms 10yM, 100uM and
750uX%) in the rats that have been exposed to cold for three and
four days than in the warm acclimated rats (figure 19). By
day seven of cold exposure, the level of the noradrenaliqg-
stimulated adenyl cyclase activity has returned to the value
obtained for warm acclimated rats.

There is also significantly more stimulation of adenyl cy-
clase by adrenaline (5uM, IOQM, and lOOQM) at days three, four and
seven of cold exposure than in the warm acclimated rats (day zero
and day 35) (figure 20).

There is a 40% increase in the fluoride-stimulated adenyl

cyclase after seven days of cold exposure (figure 21). The ac-
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Figure 19: Changes in specific activity of basal and noradrena-
line-stimulated adenyl cyclase in the skeletal muscle

of rats during acclimation to cold.

Values shown are means * standard errors. The number of
animals in each group is as follows: day 0, 3, 4 and 35, four
rats each; day 7, three rats; day W35, 5 rats., These are the
same animals as those illustrated in figures 20 and 21, The
group W35 refers to the warm acclimated rats that have been
at room temperature for thirty-five days and the group zero refers
to the rats that were killed on the day the other rats were placed
in the cold, All the other numbers refer to the number of days
of exposure to cold.

Noradrenaline was tested at three concentrations, 10uM,
100uM and 750uM (final concentration in the incubation mixture)
in the rats that have been exposed to cold for 3, 4 and 7 days

and at a concentration of 750uM in the rats of the other groups.
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Figure 20: Changes in the specific activity of basal and
adrenaline-stimulated adenyl cyclase in the skeletal

muscle of rats during acclimation to cold,

Values shown are means * standard errors., The numbers
of animals are the same as in figure 19.

Adrenaline was tested at three different concentrations
in the rats exposed to cold for 3, 4 and 7 days (5uM, 10pM and
100uM) and at a concentration of IOOﬁM in the rats of the other

groups.
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Figure 21: Changes in the specific activity of the fluoride-
stimulated adenyl cyclase in the skeletal muscle

of rats during cold acclimation,

Values shown are means * standard errors. The numbers

of animals are the same as in figure 19 and 20,

A : warm acclimated rats, day zero and day 35,
o : cold exposed rats, day 3, 4, 7 and 35,
Notice that the scale for the adenyl cyclase activity
is different from those of figures 19 and 20.

The fluoride concentration is 7.5mM in all assays.,

.

~ AMCESIT MIINFA .




131

/2
7/

60 |

utozoxd Sw/urw/soyoud

35

44

2 e T R R AR R i R

Days in cold

eyl R e o P b S T, SR S S AR N




132

tivity is also higher than in the warm acclimated rats, at

days three and four of cold exposure (Figure 21),

3) sensitivity of adenyl eyelase to noradrenaline

The dose-response curves to noradrenaline of adenyl
cyclase from cold and warm acclimated rats are not very different
(figure 22), Maximum stimulat%on is obtained with concentrations
between 0,25mM and 0.75nM, So there is no difference in the
sensitivity to noradrenaline of skeletal muscle adenyl cyclase
between cold acclimated and warm acclimated rats. Figure 23

illustrates the dose-response curves for the stimulation of

adenyl cyclase by noradrenaline in rats that were exposed to . ii
cold for four days and in warm acclimated rats (day zero). Al- %
though there is more stimulation of adenyl cyclase by the three E
noradrenaline concentrations tested (10, 100 and 750uM) in the %

cold exposed rats, there is no shift in the dose-response curve
and consequently no increase in the sensitivity of adenyl cyclase

to noradrenaline with exposure to cold.

4) sensitivity of adenyl cyclase to adrenaline

The dose-response curves of adenyl cyclase to adremaline
are not significantly different in warm and cold acclimated
rats (figure 24), Maximum stimulation is obtained between 0.lmM
and 0.5mM adrenaline. There is then no increase in the sensi-
tivity of adenyl cyclase to adremaline in cold acclimated rats.
In rats that have been exposed to cold for four days,
there is more stimulation by adrenaline of adenyl cyclase at the

three concentrations tested (5, 10 and 100uM) (figure 25) .,
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Figure 22: Dose-response curve for the stimulation of adenyl
cyclase of rat skeletal muscle by noradrenaline,

in cold and warm acclimated animals. !

Each graph represents values for one rat (mean of duplicate
determinations). The upper graph shows the dose-response curve
for a cold acclimated rat (CC) and the lower graph shows the
dose-response curve for a warm acclimated rat (WW). The period
of acclimation was five weeks in both cases,

Activities are expressed in terms of the maximum activity
i

(activity obtained with optimal concentration of noradrenaline), \
Q.
shown here as 1007, : g
0y

Notice inhibition with noradrenaline concentrations

higher than 0.75mM.
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Figure 23: Dose-response curve for the stimulation by nora-
drenaline of adenyl cyclase from skeletal muscle

in rats exposed to cold.

o : dose-response curve to noradrenaline of skeletal
muscle adenyl cyclase in warm acclimated rats (day
zero)

A : dose-response curve to noradrenaline of skeletal

muscle adenyl cyclase in rats exposed to cold for

four days. E

U

Values shown are means ¥ standard errors, The rats §

four per group, were tﬁe same as the one represented in figures ﬁ
19, 20 and 21 in the groups day zero and day four. éé
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Figure 24: Dose-response curve for the stimulation of adenyl
cyclase from rat skeletal muscle by adrenaline, in

cold and warm acclimated animals. :

Each graph represents values for one rat (mean of .%
duplicate determinations)., The upper graph illustrates the dose-
response curve for a cold acclimated rat, and the lower graph
illustrates the dose-response curve for a warm acclimated rat. g
The period of acclimation was five weeks in both cases. Activ- &
ities are expressed in terms of the maximum activity (observed
with optimal concentration of adrenaline), shown here as 1007,

Notice inhibition at concentrations higher than optimal.
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Figure 25: Dose-response curve for the stimulation by adrenaline

of adenyl cyclase of skeletal muscle of rats exposed

to cold,

o : dose-response curve to adrenaline of skeletal muscle
adenyl cyclase in -arm acclimated rats (day zero).
A : dose-response curve to adrenaline of skeletal muscle

adenyl cyclase in rats exposed to cold for four days.

Values shown are means * standard errors. The rats
(four per group) were the same as the one represented in figures

19, 20 and 21 in the groups day zero and day four.
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Table 3

Percentage of stimulation of adenyl cyclase

by adrenaline during cold exposure

Duration of exposure to cold (days)

Adrenaline concentration Zero three four seven

UM

5 297 657% 607 397

10 117 847 1007

100 1007 1007 927

Vi

~ AIVETH L. G
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There is also a shift in the dose~response curve of adenyl cyelase
to adrenaline in the cold exposed rats, when compared to that of
the warm acclimated rats (day zero). Maximum stimulation is
obtained with 10yM in the cold exposed rats (four days) while

it is obtained at 100uM in the warm acclimated rats (day zero).
Table 3 illustrates this increase in sensitivity to adrenaline
observed during cold exposure, After the rats have been exposed
to cold for three days, the skeletal muscle adenyl cyclase is
stimulated more by 5uM and by 10uM than it is in the warm aceli-
mated rats. The increase in sensitivity is maximum after four

days of cold exposure and is no longer visible after seven days

of cold exposure. The percentage of stimulation by adrenaline

is expressed as:

activity with given adrenaline concentration - basal activity

S ATDVAGi 4 QJ4NYIY T

activity with optimal adrenaline concentration - basal activity

it may be concluded that the sensitivity of ademyl cyclase to
adrenaline is increased in the first few days of cold exposure
(three and four days) as well as the stimulation of the enzyme

by adrenaline, at any of the concentrations tested (figure 20).

D) Discussion

There is no difference between basal, noradrenaline-
stimulated, adrenaline-stimulated and fluoride~stimulated adenyl
cyclase activities of cold and warm acclimated rats skeletal
muscle. The adenyl cyclase in skeletal muscle then is not al-

tered by cold acclimation.
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During the first few days of exposure to cold, there
is an increase in the specific activities of the noradrenaline-
stimulated, the adrenaline-stimulated and the fluoride-stimulated
adenyl cyclase., The increase in specific activity of the
adrenaline component is accompanied by a shift in the dose-
response curve for the stimulation of adenyl cyclase by adrenaline,
indicating an increased sensitivity of the enzyme to stimulation
by adrenaline., This increase in sensitivity is only seen at
days three and four of cold exposure; by day seven, the dose-

response curve for the stimulation of adenyl cyclase by adrenaline,

has returned to normal although the enzyme is still stimulated
more by adrenaline than the enzyme of the warm acclimated rats.
The increase in the calorigenic response of rats to

catecholamines observed during cold acclimation is not accompa-

~ AROVGTi i SGTiFR 7

nied by an increase in the specific activity of adenyl cyclase
in the skeletal muscle or by an increase in the sensitivity

of the enzyme to adrenaline or noradrenaline in cold acclimated
rats.,

The increase in adenyl cyclase activity observed during
the first week of exposure to cold as well as the increase in_
the sensitivity of the enzyme to adrenaline after three and four
days of exposure to cold are quite puzzling. The time course
of the changes observed for the stimulation of adenyl cyclase
by adrenaline corresponds to the changes in the secretion of
adrenaline by the adrenal medulla (Leduc, 1961).

Adrenaline has two different effects on the contraction
of skeletal muscle. First it exerts a direct effect on the muscle

fibers themselves. It was shown as early as 1895 (Oliver and

ey TP R S SR S T K T D R T
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Schafer, 1895) that extracts of adrenal medulla increased the

tension and prolonged the duration of maximal twitches of the

non-fatigued gastrocnemius muscle of the dog. This action of
adrenaline was confirmed by many workers and it was shown that
adrenaline exerted this effect directly on the muscle fibers
themselves, since the effect was still observed in fully cura-
rized or chronically denervated muscles (see review by Bowman
and Raper, 1967), Adrenaline exerts another effect on skeletal
muscle: it influences neuromuscular transmission. This effect

ne
of adrenaline is potentiated by theophylline (Goldberg and

Singer, 1969; Brebkenridge et al.,, 1967) and is mimicked by
dibutyryl cyclic AMP (Goldberg and Singer, 1969). The fact that
adrenaline and dibutyfyl cyclic AMP increase the frequency of

single cell and plate potentials and the height of the compound

PLEm Iy
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end plate potential has led to the conclusion that their effects
are due to an acceleration of the release of packets of acetyl-
choline from the motor neurone (Goldberg and Singer, 1969).

The mechanism by which adrenaline has a direct effect
on the muscle fibers is not known but it could involve the
participation of the adenyl cyclase system.

Although both actions of adrenaline occur simultaneously,
the one action which is important at any one time depends upon
the condition of the muscle, In the normal non-fatigued, non-
curarized muscle, the effect of adrenaline on contractions are
mostly the result of a direct action on muscle fibers; in a par-
tially curarized muscle, the action on neuromuscular transmission

plays the more important part whereas the defatiguing effect of
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adrenaline probably involves both sites of action (Bowman and
Raper, 1967).
Fatigued muscles lose the response to further stimulus
as well as the ability to maintain phosﬁhorylase in the a form
(Danforth and Helmreich, 1964; Piras and Staneloni, 1969); but
if the muscles are pretreated with adrenaline the resistance
to fatique is increased and there is a slower fall in the per-
centage of phosphorylase in the a form (Danforth and Helmreich,
1964) .
If adrenaline can increase the resistance of a muscle :

to fatigue by maintaining muscle phosphorylase in the a form,

it is possible that it does so by the intermediary of the adenyl §
3
cyclase system which is well known to mediate the effects of ?
adrenaline on muscle phosphorylase conversion from the b to the 5
3

a form, .
Muscles continuously shivering during cold exposure
(Héroux et al,, 1956; Hart et al,, 1956) can be considered as
potentially fatigued muscles, These muscles show an increase
in adenyl cyclase specific activity (noradrenaline-stimulated,
édrenaline-stimulated and fluoride-stimulated) and an increase
in the sensitivity of the enzyme to adrenmaline. It is possible
that these changes in the adenyl cyclase system be associated
with the defatiguing effect of adrenaline directly on muscle
fibers. Adrenaline would then possibly exerts its defatiguing
effect on muscie fibers by increasing adenyl cyclase activity.
The increased stimulation of adenyl cyclase by adrenaline as

well as the increase sensitivity of the enzyme to adrenaline,

RN A P A PR
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could amplify quite a bit the effects of adrenaline on muscle
phosphorylase., Thus, in the cold exposed rat; it is possible
that the increase in adenyl cyclase observed is associated with
the maintenance of shivering in the fatigued muscles, The
changes ia adenyl cyclase seem to be in favor of an increased
response of the enzyme to adrenaline since both stimulation and
sensitivity of the enzyme to adrenaline are increased in the
rats exposed to cold for three and four days. This would then
possibly be a very good example of the mediation of the defa-

tiguing effect of adrenaline on muscle fibers themselves by the

| adenyl cyclase system.
As was mentioned earlier, the defatiguing effect of
adrenaline probably involves both actions of adrenaline, i.e.
the direct one on the muscle fibers themselves and the one on

neuromuscular transmission, The results obtained with the adenyl

SAQVAQi L. QIAUNYLE

cyclase system of the shivering muscles, only allows deductions
or rather suppositions concerning the possible role of the
adenyl cyclase system in the defatiguing effect of adrenaline
directly on the muscle fibers. The adenyl cyclase measured is
that present in the muscle cells and is not related to the pos-
sible adenyl cyclase from neurons involved in the neuromuscular
transmission, probably at the presynaptic level,

So, stimulation of the adenyl cyclase system in early
cold exposure may play a role in the defatiguing effect of adre-
naline on shivering muscles. But the adenyl cyclase from rat
skeletal muscle is not modified by the process of nonshivering

thermogenesis since there is mo difference between adenyl cyclase
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of warm and cold acclimated rats for the basal, the adrenaline-
stimulated, the noradrenaline-stimulated and the fluoride-

stimulated activities respectively,
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CHAPTER III: CYCLIC AMP PHOSPHODIESTERASE IN TISSUES

Section I: Survey of cyclic AMP phosbhodiestetase

A) Distribution of cyclic AMP'fhoséhodieSteraSe

1) tiseue distribution of eyelic AMP phosphodiesterase
Cyclic AMP phosﬁhodiesterase, an enzyme cabable of des-
troying the biological activity of cyclic AMP, has been found in
all mammalian tissues studied (Robison et al., 1971), It was 3
" first discovered by Sutherland and Rall (1958) in extracts of i
heart, brain and liver, and vas jdentified later in many other
mammalian tissues. In the d&g, the enzyme was bresent in brain,
adrenal gland, kidney, small intestine, liver pancreas, heart,

lung, testis, sartorius muscle, aorta, femoral artery, diaphragn

S A VIILIL R SN

and femoral nerve (Butcher and Sutherland, 1962). The enzyme

has also been studied in rat brain (Cheung, 1967), in beef heart
(Butcher and Sutherland, 1962); in rabbit brainm, kidney, heaft,
spleen, liver and skeletal muscle (Drummond and Perrott-Yee,
1961), and in rat white and brown adiﬁose tissues (Hahn, 1970).
sent‘in sbecies otﬁer than mammals.

The enzyme is also pre

It is present in frog erythrocytes (Rosen, 1970), in the liver

e earth worm Lumbricus terrestris,

fluke Fasciola hepatica, in th

in fly larvae and in ninnows (Butcher and Sutherland, 1962),

{n slime molds (Chang, 1968) and in bacteria (Brana and Chytil,

1966).
Cyclic AMP phosphodiesterase is then widely distributed,

in mammalian species as well as in other species.
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2) subcellular distribution of cyelic AMP phosphodiesterase

Cyclic AMP phosphodiesterase can be associated with the
soluble or the particulate subcellular fractions or with both
depending on the tissue or the species studied, Most of the
phosphodiesterase activity from beef heart was found to be asso-
ciated with the particulate material which sedimented at 2500g
(Butcher and Sutherland, 1962). In dog heart, most of the phospho-
diesterase activity was associated with the 4000g supernatant
(Nair, 1966). 1In rabbit brain, the enzymatic activity was loca-
lized entirely in the 100,000g supernatant (Drummond and Perrott-
Yee, 1961)., In rat brain, the phosphodiesterase activity was
607 particulate but the highest specific activity of the enzyme
was found in the soluble fraction; the particulate activity was
found primarily in fractions rich in nerve endings. After osmotic
shock about half of the activity associated with the 11,500g
pellet became soluble (DeRobertis et al., 1967). Cheung and
Salganicoff (1967) found that rat brain phosphodiesterase, when
prepared in isotonic sucrose solution, was distributed as
follows: 107 in the nuclear fraction, 40% in the mitochondrial
fraction, 207 in the microsomal fraction and 30% in the 100,000g
supernatant fraction., If the different subcellular fractions
were exposed to Triton X-100 before being assayed, more than
half of the total phosphodiesterase activity was then associated
with the microsomal fraction indicating that the phosphodiesterase
of the latter fraction was probably embedded in a lipoprotein
matrix and inaccessible to the substrate. The remaining activity
after treatment with Triton X-100 was found mostly in the mito-

chondrial and the soluble fractions (Cheung and Salganicoff, 1967).

-
:
»
:l
3
3
)
.
1
g




150

It seems that bhosbhodiesterase can be either soluble
or particulate in a tissue breﬁaration or partially soluble and
partially particulate depending on the tissue, the species and
the methods of isolation used. The localization in the intact

cell of cyclic AMP phosphodiesterase is therefore not completely

clear,

F

B) Purification and properties of cyclic AMP phosphodiesterase

P
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1) purification of eyelic AMP phosphodiesterase

Soluble phosphodiesterase has been purified with some
success but particulate bhosphodiesterase has not been purified
yet. Soluble phosphodiesterase has been purified between 80-
and 140-fold from beef heart 16,0005 supernatant (Butcher and
sutherland, 1962) and 170-fold from dog heart 4,0005 supernatant
(Nair, 1966). A soluble phosbhodiesterase has been purified more
than 1000-fold from frog erythrocytes and the activity was always
recovered in two different fractions and it was postulated that
the enzyme existed in two different molecular forms (Rosen, 1970),

The existence of more than one form of cyclic AMP phos-
phodiesterase had been suggested by anomalous kinetic behavior of
the rat brain soluble phosphodiesterase, behavior which was
indicative of two apparent K, (Brooker et al.,, 1968)., Then by
purification of rat brain phosphodiesterase it was possible to
identify two active fractions, one with a low affinity for cyclic
AMP (apparent K of 1 x 10-4M) and the other one with a high affi-

: -6 \
nity for cyclic AMP (apparent Km of 5x 10 M) (Thompson and
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Appleman, 1971). Two molecular forms of phosphodiesterase

have also been found in rat kidney and in frog bladder (Jard and
Bernard, 1970). Direct evidence for the existence of more than
one form of cyclic AMP bhosphodiesterase in suﬁernatants of rat
and rabbit tissues was obtained using starch gel electrophoresis
(Monn and Christiansen, 1971), All tissues studied contained
more than one form of the enzyme but no tissue contained more
than four combonents and various tissues had distinct patterns
of components distribution; no complete separation of any com-

- ponent was achieved (Monn and Christiansen, 1971),

Soluble cyclic AMP ﬁhosﬁhodiesterase has been ﬁurified to
some extent in many ﬁrebarations and 1t apﬁears that the enzyme
exists in more than one molecular form in many tissues. Identi-
fication of the different molecular forms of the enzyme and of
their distribution in various tissues of different species will

await further purification of the enzyme,
2) properties of ecyelic AMP phosphodiesterase

a) substrate specificity

Cyelic 3',5'-nucleotide ﬁhosbhodiesterase appears to be
specific for ﬁurine 3'-5'~mononucleotides., It was initially re~
ported that cyclic 3',5'-§yrimidines were also hydrolyzed by crude
preparations of heart ﬁhosbhodiesterase (Butcher and Sutherland,
1959; Nair, 1966) and brain ﬁhosﬁhodiesterase (Drummond and Perrott-
Yee, 1961). However a second éhosﬁhodiesterase was found in crude
preparations of heart with a sﬁecificity for cyclic UMP (Hardman

and Sutherland, 1965) and purification of heart cyclic AMP phos-
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phodiesterase gave a preparation which hydrolyzed cyclic UMP at
12 to 157 of the rate observed with cyclic AMP (Nair, 1966).

The deoxy analog of 3',5'-cyclic AMP is also hydrolyzed
by heart cyclic AMP phosphodiesterase at the same rate as cyclic
AMP itself (Nair, 1966). Cyclic 2',3'-AMP is not hydrolyzed by
cyclic AMP phosphodiesterase (Butcher and Sutherland, 1962; Nair,
1966). Polyadenylic acid, pol?uridylic acid, DNA, RNA and 5'-
AMP are not hydrolyzed by cyclic AMP phosphodiesterase (Sutherland
and Rall, 1958; Butcher and Sutherland, 1962; Nair, 1966).

Cyclic GMP is hydrolyzed by phosphodiesterase. In a range
of concentrations between 10-4M and 10-3M, it is hydrolyzed at
about 707 of the rate of cyclic AMP by phosphodiesterase prepa-
rations from rat brain (Cheung, 1967) and beef heart (Beavé et
al., 1970), At a concentration of 10-3M the ratio of cyclic GMP
hydrolysis to cyclic AMP hydrolysis is about 1 and varies little
among homogenates of all tissues of the rat examined as well as
among the subcellular fractions of several rat tissues (Beavo
et al,, 1970). But at lower substrate concentration (micromolar
level) the rate of cyclic GMP hydrolysis can be several times
faster, equal or slower than the rate of cyclic AMP hydrolysis
depending on the tissue and/or the subcellular fraction studied
(Beavo et al.,, 1970; Rosen, 1970; Thompson and Appleman, 1971)
and it is possible that the different molecular forms of the

enzyme (Monn and Christiansen, 1971) may have different relative

affinities for cyclic AMP and cyclic GMP.

b) stimulation of cyclic AMP phosphodiesterase

In an attempt to elucidate the mechanisms regulating tissue
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levels of cyclic AMP in an intact animal, factors affecting
phosphodiesterase activity have been studied, Imidazole can
stimulate phosphodiesterase activity in brain (Cheung, 1967) and
heart (Butcher and Sutherland, 1962; Nair, 1966) preparations.

The effect of imidazole on the level of cyclic AMP in intact cells
has not been studied but it is unlikely that the stimulation of
phosphodiesterase by imidazole is of physiological significance
(see Robison et al,, 1971).

The presence of an activator of phosphodiesterase in
bovine brain was detected by Cheung (1970) who observed the partial
loss of activity of the enzyme at the later stages of the purifi-
cation procedure and the restoration of the enzymatic activity
by the addition of a brain extract free of cyclic AMP phospho-
diesterase activity, The activator abﬁears to be a protein of
molecular veight approximately equal to 40,000 which is gradually
removed from the enzyme during the process of purification (Cheung,
1971b) . The affinity of cyclic AMP for §h°séhodiesterase is increased
in the presence of the activator but no evidence for the binding
of cyclic AMP to the activator was obtained (Cheung, 1971b). The
activator then does not stimulate phosphodiesterase activity
through a direct binding of the substrate but probably by bringing
about a conformational change in the enzyme which results in an
increased affinity for the substrate (Cheung, 1971b)., An activator
and a relatively inactive purified phosphodiesterase were also
isolated from human, porcine and rat brains and from bovine heart;
an activator from one tissue could cross-activate effectively a

purified phosphodiesterase from another tissue indicating the 1ack
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of tissue specificity of the activator (Cheung, 1971b). The
activator of phosphodiesterase may be very important in regulating

tissue levels of cyclic AMP in the intact animal,

¢) inhibition of cyclic AMP phosphodiesterase

The role of cyclic AMP phosphodiesterase is to inactivate
cyclic AMP by hydrolyzing it to AMP; the inhibition of cyclic AMP
phosphodiesterase would result, in the intact animal, in an acce-
leration of these metabolic processes able to be stimulated by
cyclic AMP.

The best known iphibitors of phosphodiesterase are the
methylxanthines which are capable of inhibiting the enzyme in ,
every mammalian tissue that has been studied (Robison et al.,
1971), Of the methylxanthines, theophylline is usually a more
potent inhibitor of phosphodiesterase than either caffeine or
theobromine. Theophylline was shown to act as a competitive
inhibitor of beef heart phosphodiesterase (Butcher and Sutherland,
1962); caffeine acted noncompetitively on dog heart phosphodiés-
terase (Nair, 1966) but competitively on rat brain phosphodies-

terase (Cheung, 1967).

The methylxanthines have been shown to potentiate the
action of many hormones on different tissues (Robison et al.,

1971); the potentiation of a hormonal action by the methylxan-

thines has been used as evidence in favor of the mediation

of the gilven hormonal action by adenyl cyclase. Other agents

such as puromycin (Appleman and Kemp, 1966), or triiodothyronine

(Mandel and Kuehl, 1967; Rosen, 1970) can also inhibit phospho-

diesterase activity in certain tissues., One of the problems
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involved in the study of the inhibition of phosphodiesterase
in different tissues by methylxanthines and other agents is
that relatively high concentrations of the drugs are necessary
to inhibit phosphodiesterase and that at these concentrations
the drugs may have many other effects unrelated to their inhi-
bition of phosphodiesterase,

Phosphodiesterase is inhibited by ATP and inorganic pyro=-
phosphate (Cheung, 1966; Cheung, 1967; Gulyassy, 1971) and the
inhibition can be virtually abolished by increasing the concen-
tration of Mg++ in the incubation medium (Cheung, 1967; Gulyassy,
1971). Phosphodiesterase requires Mg++ for activity and it is
probably by forming complexes with ng+ that ATP and inorganic
pyrophosphate inhibit phosphodiesterase activity (Cheung, 1967;
Gulyassy, 1971)., cCTP, UTP, ITP, GIP, TTP, inorganic tripoly-
phosphate, inorganic tetrapolyphosphate and citrate all of which
are known to be metal-chelating agents,also inhibit phospho-
diesterase activity probably by the same mechanism as ATP and
inorganic pyrophosphate (Cheung, 1967).

Adenosine and adenine are also inhibitors of cyclic AMP
phosphodiesterase but their inhibitory action is not affected by
increasing the concentration of Mg++ in the medium (Gulyassy, 1971),
The amino group of adenosine and adenine is involved in the inhi-
bition of phosphodiesterase because inosine and.purine derivatives
have almost no inhibitory effects on phosphodiesterase (Gulyassy,
1971).

The physiological significance of the inhibition of phos-

phodiesterase by nucleotides depends on the relative intracellular
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concentration of nucleotides and of Mg++ in their free and

bound forms, and is rather difficult to estimate. The quanti-
tative importance of the inhibition of cyclic AMP phosphodies-
terase in the regulation of cyclic AMP levels in the intact
animal cannot be assessed at the present moment and one can only

postulate that the inhibition of phosphodiesterase may be of

significance in the whole animal,

d) the cyclic AMP phosphodiesterase reaction

Cyclic AMP is inactivated by the phosphodiesterase reac-
tion. Sutherland and Rall (1958) showed that cyclic AMP was
quantitatively converted to 5'AMP by heart preparations. The
product of the reaction, AMP, was identified by paper chromato-
graphy and by its enzymatic dephosphorylation by the 5'-nucleo-

tidase activity of snake venonm,

e) cofactor requirements

Mg++ 1s essential for the activity of phosphodiesterase
(Drummond and Perrott-Yee, 1961; Cheung, 1967) and Mn++ can replace
Mg++ completely with brain preparations (Cheung, 1967) but only
partially with heart preparations (Drummond and Perrott-Yee,

1961) . Partial stimulation of rat brain phosphodiesterase is
obtained with Ca++, Ni++, and Ba++ but Ca++, Cu++ and Zn++ are
inhibitory (Cheung, 1967). In bovine brain, Cheung (1971a) showed

+4
that Ca++, Mn

’ CO++, and Zn++ were stimulatory at low concen-
trations (smaller than 0.1 mM) but inhibitory at high concentrations
(larger than 1 mM), Lead is a potent inhibitor of brain phospho-

diesterase even when Mgi+ is present (Breckenridge and Johnston,

1969). The presence of a Ca++-dependent phosphodiesterase activity
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has been reported in rat brain (Kakiuchi and Yamazaki, 1970),

EDTA inhibits phosphodiesterase activity (Drummond and Perrott-
Yee, 1961; Cheung, 1967; Cheung, 1971aj Gulyassy, 1971) and Mo P i
can completely remove the inhibitory effects of EDTA (Cheung, 1 %:
1971a) on the enzyme. The phosphodiesterase reaction requires

++
Mg  for activity in all preparations studied but other metals

can stimulate the enzymatic activity in certain tissues of certain
species and in a limited range of concentrations; no generaliza-

tion concerning the requirement of the reaction for metals other
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than Mg can be made at the present moment.
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£) pH optimum
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In dog heart preparations, the pH optimum lies between ‘ f g

8.5 and 9.2 (Nair, 1966) while in beef heart preparations the %
pH optimum is 7.9 (Butcher and Sutherland, 1962); in rat brainm, §
the pH optimum is 8.0 (Cheung, 1967). The pH optimum seems to §
vary with the tissue and the species studied but it is usually %
in the alkaline range of pH (Robison et al., 1971), %
5

C) Methods of estimation of cyclic AMP phosphodiesterase
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Phosphodiesterase hydrolyzes cyclic AMP into AMP, The
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AMP produced can be treated with 5'-nucleotidase obtained from
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snake venom which hydrolyzes AMP into adenosine and inorganic
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phosphate and the latter can be measured colorimetrically by the
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method of Fiske and Subbarow (1925). The AMP formed during the

phosphodiesterase reaction can be transformed into IMP by an ex-

R TR

cess of AMP deaminase,areaction which can be followed spectropho-




158

tometrically (Drummond and Perrott-Yee, 1961); AMP can also be
assayed by an enzymatic recycling method using excesses of myo-
kinase, pyruvate kinase and lactate dehydrogenase (Cheung, 1966). :
A titrimetric method based on the fact that the phosphate group |
of cyclic AMP has one titratable species while that of AMP has two
has been designed by Cheung (1969). The amount of cyclic AMP
present before and after the phosphodiesterase reaction can be
estimated and the difference represents the amount of cyclic AMP
hydrolyzed during the reaction (Butcher and Sutherland, 1962).

More sensitive methods using labelled cyclic AMP for subs-
trate have been reported recently and they have the advantage of
measuring the reaction at much smaller substrate concentrations,
The formation of tritiated adenosine in the presence of an excess
of 5'-nucleotidase or the disappearance of tritiated cyclic AMP
during the reaction can be estimated since adenosine and cyclic
AMP can be separated from each other and from other nucleotides
by ion-exchange chromatography (Beavo et al,, 1970; Somerville
et al., 1970). The products of the phosphodiesterase reaction
using 014- or Hs-cyclic AMP as substrate, can also be isolated by
thin layer chromatography (Therriault and Winters, 1970; Gulyassy
and Oken, 1971). The liberation of P32—inorganic phosphate from
P32~cyclic AMP can be used as a method of estimation of phospho-
diesterase activity (Sch8nh8fer et al;, 1970).

There are numerous methods of estimation of phospho-
diesterase activity but the more sensitive ones involve labelled
substrate. Much smaller concentrations of cyclic AMP can be used
with these radioactive methods and they have permitted the detec-
tion of the existence of more than one molecular form of cyclic

AMP phosphodiesterase.
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Section II: Experimental: cyclic AMP fhosphodiesterase

in brown adipose tissue

A) Material and methods '

1) animals

see chapter 2, section II, A, 1.

2) preparation of the brown adipose tissue

see chapter 2, section II, A, 3.

3) assay of cyclic AMP phosphodiesterase

The brown adipose tissue homogenate was centrifuged at
30,0005 for 30 minutes and the supernatant was dialyzed overnight

at 4°¢ against 0,25M sucrose. This fraction could then be stored

at -20°C for a few months without loss of activity. Of the
total cyclic AMP phosphodiesterase activity in the original homo-
genate 90% was found to be present in this fraction, Phospho-
diesterase activity was measured essentially as described by
Nair (1966). The S5'AMP produced as a result of the action of
phosphodiesterase on cyclic AMP was treated with 5'-nucleotidase
obtained from snake venom and the released inorganic phosphate
vas measured colorimetrically. The assay was ﬁerformed in two
stages, The first stage consisted of the incubation of cyclic
AMP with the brown adipose tissue phosphodiesterase preparation
for 30 minutes at 30°¢. Optimal concentrations of cyeclic AMP,

M8504, and enzyme preparation were present in a final volume of

\ @
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0.8ml containing 37.5mM Tris buffer at pH 8.0, The reaction

was terminated by boiling the tubes for three minutes, Snake
venon (from Crotalus atrox; solution containing 5 mg/ml) with
5'-niucleotidase activity was added to the medium (0.05ml) and
a second incubation was carried out at 37°C in order to convert
the AMP formed by the action of bhosﬁhodiesterase during the
first incubation into adenosine and inorganic phosphate. This
second reaction was stoﬁbed by the addition of 0,2ml of ice-cold
257 trichloroacetic acid and the tubes were centrifuged,
Adabtations (Nair, 1966; Vernikos-Danellis and Harris,
1968) of the method of Fiske and Subbarow (1925) have been modi-
fied slightly for the determination of inorganic phosphate re-
leased by brown adiﬁose tissue frebarations. To 0.7ml of the
supernatant of the second incubation medium (after the addition
of trichloroacetic acid) were added 1.3ml of distilled water and
0.5ml of 1,257 ammonium molybdate in 2.5N H2804. The color vas
developed by the addition of 0.05ml of a solution of Fiske and
Subbarow reducer (this mixture of l-amino-2-naphthol-4-sulfonic
acid, sodium sulfite and sodium bisulfite, was purchased from
Sigma and according to the instructions, one gram was diluted
in 6.3ml of distilled water; 0,05ml of that solution was added
to develgp the color). Ten minutes later, the obtical density
of the resulting solution was read at 660 nanometers on a Beckman
DB-G spectrophotometer, Standard solutions of inorganic phos-
phate containing between zero and one micromole were made up and
read with every set of experiments., The optical density at 660

nanometers is directly proportional to the amount of inorganic
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phosphate present (Figure 26). The amount of cyclic AMP hydro-

lyzed is proportional to the amount of inorganic phosphate formed

during the second incubation. Blanks containing a concentration %

of enzyme identical to that of the samples but containing no ,,
cyclic AMP were used and every sample had its own blank. The

optical density of the blank was subtracted from that of the

corresponding sample, The cyclic AMP phosphodiesterase activity

is expressed as nanomoles of inorganic phos phate formed per

minute,

4) protein estimation

Protein was estimated by the Lowry method (Lowry et al,,

1951).,

5) cehemicals

Adenosine 3':5'-cyclic monophosphoric acid, sucrose,

Trizma-HCl, Trizma-base, 1,257 ammonium molybdate in 2.5N H,S0

2774

Fiske and Subbarow reducer, snake venom from Crotalus atrox

(Western Diamondback Rattlesnake) were all obtained from Sigma,

B) Properties

1) time of incubation
The hydrolysis of cyclic AMP by phosphodiesterase is lin-
ear for up to 40 minutes at 30°C with 0.5ml of the 30,000 super-

natant of the brown adipose tissue homogenate after dialysis

A N
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Figure 26: Standard curve for the determination of inorganic

phosphate; absorbance at 660 nanometers,

The standard solution of inorganic phosphate is made as '
follows: 1,36 gram of KH2P04 is diluted in one liter of distilled
water, a few drops of chloroform are added and the solution is
stored in the refrigerator where it can be kept for several
months., For use, it is diluted 1:10, so that lml corresponds
to one micromole of inorganic phosphate. The final dilution
is made in trichlorocacetic acid 1.66% so that the acidity of the
standards will be identical to that of the samples. The other
steps of the procedure are explained in the text, Notice the
linearity of the relationship between the absorbance at 660
nanometers and the concentration of inorganic phosphate in the

range of concentrations studied.
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(Figure 27), Higher concentrations of enzyme as well as longer

periods of incubation were tested and found not to give rise to
a linear relationship. In most assays, 0.5 ml of the 30,0009

supernatant was used and the incubation was carried out at 30°¢C

for 30 minutes,

2) concentration of eyelic AMP

The velocity of the reaction is maximum at a concentration
of substrate of 0.5mM or more when determined at optimal Mg++

concentration (Figure 28A)., A concentration of lmM cyclic AMP

was used in most assays.

. ++
3) concentration of Mg

The activity of cyclic AMP phosphodiesterase is stimulated
by Mg++. The stimulation seems maximal at all concentrations
tested, i.e, between lmM and 20mM (Figure 28B). A concentration

of 3mM Mg++ was used in most assays,

4) pH optimum

Figure 29 shows that the pH optimum for phosphodies-
terase of brown adipose tissue 30,0009 supernatant lies between

7.6 and 8,5, Most assays were carried out at pH 8.0,

N
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Figure 27: Velocity of the phosphodiesterase reaction versus
the time of incubation of the brown adipose

tissue preparation.

The incubation medium contained 2mM cyclic AMP, 2mM
Mgsoa, 0.5ml1 of the dialyzed 30,0009 supernatant of the homo-
genate containing 40mg/ml and 40mM Tris-HCl buffer, pH 7.8,

The incubation was carried out at 30°C.
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Figure 28A: Cyclic AMP phosphodiesterase from brown adipose

tissue; velocity versus cyclic AMP concentration,

The incubation medium contained 3mM MgSOa, 0,5ml of the
dialyzed 30,000g supernatant, and 40mM Tris-HC1 buffer, pH 8.0.

The incubation was carried out at 30°C for 30 minutes,

Figure 28B: Cyclic AMP phosphodiesterase.from brown adipose

++
tissue; velocity versus Mg  concentration,

The incubation medium contained 2mM cyclic AMP, 0,5ml

of the dialyzed 30,0009 suﬁernatant, and 40mM Tris-HCl buffer,

PH 8.0, The incubation was carried out at 30°C for 30 minutes.
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Figure 29: Cyclic AMP phosphodiesterase from brown adipose

tissuef velocity versus pH.

The incubation medium contained 2mM cyclic AMP, 2mM

MgSOa, and 0.5ml of the dialyzed 30,0009 supernatant., The incu-

bation was carried out for 30 minutes at 30°%, The pH optimum

lies over the range of pH from 7.6 to 8.5; at pH 7.0 there is no

activity at all,
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The constituents of the incubation mixture had the
following optimal concentrations: 1mM cyclic AMP, 3mM MgSOa,
0.5n1 of enzyme preparation (dialyzed 30,0005 supernatnat of the
homogenate containing 40 mg of brown adipose tissue per ml) and

37.5nM Tris buffer at pH 8.0,

c) Effects of cold exposure and cold acclimation on cyclic

AMP phosphodiesterase activity in brown adipose tissue

There is no significant change in the specific activity
of the cyclic AMP phosphodiesterase at amy time during exposure
to cold (Figure 30)., There is an increase in the total activity
of the enzyme in the tissue but this increase parallels the
increase in protein content and in wet weight of the brown

adipose tissue (Figures 30 and 6).

D) Discussion

The specific activity of cyclic AMP phosphodiesterase
of the interscapular brown adipose tissue is not affected by
exposure of the animals to cold. The total activity of the
enzyme in the interscapular brown adipose tissue is increased
by cold exposure but the increase in total activity of the

enzyme parallels the increase in protein content of the tissue

which explains why the specific activity of the enzyme is not

modified. Hahn (1970) has reported that the activity of the
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Figure 30: Cyclic AMP phosphodiesterase in brown adipose tissue;

specific and total activities of the enzyme during

acclimation of rats to cold,

The symbols used are:

@ @ total activity;

¢ ! specific activity,,

The number of animals used is the same as in figure 6.

The values are expressed as means * standard errors,
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cyclic AMP Phosplhodiesterase ip the 10,0009 supernatant of the

interscapular brown adipose tissue was of the order of 5.5

nanomoles/min/mg Protein. The valueg obtained in the present

communication for the activity of phosphodiesterase in the 30,0004 -

supernatant of the interscapular brown adipose tissue are also
of the same order of magnitude,

The fact that no differénce in the phosphodiesterase
activity of the brown adipose tissue is observed during exposure
to cold may be due to the lack of sensitivity of the method used,
More sensitive methods using labelled cyclic AMP for substrate
could reveal the presence of more than one molecular form of the
enzyme in the brown adipose tissue. Studies of phosphodiesterase
at micromolar substrate concentrations rather than at millimolar
substrate concentrations have revealed the presence of more than
one form of phosphodiesterase in many different tissues (Beavo
et al,, 1970; Thompson and Appleman, 1971), Multiple forms of
phosphodiesterase have been partially separated by starch gel
electrophoresis (Monn and Christiansen, 1971) and by gel filtra-
tion (Jard and Bernard, 1970; Rosen, 1970; Thompson and Appleman,
1971) in different tissues. The purification of phosphodiesterase
from brown adipose tissue 1s beyond the scope of this presenta-
tion but it must be kept in mind that the results obtained at the
millimolar level of substrate concentration may not be very repre-
sentative of the situation present in the intact animal where
the concentration of cyclic AMP in the different tissues is of
the order of one picomole per mg of tissue. Although the results

obtained show no difference for the phosphodiesterase activity
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of the brown adipose tissue during cold exposure, it must be

remenbered that more sensitive methods of determination could
possibly reveal differences in the enzyme activity during cold

exposure of the animals, Unfortunately, such methods were not

available when the experiments were performed and we can only
conclude that in the conditions studied, with lmM cyelic AMP,
there is no difference observed_for the phosphodiesterase activity

of the brown adipose tissue during cold exposure.
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Section III: Experimental: cyclic AMP phosphodiesterase

activity in skeletal muscle

A) Material and Methods

1) animals

see chapter 2, section II, A, 1,

2) preparation of skeletal musecle

gee chapter 2, section ILI, A, 2,

3) assay of cyclic AMP phosphodiesterase

The skeletal muscle homogenate was centrifuged at 4,000g
for ten minutes (as described for dog heart by Nair, 1966) and
the supernatant wvas dialyzed overnight, with two cianges of buffer,
against Chappell-Perry medium containing no ATP and no EDTA
(EDTA is an inhibitor of phosphodiesterase and it was removed

from the homogenate by dialysis against a medium containing no

EDTA). This fraction can then be stored for months at -20°¢
without loss of activity.

Phosphodiesterase was measured essentially as described
by Nair (1966), and as explained in the section II, A, 3, of this
chapter except that the incubation was performed in one stage
rather than in tvo stages. An excess of 5'-nucleotidase (0.05ml

of a solution of snake venom containing 10mg/ml) was added to

the other constituents of the incubation medium (optimal concen-

trations of cyclic AMP, MgSOA, enzyme and Tris buffer) and the
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reaction was carried on for 30 minutes at 37°C. The reaction

vas terminated by the addition of 0.2ml of 25% trichloroacetic
acid. Inorganic phosphate produced during the reaction was
measured as described in section II, A, 3 of this chapter, Deter-
nination of phosphodiesterase activity was performed at 37°¢

since the determination of adenyl cyclase in the same tissue was

performed at 37°C because of the low specific activity of the

enzyme in skeletal muscle.

4) protein estimation

Protein was estimated by the Lowry method (Lowry et al,,

1951).,

5) chemieals

as described in chapter 3, section II, A, 5,

B) Properties

1) enzyme concentration

The rate of hydrolysis of cyclic AMP is linear for con-
centrations of enzyme up to 0.3ml of the 4,000 supernatant of
skeletal muscle homogenate containing 100 mg of muscle per ml,
during a 30 minute incubation period at 37°% (Figure 31)., Higher
concentrations of enzyme did not give rise to a linear rate of
hydrolysis, In most assays, 0.3ml of the 4,000 supernatant was
added to the incubation mixture to initiate the reaction which

was carried out for 30 minutes at 37°C.

|
!
[
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Figure 31: Cyclic AMP phosphodiesterase from skeletal muscle;

velocity versus enzyme concentration.

The incubation medium contained 1lmM cyclic AMP, 5mM
MgSO4, 80mM Tris buffer, pH 8.0 and different amounts of enzyme
expressed in ml of the dialyzed 4,000g supernatant of the skeletal

muscle homogenate containing 100 mg/ml, The reaction was carried

out at 37°c for 30 minutes,
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2) concentration of eyelic AMP

The velocity of the phosphodiesterase reaction is max-
inum at substrate concentrations higher than 0,2mM (Figure 32),

A concentration of 0.5uM cyclic AMP was used in most assays,

unless othervise specified.

3) concentration of Mg++

The velocity of the reaction at optimal substrate concen-
tration is maximum at a Mg++‘concentration (final concentration
in the incubation medium) of 8,8mM (Figure 33 A). Thereis less
stimulation of the enzyme with higher concentration of Mg++
(Figure 33 A)., The activity of the enzyme in the absence of Mg+
could not be measured under these conditions because the enzyme

preparation was diluted in Chappell-Perry medium containing 5mM

Mg+ﬂ

4) pH optimum

In expressing the final pH of the incubation medium, it
must be remembered that the phosphodiesterase preparation was kept
in Chappell-Perry medium containing 0.1M Tris-HCl buffer, pH 7.4,
For that reason the pH of the reaction was measured at every con-
centration of Tris-HCl or glycine~NaOH buffer tested to insure
that the pH illustrated in the figure 34 was the final pH of the
incubation medium at 37°C. The pH optimum with Tris-HCl buffer
was 8,45 and it seems that the enzyme was somewhat less active in
glycine-NaOH buffer than in Tris-HCl buffer (Figure 34). Most
assays, unless otherwise specified, were performed at the optimal

pH of 8.45 in Tris-HCl buffer.
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Figure 32: Cyclic AMP phosphodiesterase from skeletal muscle;

velocity versus substrate concentration,

The incubation medium was composed of 5mM MgSOa, 80mM
Tris buffer, pH 8.45 and 0.3ml of the dialyzed 4,000g supernatant
of the skeletal muscle homogenate containing 100 mg/ml, The

reaction was carried out at 37°C for 30 minutes.
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Figure 33 A: Cyclic AMP phosphodiesterase from skeletal muscle;

+4
velocity versus Mg concentration.

The incubation medium was composed of 0.5mM cyclic AMP,
80mM Tris buffer, pH 8.45 and 0.3ml of the dialyzed 4,0009
supernatant of the skeletal muscle homogenate containing 100 mg/ml,
The incubation was carried out at 37°C for 30 minutes, Notice

+H
that Mg  concentrations higher than 8,8mM give less stimulation

of the enzyme.

Figure 33 B: Cyclic AMP phosphodiesterase from skeletsl muscle;

++
velocity versus Ca concentration

The incubation medium was composed of 0.5mM cyclic AMP,

6.5mM MgSO,, 80mM Tris buffer, pH 8,45 and 0.3 ml of the

4’
dialyzed 4,0009 supernatant of the skeletal muscle homogenate
containing 100 mg/ml., The incubation was carried out at 37°%
for 30 minutes, Notice the inhibition of the enzymatic activity

at calcium concentrations higher than 1lmM,
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Figure 34: Cyclic AMP phosphodiesterase from skeletal muscle;

velocity versus pH,

The incubation medium was composed of 1mM cyclic AMP,
SmM MgSOa, and 0.3ml of the dialyzed 4,000 supernatant of the
skeletal muscle homogenate containing 100 mg/ml, The pH
expressed is the final pH in the incubation medium at 37°¢,
In samples containing only Tris buffer, the concentration of
Tris was 81,25mM; in samples containing glycine-NaOH buffer,

the concentration of the latter was 62,5nM while the conccntration

of Tris due to the enzyme preparation was 18,75mM,

o: Tris-HCl buffer only;

A: glycine-NaOH buffer.
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§) concentration of Ca++

Skeletal muscle phosphodiesterase is inhibited by

calcium at concentrations higher than 1mM (Figure 33B)., This

may be of physiological significance since the concentration of
calcium in skeletal muscle was estimated to be between lmM

(Himms-Hagen, unpublished observations) and 4mM (Watchorn and

McCance, 1937),

C) Effects of cold exposure and cold acclimation on cyclic AMP

phosphodiesterase activity in skeletal muscle

There is no significant change in the specific activity

of cyclic AMP phosphodiesterase at any time during cold acclima-
tion (Figure 35).

D) Discussion

Cyclic AMP phosphodiesterase activity is not modified in
skeletal muscle during acclimation of rats to cold. It is possible
that the lack of sensitivity of the method of determination of
the enzyme activity may be responsible for the fact that no modi-
fication of the enzyme activity is observed, As was mentioned in
section II, D, of this chapter, kinetic studies at the micromolar
level, using radioactive methods of determination of the enzyme
activity, have revealed the presence of more than one molecular

form of phosphodiesterase in different tissues (Beavo et al., 1970;

o7

SRR A
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Figure 35: Cyclic AMP phosphodiesterase in skeletal muscle;

specific activity of the enzyme during acclimation

of rats to cold.

The symbols used are:

A : varm acclimated rats;
® : cold exposed or cold acclimated rats.

Five rats were used in each group; the values are expressed

as means * standard errors.
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Thompson and Appleman, 1971) which was confirmed by partial
separation of the different molecular forms from different
tissues by starch gel electrophoresis (Monn and Christiansen,
1971) and by gel filtration (Jard and Bernard, 1970; Rosen, 1970,
Thompson and Appleman, 1971), It is then possible that more than
one molecular form of the enzyme may exist in skeletal muscle, a
phenomenon which could only be revealed by determining the enzyme
activity with more sensitive methods (using labelled cyclic AMP
as the substrate of the reaction), and by purifying the phospho-
diesterase of the tissue to resolve it in the different possible
molecular forms. The results which would be obtained in these
conditions could be different from the results obtained here at
millimolar substrate concentrations and it can only be concluded
that in the conditions studied, no modification of the phospho-

diesterase of skeletal muscle was observed during cold acclimation

of the rats,




CHAPTER 4: CYCLIC AMP LEVELS IN TISSUES

Section I: Survey of the levels of cyclic AMP in tissues

A) Levels of cyclic AMP in different tissues

The levels of cyclic AMP in different tissues of the
rat have been reported and they are summarized in table 4 (taken
from Ebadi et al., 1971), Tissue levels of cyclic AMP can be
increased if a proper hormonal stimulus is applied to the given
tissue. The increase in cyclic AMP levels will only be discus-
sed for the four tissues that will be studied, namely skeletal
muscle, liver, white adipose tissue and brown adipose tissue,
and only the cases where the increase in the level of cyclic AMP
is due to catecholamines will be reported.

Intracardial injection of adrenaline caused an increase

in the level of cyclic AMP in the anterior tibialis and the

soleus muscles of the cat (Butcher et al.,, 1965) and in the rat

gastrocnemius (Posner et al., 1962). Intravenous injection of

adrenaline provoked an increase in the level of cyclic AMP in the

mouse gastrocnemius‘(Lyon and Mayer, 1969)., Injection of isoprote-

renol into the artery of the rabbit gracilis muscle isolated

in situ, greatly increased the level of cyclic AMP in the nuscle
(Mayer and Stull, 1971). The catecholamines are then able to
increase the level of cyclic AMP in skeletal muscle; the main
metabolic effect of the catecholamines in skeletal muscle is

to increase the rate of glycogenolysis.

The accumulation of cyclic AMP in the intact liver has

N
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Table 4

Levels of cyclic AMP in different tissues of the rat

Cyclic AMP
Tissue nanomoles/g wet weight of tissue

Stomach (pyloric region) 4,2 £ 0.4
Liver . 3.3£0.2
Adrenal (whole) 3.2%0,6
Cerebral central cortex 3.0 0,1
Kidney . 3.0 £ 0,2
Thyroid (whole) 2.9
Pituitary (whole) 2,9 0.3
Heart (left ventricle) 2,7 £ 0.4
Pancreas 2,3%0.4
Muscle (gastrocnemius) 1.7 £ 0.3
Spleen 1.6 £ 0.2
Submaxillary giand 1.6 £0,2
Skin (abdominal) 1.5 %0.3
Small intestine (duodenum) 1,5 0,2
Aorta (ascending) 1.5
Trachea (bifurcation) 1,5 %0.3
Testes (whole) 1,5 0.2
Large intestine (descending colon) 1.3 £0,1
Thymus (adult) 1.2 £ 0.3
Lung (right superior lobe) 1,0 £ 0,2
White adipose tissue 0.35 £ 0,10
Brown adipose tissue* 3.0 £ 0.4

% All values obtained from a review by Ebadi et al., 1971 except for the
value for the brown adipose tissue which was obtained from Beviz et al.,
1971,
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been studied in two different systems, Perfusion of the rat

liver with adrenaline resulted in a three-fold increase in the
level of cyclic AMP in the tissue (Robison et al,, 1967b) .
Incubation of rabbit liver slices with adrenaline caused an
increase in the level of cyclic AMP (Sutherland et al., 1965),
The main metabolic effect of the catecholamines on the liver is
also to increase the rate of glycogenolysis,

Incubation of whole fat pads in vitro with adrenaline
caused an increase in the level of cyclic AMP and in the release
of free fatty acids from the tissue (Butcher et al., 1965),

The level of cyclic AMP in ﬁerfused fat ﬁads was also increased by
the introduction of adrenaline in the perfusate (Butcher et al,,
1968); the addition of adrenaline to isolated fat cells caused

a rapid increase in the level of cyclic AMP in the cells (Butcher
et al., 1968; Weiss et al,, 1966; Humes et al., 1969); the
addition of adrenaline to white adiﬁose tissue slices also caused
a rapid increase in the level of cyclic AMP (Humes et al., 1969).
The potentiation of the effect of adrenaline on the level of
cyclic AMP in the white adibose tissue by methylxanthines has
been observed in isolated fat cells (Weiss et al,, 1966; Humes

et al., 1969), in tissue slices (Humes et al., 1969) and in

whole fat pads incubated in vitro (Butcher et al., 1965). The
effects of adrenaline on white adiﬁose tissue lifolysis are
associated with an increase in the cyclic AMP level in the tissue.

Noradrenaline could increase the level of cyclic AMP in
brown adipose tissue slices; it also increased the respiration of

the tissue slices and lipolysis (Beviz et al,, 1971).
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B) Plasma and urinary levels of cyclic AMP and their modification

by hormones

In addition to the rates of formation and degradation of
cyclic AMP, the rate at which cells extrude the cyclic nucleotide
may be a factor in the regulation of the internal concentration
of the compound., The presence of cyclic AMP in extracellular
fluids was first reported for human urine (Butcher and Sutherland,
1962). The concentration of cyclic AMP in the plasma and the
urine of different mammalian species has now been reported (see
review by Broadus et al., 1971)., The average value for the
cyclic AMP content of the rat plasma is 30 picomoles/ml and the
rate of urinary excretion of cyclic AMP in the rat is between
12 and 115 nanomoles/100g/day.

Cyclic AMP is cleared from the plasma by glomerular fil-
tration; the human kidney was found to add a variable quantity
of endogenous cyclic AMP to the tubular urine, corresponding to
approximately one third of the total level of cyclic AMP excreted
(Broadus et al., 1970a). The sources of the normal plasma levels
of cyclic AMP are unknown but, as will be discussed later, the
liver and kidney seem capable of adding cyclic AMP to the plasma
under the appropriate hormonal stimulation, It can be said that
changes in the extracellular levels of cyclic AMP reflect alter-
ations in the intracellular levels of the compound in response
to hormonal stimulation (Hardman et al., 1971),

Adrenaline (Broadus et al., 1970b; Ball et al., 1970) and
isopropylnoradrenaline (Ball et al., 1970) injected intravenously,

elevated the human plasma level of cyclic AMP. The excretion of
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cyclic AMP was also increased in man by intravenous injection

of adrenaline (Broadus et ai., 1970b) and isopropylnoradrenaline

(Williams et al., 1972).

Hormones other than catecholamines can also increase the

rate of production and/or the rate of excretion of cyclic AMP,
Parathyroid hormone was shown to increase by several fold the
excretion of cyclic AMP in many species (Chase and Aurbach,
1967; Chase et al., 1969; Kaminsky et al., 1970; Taylor et al.,
1970) but did not increase very much the level of cyclic AMP
in the plasma (Kaminsky et al., 1970). Urinary cyclic AMP was
increased in hyperparathyroid patients (Taylor et al,, 1970;
Kaminsky et al., 1970) and depressed in hypoparathyroid patients
(Taylor et al,, 1970; Chase et al., 1969); parathyroidectomy of
rats produced a 507 fall in the urinary excretion of cyclic AMP
(Chase and Aurbach, 1967)., Parathyroid hormone is known to in-
crease adenyl cyclase activity in the kidney (Chase and Aurbach,
1968) and it is by increasing the level of cyclic AMP in the
kidney that parathyroid hormone increases the urinary excretion
of cyclic AMP (Kaminsky et al., 1970). The small increase in
plasma level after the injection of parathyroid hormone is believed
to be due to the increased release of cyclic AMP into the cir-
culation by the kidney, since it was not observed in anephric
patients (Kaminsky et al., 1970).

Glucagon, infused intravenously, into fasting normal man,
induced up to 30-fold increases in both plasma and urine levels
of cyclic AMP (Broadus et al,, 1970b). The intravenous injection

of glucagon to rats caused a seven-fold increase in the excretion

-
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of cyclic AMP (Hardman et al., 1969). The increase in cyelic

AMP levels in response to glucagon was shown not to be mediated
by parathyroid hormone or adrenaline (Broadus et al., 1970b);

the increment in the urinary excretion of cyelic AMP could be
accounted for by glomerular filtration of higher levels of plasma
cyclic AMP (Broadus et al., 1970b). The increased cyclic AMP
concentration in the plasma foliowing the injection of glucagon,
probably results from an increased amount of cyclic AMP entering
the plasma from the liver since the perfused rat liver can release
cyclic AMP in response to glucagon (Broadus et al,, 1970b).

Hypophysectomy can slightly decrease the excretion of
cyclic AMP in rats and treatment of the rats with corticosteroids
returns the excretion rate of cyclic AMP to normal values (Hard-
man et al., 1969)., In man, growth hormone does not alter cyclic
AMP excretion (Taylor et al,, 1970); ACTH produces only small
increases in plasma and urine levels of cyclic AMP (Broadus et al,,
1971). ‘

Cyclic AMP excretion in women is slightly increased during
the mid-portion of the memstrual cycle and also following 30 weeks
of gestation (Taylor et al,, 1970)., The excretion of cyeclic AMP
has been reported to be reduced in depressed patients and elevated
in manic patients (Paul et al., 1970).

Many different hormonal stimuli can then induce changes in
the plasma levels and/or the urinary excretion of cyclic AMP,

Cold acclimation, which is accompanied by an increased calorigenic
response to catecholamines, could ﬁossibly be associated with an
increase in the production rate and/or the excretion rate of cyclic

AMP,
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C) Methods of determination of cyclic AMP levels in tissues

The first method of estimation of cyclic AMP was based
on the activation of liver phosphorylase by cyclic AMP (Rall and

Sutherland, 1958), and on the subsequent measurement of the in-

organic phosphate formed during the reaction (Rall and Suther~

land, 1958) or on the reduction of NADP in the bresence of phos-
phogluconutase and glucose-6-§hbsphate dehydrogenase (Brown et

al,, 1963; Scott and Falconer, 1965)., Various materials were

found to interfere with the assay and separation of cyclic AMP ?
from other components of tissue extracts by ion exchange chroma-

tography (Butcher et al., 1965; Kakuchi and Rall, 1968) improved !

the sensitivity of the method. The activation of muscle phospho

rylase was also used as a method of determination of cjclic AMP
(Posner et al,, 1964; Namm and Mayer, 1968).

Another type of determination of cyclic AMP was based on
the conversion of cyclic AMP to AMP by purified bhosphodiesterase
and on the conversion of the AMP formed to ATP by myokinase and
pyruvate kinase (Breckenridge, 1964). The ATP ﬁroduced during
the reaction can be detected by several methods (Breckenridge,
1964; Goldberg et al,, 1969; Aurbach and Houston, 1968; Kaneko
and Field, 1969; Ebadi et al,, 1971), All of those methods can

detect cyclic AMP in a few milligrams of tissue but each requires

a quantitative separation of cyclic AMP from other adenine nucleo-
tides prior to the assay.

Methods of estimation of cyclic AMP based upon the com-
petition between labelled and unlabelled cyclic AMP for the hydro-

lytic site of brain phosphodiesterase (Brooker et al,, 1968) or
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for the binding sites on a specific antibody (Steiner et al,,

1969) have been designed. The stimulation of protein kinase

activity has been used as the basis of a rapid determination of
cyclic AMP levels; protein kinases transfer the labelled terminal
phosphate of ATP to a variety of substrates (e.g} protamine,
histone, casein and phosphorylase kinase) thus forming a labelled
phosphoprotein which can be isolated on filter paper discs
(Castagna, 1970; Kuo and Greengard, 1970; Wastila et al.,, 1970;
Butcher, 1971),

It 1s now becoming evident that the protein kinases
which are sensitive to stimulation by cyclic AMP are composed
of a regulatory or receptor subunit and of a catalytic subunit
(Reimann et al., 1971; Gill and Garren, 1970; Gill and Garren,
1971; Walton et al., 1971; Gill and Garren, 1969) which can be
separated by chromatographic means (Gill and Garren, 1971;
Reimann et al., 1971), 1In activating the kinase, cyclic AMP
binds to the receptor subunit and causes it to dissociate from
the catalytic subunit which is then no longer inhibited and is
able to phosphorylate the protein substrate of the reaction., The
binding of cyelic AMP to protein kinases has been used to measure
the levels of tissue cyclic AMP (Gill and Garren, 1969; Gilman,
1970). Cyclic AMP in trichloroacetic extracts of tissues competes
with tritiated cyclic AMP for binding to the partially purified
protein kinases from skeletal muscle (Gilman, 1970) or adrenal
cortex (Gill and Garren, 1969). The rapid separation of free
cyclic AMP from that bound to the protein kinase is accomplished

by passing the reaction mixture through a membrane filter with a

|
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demonstrated affinity for the protein kinase-cyclic AMP
complex (Kuwano and Schlessinger, 1970; Gilman, 1970; Gill and
Garren, 1969). This method is simple, rapid and does not re-
quire purification of cyclic AMP prior to the assay,

All of these methods of determination of cyclic AMP

levels plus others as well, have been discussed by Breckenridge

(1971).
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Section II: Experimental: Cyclic AMP levels in tissues

of warm and cold acclimated rats

A) Material and methods

1) preparation of tissues

Rats were anesthetized with ether at fhe temperature of
acclimation and were dissected rapidly., Pieces of brown adipose
tissue, skeletal muscle, liver and white adipose tissue were
frozen within five seconds of removal from the animal by EIamping
them with a reduced-size version of Wollenberger tongs precooled
in liquid nitrogen*. Then the pleces of tissue were rapidly i
wrapped in aluminium foil and kept in liquid nitrogen until fur-
ther used (not more than two hours). The Wollenberger tongs are

nmade of aluminium plates between which tissues can be frozen

very rapidly, the tongs being precooled in liquid nitrogen before
use. This procedure increases the surface area of the tissue at
the instant of freezing allowing faster cooling of the tissue
(Wollenberger et al., 1960). It is important to freeze samples
of animal tissues as quickly as possible because the tissue
levels of many metabolic intermediates change rapidly either
post-mortem or during the anoxic interval upon removal of the
tissue from the animal (Williamson and Corkey, 1969); it was ob-

served that the levels of cyclic AMP>vary rapidly after the removal

* It waé found that clamping the'tissues within five seconds of
their removal from the rats gave values for cyclic AMP levels iden-
_ tical to those obtained when the tissues were clamped in situj
clamping the tissues after their removal from the animals ig nuch

easier than clamping them in situ.
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of the tissue from the animal (Ebadi et al., 1971),

2) extraction of eyelic AMP from tissues '

The frozen tissues were powdered in a metallic mortar
with a metallic pestle (obtained from Canlab), precooled in
liquid nitrogen. Then the powdered tissues were weighed rapidly
(amount used usually between 200 and 500 mg of tissue) and
dropped in cold 0,5N perchloric acid, They were then homogenized
in a glass homogenizer in 0,5N perchloric acid and brought to a
final concentration of approximately 100 mg/ml., The samples
were centrifuged at 8,000 for ten minutes at 0°C and the super-
natants were neutra;ized with 0.5N KOH, added with a microsyringe
using thymol blue as a pH indicator; this operation precipitated
the perchloric acid as potassium perchlorate, After ten minutes
on ice, the samples were centrifuged for ten minutes at 8,000g
and aliquots of the supernatants were lyophilized and then dis-
solved in 0.05M Tris-HCl buffer, pH 7.4. The amount of cyclic
AMP present in the sample could then be determined immediately
or the samples could be frozen at -20°c. The amount was unchan-

)
ged after two weeks of storage at -20°C.

3) preparation of plasma and urine samples

After the tissues were removed, the hebatic vein and
the inferior vena cava were cut and the blood was collected with
a heparinized Pasteur pipette and transferred to a he#arinized
centrifuge tube. The blood was mixed and centrifuged immediately

at 8,000g for ten minutes at 0°c, One volume of 0.5N perchloric

acid was added to one volume of plasma after centrifugation,
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The samples wvere mixed and,after 30 minutes on ice, centrifuged
at 8,000 for ten minutes at 0°%. The protein-frge extracts
could then be stored at 4°C for at least three months without
loss of cyclic AMP (Broadus et al,, 1970b). Before the determi-
nation of cyclic AMP, samples were neutralized with 0,5N KOH as
described earlier on, lyophilizgd, dissolved in phosphate buffer
and assayed immediately. i

Urine was collected on ice for two comsecutive days, the
bottles being changed after a 24 hours period. The rats were
kept without restfaint, with food and water, in metabolic cages.
These cages had a screening device which stopped the feces and
allowed the urine to flow through a metallic funnel attached
tightly to the bottle to avoid evaporation. The urine samples
were treated with equal volumes of 0.5N perchloric acid, mixed,
placed on ice for 30 minutes, centrifuged and the supernatants
were stored at -20°C for several months without loss of cyclic AMP

(Broadus et al.,, 1970a). Upon thawing they were treated in the

game way as the plasma samples.

¢4) assay of cyclic AMP levels

Cyclic AMP levels are detérmined essentially as described
by Walton and Garren (1970) with some modifications introduced
to insure optimal experimental conditions. The assay is based
upon the isotopic dilution of tritiated cyclic AMP by the cold
cyclic AMP which is being measured and upon the subsequent binding
of the cyclic nucleotide to the receptor protein. The free cyclic

AMP is separated from the bound material by passing the mixture

.
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through a membrane filter which has demonstrated an affinity for
the protein-cyclic AMP complex (Kuwano and Schlessinger, 19703
Walton and Garren, 1970 Gilman, 1970). This assay ig very sen-

gitive and can detect as 1ittle as 0.1 picomole in the conditions

used.

gome essential criteria must be met in setting up the
method, in order to achieve accuracy. A review has been written
on the theoretical aspects of saturation analysis (which is
defined as a general analytical method relying on progressive
' gaturation by the test compound of a specific reagent) (Ekins and
Newnan, 1970). _The binding of the protein kinase by cyelic AMP

is only one of the many exanples of the so-called methods of

gsaturation analysis. The most {mportant point in the use of these

nethods is to gaturate the binding paterial with the test compound.

The total amount of cyclic AMP which binds to the protein kinase

nust be equal to the amount of labelled pmaterial present in the

incubation medium, OY in other words, the protein kinase must'be

saturated with tritiated eyclic AMP so that the addition of cold

cyclic AMP will not cause further binding of the labelled material

but a proportional dilution of the bound radioactivity. The

protein kinase should bind less than 30% of the cyclic AMP present

in order to achieve good gaturation (Gilman, 1970).

The method involves purification of the binding protein

kinase and determination of the optimal pinding conditions., The

protein kinase from beef adrenal 1is purified according to the

method of Walton and Garren (1970). Fresh beef adrenal glands

vere collected at the local glaughter house and put immediately

-
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in sucrose 0,25M, All the burification ﬁrocedure wvas done on ice
or in the cold room at 4°C, The adrenal glands were stripped of
medulla and the cortex was homogenized in 2 volumes of medium
containing 0,05M Tris-HC1 pH 7.4, 0.25M sucrose, 0.05M KC1 and
0.001M MgClz. The homogenate was first centrifuged at 500g for
15 minutes and the subernatant was recentrifuged at 12,0004 for

10 minutes. The second supernatant was centrifuged at 105,000g

for 90 minutes, The concentration of protein of the post-microsomal

supernatant was determined by ultraviolet absorption.and the frac-

tion was diluted to reach a final concentration of 10 mg/ml. Then

0.32 mg/ml of ammonium sulfate was added slowly to the preparation,

with constant mixing. The solution was neutralized with dilute
NaOH to pH 7.4, After one hour on ice with constant mixing, the
solution was centrifuged at 12,0005 for 10 minutes and the preci-
pitate was redissolved in 0,05M Tris-HCl pH 7.4 containing 6mM
mercaptoethanol and dialyzed against 0.01M Tris-HCl, pH 7.4 con-
taining also 6mM mercaptoethanol., The dialysed preparation which
contained 8,6 mg/ml of protein was divided into 1 ml portions
and frozen at -20°C. The activity of the protein kinase prepara-
tion was the same even after 6 months of storage. For use in
the incubation medium, one portion of the protein mixture was
thawed and diluted in phosphate buffer 0.225M used immediately,
and never refrozen after use,

The binding capacity of the protein kinase is increased
by decreasing the volume of the incubation medium. The latter
usually contained in a final volume of 0.15 ml, 0,05 ml of tri-

tiated cyclic AMP, 0,05 ml of cold (standard or unknown) cyclic

fl
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AMP diluted in Tris buffer pH 7.4 (0,05M) and 0;05m1 of the pro-
tein kinase preparation which was usually a 2,5-fold dilﬁtion
in phosphate buffer, 0.225M of the frozen enzymatic preparation.
The tritiated cyclic AMP was furchased at a sﬁecific activity of 24.1
Curies/mmole and was diluted with water to a final concentration of
about 2.6 bicomoles and 136,000 dbm (determined with accuraéy for
every nev dilution of the radioactive material), in the final
incubation medium., The reaction was initiated by the addition of
the protein component and was carried on at 0% for 100-120 minu-
tes. Then, 1.0 ml of Tris buffer, 0.025M ﬁﬂ 7.4, containing 10mM
MgClz, was added to the incubation mixture and after five minutes,
the mixture was transferred to the uﬁper part of a Millipore £fil-
ter apparatus containing 5 ml of the same buffer, A mild vacuum
was applied and the liquid ﬁassed through the membrane filter
which had been previously washed in the same buffer. Then, 10 ml
of the buffer was bassed through the system to rinse the filter,
The membrane filter was then dried under an infra-red lamp for
five minutes and then ﬁlaced in 10 ml of modified Bray solution
(5g of PPO and 100g of naﬁhthalene brought to a volume of one
liter with ﬁ-dioxane) and counted two hours or more later, in a
Beckman LS-250 using channels ratio to correct for the quench due
to the paﬁer. The use of this mode of counting has been recom-
mended for samﬁles'tontaining ﬁaper or gel to insure bettgr accuracy.,
Saturation of the brotein kinase by labelled cyclic AMP
is illustrated in Figure 36; A 7.57 binding was obtained with
85 ug of protein and 2.0 picomoles of cyclic AMP while a 157

binding was obtained with 170 ug of protein and 2.5 picomoles of
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Figure 36: Binding of cyclic AMP by beef adrenal protein kinase;

capacity of binding at two different substrate

concentrations,

The incubation medium contained 0.05 mrl of tritiated

cyclic AMP (between 0.4 and 3.0 ﬁicomoles), 0.1 ml of the protein

preparation (5-fold or 10-fold dilution in Tris buffer of the
frozen enzymatic Preparation) containing respectively 170 pg
(0~——e) and 85 ug (A——A) of protein, and 0,15 nl of Tris buffer,
'pH 7.4, The reaction was initiated by the addition of the protein
mixture and was carried on at 0% for 100 minutes, There was no

cold cyclic AMP in the incubation medium in order to determine

the amount of labelled cyclic AMP necessary to saturate the

protein kinase,
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cyclic AMP. Reducing the incubation volume from 0,3 ml to 0,15 ml
increased the binding to 217% Qith 170 yg of protein and 2.5 pico-
moles of cyclic AMP; those conditions were used in most assays.

| The binding of cyclic AMP to the protein kinase increases
with the time of incubation at 0°C and is maximum after 100 minutes
(Figure 374). Mg++ increases the binding of cyclic AMP to the
protein kinase but the binding seems more stable in the absence
of Mgf+ (Figure 37 A, comparing 0=——o0 to ¢——0), Mg++ was then
omitted from the incubation medium to insure a more stable bin-
ding, but it was included in the washing buffer because it in-
creased the affinity of the bound complex for the membrane filter
(Walton and Garren, 1970),

If the protein kinase preparation after thawing was
diluted in Tris buffer, its binding capacity decreased by 287
over a period of two hours but if the protein preparation was
diluted in phosphate buffer, its binding capacity was more stable
and decreased only by 7% over a period of two hours (Figure 37 B).
Consequently, the prﬁtein kinase preparation was thawed and diluted
in phosphate buffer not more than one hour before usea period
during which the bindiﬁg capacity of the protein kinase in phos-
phate buffer was almost constant (Figure 37 B).
The protein kinase is gaturated with an amount of cyclic

AMP equivalent to the amount of labelled material present in
the medium so that addition of cold cyclic AMP dilutes the radio-
active nucleotide and gives a proportional decrease in the radio-
activity of the bound complex, Using standards containing up to

20 picomoles of cyclic AMP and plotting on a full logarithmic
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Figure 37 A: Binding of cyclic AMP to the protein kinase in

function of the time of incubation,

The incubation medium contained 0.05 ml of tritiated
cyclic AMP (2.6 picomoles and 136,000 dpm), 0.05 ml of protein
kinase (2.5 fold dilution of the frozen enzymétic preparation)
containing 170 ug of protein and 0.05 ml of Tris buffer containing
8mM theophylline. The buffer contained e’ ther no Mg++ (e—-e) or
1lmM Mg++ (0—o0). The medium contained no cold cyclic AMP in

order to determine the maximum binding of the labelled material

under different conditions,

Figure 37 B: Stability of the binding capacity of the protein

kinase in phosphate buffer and in Tris-HCl buffer.

The incubation medium contained 0.05 ml of tritiated
cyclic AMP (2.6 picomoles, 136,000 dpm), 0,05 ml of the protein
kinase preparation (2.5 fold dilution of the frozenm material)
containing 170 ug of protein diluted in 0.05M Tris buffer con-
taining 8mM theophylline (A—A) or in 0.225M phosphate buffer
(—A) both at pH 7.4, and 0.05 ml of Tris buffer, 0.05M,

The time of preincubation in buffer of the thawed protein
kinase preparation prior to the assay, is that illustrated in the
figure; the incubation time, during the assay was 100 minutes for

all samples.
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scale the amount of radiocactivity of the complex versus the
total amount (labelled + cold) of cyclic AMP present, a linear

relationship is obtained (Figure 38), There is no non-specific |
absorption of the free nucleotide to the membrane filter since
in the absence of protein the radioactivity retained on

the paper is not higher than the background. The protein kinase
is quite specific for cyclic AMP; other nucleotides especially

cyclic ones can interfere with the assay but at concentrations

much higher than those found in mammalian tissues (Walton and !

Garren, 1970; Gilman, 1970).

§) ehemicals

Ha-cyclic adenosine 3',5'-monophosphate was obtained from
New England Nuclear. Cellulose ester membrane filters (HA 0.45
microns, 24 mm) were obtained from Millipore Corporation,
Cyclic AMP, Trizma-HCl and Trizma-base were obtained from Sigma.,
Perchloric acid was obtained from Allied Chemical,
Sodium pentobarbitone was obtained from British Drug House.

Ether was a Baker Analyzed Reagent from Fisher Company.

B) Effects of cold acclimation on cyclic AMP levels in tissues,

plasma and urine of rats

1) tissue levels of eyelic AMP

There is no significant difference in the levels of cyclic
AMP in skeletal muscle, liver and white adipose tissue between

warm acclimated rats, and cold acclimated rats living in the cqld

N
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Figure 38: Standard curve for the isotopic dilution of the

labelled cyelic AMP by cold cyclic AMP,

The incubation medium contained 0.05 ml of tritiated
cyclic AMP (2,66 picomoles and 136,000 dpm), 0.05 ml of Tris
buffer 0.05M containing amounts of cold cyclic AMP between 0.5
and 20 picomoles, and 0,05 ml of protein kinase (2.5 fold dilu-
tion in 0,225M phosphate buffer, of the frozen material) con-
taining 170 pg of protein,

Notice that both scales are logarithmic.
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or in the warm (Figure 39). The level of cyclic AMP in the

brown adipose tissue of cold acclimated rats living in the cold
or transferred to room temperature for one day, is significantly

higher (557 increase) than in warm acclimated rats (Figure 39).

2) plasma levels of cyelic AMP

There is significantly more cyclic .AMP in the plasma of
cold acclimated rats (392 increase) than in the plasma of warm
acclimated rats (Figure 40), The cold acclimated rats maintain
this higher level of plasma cyclic AMP even when they are returned

to room temperature for one day (Figure 40),

3) exeretion of eyelic AMP

There is significantly more cyclic AMP excreted in cold
acclimated rats than in warm acclimated rats (Table 5), The
volume of urine excreted per day is the same in the cold and the
wvarm acclimated rats so that the amount of cyclic AMP per ml

of urine is also higher in cold than in warm acclimated rats

(Table 5).

C) Discussion

The values obtained for the tissue levels of cyclic AMP
correspond well to those reported in the literature (combare
values of figure 39 with values of table 4). The concentration
of cyclic AMP measured in the blasma of warm acclimated rats is
38'picomoles/m1 while that reborted by Broadus and coworkers (1971)

is 30 picomoles/ml. The urinary excretion of cyclic AMP in warm
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Figure 39: Effects of cold acclimation on the levels of cyeclic

AMP in brown adipose tissue, skeletal muscle, liver

and white adipose tissue,

The. white bars represent the warm acclimated rats, the
hatched bars represent the cold acclimated rats in the cold and
the black bars represent the cold acclimated rats after one day
at room temperature,

The number of rats is as follows: four rats in the warm
'acclimated groups except for the white adipose tissue in which
there are only three rats; five rats in the cold acclimated
group in the cold; and three rats in the cold acclimated group

at room temperature,

The values are expressed as means *+ standard errors,
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Figure 40: Effects of cold acclimation on plasma levels of

cyclic AMP

The white bar represents the warm acclimated rats,
the hatched bar represents the cold acclimated rats in the cold

and the black bar  represents the cold acclimated rats at room

temperature. The number of rats is the following: six rats
in the warm acclimated group, seven rats in the cold acclimated
group in the cold and three rats in the cold acelimated group
after one day at room temperature, |

Values are expressed as means * standard errors,
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Table 5

Excretion of cyclic AMP

218

Warm acclimated rats
at room temperature

Cold acclimated rats
in the cold

Number of rats
Body weight (g)
Surface area (cmz)

Volume of urine excreted
per day (ml)

Nanomoles of cyclic AMP
excreted per day

Nanomoles of cyclic AMP
excreted/day/100cm?

Nanomoles of cyclic AMP
excreted/ml of urine

11
376 £ 7
3875

16.8 £ 1.4

72,8 + 5,1

18,7 + 1.2

4.3 £ 0.4

* gignificantly different at p < 0.1

*% significantly different at p < 0.0

12
3033
34313

17.1t1,1

88.9 £ 6.6
25,8 £ 1,8 #*

5,2 ¥ 0,2
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acclimated rats is 20 nanomoles/day/100g of body weight (calculated
from Table 5) compared to reported values ranging from 12 to 115
nanomoles/day/100g (Broadus et al., 1971),

There is an increase in the level of cyclic AMP in brown
adipose tissue with cold acclimation, from 1.7 picomoles/mg of
tissue to 2.6 picomoles/mg of tissue. It is possible to estimate
the increase in cyclic AMP in the total brown adipose tissue as
follows, Taking values for the weight of the interscapular brown
adipose tissue in warm and cold acclimated rats from table 1,
the total amount of cyclic AMP in the interscapular brown adipose
tissue is 738 picomoles in the warm acclimated rats and 2592 pico-
moles in cold acclimated rats. Assuming that the weight of the
total brown adipose tissue in the rat is twice that of the inter-
scapular brown adipose tissge, the increase in brown adipose
tissue cyclic AMP with cold acclimation would be 3,708 picomoles
which represents a 2507 increase,

The increase in plasma cyclic AMP can be compared with
the increase in urinary excretion of the cyclic nucleotide in
order to see if the increase in the excretion of cyclic AMP is
due entirely to the increase in production of the compound, i.e.,
the plasma level of the compound. The total plasma volume of a
rat has been estimated to 40.4 ml/kg of body weight (Altman and
Dittmer, 1964) and the glomerular filtration rate has been es-
timated to about 6ml/min/kg of body weight (Altman, 1961) so
that it takes 6.73 minutes to filter the total plasma of the rat
and the given plasma is filtered 214 times a day. The amount of

cyclic AMP present in the total plasma of the warm acclimated
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rats is equal to 563 picomoles and in the cold acclimated rats,
is equal to 649 picomoles (Table 6). If all the cyclic AMP
present in the plasma is eliminated in the urine, the total
amount of cyclic AMP produced per day would be 120 nanomoles/day
in the warm acclimated rats and 139 nanomoles/day in the cold
acclimated rats (Table 6), These values, considering the assump-
tions made in the calculations, -are of the same order of mag-
nitude as the values measured for the excretion of cyclic AMP,

73 nanomoles/day in the warm acclimated rats and 89 nanomoles/day

in the cold acclimated rats (Tables 5 and 6). The calculated

increase in production rate of cyclic AMP with cold acclimation
(19 nanomoles/day) corresponds well with the increase in
urinary excretion observed experimentally (16 nanomoles/day).

The increased cyclic AMP levels in the brown adipose tissue
and the plasma (and also the urinary excretion) of cold acclimated
rats do not seem to be associated with nonshivering thermogenesis
since the levels of cyclic AMP in brown adipose tissue and plasma do
not return to the values obtained with warm acclimated rats when
cold acclimated rats are returned to room temperature, Nonshivering
thermogenesis is known to be switched off when cold acclimated

rats are taken out of the cold. The increased cyclic AMP levels

in the brown adipose tissue and the plasma apﬁear to be associated
with the state of adaptation rather tham with the oberation of the
nonshivering thermogenesis process itself,

It would be possible for the increased concentration of
cyclic AMP in the blood and the increased urinary excretion of

cyclic' AMP to be entirely due to the leakage of cyclic AMP from
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Table 6

Cyclic AMP in cold acclimation

Values for Values for
Parameters varm acclimated rats cold acclimated rats Increase
at room temperature in the cold

Total excretion of
cyclic AMP 73 89 16 ;
nanomoles/day t
Plasma clearance of |
cyclic AMP (calculated '
from plasma concn. 120 139 19
and filtration rate)
nanomoles/day
Concn, of cyclic AMP
in plasma pmoles/ml 55 78 23
Total pmoles of cyclic
AMP in plasma 563 649 86
Concn, of cyclic AMP
in BAT pmoles/g 1700 2600 900
Total amount of cyclic
AMP in total BAT 1476 5184 3708
picomoles
Production rate needed
for amount present in
urine pmoles/min 50.6 61.8 11.2
Production rate cal-
culated from plasma 83.3 96,5 13,2

levels observed
proles/min
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the brown adipose tissue since the increase in the total brown
adipose content of cyclic AMP with cold acclimation is 3708
picomoles while the increase in the excretion rate of the cyclic
nucleotide is 11,2 picomoles/min and the increase in the produc-
tion rate of the compound is 13.2 picomoles/min (Table 6). Other
tissues cannot however be excluded as sources of the increase

in the plasma and the urinary cyclic AMP, during cold acclimation.
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Section III: Experimental: Effects of noradrenaline infusion

on cyclic AMP levels in cold and warm acclimated

rats, .

A) Material and methods

1) animals

Warm or cold acclimated rats were brought to the labo-
ratory less than two hours before the beginning of the experiment,
They were anesthetized with sodium pentobarbitone (2.8 mg/lOOdm2
body surface administered intraperitoneally) and a polyethylene
cannula was placed in a tail vein, Then 0.9% NaCl or noradrenaline
(l-arterenol monohydrate, 20 mg/ml in 0.01N HCl was stored at
0°¢ for up to five days and was diluted in saline immediately
before the experiment) was infused at a rate of 0.5 ug/lOOcm2
of body surface/min for 30 minutes exactly, Then the rats were
rapidly dissected under ether anaesthesia and the tissues were

removed as described in section II, A, 1 of this chapter.

2) extraetion of cyelie AMP from tissues

see chapter 4, section II, A, 2.

3) preparation of plasma samples

see chapter 4, section II, A, 3.

4) determination of eyelic AMP levels

see chapter 4, section II, A, 4.

5) chemicals

see chapter 4, section II, A, 5.
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B) Effects of noradrenaline infusion on cyclic AMP levels in

tissues of warm and cold acclimated rats

Noradrenaline infusion did not increase the levels of
cyclic AMP in the brown adipose tissue and the white adipose
tissue of either warm or cold acclimated rats (Figure 41),

Nora-

drenaline infusion increased the levels of cyclic AMP 4in the leg

muscle of the warm (p < 0,02) and the cold acclimated rats (p < 0,2)
(Figure 42)., Noradrenaline infusion increased the level of cyclic
AMP in liver of warm acclimated ratg (p < 0.02) but not in the
‘liver of cold acclimated rats (Figure 42). Noradrenaline infusion
Increased the level of cyclic AMP in the plasma of warm acclimated
rats (p < 0.1); the level of cyclic AMP in the plasma of cold ?
acclimated rats was increased slightly by noradrenaline infusion
(p < 0.3) but it must be remembered that the level of cyclic AMP
in the plasma of cold acclimated rats was already higher than

in warm acclimated rats (Figure 43),

C) Discussion

One question asked in the introduction was whether nora-

drenaline had any greater effect on cyclic AMP levels in cold

acclimated rats than it did in warm acclimated rats, The answer
is no: noradrenaline infusion increases the cyclic AMP levels in
skeletal muscle of warm and cold acclimated rats to the same extent;
it increases the level of cyclic AMP in the liver of warm acclimated

rats but not in the liver of cold acclimated rats; it increases

.
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Figure 41: Effects of noradrenaline infusion on the cyclic AMP
levels of the brown and the white adipose tissues

in cold and warm acclimated rats,

The white bars represent the rats receiving saline

infusion and the black bars represent the rats receiving nora-

drenaline infusion. There are five rats in each group and the

rats are the same as in figures 42 and 43,

Values are expressed as means * standard errors,
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Figure 42: Effects of noradrenaline infusion of the cyclic AMP

levels of the skeletal muscle and the liver in cold

and warm acclimated rats.

The white bars represent the rats receiving saline

infusion and the black bars represent the rats receiving the

noradrenaline infusion, There are five rats in each group and

they are the same as in figures4l and 43.

Values are expressed as means * standard errors,




228

Liver

Skeletal muscle

3y3tom 39m Bw / JWV OTIDLD joO sogowodTd

cold

warm

cold

warm




229

Figure 43: Effects of noradrenaline infusion on the cyclic

AMP levels in the plasma of cold and warm

acclimated rats.,

White bars represent the rats receiving an infusion of
saline while the black bars represent the rats receiving an
Infusion of noradrenaline. Thete are five rats in each group
and they are the same as in figures 41 and 42.

Values are expressed as means * standard errors, All
rats were taken to the laboratory less than two hours before

the infusion of saline or noradrenaline.
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the plasma level of cyclic AMP less in cold acclimated rats

than in warm acclimated rats.

Another question asked was whether the changes seen in
the cyclic AMP levels in the cold acclimated rats could be
attributed to an effect of noradrenaline., The answer is no:
there are differences between the effects of noradrenaline and
the effects of cold acclimation on cyclic AMP levels in cold accli-
mated rats; the level of cyclic AMP in the brown adipose tissue
1s not increased by noradrenaline but is increased by cold

.acclimation; in muscle and liver, noradrenaline infusion increases
the cyclic AMP levels but cold acclimation does not. The only
points of resemblance are that both noradrenaline and cold
acclimation can increase the plasma level of cyclic AMP and that
no change is observed in white adipose tissue with noradrenaline
or cold acclimation,

Nonshivering thermogenesis (defined as being present in
cold acclimated r;ts exposed to cold or infused with noradrenaline
but not in warm acclimated rats at room temperature, in cold
acclimated rats at room temperature or in warm acclimated rats
infused with noradrenaline) can be concluded to be:

i) not associated with a rise in cyclic AMP concentration in
the tissues known to be sites of nonshivering thermogenesis
(ruscle, brown adipose tissue); a rise in cyclic AMP concentration
occurs in the skeletal muscle with noradrenaline infusion but not
with cold exposure of cold acclimated rats; a rise in cyclic AMP
concentration also occurs in the skeletal muscle of warm acclimated

rats infused with noradrenaline in which nonshivering thermogenesis

does not occur,
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11) not associated with any increase in the noradrenaline-~
sensitive adenyl cyclase system (amount of noradrenaline-
sensitive adenyl cyclase or sensitivity of the enzyme to stimula-

tion by noradrenaline) in brown adipose tissue or muscle,

It can be concluded that the enhanced capacity for a
calorigenic response to noradrenaline and the increased capacity
for nonshivering thermogenesis which both occur in cold acclimated
rats are not associated with any change in the amount, properties,
or operation of the adenyl cyclase system, The adenyl cyclase
-system does not seem to mediate the calorigenic response to nora-

drenaline in these animals.
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CHAPTER 5: CONCLUSION

A question asked in the introduction was whether the
increase in the calorigenic response to catecholamines observed
in cold acclimated rats was associated with any increase in the
amount of catecholamine -sensitive adenyl cyclase or in the
sensitivity of the enzyme to stimulation by catecholamines. No
evidence in favour of this was found for brown adipose tissue
and skeletal muscle, tissues known to be involved in the process
of nonshivering thermogenesis. The catecholamine-sensitive
adenyl cyclase system is not involved in the process of non-
shivering thermogenesis either in the switching on and off (nora-
drenaline effect) or in the development of the adaptation. It
can be concluded that it is unlikely that changes in the adenyl
cyclase system are involved in the development of the capacity
for nonshivering thermogenesis or in the operation of the process
of nonshivering thermogenesis. No evidence could be obtained
even for the participation of the adenyl cyclase system in the
calorigenic effect of noradrenaline, If this is correct, this
would be the first metabolic effect of noradrenaline which does
not involve the mediation of the stimulatory effect by the adenyl
cyclase system,

Another question which was asked in the introduction was
whether cold acclimation was associated with changes in the
adenyl cyclase system,

The transient increases in the amount of adenyl cyclase

and in the sensitivity of the enzyme to stimulation by adrgnaline
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observed in skeletal muscle during the early stages of acclimation
to cold are probably associated with shivering and not with cold
acclimation.

Some changes in the adenyl cyclase system have been also
observed in the brown adipose tissue: there was an increased
amount of a different (not noradrenaline-stimulated) adenyl
cyclase in the brown adipose tissue of cold acclimated rats; there
was also an increase in the levels of cyclic AMP in the brown
adipose tissue (as well as in the plasma level and in the urinary
excretion of the cyclic nucleotide) of cold aceclimated rats,

A change that was associated with the adaptive state of cold ac-
climated rats, and not with the actual operation of nonshivering
thermogenesis, was then observed in the brown adipose tissue. The
raised concentration of cyclic AMP in the plasma and the increased
urinary excretion of cyclic AMP in the urine could both be derived
from the brown adipose tissue. Muscle, liver and white adipose
tissue would not appear to be major sources for the increased
excretion of cyclic AMP but the possible parkicipafion of other
tissues cannot be excluded., The change in the brown adipose

tissue is associated with the adaptive state and not with the
switching on and off of nonshivering thermogenesis, The way in
which the different adenyl cyclase (observed in the brown adipose
tissue of cold acclimated rats) is regulated is unknown. The
existence of another hormone-regulated system in the cold acclimated
rat may be postulated but the nature of the hormone could not be
established in these studies, The function during cold acclimation

of the different adenyl cyclase in the brown adipose tissue and
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the role of the enzyme and the cyclic AMP it produces in the
adaptive process are not known, but it is interesting to note
that a special role for the brown adipose tissue (other than

heat production) in the process of cold acclimation has been
postulated previously on other grounds. This special role has
been suggested to be that of an endocrine organ of which the
secretion is responsible for the maintenance of the adaptiv;
gtate of other tissues, particularly skeletal muscle. The changes
observed in the adenyl cyclase system of the brown adipose tissue
in the cold acclimated rats would be in keeping with a special
function for this tissue in the adaptive state, but their rglation-

ship to the postulated endocrine function is not at present apparemnt.
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APPENDIX 1

Calculation of adenyl cyclase activity from results

obtained by liquid scintillation counting,

The Automatic Quench Correction (counter Beckman LS-250)
was set up in such a way that ghannel A would count tritium
with approximately 307 efficiency and that channel B would count
C14 with 607 efficiency. No tritium counts were present in
channel B (< 0,057 of the total dpm of tritium in the vial)

and the Clk spill over in channel A was 107,

The following symbols and abbreviations are used in

the calculations:

A = cpm present in channel A
B = cpm present in channel B

ECA = 7 efficiency (cpm/dpm) of Cl4 in channel A

tx1
n
9

efficiency of Cl4 in channel B

E,. = 7 efficiency of Tritium in channel A

R = % of total cyclic AMP present in the sample recovered in
the vial

K, = dpm of Cl4 cyclic AMP added to every sample after cthe
incubation

S.A, =specific activity of ATP in dpm/nanomole

Calculation: B
A-[Bca *E]
dpm tritiated cyclic AMP ) CB
per vial E

HA
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14

R dpn C B

K1

dpm tritiated cyclic AMP _ dpm tritiated cyclic AMP per vial
per sample

R

adenyl cyclase activity - dpm tritiated cyclic AMP per sample

SlA.

Adenyl cyclase activity 1s expressed in nanomoles of
cyclic AMP produced per sample.

Blank values are subtracted from sample values and the
activity of adenyl cyclase is then divided by the time of
incubation and by the amount of crude enzyme present (mg tissue
or mg protein) so that the finalnadenyl cyclase activity is
expressed in nanomoles of cyclic AMP/min/mg tissue or nanomoles

of cyclic AMP produced/min/mg protein,




MODEL 380 PROGRAM  mimie: adeny1 cyclase activit o 238
(THIS SPACE FOR INSTRUCTIONS |ttt 0. Crd_Code  Comment
AND NOTES) 00| M 07 403 = | 47
R 61 o Print;gggiih' dpm Tr/vial
Ecp stored in registerHAl 02| G 36 42 enter| 41
03| 62 | 62 43| RF | 17
FECA stored in :egisterHBl 0al M 07 | 4 ol
HA stored in reg:lst:er:HA2 2: z 62 Ble= | W7
1 36 46lenter| 41
I, stored in register H, 07{ 60 |60 47) RHp | 14
08 [Py 1nt pRecial 8| 2 |62
rS.A. stored in registerF {oplc)ear ;6 490 X= | 4¢
10| 6 36 50/Print Sgggf_,dgm Tr/samplef
111 60 60 S1)enter| 41
2iclear | 76 52| RF | 17
318 |y 53] 0 60 |
14} 60 60 54 2 = | 49 |
SIsF |13 A 55|print Egi:—hsample— |
16| 3 63 156 enter 41 [
17clear | 76 71 61
18 G, 36 58| o 60
19] 60| 60 910 160
0Clear | 76 |- 60| ¢ 60
1| Gy 36 811 x = s{;(e‘c.
2 60 60 62\Print loner.| /sample
C1 addef
Blenter | 41 B )" g 150
2| RHA_ | 15 64| o§1o1a0 76
5] 1 61 85isearchl 02
%] + = |47 661 1 61
s | 13 61
2| 4 " 68
2 enter | 4] 89
30| RH, | q4 70
3|1 0 7
20x = | 4 72
3| 53 13
MIRF | 17 14
3513 63 5
36|+ | e 16
3pnter | 41 n
(SEE OTHER SIDE FOR PROGRAM (38| pya | 15 78
CODES) 912 62 19

, CARD / SHEET NO ' |
.@ WANG LABORATORIES, INC. 836 NORTH STREET, TEWKSBURY MASSACHUSETTS 01876 .




CODE LISTING FOR PROGRAM CONTROL

PROGRAM CP- 1and 371 cpP.2

CODE | 200 thru 360/370/380 |  362/370-2/3802 200 thru 362
00
0 Stop
02 *Search
03 *Search & Return
04 *Return Same as Column 1 Same as Column 1
05 *Skip if +
06 *Continue
07 *Mark
10 Store Rey, 0 Store Half 8
1 Store Reg. 1 Store Half A :
12 Store fReg. 2 Add Fult Either column as determined by keyboard
13 Store Reg, 3 Store Full
14 Recall Reg. 0 Recall Half B
15 Recall Reg. 1 Recall Half A .
16 Recall Reg, 2 Subtract Full
17 Recall Reg. 3 Recall Full
20 *Skip if Overflow Start master programmer at step 00
21 *Control Start stave programmer No, 1 at step 00
22 *Read 1 Start slave programmer No, 2 at step 00
23 *Read 2 Same as Column 1 Start slave programmer No, 3 at step 00
24 *Write 1 Continue master programmer at next step
25 *Write 2 Continue slave programmer No. 1 at next step
26 *Store Direct Continue slave programmer No. 2 at next step
27 *Recall Direct Continue slave programmer No, 3 at next step
30 *Skip it 0 Go to step 00 if W is negative
31 Go to step 10 if W is negative
32 *Store Indirect Go to step 20 if W is negative
33 *Recall Indirect Same as Column 1 Go to step 30 if W is negative
A Go to step 40 if W is negative
35 Go to step 50 if W is negative
36 *Group 1 Go to step 60 if W is negative
KYj *Group 2 Go to step 70 if W is negative
40 Print
41 Enter
42 LogeX
43 o
44 \/X— Same as Column 1 Same as Column 1

2
45 X
46 X=
47 +=
50 Clear Right Adder
51 Recall Right Adder
52 + Right Adder
53 ~ Right Adder Same as Column 1 Same as Column 1
54 Clear Left Adder
) Recall Left Adder
56 + Left Adder
57 -~ Left Adder
60 Numeral 0 Numeral 0 + Reg. 0
61 Numeral 1 Numeral 1 + Reg. 1
62 Numeral 2 Numeral 2 + Reg. 2
63 Numeral 3 Numeral 3 + Reg. 3 Either column as determined by keyboard
64 Numeral 4 Numeral 4 + Reg. 4
65 Numeral 5 Numeral 5 + Reg. b
66 Numeral 6 Numeral 6 + Reg. 6
67 Numeral 7 Numeral 7 + Reg. 7
70 Numeral 8 Numeral 8 + Reg. 8
Numeral 9 + Reg. 9

;; Numerel ? Either column as determined by keyboard
73
74
75 Decimal Point Decimal Point
76 Clear Display Clear Display + Reg. 10
77 Change Sign Change Sign + Reg. 11

370 & 380 Program functions only.

J

Printed in U.S.A.
700-0228
6-69




239

APPENDIX 2
*
Cycloheximide , an antibiotic with very little activity

against bacteria but very effective against many yeasts, was

first isolated in crystalline form from Streptomyces griseus

(Leach et al., 1947) and its chemical structure was determined
shortly after (Kornfeld et al., 1949), It was then demonstrated
(Kerridge, 1958) that cycloheximide at a minimum growth inhi-
bitory concentration, could comﬁletely block the synthesis of

proteins in cells of Saccharomyces carlsbergensis, It has since

been shown that cycloheximide is a potent imhibitor of protein

synthesis in other species of yeasts, in Tetrahymena pyriformis

in higher plants and in mammals (see review by Sisler and
Siegel, 1967).

A single intraperitoneal injection of cycloheximide (10 to
100 mg/kg of body weight) can inhibit the in vivo incorporation
of Cla-leucine into mouse liver broteins; the effect 1is at a
maximum two hours after the injection but can still be observed
after 24 hours (Trakatellis et al,, 1965), Table 7 reports some
cases (with doses used and duration of the treatment) in which
cycloheximide has successfully inhibited ﬁrotein synthesis in

mammalian systems.

The mechanism of action of cycloheximide has been studied

in cell-free systems from S. ﬁastorianus (Siegel and Sisler, 1963;

Siegel and Sisler, 1964) and from rat liver (Ennis and Lubin,

% Cycloheximide is also designated by the following terms:

1-cycloheximide, actidione and naramycin A.
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1964). It was concluded that the antibiotic did not inhibit
amino acid activation or transfer of activated amino acid to
soluble RNA but that it brevented transfer of amino acids from
amino-acyl-t RNA into brotein. The brecise mechanism by which
cycloheximide actually ﬁrevents that transfer has been the sub-
ject of many discussions but has not been elucidated clearly
(Sisler and Siegel, 1967).

The LD,, of cycloheximide has been determined in different

50
species of animals:

rat, subcutaneous injection, 2.7 mg/kg;

rat, intravenous injection, 2.5 mg/kg;

rat, intraperitoneal injection, not determined;

nouse, intravenous injection, 150 mg/kg;

rabbit, intravenous injection, 17 mg/kg (Whiffen, 1948).

The variation from species to species 1s very large and

difficult to interpret.
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Actinomycin, the first antibiotic derived from a Strepto-
nyces, was isolated and crystallized in 1940 (Waksman and Wood-
ruff, 1940). There is now a family of actinomycins known, with
related structures (Johnson; 1960). The history of the disco~
very of the actinomycins and their ﬁroberties have been reviewed
(Woodruff and Waksman, 1960).

The mechanism of action of actinomycin D has been studied
in many microbial systems (Slotnick, 1958; Slotnick, 1960) and
in higher organisms (Tamaoki and Mueller, 1962; Merits, 1963).
The synthesis of all forms of RNA was inhibited by actinomycin D
in Hela cells (Tamaoki and Mueller, 1962) and in rat liver (Merits,
1963). RNA polymerase, the enzyme regbonsible for the trans-
cription of DNA into RNA is inhibited by actinomycin D.

One of the immediate consequences of the blockade of the
synthesis of all classes of RNA is the inhibition of protein
synthesis and it has now been shown that actinomycin D can inhi-
bit protein synthesis in many different systems. Actinomycin D
can inhibit the in vitro incprﬁoration of labelled amino acids
into ribosomal and bolysomal fractions of rat liver (Kornmer and
Munro, 1963). Actinomycin D added in vitro to lyméhoid cells
from hyferimmunized rabbits, can ﬁrevent the incorboration of
leucine—c14 into antibodies (Smiley et al., 1964), Actinomycin D
can inhibit the in vitro synthesis of proteins in epithelial
cells from calf lens (Pabaconstantinou et al., 1966). The induc-
tion of phosphobyruvate carboxylase in neonatal rat liver which
can be obtained in utero by intraferitoneal injection of cyclic

AMP to fetuses can be ﬁrevented by simultaneous injection of
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actinomycin D (Yeung and Oliver, 1970). There is: a lot more
evidence in favor of the inhibition of proteiﬁ'synthesis by
aétinomycin D which cannot be discussed here. There are also

a lot of controversial results with the effects of the antibio-
tic. 1In numerous cases, the drug did not inhibit the synthesis
of proteins but actually induced the synthesis of some proteins
(Harris, 1968). For example, treatment of rats with a dose of
gctinomycin D that permitted survival for a period of five days
(150 ug/kg/day) resulted in a marked stimulation of the activities
of four hepatic enzymes known to be inducible by cortisol in-
jectians: alanine transaminase, serine dehydrase, tyrosine trans-
aminase and tryptophan pyrrolase (Rosen et al., 1964). Actino-
mycin D can also stimulate the synthesis of proteins in the

fiber cells of calf lens while it decreases the synthesis of

the same proteins in the epithelial cells of the same preparation
(Papaconstantinou et al, 1966).

It is very difficult to inhibit totally the transcription
of DNA with actinomycin D and it can always be argued that the
template for the protein being gtudied is resistant to the
action of actinomycin D. But the number and the variety of
cases in which gctinomycin D did not inhibit the synthesis of a
given protein nmakes it difficult to believe that the given pro-
teins are all specified by the small group of gemnes whose trans-
cription is relatively insensitive to the antibiotic (Harris,

1968). In short term experiments, if the synthesis of a protein

goes on in the presence of actinomycin D, it can be said that

the template for the given protein is stable (in the sgnse that
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it does not have to be continually replaced by fresh synthesis)
because it is still present while the transcription of DNA is
blocked. But in a longer term exﬁeriment in which both general
RNA and protein synthesis have been blocked, the persistence

of the increased activity of an enzyme can only with difficulty
be attributed to the stability of the template; if all protein
synthesis has been inhibited, the template, even if stable cannot
have been used for protein synthesis since the latter has been
blocked. In that case it can most probably be admitted that

- the persistence of the increased activity is not due to the
synthesis of more enzyme (Harris, 1968).

The toxicity of actinomycin D in mammalian systems was
known as early as 1941 (Waksman et al., 1941), Doses not greatly
exceeding the LDSO’ killed within less than 24 hours. Anorexia,
diarrhea and disturbances of locomotion were features of chronic
poisoning (Waksman et al., 1941; Robinson and Waksman, 1942).

In rats weighing between 200 and 300 grams, the LD50 are as
follows:

intravenous injection, 0.46 mg/kg;

{ntraperitoneal injection, 0.40 mg/kg;

subcutaneous injection, 0.80 mg/kg;

oral ingestion, 7.2 mg/kg (Philips et al, 1960) .

The lethal doses were without effect for five or six
hours but thereafter diarrhea began and by the end of the 24
hour period, it became prominent even in rats given sublethal
doses. Fatally intoxicated animals were greatly depresged and

dyspneic if still surviving after 94 hours. They became moribund,



A
3
3
B
2
2
4
i

245

with slow labored breathing, before they died, Abundant quan-
tities of bloody cloudy fluid were found in the thoracic and
abdominal cavities of the rats that survived for more than 24
hours after intraﬁeritoneal injections of sublethal doses of

the drug (Philiﬁs et al,, 1960). Thymus, cervical lymph nodes
and spleen all showed a decrease in weight; spleen, bone marrow
and intestinal epithelium have a high daily mitotic rate and

the number of cells that are renewed every day is higher than

in other tissues such as kidney or liver which have a relatively
slow daily mitotic rate (Leblond and Walker, 1956). The tissues
which respond the most to actinomycin D are those which have a
high rate of cell broliferation in adult animals (Philips et

al, 1960). These results show how toxic actinomycin D is and
how carefully the doses of the drug must be choosen in order

to maintain animals in a fairly healthy state during the course

of the experiment while inhibiting specifically the process

to be studied.
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