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The plasma and urinary corticosteroids, haemo-
globin, blood urea nitrogen and plasma creatinine were determined
in CFy female mice before, during and after exposure to -10°c.

Plasma corticosterone levels increased significant-
ly soon after exposure, remained significantly elevated even in
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during the second. Blood urea nitrogen and plasma creatinine
levels were elevated after each exposure, and the latter remained

elevated for at least 7 days following the second cold exposure.
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PART I

LITERATURE REVIEW




CHAPTER 1

THE ADRENAL CORTEX

1. EARLY HISTORY

The first report about the adrenal glands was
by Bartholomaeus Eustachius in 1563 (Ibanez, 1952), under
the name of "Glandulae Renibus Incumbentes'. Since then
several other names, such as "Glandulae Renales", %Capsulae
Renales", and "Suprarenal Capsules' are recorded in the

early literatures.

In 1803, Tilesius (Soffer, Dorfman and

Gabrilove, 1961), reported the first recorded case with
autopsy finding of tumour of the left adrenal in a four
year old girl, who was enormously obese with a marked
precocious development of the breasts. A similar case
was described in 1811 by Cooke in another four year old
obese girl with a tumour of the left adrenal; she died
at the age of seven with enlarged external genitalia,
extensive hirsutism of the genitalia and face, and low-

pitched voice.

Significant advances in the knowledge of both
morphology and function of the adrenal marked the latter



2.

half of the 19th century. In 1855, Thomas Addison publighed ,
his classical monograph "The Constitutional and Local Effects
of Disease of the Suprarenal Capsules", in which he gave the
characteristics of the adrenal deficiency disease which
bears his name. In 1856, Brown-Sequard the French physiol-
ogist showed that dogs, cats and rabbits die twelve hours
after bilateral adrenalectomy. This was the first proof
that the adrenal glands were essential for life. In the

same period, Claude Bernard, introduced the idea of internal
secretion, that is the secretion into the circulation by an
organ without ducts (Jones, 1957). Also. in 1856, Vulpian
reported the first significant observation on ghe agdrenal
medulla, He observed that when the adrenal medulla was
moistened with dilute ferric chloride solution, a green
coloration was produced. This observation led to the thought
that the adrenal medulla secreted some unknown substance or
substances which had a catechol nucleus but the exact sig-
nificance and nature of which were not known at the time.
Later, Oliver and Schaefer (1895) demonstrated that the
adrenal medulla contained a potent pressor substance because
of the remarkable rise in blood pressure following the injec-
tion of an extract of the adrenal medulla. They also showed
that the active principle was produced in the medulla and
not in the cortex. Because of the strong physiological
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activity of the medullary substance, it was assumed until
1913 that death in adrenalectomized animals was due to lack
of pressor activity. In 1913, Biedl demonstrated a func-
tional division of the adrenal gland by showing that the
removal of the cortex in dogs and rabbits, leaving the
medulla intact, always resulted in death, while destruction
of only the medulla had little effect. Animals would
survive with only one-eighth of their adrenal tissue, pro-
vided it was cortical tissue. This was the first evidence
that the adrenal cortex was essential for the maintenance
of life. Later, he proposed the concept of an "endocrine
integration' which, together with the notion of "internal
secretion", promoted by Claude Bernard marks the dawn of
modern endocrinology.

Between 1930 and 1940 a number of steroids
were isolated from adrenal extracts by Reichstein, Kendall

and Wintersteiner (Reichstein and Schoppee, 1943).

The first quantitative studies on the bio-
chemical composition of the stimulated adrenal cortex were
reported by Sayers?! group in 1944 (Sayers, Sayers, Fry,
White, Lewis and long, 194ha, 1944b). These authors
showed that the administration of adrenocorticotropic

hormone (ACTH) to rats resulted in a decrease of both



the ascorbic acid and cholesterol concentration of the
adrenals. Stress was shown to induce similar biochemi-

cal changes in normal rats (Sayers, Sayers, Lewis and long
1947).

Thus, knowledge of the existence of the
steroid hormones ;ecreted by the adremal cortices has
been available for the past four decades and even though
their chemical synthesis has also been achieved, a great
gap exists between such detailed knowledge on the one
hand, and our comparative ignorance of their mode of
action, and even their functions under physiological

conditions, on the other.

2. MORPHDIOGY OF THE ADRENAL GLAND

2.1. ANATOMY

Symington (1960) pointed out that the adre-
nals of various species can be classified into "™non-fatty"
and "fatty" types. The hamster and most herbivora fall in
the non-fatty group, while other mammals, including man,

fall in the fatty group.

The mouse adrenal glands consist -of a pair

of small ovoid structures situated one on either side of
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the midline near the anterior pole of the kidney. The
absolute weight of the adrenal increases rapidly in
young mice, but the rate of growth declines with in-
creasing age ﬁntil it eventually ceases. This pattem
is similar to that found in rats (Donaldson, 1924).

Sex differences in adrenal gland weight have
been well recognized (Bourne and Jayne, 1961). Their
weight in man is normally between five and seven grams,
those of the female being cmsistmtly larger and more
opaque due to the presence of lipid. The adrenals are
smaller and dark red in males (Chai and Dickie, 1966).

2.2. HISTOIOGY

The adrenal glands are composed of two
main parts: the medulla and the cortex, which are in
fact two dj.fferent glands. No direct functional rela-
tionship between them has yet been demonstrated in man.
The cortex accounts for 80% of adrenal weight in the adult
(Williams, 1962).

In man and most mammals, three zones are
visible in the adrenal cortex, but in the mouse only two
zones are clearly defined. Outwardly we find the zona

glomerulosa (ZG) followed by the zona fasciculata (ZF),



which is the widest zone, and finally, the zona reticu-
laris (ZR). No secretory nerves have been demonstrated
in the adrenal cortex in contrast to the medulla. The
ZG is a narrow zone consisting of small cells arranged
in arches. The cells have relatively large nuclei, baso-
philic cytoplasm, and a rich capillary blood supply. The
ZF is composed of long regular columns of cells separated
by fine connective tissue septa bearing capillaries.. The
nuclei are vesicular and the cytoplasm acidophilic and
foamy due to the presence of finely distributed lipid
droplets.

While the three classical zones can be seen
in many human glands, the ZG is by no means always promi-
nent and may be seen in some part of a section and not in
the others . The 2G has been shown to contain abundant
mitochondria (Symington, 1962), variable lipid content
(Carr, 1961), and greatest cell proliferation of the

three zones (Ford and Young, 1963).

Symington (1962a) compared the histological
structure of the adrenal cortex of a wide variety of
species, laying considerable stress on the differences
both in amount and in distribution of lipid. He pointed
out, as did others, that there is no storage of hormone

in the adrenal cortex in contradistinction to other
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endocrine glands.

Ashworth, Race and Mollenhaver (1959) sug-
gested that the major sites of hormone synthesis are the
deep layers of the ZF and ZR since these areas are
richer in mitochondria and vesicular cytoplasmic retic-
ulum, The importance of the mitochondria in the synthe-
sis of the adremal cortical hormones is supported by
independent biochemical studies demonstrating the associ-
ation of enzyme systems with these bodies (Hayano, Saba,
Dorfman and Hechter, 1956).

3. FUNCTIONS OF THE ADRENAL CORTEX

Reference to the work of Addison (1855),
Brown-Sequard (1856), Oliver and Schaefer (1894 1895)
and Biedl (1913) in regard to their classical discoveries
on the function of the adrenal cortex has already been

mentioned.

In 1932, Cushing described the syndrome
now known under his name. A relatively frequent asso-
ciation of the basophil tumors of the anterior pituitary
with adrenal cortical hyperplasia raised the question as to
which came first. In 1933, Moehlig and Bates sug-
gested that the primary lesions in Cushing's syndrome
occurred in the adrenals. Two years later, Hare and his
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co-workers reported a typical case of Cushing?s syndrome
due to a primary carcinoma of the adrenal cortex without
an increase in the number of the basophil cells of the
anterior pituitary. On the other hand, Oppenheimer and
his co-workers cited 24 instances of basophilic pituitary
adenomas without Cushing's syndrome (Soffer et al, 1961).

In 1943, Thompson and Eisenhardt came to
the conclusion that the basic disorder of Cushing's
syndrome is an excess of the adrenal cortical funciion

with an altered pattern of secretion of the patient's
own hypophysis.

In recent years, further advances in our
knowledge of the mechanisms inv;lved in the regulation
of secretory activity of the adrenal cortex have been
made: these include the isolation of corticotrophin-
releasing factors (CRFs), the isolation of ACTH, the
characterization of the intermediates and enzyme system
concerned with corticosteroid (CS) synthesis, and the

discovery of agents which block the CS synthesis.

3.1, THE EFFECTS OF ADRENALECTOMY (ADREX)

Many workers have demonstrated the rapidly
fatal outcome of the adrex in laboratory animals. Many



factors determine the period of survival of animals
following adrex. Certain animals (e.g., the mouse,
rat, goat and frog) survive adrex much longer than
others (e.g., the dog or guinea pig), due to their
greater ability to withstand injuries in gemeral, which
in turn may be due to a more extensive distribution of
adrenocortical tissue outside of the gland itself.

Adrexed animals are extremely semnsitive
to trauma and hemorrhage; hence, the finesse of the
operative technique employed in removing the glands is
an important factor in determining the period of sur-
vival. Young animals survive a much shorter period than
do adult animals (Grollman, 1941).

In the well-operated animal no obvious
abnormality is noticed at first. The animal is alert,
eats, drinks, the blood pressure and all the constituents
of the blood are in normal concentrations. However, gra-
dual weakness appears in the animal, the animal becomes
apathetic, refuses food, its muscular movements become
slow, the body temperature falls, and muscular twitches
and convulsions may occur. The respiration is at first
rapid, then siow. Anuria is present, the pulse becomes
feeble, the animal becomes comatose, and though the
heart is still beating, respiratory paralysis sets in

and leads to death.



Animals in adrenal cortical insufficiency
are hypersensitive to many extraneous influences. They
manifest an abnormal sensitivity to toxins, are very
prone to infections, and frequently yield to influences
which have only trivial effects in normal animals
(Grollman, 1941).

In 1940 Swann wrote a comprehensive review
of the early work concerning the physiological effects of
adrex.

In summary, the effects of adrex are:

a) disturbance of the sodium (Na),
potassium (K), chloride (Cl) ions
and water balance,

b) increased excretion of Na and Cl ions
as well as water while retention of K,

c) increase of urea content of blood,

d) disturbance of carbohydrate (CH)) metab-
olism with decrease in liver glycogen
and decreased resistance to insulin,

'e) reduction of resistance to various

traumas such as cold, shock or injury.

Experimentally, Yates and Urquhart (1962)
demonstrated that a combination of corticostercne (B),



cortisol (F) and aldosterone (Aldo) is sufficient to re-

verse the fatal effects of adrex.

3.2. ROLE OF THE ADRENAL CORTEX IN METABOLISM
3.2.1. CARBOHYDRATE METABOLISM

The hypoglycemic effect of adrenalectomy
has been shown in the dog by Porges as early as 1910.
Many other investigators since then have demonstrated
the marked sensitivity of adrexed animals to insulin,
and the reduced liver and muscle glycogen level in these
animals. Simpson (1932) supplemented these observations
by showing that patients with Addison's disease failed
to show a rise in the blood sugar level camparable to
that of normal individuals following the injection of a
standard dose of epinephrine. The question arose as
whether the CHO disturbances observed were not due pri-
marily to the removal of the adrenal medulla. Patients
with Addisont's disease who have atrophy of the cortex,
but with relatively intact medulla, nevertheless dis-
play the same characteristic disturbances in CHD meta-
bolism as those who had extensive destruction of the
adrenals due to tuberculosis. Long, Katzin and Fry in

1940 found that in both normal and adrexed fasting rats



and mice, the administration of ACE was followed not only
by an increase in liver glycogen and blood glucose, but
also increased the urinary nitrogen excretion.

During the early periods of investigation
of the functions of the adrenal cortex, the relationship
of the cortex to CHO metabolism was a source of great
conflict between those groups who insisted that the CHO
disturbances observed in adrexed animals were fundamen-
tally related to the absence of the adrenal cortex, and
their opponents who postulated that these disturbances
were non-specific in character and rather related to
the malnutrition so commonly present in the adrexed ani-
mals. Today there is no question concerning the funda-
mental role which the adrenal plays in CHO metabolism,
inasmich as the administration of glucocorticoids (GCCs)

can reverse the effects of adrex on CHO metabolism.

3.2.2. ELECTROLYTE METABOLISM

3.2.2.1. Effect on Na

As early as 1927 Marine and Baumann showed
that the Na content of the blood of cats decreased follow-
ing bilateral adrex. In 1932, Rogoff stated that intrave-
nous administration of physiological saline combined with



adrenocortical extracts are essential in treating patients
with Addisonts disease. By 1940, many invegtigatora had
shown an important role of the a',drenal cortex in Na metab-
olism. In 1940, Wells and Kendall confirmed that the most
potent adrenal hormone possessing an action causing remal
retention of Na was DOC. It was, at that time the most
potent of all known cortical hormones in maintaining the
life of adrexed animals and in the control of certain
phases of electrolyte metabolism. Dennis and Wood, in
1940 pointed out that the absorption of electrolyte from
the lumen of the intestine is distinctly abnormal in adrexed
animals. Stein and Wertheimer (1942) indicated that extra-
renal defects may also be contributing to the impaired Na

metabolism.
3.2.2.2., Effect on K

Baumann and Kurland (1927) and Hastings
and Compere in 1931 reported that the removal of the adre-

nal glands was followed by a rise in serum K level.

In 1933 Loeb reported the retention of K
ion in adrenal insufficiency even though this ion passes
through the kidney with greater facility than either
the Cl or Na ions. The author also reported a decrease

in the Cl and bicarbonate (H003) concentrations in the



blood. Winkler, Hoff and Smith in 1941, showed that not
only was the adrexed animal exceedingly sensitive to
administered K but that K salts given to the intact animal
in quantities sufficient to raise the plasma concentrations
to the level typical of terminal adrenal insufficiency
would reproduce many of the symptoms of the adrexed animal,
and might lead to death. Finally, the therapeutic value
of a low K diet in the treatment of Addisonians or for the
maintenance of adrexed animals has been repeatedly demon-

strated by many authors.

3.2.2.3. Effect on H20

In most animals, but not all, the altered
electrolyte excretion which follows adrex is associated
with a diuresis. Yet despite this water diuresis asso-
ciated with Na loss, the ability of the kidney to ex-
crete water shows deficlencies. If distilled water is
administered by mouth, even in small doses, the diuretic
response is far below normal (Rowntree and Snell, 1931;
Levin, 1943) and the susceptibility to water intoxica~-
tion is greatly increased (Rigler, 1935; Eversole, Gaunt
and Kendall, 1942).

In 1949, Kendall wrote a review on electro-

lyte and water metabolism, and concluded that the metabolism
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of Na, K and Cl was largely controlled by the adrenal
cortex hormones. Kendall further stated that the adre-
nal cortex furnishes a mechaniam to the body, which mod-
ifies the transfer of Na, K and Cl through cellular
structures. Hormones of the adrenal cortex modify the
transfer of electrolytes in the kidney and permit this
organ to perform work to overcome the direction of the
ionic changes which occur in the absence of the adrenal

cortex,

The salt-regulating activity of the adrenal
cortex controls (a) the acid-base balance of the body
through its control of Na and Cl ions; (b) the bodyts
degree of hydration and osmotic pressure through the
control of the extracellular fluid and (c) muscle irri-

tabllity through its control of K ions.
3.2.2.4. Aldosterone

In 1951, Bush applied a relatively new
technique to paper chromatography and isolated concen-—
trated adrenal extracts, which had strong Na retaining
effect much greater than could be accounted for the cor-
ticosteroids known up to that time. They endeavoured to
characterize the unknown compound, and finally Simpson

and Tait in 1954 reported the chemical identification
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of the aldosterone as deltal*-pregxene-ll beta, 21-diol-
3, 20~dione-18-al.

Aldosterone promotes sodium retention and
in this respect is 25 to 120 times as active as DOC in
comparable amounts, It exerts its effects in very small
quantities as compared with other known adrenal steroids.
By 1960, evidence strongly suggested that the renin-
angiotensin system (R.A.S.) might be the primary regula-
tory mechanism for Aldo secretion. During the past few
years a large number of reports have provided convincing
evidence that the R.A.S., plasma electrolyte concentrations,
and ACTH influence the rate of secretion of Aldo. Renin
is an enzyme produced by the juxtaglomerular apparatus in
the kidney. It interacts with plasma alpha-2 globulin
fraction, which contains renin substrate, to form angio-
tensin-1. The angiotensin-1 is converted by an activa-
ting enzyme to angiotensin-II which is the active material

responsible for elevation of blood pressure.

The role of the renin-angiotensin system in
the control of aldosterone secretion has been demonstrated
by Genest, Nowaczynski, Koiw, Sandor and Biron, 1961,
and confirmed by several investigators. Exogenously
administered angiotensin-II has been shown to increase

aldosterone excretion and secretion in man and dog (Genest
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et al,, 1961, and Urquhart, Davis and Higgins, 1962).

The existence of an inverse relationship between Na
balance and the renin-angiotensin-aldosterone system

has also been established (Genest, Veyrat, De Champlain,
Boucher, Tremblay, Strong, Koiw and Marc-Aurele, 1965;
Fasciolo, De Vitio, Romero and Cucchi, 1964). Conse-
quently, a hypothetical negative feedback mechanism was
proposed, in which sodium loss leads to an increase in
plasma renin activity (PRA). This, in turn, raises the
concentration of angiotensin in the blood, stimulating
the secretion of Aldo, and hence limits the extent of

Na loss. Besides this proposed stimulus for the release
of renin, an additional mechanism has been suggested,
involving a decrease in the extracellular compartment

or fraction thereof, and a reduction in renal artery
pressure (Braun-Menendez, Fasciolo, Leloir, Munoz and
Taquini, 1964). Increased PRA was found to occur in states
of hypovolemia. However, conversely, increased extra-
cellular fluid and a marked rise in plasma volume were
also found in subjects with elevated levels of aldosterone
and corticosterone (Bartter, Liddle, Duncan, Barber and
Delea, 1956; Walter, Seldin and Burnett, 1955). Rosenthal,
Boucher, Nowaczynski and Genest in 1968, investigated the

effects of acute changes in plasma volume, renin activity,
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and free aldosterone levels in healthy human subjects
following fursemide administration, and suggested the
following sequence of events:

a) the rapid activation of renin release
secondary to the decrease in plasma
volume,

b) leading to an increase in circulating
amounts of angiotensin,

¢) which results in a higher concentration
of plasma aldosterone.

Aldosterone favors the excretion of potassium.

3.3. STEROIDS SECRETED BY ADRENAL CORTEX

There are about 50 steroids which have been
isolated from adrenal cortices, but the number of new
compounds which are discovered each year is increasing
rapidly. Only a few of these steroids have been shown
to be normally secreted into the blood stream. These
include corticoids, aldosterone and sex steroids (Grant,
1960; Short, 1960). The remainder are iniracellular
intermediates. The adrenal CSs may be defined as steroids
secreted by the adrenal cortex and possessing 21 carbon

atoms and three or more oxygen atoms. The corticoids may
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be further divided into those stéroids possessing the
characteristic delta 4~3 ketone in ring A, a group which
are biologi.calJ.y active corticoids, and those with a
reduced ring A structure., The compounds having gluco-
corticoidal action influence CHO, fat and protein metab-

olism,

Out of a long list of CSs discovered so
far, only a few show predominantly glucocorticoidal or
mineralo-corticoidal activity. The GCCs include cor-
ticosterone, ll-dehydro-corticosterone (A), 17 a~OH-
corticosterone, cortisol, ll-dehydro-cortisol, 1l-
deoxycortisol (S), ll-deoxy-corticosterone (DOC), and
the most potent mineralo-corticoid is aldosterone. Cor-
tisol and cortisone exercise an effect mainly on CHD
metabolism and to a much lesser extent on electrolytes.
Their salt-retaining effects which are by no means a
consistent phenomenon, are approximately 1/30 to 1/50
those of DOC which is itself about 25 to 120 times less

potent than aldosterone in this regard (Jones, 1957).

The available experimental data suggest
that these steroids stimulate gluconeogenesis from pro-
teins and possibly from fats. In addition, they inhibit

some phase of CHO utilization. Intensive stimulation
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of the adrenal cortex in man with ACTH is followed by a
fairly considerable increase in the urinary excretion of
various amino acids (Roberts, 1952). The increase in
the blood concentration of amino acids permits their

greater diversion for gluconeogenesis.

As mentioned above, the most active mineralo-
corticoid is aldosterone. Until the isolation of the
aldosterone by Simpson et al, (1954) the most active
mineralo-corticoid recognized up to that date was DOC, -
Progesterone, pregnenolone and 17-OH- pregnenolone have

also been isolated.

The adrenal cortex also produces C-19
steroids such as delta h-androstenedione (ASD) and its
11-B-OH and ll-keto derivatives, and dehydroepiandrosterone

(DHEA) which have been isolated.

The synthesis of estrogens (C-18) by the

adrenal is much less clear than that for androgens.

3.4. FUNCTIONAL ZONATION OF THE ADRENAL CORTEX

The functional zonation of the adrenal
cortex has been established beyond any doubt in most
laboratory animals and in man. Swann in 1940 reported
that in hypophysectomized animals the ZG portion of the
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adrenal cortex was x;ot greatly altered, whereas the ZF

and ZR rapidly atrophied in the absence of the pituitary;
therefore, functional zonation concept of the adrenal
cortex was put forward. Swann further stated that the

ZG 1is responsible for electrolyte metabolism, ZF and

ZR are responsible primarily for CHO and protein metabolism.

The functional zonation of the adrenal
cortex later on was confirmed by many authors: Sarason
(1943), and Deane, Greep and Shaw (1946, 1948). Bergner
and Deare (1948) reported that ACTH has very little or
no glomerulotrophic activity.

Ayres, Gould, Simpson and Tait in 1956
found that cortisol was produced in ZF, aldosterone in
the ZG, and corticosterone in both zones. Giroud,
Stachenko and Venning (1956) established that only
glomerulosa tissue produces aldosterone, while the ZF
and ZR produce mainly corticosterone but a small amount
of corticosterone is also produced by ZG. Symington
(1960) considered the ZF merely as a storage zone for
steroid precursors and that the ZR is the actual site
of C-21 steroids production with the exception of

aldosterone.



L. THE EFFECTS OF STRESS ON THE ADRENAL CORTEX

In 1936, Selye reported that the organism
responds in a stereotypical manner to a variety of widely
different agents, such as infections, i.nt&:d.ca.tions,
trauma, nervous strain, heat, cold, muscular fatigue or
X~-irradiation. The specific actions of all these agents
were quite different. Their only common feature was that
they place the body in a state of general (systemic)
stress. Selye in the same year put forward the concept
of "General Adaptation Syndrome™ which postulates that,
when subjected to stress, an animal, besides undergoing
adaptive changes specific to that particular stress,
also undertakes a non-specific defense which is mediated
by the pituitary-adrenal system. According to Selye,
the pituitary-adrenal reaction is believed to be a
defense or resistance mechanism common to all types of
stress and to consist of four phases: shock, counter-
shock, resistance, exhaustion, terminating in death
should the stress be sufficiently severe. Adrenalectomy
or hypophysectomy (hypox) affects only the resistance
stage by considerably shortening it, but does not influence

the shock and counter-shock phases (Selye, 1946).

It is quite well established now that the

anterior lobe of the pituitary gland is the site of
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formation, storage and release of ACTH which activates
the adrenal cortex. The anterior pituitary usually has
large stores of its hormones, including ACTH. In res-
ponse to stress, there is a release of ACTH from stor-
age, as shown by a fall in ACTH content of the pitui-
tary gland immediately after stress (Rochefort,
Rosenberger and Saffran, 1959). Under normal conditions,
the adrenal cortex contains only minor amounts of the
corticoids, but after stress and accompanying release
of ACTH, the adrenal tissue contains higher concentra~
tions of corticoids (Holzbauer, 1957). The depleted
pituitary stores of ACTH are quickly restored after
stress, suggesting that its synthesis is accelerated
(Rochefort et al, 1959).

The pituitary is not essential to maintain
a minimal secretion of cortical hormones as shown by the
ability of hypoxed animals to survive a longer period
than adrexed animals (Jones, 1954) which may not sur-
vive more than a few days after the operation (Firror
and Grollman, 1933). Adrexed animals have diminished
resistance to stress (Swingle and Remington, 1944;
Sayers, 1950). Administration of ACE increases the
resistance of hypoxed animals to stress (Baird, Cloney
and Albright, 1933; Tyslowitz and Astwood, 1942).
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In 1959 and 1960 Symington reported that the
differences between the ZF, ZR zones disappear under stress
conditions in human subjects. The ZR is the site of the
production of CSs (except aldosterone), androgens and
possibly estrogen hormones, and the clear cells of the
ZF are a storage zone for steroid precursors. Under
stress conditions, endogenous ACTH is liberated, the
steroid precursors in the cells of ZF nearest the ZR are
used for steroids synthesis, and when this results, mor-
phological, histochemical and hydroxylating emzymatic
changes occur in the cortex (Symington, 1962a).

L.l. ADENOHYPOPHYSEAL-ADRENOCORTICAL RELATIONSHIPS

In 1927 Smith demonstrated a role of the
anterior pituitary in regulating the activity of the
adrenal cortex. He reported rapid adrenocortical atrophy
following hypox in the rat. He further demonstrated
that substitution therapy, consisting of daily homo-
transplants of fresh pituitary tissues, could reverse
the degenerative changes observed in the adrenal cortex
after hypox. Later, Smith (1930) and Houssay and Sammar-
tino (1933a) reported that the atrophy is limited
essentially to the cortex, the medulla remaining un-

affected. The atrophic process pegins in the ZR and
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eventually involves the ZF and to a much lesser extent,
the ZG. When the process is complete, the cells are
small and distorted, and the ZR is unrecognizable, while
the ZF has completely lost its cord-like arrangement

of cells. In 1949, Greep and Deane observed a great
depletion of the lipids from the ZF in the hypoxed rat,
while the ZG remained uninfluenced. He concluded that
the ZG in the rat is capable of functioning independently.
In the intact animal, the removal of one adrenal is
promptly followed by a compensatory increase in the size
of the cortex of the remaining adrenal. This phenomenon
does not occur in the hypoxed animal. If ACTH is admin-
istered to such an animal, the usual hypertrophy of the
remaining adrenal will ensue.

Sayers in 1950 suggested that ACTH secretion
by the pituitary varies inversely with the concentration
of circulating CSs. The hypothesis is based on the
assumption that under condition of stress, there is an
increased peripheral utilization of cortical hormone.

The drop in concentration stimulates the adenohypophy-
sis to discharge ACTH and brings the blood level of CSs

back towards the initial level.

4,1.1. THE EFFECTS OF ACTH ON THE ADRENAL CORTEX
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0f the many effects of ACTH on the adrenal
cortex, it has been difficult to decide which effects are
primary and which are secondary consequences of ACTH action.
ACTH can increase the synthesis of active phosphorylase
(an effect mediated by increased concentrations of a co-
factor, adenosine 3t 5t — phosphate) in the adrenal cortex
and this may have great significance because these enzymatic
changes might provide a mechanism for increased steroid

synthesis.

There is some evidence that the ACTH
steroidogenic effect acts between cholesterol and delta
5-pregnenolone to progestrone (Kass, Hechter, Macchi and
Moon, 195L4).

The influence of ACTH in the regulation
of aldosterone has not been as clear-cut as its role in
the control of glucocorticoid production. It appears
that the influence of the pituitary on aldosterone secre-
tion by the adrenal cortex is 1éss marked than its con-
trol over the production of glucocorticoid. In brief
the effects of the ACTH on adrenal cortex are:

a) increased formation of pregnenolone
from cholesterol

b) depletion of ascorbic acid
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c) depletion of cholesterol
d) increased content of adenosine
3, 5t —mono-phosphate
e) depletion of glycogen
f) activation of carbohydrate metabolism
g) activation of phosphate metabolism
h) activation of nucleic acid metabolism
i) increased cellular activity
J) increased adrenal weight

4,1.2, EFFECTS OF HYPOTHALAMIC-HYPOPHYSEAL CONTROL ON
THE ADRENAL CORTEX

It is now clear that although the CRF
activity is present mainly in the median eminence (Matsuda,
1964), it is also present throughout the whole tuber
cinereum and infundibular process of the hypothalamus.
Stimulation of the hypothalamus in or close to the
median eminence causes ACTH release (Mason, 1958) s 8
response that is not prevented by pre-~treatment with
CS. This observation suggests that the part of the
hypothalamus immediately involved in CRF release may
not be CS-sensitive. At present it seems that the CS-
sensitive element of the adrenal cortical feedback sys-
tem probably lies in the medial, basal hypothalamus,
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septum and rostral midbrain in rats and that the final
step involved in CHF-release is not CS-sensitive.

It has been proposed that ACTH inhibits
its own release by a negative-feedback action on the

brain or pituitary (Kitay, Holub.and Jailer, 1959).

5. SUMMARY

The acquisition of knowledge of the struc-~
ture and function of the adrenal cortex is a remarkable
chapter in the development of endocrinology. This rather
minute organ has been shown to be essential for life
particularly under conditions of stress gnd to have a
wide variety of functions. Thus it produces profound
effects on carbohydrate and protein metabolism and pls.ys
a central role in the control of the metabolism of
sodium and potassium. Moreover, it plays a role in the
development of secondary sex characteristics,especially
under pathological conditions. About 50 steroids have
been isolated from this gland and the number of new
compounds discovered each year is increasing. However,
only a few of these steroids have been shown to be se-
creted into the blood stream under normal conditions and

these are the ones that have the effects just mentioned.
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Finally, even though the existence of these steroids
has been known now for several decades and their chem-
ical synthesis has been achieved, yet a great gap exists
between such detailed knowledge on the one hand and our
comparative ignorance of their mode of action on the

other. In short, much remains to be learned in this area.



CHAPTER IT

THERMO REGULATION

1. HOMEDSTASIS

Many physiolog:’gst.s have been impressed by the
self-regulating, negative feedback systems which serve to
maintain the constancy of the internal environment of living
organisms. This is termed "homeostasis". But homeostasis is
not limited to animals; it is applicable to all living things.
Fngineers have long used such systems. The principle may

even be applicable in sociology, economics and ecology.

The term "homeostasis®" was first defined by
the American physiologist, Walter B. Cannon (1939) as "a
tendency to uniformity or stability in the normal body states
(internal environment or fluid matrix) of the organism",
Cannon paid homage to the German physiologist, Pfliger (1877),
and the Belgian physiologist, Fredericq (1885), as well as to
Hippocrates for the generation of the concept. Thus, in 1877,
Pfl{:'lger stated, "The cause of every need of a living being is
also the cause of the satisfaction of the need". Fredericqg,
in 1885, declared, "The living being is an agency of such
sort that each disturbing influence induces by itself the

calling forth of compensatory activity to neutralize or repair
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the disturbance™, The higher in the scale of living beings,
the more perfect and the more camplicated do these regulatory
agencies become., They tend to free the organism completely
from the unfavorable influences and changes occurring in the
environment. Cannon also quoted the French physiologist,
Charles Richet, as stating: "The living being is stable.

It must be so in order not to be destroyed, dissolved, or
disintegrated by the colossal forces, often adverse, which
surround it. By apparent contradiction it maintains its
stability only if it is excitable and capable of modifying
itself according to external stimmli and adjusting its response
to the stimulation. In a semnse it is stable because it is
modifiable - the slight instability is the necessary condition
for the true stability of the organism.” Cannon, in the

French translation of his book, The Wisdom of the Body, stated:

"The central idea of this book, fthe stability of the inner
medium of the organism in higher vertebratest, is directly
inspired by the precise view and deep understanding of the
eminent French physiologist Claude Bernard". Thus, Cannon
made it clear that Ber}xard deserves priority for emphasizing
the role of the inner environment in the establishment and

maintenance of steady states in the body.

There is now general concurrence that the term

"homeostasis" was Cannon's, but the idea was Bernard's.
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2. THERMOREGULATION IN BIRDS AND MAMMAIS

Homeostasis is applicable to many systems in the
organism (e.g. Ph of the blood, maintenance of the blood volume,
control of organ size, the healing of wounds, control of food
and water intake, etc.). Included here also is thermoregulation,

the main subject of this thesis.

It is customary to name the maintenance of deep
body temperature "homeothermy™ while heterothermous (poikilo-
thermous) animals are those in which deep body temperature
follows the temperature of their environment. In a homeotherm,
a regulated flow of heat determines body temperature. Hence
the term "homeothermy" can mislead, since it may seem to mean
"steady temperature", and in this way perpetuate the confusion
between heat and temperature which has bedevilled the growth
of animal enorgetics. Mendelsohn (1964) showed how the subject
remained undeveloped until the concepts of heat and temperature
were separated. Heat as a quantity of energy, and temperature
as a measure of the ratio of heat content to heat capacity, are
rarely separated in general usage, and are still confused even

in some scientific contexts.

The most convenient definition of a "homeotherm"
is an animal which maintains a steady internal temperature in a

wide range of external temperatures. A heterothermous animal,
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on the other hand, has nearly constant temperature only in

an environment which has itself an almost unvarying temperature.
Marmmals and birds are homeotherms; other animals are poikilo-
therms., Homeothermic organisms are capable of maintaining a
remarkably constant internal temperature even though the
external temperature varies over a broad range. The combining
form "Poikilo" means changeful or various. Thus, a poikilotherm
has various internal temperatures dependent upon the external
environment., They are often called cold-blooded animals, In
the hameotherms we find that the deep body temperature, which
is approximately the same for the core of the body (e.g.

deep rectum, viscera, liver, brain) is regulated to constancy
within a remarkably narrow range of temperature; human about
36.4 to 37.5 C with a diurnal rhythm.

One may wonder what advantage the homeotherms
have as a result of possessing elaborate homeostatic mechanisms
to control body temperature. The answer is simple-~ greater
independence. Consider the frog, a poikilotherm. At the
temperature extremes it cannot function. In the winter it
becomes immobile, ite body temperature being little different
from that of the surroundings. To avoid freezing it seeks
out the bottoms of lakes where the water remains above freezing.

But even here it survives in a lethargic immobile state.
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The better one's homeostatic processes, the
greater is his independence of the environment, the more he
can do and accomplish. A poignant example concerns man in
his efforts to conquer space. To journey into space he must
use a bulky space suit and a heavy capsule. These protect
him against the extremes of temperature and pressure. How
much freer, more independent, he would be if his own homeo-

static mechanisms were adequate.

Another reason why such a constant temperature
is desirable may be that the greater the complexity of the
integration of the organism, the greater may be the need for
constancy of temperature for efficient functioning., All
chemical and physical reactions change their rate with the
change of temperature, but the degree of acceleration with
rising temperature is different for different reactions.

Thus, in a camplicated process involving the co-ordinaﬁion

of many individual reactions, a rise of temperature will not
only speed the over-all rate but will alter the relative

rates of the various reactions involved. The relative con-
centration of all the reactants will be markedly different

when the new steady state, at a different temperature, is
reached, and thus side reactions, connected with these reactants,
will change their relative importance. A change of temperature
therefore produces not only a change of the over-all rate of
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metabolic and other biological processes, it also changes the
qualitative character of these processes. Experience confirms
that only a slight change in brain temperature, as in fever
(even in a non-toxic, artificial fever) or hypothermia, does

result in profound confusion in mental processes.

A confirmation of this idea that it is the
complexity of organization that makes homeothermy necessary
to an animal is the interesting fact that very young animals,
in which the full co-ordination and integration of the ner-
vous system is not yet fully developed, show an astonishing
tolerance to changes of their body temperature (Adolph, 1950),
together with a lack of temperature regulation. This toler-

ance is greater than that of the adult of the same species.

For an animal to maintain its body temperature
in cold environments, its heat production must be continuously
at a high level. This imposes a restraint upon the freedom of
the homeothermic animal, which partly removes the advantages
of emancipation from the thermal environment. A sustained
high level of heat production, demands that the animal consume
more food and thus more time and energy must be spent in
obtaining it. In this sense there is a considerable cost

to pay for homeothermy.
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Recent reviews of thermoregulation have been

published by Hardy (1961), Von Euler (1961) and Bligh (1966).

3. RESFONSES TO COLD

Special cases excepted, the outcome of a
homeothermts struggle against cold depends on the relation
between three quantities: heat production, thermal insula~
tion, and the temperature difference between the animalts
core and the environment. The three main sorts of outcome
of exposure to cold-metabolic, insulative (Hart, 1963, 1964a, b),
and hypothermic (Hammel, 1964) - reflect these primary factors.

To regulate temperature, there must be sensing
devices; in living organisms these are called receptors. In
homeotherms, there are peripheral receptors (located in the
skin) and central receptors (in the brain). One set of skin
receptors responds progressively more rapidly as temperatures
increase; another set responds more rapidly as temperatures
decrease. Thus, sensing devices exist that, together, select-
ively function over a broad range of temperatures. Such a
dual set of receptors also exists in the brain, more partic-
ularly in the hypothalamus. The skin receptors activate the
nerves and, as a result, messages, in the form of electrical

impulses, travel to the brain. These messages not only serve
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to appraise the individual of the external temperature so
that he can take voluntary action, but they also set into
operation a sequence of nervous and metabolic events via
reéeptors in the hypothalamus, which opposes the éhange in
external temperature, thereby maintaining the constancy of
the internal temperature.

‘The exposure of a homeotherm to the cold
produces marked changes some of which involve the organism
as a whole while others involve only certain organ systems,
specific tissues and certain pathways of intermediary met-—
abolism, All these changes are co-ordinated and directed
towards the aim of helping the animal to survive the cold
by maintaining the constancy of the core temperature through
a regulation of heat production and heat flow. These changes

will now be discussed.

3.1. BEHAVIOURAL CHANGES

A brief exposure to the cold requires only a
temporary increase in heat production or thermal insulation;
the latter may be brought about by nest-making by species
that ordinarily do not make nests in the warm. Moreover,
nest-making species make better nests during cold exposure,
and select warm surfaces to sit on. Huddling by species

ranging from mice to pigs can be an important means of
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conserving heat. Efficient nest building may require a
gradual learning from experience. Rats and pigs can learn
to push a switch to turn on a source of heat., Mammals are
less active in a cold than in a warm environment especially
before cold adaptation is complete. Later, their activity
increases. Many animals adopt a huddled posture to diminish
heat loss due to radiation.

3.2. APPETITE AND FOOD INTAKE

In a cold environment, the appetite is increased.
More food is taken in and metabolized, and thus more heat is
generated. In addition, fat deposits result, and they serve
as insulation. But intake is not adjusted to brief fluctua~
tion of temperature. Cold-adapted animals probably also
utilize their food more efficiently. The optimum diet for

severe cold is still under investigation.
3.3. GROWTH

long-lasting exposure entails structural changes
as part of a chronic adaptation which can occur only if there
is plenty of food. Heat conservation is aided by an increase in
body weight in a cold environment, but such an increase rarely,
if ever, occurs in an individual mammal on exposure to cold.
Laboratory mammals usually lose weight on exposure to about 4°C,
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but young ones may later restore it. Exposure to cold in
early life may result in permanent stunting, but later ex-
posure can have an opposite effect. Selection for resistance
to cold over several generations, can result in a genetically
determined increase in body weight.

Body shape may be influenced by the temperature
of the environment during growth. The appendages, especially
the tails of rodents, are shortened by cold. This serves to
diminish heat loss, a desirable condition in the cold.

Adaptation to cold is accompanied, at least in
laboratory animals, by the enlargement of organs that do more
work, namely, heart, gastro-intestinal tract, liver, kidneys,
thyroid and adrenal glands. In addition, hair usually grows

longer during prolonged exposure.
3.4. BODY COMPOSITION

On sudden exposure to cold, there is a marked
loss of adipose tissue and there may be loss of muscle mass,
These can sometimes be made up after shivering has ceased,
but living in a cold environment may entirely prevent the
deposition of the amount of fat present in a warm environ-
ment. YBrown Fat" is a special type of adipose tissue,
even more liable to loss than white fat, and produces much



heat on sudden exposure to cold. It is important in young
mammals. Both types of adipose tissue undergo enzymic changes,
evidently adaptive, during prolonged exposure.

Other chemical changes in cold-adapted small
mammals include an increase in the proportion of water, and

a decline in nitrogen, calcium and collagen.
3.5 REPRODUCTION

Ususally, mammals stop breeding in the cold
season. This may be due to the shortage of food, rather than
low temperature. Even laboratory mice, given excess food,
and bedding, can breed in an environment at -3°C, Barnett
and Coleman (1959) and Perrault and Dugal (1965) have suggested
that the effects of cold and food shortage are often similar.
Perrault and Dugal, in a study of testicular function in cold
and shortage of food, distinguish a systemic action from a

specific endocrine effect.

There is little information on the effects of cold on
the reproductive powers of the male, most of the work concerns fe-
males. The general effect of a cold environment on female reproductive
processes is to slow them down. The vaginae of random-bred mice, born
in a room kept at 5°C, open later than those of controls at

21°C (Biggers, Ashoub, McLaren and Michie, 1958).



Low environmental temperature lengthens the oestrous cycle,
and postpone the birth of the first litter in mice. The
effect of cold on the reproductive performance depends on
whether the animals have been transferred to a cold environ-
ment, or reared there. Mice transferred from 219C to ~30C
(with bedding) as young adults are less fertile; but their
offspring are usually less fertile still. The third gemera-
tion may, however, partly recover, The full scope of such
maternal effects has still to be determined, but there is
evidence of the possibility of a non-genetical, cumulative

adaptation to cold over several generations.
3.6. ONTOGENY

Small mammals, and some large ones, are
virtually heterothermous at birth, but some newborn
artiodactyls, at least, are homeothermous. The newborn
laboratory rat has some capacity to increase heat produc-
tion if the outside temperature falls slightly, especially
Jjust after a meal; and the guinea-pig, cavia, has still
greater powers of thermoregulation. Larger mammals respond
more effectively; the hairless piglet, sus, can shiver
virtually at birth. There is a rapid change towards the
adult form of homeothermy during the first days or weeks.,
Newborn mammals can survive degrees of hypothermia which
would kill adults.



3.7. HIBERNATION

Usually, if the thermal demand of the environ-
ment exceeds for long the temperature-maintaining ability of
the organism, the animal dies. But there are part-time
homeotherms, such as the humming-birds, Trochilidae (Lasiewski,
1963), which develop a regular nocturnal hypothermia; this is
an energy-saving process in animals that need a high metabolic
rate to maintain their body temperature. Similarly, seasonal
hibernation, with its accompanying hypothermia, is a means of
evading the consequences of food shortage in winter,

The entire cycle of hibernation is under precise
physiological control. The preparation for hibernation takes
place in various species and includes involution of endocrine
glands, fattening, desaturation of depot fat and storage of
food. Reductions in ;xygen consumption, respiratory rate, and
heart rate occur before a decline in body temperature as the
animal enters the hibernating state. Animals may rewam
transiently as they enter hibernation. As the heart slows,
peripheral resistance increases, thus keeping the blood pres-
sure at reasonable levels. Although serum magnesium is high
in mammals during hibernation (Riedesel, 1957), no other marked
biochemical change has been universally noted. During hiber-
nation mammals respond to dangerously low ambient temperatures

by increasing their metabolic rate. They are sensitive to high
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inspired COp or low O,. They are poised to wake naturally
from hibernation or if physically disturbed. During arousal,
oxygen consumption and heart rate may increase one hundred-
fold, and the warming process is confined to the anterior
portion of the body by differential vasoconstriction until
the final phase of arousal.

3.8. HEAT PRODUCTION

Man, at rest under basal conditions, produces
about 70 Calories per hour. But, heat production can be varied
considerably. As the air temperature surrounding a nude sub-
ject falls below 32°C, the heat production progressively
increases up to about 5 times the basal level as the air
temperature approaches the freezing point. It can be seen
further (Fig. 1) that at very high temperatures the heat
production also increases. This, however, is not a homeos-
tatic mechanism. Rather it represents a failure of homeo-
stasis. At these high temperatures the air-conditioning
system is overwhelmed; the internal temperature rises, and
because of the heat, the cellular chemical processes are
augmented. The rate of any chemical reaction is a function
of heat; the higher the temperature, the faster the response.
It is a direct effect of heat on chemical reactions. The

increase in metabolism as the external temperature falls is
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an indirect effect. It is the indirect response that is

important to homeostasis.

During exposure to cold the normal body temper-
ature of the homeotherm is maintained, or the animal fails to
survive. Consequently, heat loss must be decreased or heat
production increased in order to maintain the balance. Several
mechanisms may act to bring about a decreased heat loss. By
far the most important, especially during short periods of
exposure, is the peripheral vasoconstriction which reduces
transference of heat from deep body tissues to the surface
and in effect increase the insulating value of subcutaneous
tissues. The increase in heat production, on the other hand,
can be brought about by two means. The first or physical

method consists of gross muscular activity and shivering.

3.8.1. THERMOGENESIS DUE TO INCREASED MUSCULAR ACTIVITY
(SHIVERING, EIC,)

One way metabolic processes can be increased as
the external temperature falls is by increased muscle activity.
A series of chemical reactions takes place each time a muscle
contracts and a by-product of those reactions is heat. Muscle
contraction can be voluntary or involuntary., Involuntary
muscle contraction caused by a drop in temperature is called

shivering. Small groups of muscles contract asynchronously or
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in opposition to each other so that very little or no move-
ment of the parts of the body normally controlled by those
muscles takes place. As was noted in Fig. 1, heat produced
by violent shivering can equal five times the basal level.

In 1935 Denny-Brown, Gaylor and Uprus concluded
that the frequency of the shivering tremor was 6 c¢/sec. in
human subjects. They also concluded that the smaller muscles
contracted more rapidly than the larger ones and the movement
of the jaw and shoulder joints was slower than the distal 1imb
joint tremors. They also determined that the discharges of the
groups of fibers in_r_ng_a_.t_ed by single motor neurons » conventionally
termed neuromotor units, fuse together during intense shivering
into what is termed a 'grouped voltage™ discharge. Additionally,
it is observed that shivering is more intense during inspiration

than between breaths, (Burton, 1937).

If shivering does not produce heat fast enough to
offset the loss, another recourse left is to produce heat even

faster by vigorous voluntary muscle contraction.

3.8.1.1. Physiological Stimuli of Shivering

In 1860 Liebermeister proposed that the stimulus
to evoke shivering was a falling skin temperature., In 1892

Richet demonstrated that shivering could be evoked by either a

¥
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falling skin temperature or brain temperature or a combination
of both. Richet did not measure the brain temperature directly
but assumed it paralleled the blood temperature of deep body
structures. This has recently and correctly been challenged
by Benzinger (1960), but it is valid to the extent of the gross
alterations of deep body temperature that Richet and subsequent
workers have induced experimentally.

It seems certain that shivering can be evoked by
a falling skin temperature with littic or no change in brain
temperature., This has been shown in unanesthetized kumans
and cats and anesthetized cats and dogs by different workers,

and relatively recently by Hensel in 1961.

It appears that little has been learned of the
central neurogenesis of shivering by the previous experiments
concerning whether the physiological stimulus to evoke it is
falling skin and/or brain temperature. It seems that it is
essential first to determine the location of the central
nervous cells whose discharge is related to changing skin
temperature, others‘whose discharge is related to the reception
of changing blood temperature, and those whose discharge is
related to the activation of shivering. When this information
is known, it will be possible to study the interaction between

these three sets of neurons at different levels of brain and



L8.

skin temperature and hence learn far more about the physiological
stimulus that evokes shivering.

3.8.2. NON-SHIVERING THERMOGENESIS

The second or chemical method of increasing heat
production is mediated by increased hormonal secretion, enzymatic
adaptations and other biochemical modifications which increase
heat production independently of muscular contraction. The
catecholamines play a central role here (Carlson, 1960) and
their effects in the response to cold stress can be ascribed
to their vasoconstrictor action as well as to their stimulating

effect on metabolism.

The occurrence of non-shivering thermogenesis in
the cold-acclimated animal has been well demonstrated, at
least in the rat (Sellers, Scott and Thomas, 1954; Hart, Heroux
and Depocas, 1956). Such an increase in non-shivering thermo-
genesis may be due either to a greater release of catecholamines
or to a greater sensitivity of acclimated animals to these
hormones or to both mechanisms., A greater sensitivity of cold-
acclimated rats to the calorigenic effect of adrenaline has
been first observed by Ring (1942) and confirmed later by
other workers. Hsieh, Carlson and Gray (1957) also reported a
striking calorigenic action of noradrenaline in cold-acclimated
rats, which was confirmed by Depocas (1960a, b).
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Although the calorigenic effects of both
adrenaline and noradrenaline are intensified in cold-acclimated
rats, the acceptance of noradrenaline as the mediator of non-
shivering thermogenesis rests on the following observations
(Depocas, 1961). Adrenal demedullation lowers the increase
in oxygen consumption of the curarized cold-acclimated rat
at 69C (Cottle and Carlson, 1956), but does not abolish it as
does previous injection of sympatholytic and ganglion-blocking
agents (Hsieh, Carlson and Gray, 1957). Noradrenaline is more
effective than adrenaline in preventing the fall in oxygen
consumption caused by hexamethonium in curarized cold-acclimated
rats (Hsieh, Carlson, 1957). Cold acclimated rats show a
greater sensitivity to injected noradrenaline than adrenaline
(Hsieh and Carlson, 1957). There is a relationship between
the calorigenic response and the dose of noradrenaline
administered and also the time of exposure to cold (Depocas,
1960a, b). A striking inverse relation exists between the
increase in the metabolic response to no‘radrena.line infusion
during acclimation to cold (Depocas, 1960a,b) and decrease in
muscle electrical activity (Hart, Heroux and Depocas, 1956),
suggesting a substitution of non-shivering thermogenesis under
the control of noradrenaline fer the shivering heat production.
Neither cold exposure nor noradrenaline induces marked hyper-
glycemia as would be obtained by similar doses of adrenaline
(Hsieh and Carlson, 1957).
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It can be concluded that, if the role of cate-
cholamines in the immediate response to cold exposure is at
the present not clear, a good deal of evidence supports the
idea that the non-shivering heat production, associated
especially with acclimation to cold, is mediated through the
release of noradrenaline, presumably from the adrenergic

nerve endings.

3.8.3. THE RELATIONSHIP OF SHIVERING TO NON-SHIVERING
THERMOGENESIS

Claude Bernmard (1876) and other investigators
of the latter half of the 19th century, mainly Rohrig and
Zuntz (1871), believed that cold-induced increases in heat
production were mainly a result of increased muscular
activity, including shivering.

Rohrig and Zuntz in 1871 paralyzed the muscles
of various mammals with curare and showed that in all cases
there was a subsequent decline in body temperature accompanied
by a fall in the oxygen consumption rate. In homeotherms
chronically exposed to cold, increases in oxygen rate can
occur in the absence of shiverihg or any other form of muscular
activity. The evidence for such non-shivering thermogenesis
has been reviewed by Morin (1946), Hart (1958) and Smith and
Hoijer (1962). However, in homeotherms not chronically exposed
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to cold there is little evidence of non-shivering thermogenesis.
In humans, Cannon, Querido, Britton and Bright (1926-27) showed
that there is a cold-induced increase in metabolism of 16.5% in
the absence of shivering, in contrast to a 90% increase during
shivering. Davis and Meyer (1955) concluded that the cold-
induced 100¢ increase in the oxygen consumption rate of shiver-
ing rats can be partitioned into AO% due to non-shivering ther-
mogenesis and 60% due to shivering. Cottle and Carlson (1950)
were able to show only a 10% to 25% cold-induced increase in
the oxygen consumption rate of rats in which all the somatic
musculature had been paralyzed. Shivering is evidently the
most potent mechanism available to the homeotherm for increasing
oxygen consumption rate in the face of a sudden drop in the
environmental temperature. This increase is at least 10 to 20
fold that which could be accomplished in the absence of muscular

activity.

It is not well known why homeotherms do not
respond to brief and sudden decreases in the environmental
temperature by a vigorous physical activity that can elevate
oxygen consumption to a far greater extent than can shivering
(Robinson, Edwards and Dill, 1937). Hart and Heroux studied
this problem in mice (Hart, 1950a, b), lemmings and rabbits
(Hart and Heroux, 1955) and concluded that the heat produced
by forced running was dissipated and not available for thermo-

regulation in cold envircnments. They found, associated with
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an increased dissipation of heat, a decrease in body insula-
tion and a fall in rectal temperature while the animals were
running vigorously in a cold environment., It would thus
appear that the advantage of shivering over that of vigorous
exercise lies in the reduction of functional surface area,
the shivering animal being in a huddled posture that reduces
heat loss to the cold emviromment.

The increase in the oxygen consumption rate
during shivering is somewhat variable. Fredericq (1882)
modified the closed circuit spirometer and made a quite
accurate determination of the oxygen consumption rate and
rectal temperature while cooling humans, cats and rabbits.
When shivering occurred, it elevated the oxygen consumption
rate two - to four - fold above the resting non-shivering
level, a fact which has been confirmed by Konig (1943) and
Adolph and Molnar (1946) for man, and by Lim (1959) for
dogs. Investigators in this field notice variances in
elevated oxygen consumption rates accompanying shivering,
but they seldom report or emphasize them in the literature

on temperature regulation.

In summary, it appears that shivering is the
most effective mechanism available to homeotherms in order to
increase oxygen consumption rapidly in the face of a brief and
sudden drop in the environmental temperature. The increase so
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effected varies from two - to four - fold the resting non-

shivering oxygen consumption rate.
3.8.4. TISSUE METABOLISM

Field, Belding and Martin in 1939, determined
in vitro the metabolic rates of 20 major organs and tissues
from the albino rat. By multiplying each by the weight of
the respective organ, they obtained figures representing the
rate of the various organs. The sum of these vaiues was
equal to 65% of the MR (280C) of the animals used. Allowing
an additional 25% for skeletal muscle tone, cardiac, res-
piratory and secretory activities, they accounted for 89%.
Similar measurements by Martin and Fuhrman (1955) for mice
and dogs gave figures of 72 and 89%, respectively. Using a
technique in which tissues in flasks were exposed to oxygen were obtained
directly rather than being immersed in saline,
values of 100% for the rat (Huston and Martin, 1954).

Metabolic alterations which occur in tissues
during adaptati§n to cold (5°C) have been studied in male
albino rats by Cottle (1958). Metabolism at 5°C was found to
increase gradually for 2 to 3 weeks. This was seen by measure-
ments of heat loss, oxygen consumption, and food in;hake. After
2 weeks at 5°C, metabolism at 280C was 20% greater than that of

controls kept at 26°C. Metabolism of skeletal muscle, liver,
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and kidney in vitro suggested that the increase in metabolic rate
was not merely a reflection of the increased intrinsic metabolism

of tissues.

Kleiber (1941,1947) and Weymouth, Field and Kleiber
(1942) found that the in vitro metabolism of liver slices pre-
pared from rats, rabbits, sheep, horses, and cows decreased in
this order and to the same extent as the metabolism (BMR) per
unit weight. They concluded that the factors which determine

the metabolic rate in situ still control it on surviving tissues.

Other workers have concluded that the factors
responsible for the metabolic rates of tissues in situ are not
operative in vitro. Krebs in 1950 determined the Q05 (cc.02/gm.
dry weight/hr.) for several tissues from nine mammalian species
of various sizes. He found a somewhat lower Q02 for tissues from
larger animals than for homologous tissues from smaller species,
the Q0y of most tissues differed less with body weight than did

the metabolism (BMR) of the whole animal,

The liver metabolism of rats after exposure to
cold for 2 days or more measured in vitro is greater than that
of controls kept at room temperature (Cottle, 1958). You and
Sellers (1951) reported that liver slices from animals kept 1
year at 1.5°C had a QO, 28% greater than slices from animals

kept at 220C, Clark, Chinn, Ellis, Pawel and Criscuolo in 1954
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reported a 4O¥ greater liver QO, and a 35% greater liver
succinoxidase activity in young rats after 10 weeks at 4°cC.
Six month old rats were reported to have a 27% greater liver
Q, after 10 days at 5°C. (Weiss, 1954). DesMarais (1953)
indicated that liver slices from rats kept at 4°C for 2 to

8 days had a Q0, 12% greater than those from animals at 29°C.

An increase in the intrinsic metabolism of
several other tissues as result of cold adaptation was shown
by Weiss in 1954. Using young rats (100 to 150 gm.), he found
that those kept for 10 to 26 days at 59C compared to controls
at room temperature had a 43% greater liver Q02, 13% greater
kidney Q05, 23% greater heart Q0p and 19% higher diaphragm
Q2. In 1956 Weiss reported that the Q0; for skeletal muscle
from young rats (100 gm. or less) was significantly greater
for the animals which had been at 5°C for 10 days than for
the young controls which had been kept in room temperature.

In older rats (300 to 4LOO gm.), he demonstrated a decreased
Q, after cold adaptation (Weiss, 1954). He suggested that the
difference between the age groups was due to the greater
insulatioa and fat accumulation of the older animals. He
postulated that the greater insulation of the older group
served to reduce effective exposure. He believed more severe
cold exposure would have produced changes in other organs of
the older animals. The additional changes in young rats were
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probably related in some way to their high growth rate and

energy turnover.

Weiss speculated that all tissues do not
acclimatize at the sam» time. The 1i§er is first to increase
oxygen consumption in response to climatic stress, and other
organs need a greater stimulus. A more reasonable explanation
is that the prior increase in liver metabolism results from
the demands on the liver, when an animal is exposed to cold,

to supply increased amounts of metabolites to responding organs.

DesMarais (1955) reported that succinic
dehydrogenase activity in rat skin was greater after 2 to
L days at 4°C, than in the controls which were kept at room
temperature. He suggested that the increased metabolism of
the skin might contribute a consequential amount of heat to
the animal in the cold. The increase could reflect the

lower functional temperature of the skin.
3.8.5. INTERMEDIARY MSTABOLISM

3.8.5.1. Fat Metabolism

In 1949, Sellers and You presented the first
unequivocal evidence that cold acclimation has a pronounced

action on hepatic lipid metabolism. In these studies they
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found that the feeding of a hypolipotropic diet of moderate fat
content causes an excessive hepatic fat deposition in rats
living at room temperature, but not in those living at 1.5°C
(Sellers and You, 1949, 1952). Sellers and You called this
phenomenon the pseudolipotropic action of cold exposure.
Treadwell, Flick and Vahouny, in 1957 and 1958, obtained
confirmatory evidence for this pseudolipotropic action of
cold exposure. More striking is their finding that the
exposure of rats with nutritionally-induced fatty livers to
a cold environment tends to restore the liver lipids to
normal, although the animals continue to ingest a hypoli-~
potropic diet (Treadwell et al, 1958). In 1959 Masoro and
Felts showed the complexity of the relationship between

cold exposure and hepatic lipid levels in the fasting rat
(Felts and Masoro, 1959). They concluded that the pseudoli-
potropic action of cold acclimation relates not only to
hypolipotropic diets, but to other factors causing fatty

livers as well.,

Masoro, Cohen and Panagos in 1954, reported
that cold stress greatly depresses hepatic lipogenesis.
later it became evident, however, that the liver is probably
not the major site of lipogenesis in the mammalian organism.
Favarger and Gerlach (1955) and Favarger (1955) reported on
studies with intact mice and indicated that only 4% of the



58.

lipogenesis of the mouse takes place in the liver and that
most of the remaining fatty acid synthesis was carried out

in the adipose tissue. Masoro, Porter and Patkin (1961)
investigated the effect of cold stress on adipose tissue and
discovered that cold stress, which almost abolishes hepatic
lipogenesis, does not appreciably alter adipose tissue
lipogenesis. In most other conditions studied (fasting,
diabetes, insulin administration), the lipogenic activity

of the liver and adipose tissue respond in a qualitatively
identical manner (Hausberger, 1958; Winegrad and Renold, 1958).
Milstein and Hausberger (1956) reported that, when fasted rats
are made hypoglycemic by the administration of large doses of
insulin, hepatic lipogenesis ceases completely, while adipose

tissue lipogenesis is increased above the normal.

The loss of 1lipid of the brown adipose tissue
during the initial exposure to cold of a warm acclimated rat
was first reported by Selye and Timiras in 1949. At about the
same time, the increase in the weight of brown adipose tissue
of the rat on prolonged exposure to cold was described by
Page and Babineau (1950). These authors observed an increase
in wet weight which was due to increases both in dry material
and water content; the total lipid content remained the same.
In experiments done by Himms-Hagen (1965), the increase in

wet welght was due to increases in all three components:
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lipid content, nonlipid materials and water. She also showed
that after 1.5 hours in the cold, the loss of lipid and gain
of water is accompanied by a gain in protein. Presumably,

the increase in protein content marks the start of the growth
of the tissue. The nature of stimulus to the growth of tissue
is uncertain. Possibly, the prolonged sympathetic stimulation
is responsible. However, increased adrenal cortical activity
or increased thyroid activity can also cause hypertrophy of
the brown adipose tissue in warm-acclimated rats (Lachance
and Pagé, 1953, 1955) and the activity of both of these glands
is known to be increased in rats exposed to cold. The growth
response of the brown adipose tissue is not specific to the
stimulus of cold. It also occurs in rats stressed by other
means such as forced exercise or spinal cord section (Lemonde

and Timiras, 1951).

Pagé (1957) and Masoro (1963) demonstrated an
increased lipid synthesis in brown adipose tissue of cold-
acclimated rats. Similarly, following cold exposure, de Freitas
(1967) has shown that the rate of synthesis of neutral glyceride
glycerol was increased about 120 times in interscapular brown
fat while only twice as much in liver and 4 times as much in
carcass. On the other hand, the synthesis of neutral glyceride
fatty acid was slightly increased in carcass and liver but
somewhat decreased in the brown fat. At the present time,

there is much interest in the role of brown fat in thermogenesis,



60.

many being of the opinion that it has a special role in this
process. Moreover, Patkin and Masoro (1964) demonstrated
an unaltered fatty acid synthesis in vivo in brown or
white adipose tissue of cold-acclimated rats in the cold.
On the other hand, an increased capacity for fatty acid
synthesis in vitro by white adipose tissue was observed in
cold-acclimated rats (Patkin and Masoro, 1961) and hamsters
(Baumber and Denyes, 1963). Finally, an unaltered capacity
for fatty acid esterification in vitro by white adipose
tissue was observed in cold-acclimated rats (Patkin and
Masoro, 1961).

The postulate that the accelerated turnover
of brown adipose tissue might be a major mechanism in non-
shivering thermogenesis under the control of the sympathetic
nervous system is in accord with the suggestion made by
Smith and Roberts (1964) that brown adipose tissue is a
major site of thermogenesis in the cold-acclimated rat exposed
to cold, and with the suggestion made by Ball and Jungas (1961)
that the triglyceride cycle of adipose tissue, particularly
brown adipose tissue, might be utilized by homeothermic animals
to generate heat for the maintenance of body temperature. It
is known that the oxygen consumption of brown adipose tissue
in vitro is increased by noradrenaline (Joel, Treble and Ball,
196L4) and by adrenaline (Joel and Shackney, 1962). The
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triglyceride cycle meets the requirement that '"the heat
producing mechanism be subject to rapid on-off control®
(Smith and Roberts, 1964).

3.8.5.2. Carbohydrate Metabolism

When a small mammal such as a rat becomes
acclimated to cold, certain alterations in the metabolism
of glucose are observed. It has been reported that the intact
acclimated rat forms liver glycogen from ingested or injected
glucose at much greater rates than control animals (Pagé,
Babineau and Lachance, 1955). Similar results have been
obtained in vitro with diaphragm muscle from acute but not
chronically exposed rats (Wertheimer and Bentor, 1957).
Moreover, Hannon and Young (1959) have observed that fasting
cold-acclimated rats maintain blood sugar levels as well as
do fasting warm-acclimated rats. In addition, it has been
shown that acclimated rats maintain higher fasting liver
glycogen stores than controls (Masoro and Felts, 1959).
Since fasting blood sugar levels are the same under the two
environmental conditions, this would seem to indicate that
cold exposure leads either to an augmented gluconeogenesis or
to a 'sparing action' on carbohydrate stores. ﬁdating data
indicate that acclimation is associated with increased

activity of various components of the tricarboxylic acid
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cycle of liver and muscle tissue (Hannon, 1958, 1960).

It is generally agreed that the cold-acclimated
rat has an augmented capacity both for glucose formation and
for its utilization. This is not too surprising in view of
the fact that these animals consume at least 50% more food
(including carbohydrate) than non-exposed animals. However,
the fate of this carbohydrate when taken up by the cells is
still somewhat uncertain., One may probably assume that part
of the augmented utilization incledes an increased capacity
for glycogen synthesis. On the other hand, one cannot safely
assume that an increase in glucose utilization implies a
corresponding increase in glucose oxidation. For instance,
the possibility exists that a sizable portion «f ingested and
subsequently glycolyzed glucose might be diverted. to amino
acids and fats, If this were true, then it would be conceiv-
able that during the post-absorptive period these animals
could support their high tissue oxidative rates with substrates
other than carbohydrates.

3.8.5.3. Protein Metabolism

As early as 1938 it was reported that protein
metabolism was unaltered by cold exposure (Dontcheff and
Schaeffer, 1938). Other reports, however, indicated the

contrary, such as that published in 1950 by Hoberman, who



63.

reported that amino acid and protein catabolism is accelerated
in fasting cold-exposed rats. Williams, Schurr and Elvehjem,
1950), using fasting rats exposed to -5°C for 6 hours, reported
a marked decrease in plasma proline followed by methionine,
threonine, arginine and lysine. In contrast, the plasma
levels of leucine, phenylalanine and valine were found to be

markedly increased.

Mefferd, Hale and Martens (1958) found that
cold-exposed rats excrete more alanine, valine, serine,

threonine, glycine and glutamic acid than their warm counter-

parts.

Effect of cold exposure on two enzymes directly
involved in the protein metabolism has been reported. Schayer
(1960) found a marked increase of histidine decarboxylase in
mice exposed to 20C for six hours, and Vaughan, Vaughan and
Klain (1962) found a higher activity of xanthine oxidase in
the liver and kidney of rats exposed to 7°C for four weeks.
Trapani and Campbell (1959) reported that the disappearance
of passively administered antibody is more rapid in rabbits
at -150C than at 180C, thus indicating faster protein turnover
in the cold. From the work of Trapani (1960) it is apparent
that cold-exposed animals exhibit changes in the electrophoretic

distribution of the plasma proteins, an increase in the total
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mags of circulating protein, an increase in protein turnover,
and an apparent decrease in the immune response. Furthermore,
Hannon and Young (1959) reported that one monthts cold
exposure of rats resulted in a significant decrease in plasma
protein levels.

Excretion of nitrogenous compounds other than
amino acids was also increased in the cold, regardless of
whether food intake was equalized (Lathe and Peters, 1949;
Ingle, Meeks and Humphrey, 1953) or whether the rats were
allowed to feed ad libitum (Hannon and Young, 1959; Treichler
and Mitchell, 1941; You, You and Sellers, 1950). Cold-
exposed rats excrete more urea, allantoin, creatine, (Young
and Cook, 1955; Mefferd, Hale and Martens, 1958; Hale and
Mefferd, 1958) and creatinine (Treichler and Mitchell, 1941;
Selye, 1946).

The salient points derived from studies
utilizing immunological techniques and free~boundary electro-
phoretic analyses of the plasma proteins and which can be
related to protein metabolism in the chronically cold-exposed
animal are: changes in the electrophoretic distribution of
the plasma proteins, an increase in the total mass of cir-
culating protein, an increase in protein turnover, and an

apparent decrease in the immune response. It is felt that the
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activity of the thyroid may exert some influence on these
parameters in the cold-exposed animal. Since it is difficult
to ascribe the changes in protein metabolism to the cold
exposure itself, it esems reasonable to attiribute these
alterations to the interplay of several factors including
the hormonal alterations conéequent to the stress of the

cold exposure.

3.8.6. NEURO-ENDOCRINE RESPONSES TO COLD EXPOSURE

3.8.6.1. mgthalamsb

The thermoregulating system can be divided
into sensing elements, integrating elements and effector
elements. There is impressive evidence that thermoreceptive
structures in the skin (sensing elements) play a part in
thermoregulation. Thermal receptors for thermoregulation
(integrating elements) occur in the preoptic region, and
perhaps in other regions of the brain. The presence of
sensing elements in the hypothalamus has been demonstrated
by ablation techniques; and by selectively and locally
heating and cooling the hypothalamus, it was shown that over-
all thermoregulatory responses could be elicited from this
region. Hardy, Hellon and Sutherland (1964) have explored
the preoptic region and the anterior and posterior hypo-

thalamus as well as other formations with microelectrodes,
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while locally changing the tissue temperature with thermodes.
In conscious animals, similar manipulations resulted in
substantial thermoregulatory responses to changes in thermode
temperature., Such overall responses are absent in the an-

esthetized reparation.

Three basic tyj)es of neurons were found in the
preoptic area. The most common type of unit was not responsive
to its own temperature in terms of changes in firing rate
("temperature insensitive") unit. A second group responded to
increases in local temperature with increases in firing rate
("warm sensitive™) units. A third group responded to increases
in local temperature with a reduction in firing rate ('cold
sensitive”) units. In contrast to many recep‘to_r structures,
these central thermoreceptors had little or no rate sensitivity.
Their response to a given temperature was independent of the
rate of change of temperature. By using special dynamic tech-
niques, it was possible to demonstrate that some neurons were
not sensitive to their own local temperature but to local
temperatures at some distance away. This is an indication of

transmission and possibly integration in the anterior hypothalamms.

Recently, Wit and Wang (1967) have shown in cats
an effect of peripheral whole body heating on firing rates in
thermosensitive structures in the anterior hypothalamus. All
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homeothermic species investigated have thermosensitive neurons
in the preoptic anterior hypothalamic region. In another report,
peripheral warm and cold stimulation has no effect on preoptic

temperature sensitive and insensitive neurons (Murakami, 1967).

Hammel, Caldwell and Abrams (1967) found in a
poikilotherm, the Australian blue-tongued skink, that whenever
possible this lizard maintained a desirable internal temperature
by behavioral ad justments. However, upon investigation, even
this poikilotherm was found to have temperature semsitive
neurons in the preoptic anterior hypothalamus. Hammel selected
experimental conditions so that peripheral temperatures could
be varied, and studied the integration of peripheral and cemtral
thermal signals. He concluded that the central and peripheral
signals were basically linearly additive. Changes in peripheral
input would be similar in effect to changes in the central "set

point'’,

3.8.6.2, Pituitary Gland

Cold exposure of hypothermal animals induces a
profound change in anterior pituitary function. The secretory
alterations in the adenohypophysis reflect the strategic role
of this gland in neuroendocrine integration. Through a unique

anatomic and physiologic relationship with the hypothalamus and
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by virtue of its trophic hormone regulation of target gland
function, the anterior pituitary iﬁsures effective hormonal
contribution to the cold acclimation process. The mechanisms
basic to endocrine readjustment at low temperatures are by no
means understood. Although the specific hypothalamic-hypophyslal
interactions have not been elucidated completely, there is
convincing evidence that in acute exposure to cold, hypo-
thalamic stimuli quickly facilitate significant shifts in
trophic hormone secretion by the pituitary. Appropriate
trophic hormone responses to cold, triggered and probably
maintained by neural influences, insure adequate production

and delivery of pertaining hormones to the circulation.

Among the pituitary trophic hormones, effect
of cold on thyroid stimulating hormone (TSH) and ACTH has
been studied by different investigators. Measurement of 1131
release rate by the thyroid in rat and guinea pig reveals that
the tempo of thyroid hormone secretion after 6-8 weeks of cold
exposure is significantly increased in both species. The
relatively slow release rate in the guinea pig at normal room
temperatures was approximately doubled in the cold. 1In the
female rat the normally rapid 1131 release from the thyroid
increased from a rate of 25% to about 4L0% per day (D'Angelo,
1960). Enhanced thyroid was definitely related to increased

TSH output by the pituitary. DtAngelo also studied the guinea
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pig's pituitary-adrenal system in cold, and reported that at
7°C for 7 weeks there was significant increase in adrenal-body
weight ratios and in urinary excretion of corticoids while
ascorbic acid concentration within adrenal remained normal.

A rise in the level of corticoid excretion, noted within the
first week of exposure, reached a peak value at the end of the
fifth week. Just as with the thyroidts dependence on TSH,
enhanced adrenal function was clearly referable to augmented
ACTH secretion by the adenohypophysis. It was demonstrated
in bio-assay experiments that ACTH concentration in the
pituitary of the refrigerated guinea pig was increased 10—

15 fold.

In brief, appropriate trophic hormone responses
to cold, triggered and probably maintained by neural influences,
insure adequate production and delivery of thyroid q.nd adreno-
cortical hormones to the circulation. These target gland
hormones in turn promote the cold acclimation process by
influencing cellular metabolism in ways not yet precisely

determined.

3.8.6.3. Thyroid Gland

Thyroid hormone by its nature appears to be
related to the changes seen in small homeotherms upon chronic
cold exposure. Morphological changes in the thyroid have
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been seen in & number of species following prolonged cold
exposure. These changes include an increase in gland weight
(Sellers and You, 19503 Rand, Riggs and Talbot, 1952),
increased vascularity (Kenyon , 1933), and decreased colloid
within follicles (Wolf and Greep, 1937). Each of these

changes is a recognized criterion of increased thyroid function.

There is some evidence that thyroid activity
in rats reaches a maximum within about 3 weeks exposure to
cold and returns to near normal condition after 6-10 weeks.
Starr and Roskelley (1940) found the height of the follicular
cells in thyroids from rats kept at 15°C reached a maximum in

about 3 weeks and returned to near normal in about 6 weeks.

Heroux, Schénbaum and Des Marais (1959) did
not find histological evidence of increased thyroid function
in rats kept 3 months outdoors in winter conditions. These
rats, on the other hand, had developed the same degree of
cold resistance as animals kept in the cold under labéra.tory
conditions, under which conditions there was an increased

level of thyroid function.

»

Estimates of the amount of thyroid hormone
secreted by rats have indicated those at 5°C produce about

twice as much as those at 25°C.
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The determination of thyroidal radioactivity
at various periods after administration of radiocactive iodine
(1131) is used widely as an assay of thyroid function. Uptake
by the thyroids of rats kept 1-3 weeks at 4°C and determined
2 hours after injection of the isotope has been found to be
greater than in rats kept at room temperature (Leblond, Gross,
Peacock and Evans, 1944). After 6 weeks, 2-hour uptake was
found similar to that of controls. This decrease in uptake
appears to confirm the histological findings.

The increased thyroid activity in the cold is
brought about through the release of thyroid stimulating
hormone (TSH) by the adenohypophysis. Thyroids of hypophy-
sectomized animals exposed to cold do not show evidence of
increased thyroid secretion seen in intact animals (Knigge
and Bierman, 1958). Basophil cells, believed responsible
for the production of TSH, are numerous and are hypertrophied
in pituitaries removed from cold-acclimated rats (Brolin,
1946). Finally, TSH is present in serum of cold-exposed
animals at a higher level than in serum from controls,

(Stevens, D'Angelo, Paschkis, Cantarow and Suderman, 1955).

Thyroid function is affected by the level of
food intake. The rate of release of hormone during acclimation

to cold is very much reduced by limited restriction of food.
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Ring (1942) suggested that the increase thy-
roxine release in the cold brings about changes which enhance
the calorigenic response to endogenous adrenaline release,

The increased secretion of TSH on exposure to cold depends

in turn on the hypothalamus: suitably placed lesions in the
hypothalamus can result in diminished thyroid secretion and
electrical stimulation can increase it. If the pituitary
stalk is cut, there is no thyroid response to cold. The

action of thyroid hormone is usually said to be on catabolism
while that of noradrenaline is on increasing heat production
(Carlson, 1960; Smith, 1963). Fregly, Iampietro and Otis,
(1961) confirmed the importance of the thyroid for the survival
of rats in severe cold, but showed that cold can induce a

rise in metabolic rate in the absence of the thyroid. But
thyroidectomized rats lose heat at a greater rate than controls,
evidently owing to loss of the ability to constrict peripheral
blood vessels.

3.8.6.4. Adrenal Medulla

As mentioned earlier, the occurrence of non-
shivering thermogenesis in the cold-acclimated animal has been
well demonstrated, at least in the rat (Sellers, Scott and
Thomas, 1954; Cottle and Carlsan, 1956; Hart, Heroux and Depocas,

1956; Davis, Johnston, Bell and Cremer, 1960). Such an increase
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in non-shivering thermogenesis may be due either to greater
release of catecholamines or to a greater sensitivity of
acclimated animals to these hormones or to both mechanisms.
An increased excretion of adrenaline and/or noradrenaline has
been reported in rats chronically exposed to cold (Cottle,
1960; Leblanc and Nadeau, 1961). A greater sensitivity of
cold-acclimated rats to the calorigenic effect of adrenaline
was first observed by Ring (1942) and confirmed later by
other workers (Hsieh, Carlson and Gray, 1957; Swanson, 1957).
Hsieh and Carlson (1957) also reported a striking calorigenic
action of noradrenaline in cold-acclimated rats which was
confirmed by Depocas (1960a,b).

Although the calorigenic effects of both
adrenaline and noradrenaline are intensified in cold-acclimated
rats, acceptance of noradrenaline as the mediator of non-
shivering thermogenesis rests on the following observations
(Depocas, 1961). Adrenal demedullation lowers the increase in
oxygen consumption of the curarized cold-acclimated rat at
6°C (Cottle and Carlson, 1956), but does not abolish it as
does previous injection of sympatholytic and ganglion-blocking
agents (Hsieh, Carlson and Gray, 1957). Noradrenaline is
more effective than adrenaline in preventing the fall in oxygen
consumption caused by hexamethonium in curarized cold-acclimated

rats (Hsieh, Carlson and Gray, 1957). Cold-acclimated rats show
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a greater sensitivity to injected noradrenaline than adrenaline
(Hsieh and Carlson, 1957). There is a relationship between
the calorigenic response and the dose of noradrénaline
administered, a relationship which is dependent on the time
of exposure to cold (Depocas, 1960a,b). An inverse relation
exists between the increase in the metabolic response to nor-
adrenaline infusion during acclimation to cold (Depocas,
1960a,b) and the decrease in muscle electrical activity
(Hart, Heroux and Depocas, 1956) suggesting a substitution
of non-shivering thermogenesis under the control of nor-
adrenaline for the shivering heat production. Neither cold
exposure nor noradrenaline induce marked hyperglycemia as
would be obtained by similar doses of adrenaline (Hsieh and
Carlson, 1957).

It can therefore be concluded that non-shivering
heat production, associated especially with acclimation to cold,
is mediated through the release of noradrenaline, presumably
from the adrenergic nerve endings. In this way, the catechol-

amines play & role in the immediate response to cold exposure.
3.8.6.5. Adrenal Cortex

It is well accepted that the adrenal cortex is
specifically involved in the initial response to cold (Sellers,

1957). An increased secretion of corticosteroids has been
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demonstrated by many authors in animals suddenly exposed to
cold. Adrenalectomized animals have been shown to be unable

to survive if left in a cold room (Sellers, You and Thomas, 1951).
Whether such an increased secretion persisted in animals main-
tained in a cold environment for a prolonged periocd, and whether
it was essential for the development or maintenance of cold
acclimation, was uncertain until 1951, when Sellers showed that
cold acclimated rats after adrenalectomy could be maintained

in the cold for long periods by giving a constant but relatively
small amount of cortical extract daily. This observation
suggested that much less cortical hormone was required for
survival after the animals were acclimated to cold than at

the beginning of the cold exposure. It was shown by Heroux

and Hart in 1954 that eosinophil response to ACTH activity

of the adrenal cortex in cold-exposed rats reaches a maximum

in about 20 days and then returns to its preacclimation level,

Rossiter and Nicholls in 1957 showed that the
increase in the incorporation of inorganic phosphate labeled
with radioactive phosphorus into the inorganic phosphorus of
the adrenal gland was less in rats acclimated to cold than in
rats acclimatized to 22°C when both groups were exposed to
-59C for 2 hours. While this indicates that the adrenal
cortex response to a cold temperature shock is less after

cold acclimation than before, it did not indicate the state
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of activity of the adrenal cortex of the rats kept at their
acclimation temperature. In 1960 Heroux measured in vitro

the production rate of cortiicosteroids in adrenals of warm
(30°C) and cold (6°C) acclimated rats. The results suggested
that an increase in secretion of corticoids is not essential
for development of cold resistance as it is possible to develop
a certain degree of cold acclimation in adrenalectomized rats
provided the animals are exposed to cold gradually and inter-
mittently (Heroux, 1955).

The decreased adrenal response to cold after
cold acclimation has been tentatively attributed to an alteration
in the sensitivity of the mechanism, nervous or otherwise, by
which the pituitary is stimulated, because after cold acclimation
the adrenal cortex responds normally to ACTH, vasopressin or
adrenaline, indicating clearly that the sensitivity of the
hypothalamic-pituitary-adrenal system to a given stimulus is
normal (Nicholls, Molloy, Stavraky and Rossiter, 1959). But
maintenance of body weight after adrenalectomy with a lower
dose of cortical extract in cold than in warm acclimated rats
suggested rather a reduced corticosteroid requirement after

cold acclimation (Heroux and Hart, 1954).

In agreement with Heroux, in 1960y Schaonbaum

(1960) found a somewhat reduced adrenal activity in rats exposed
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to cold for several months, though there was an initial increase

in adrenal activity.

In summary, there seems to be very little doubt
now that, while the adrenal cortex is specifically involved in
the initial response to cold, it is not essential for maintenance
of cold acclimation; it is not even essential for development of
a certain degree of cold resistance, provided the animals are
exposed to cold gradually and intermittently. Under the
fluctuating seasonal conditions prevailing outdoors, however,

adrenal cortex appears to remain hyperactive.

Further discussion of the response of the
adrenal cortex to cold exposure will be left to a later

section.
3.8.6.6. Sex Glands

Repeated observations have shown that in the
cold-expoged rat, the testis undergoes some form of degeneration.
In a chronic exposure to moderate cold (2°C), this degeneratian
appears at approximately 4O weeks as a loss of function, exocrine
and endocrine, along with morphological modifications, such as
changes in weight, alterations of the histological picture of
the tubules, etc. (Dugal, Saucier and Des Marais, 1962). In

acute exposure to severe cold (-59C), the same process becomes
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observable within a period of 1l days: the testis shows
‘considerable decrease in weight, and some accessories,
especially prostate and seminal vesicles, possess the typical
eunuchoid charcteristics (Perrault and Dugal, 1963).

8

One common feature is the position of the
testis in the abdominal cavity; indeed, the testes migrate
reflexly into the abdomen shortly after the beginning of the
cold exposure, The testes remain abdominal as long as the
cold stress is applied and at postmortem the animal may be

described as cryptorchid.

"In summary cold per se produces inhibition of
the endocrine function of the testis, demonstrated by a
regression of the sexual accessories, prostate and seminal

vesicles, to a level approximating that of the castrate.

The cryptorchism produced reflexly by the cold,
is not per se responsible for the inhibition of the androgenic

function of the testis (Perrault and Dugal, 1962).

Further changes in the function of the sex
organs on exposure to cold have been discussed earlier in

Section 3.5. on Reproduction.

3.9. HEAT IOSS
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3.9.1. INTRODUCTION

It is known that the heat loss of a warm surface
to an environment of air is by three main routes, excluding loss
by evaporation. These are: convection, radiation, and conduc;-
tion. Heat loss by convection occurs when air is brought in
contact with the surface either by forced or natural currents
of air which then take up the temperature of the surface, and
carry it to distant points. Heat is lost over the surface of
the body because of movement of air (or water) over the surface

of the body.

Heat loss by radiation involves an electro-
magnetic disturbance emitted by the warm surface. This loss
would take place even in a vacuum. Air transmits this radiation
over long distances but it is eventually absorbed by the mole-
cules of air, so that the air in the environment tends to rise
in temperature. Radiant heat loss is thus independent of air
movement. In contrast, convective heat loss is very greatly

increased by the greater movement of the air, as in a wind.

A third mede of transport of heat into the
environment is by conduction, by which means the air in contact
with the warm surface is heated, after which the warmed air
moves away and cool air takes its place. Obviously, the more

air movement, the greater the heat loss by conduction. Thus,
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one feels colder in a cold wind than he does in the same

temperature when there is no air movement,

Heat flow from an animal to its environment
obeys Fourierts law, which states that heat flow between two
regions is proportional to the temperature difference and to
the thermal conductance (Kleiber, 1961). Kleiber disagrees
with the commonly held view that heat loss takes place according
to Newtonts law of cooling, which states that the rate of
cooling is proportional to the temperature difference between
the bodyts surface and the surroundings. He points out that
inasmuch as the bodyts temperature is regulated, a simple law
of cooling does not apply. In practice, the difference between
these laws is not great; but when, for example, thermal insulation
is changing, Fourierts law is superior, since it deals with a
regulated flow rather than one which is diminishing as the
body cools.

When a mammal is exposed to cold, there are
usually changes both in heat production and in heat loss.
Sometimes the response is almost wholly either one or the other.
The effect on laboratory rats of exposure to cold in the
laboratory is a rise in metabolic rate; but wild rats, exposed
to the more complex situation of winter out of doors, also

improve their insulation (Heroux, 1962). In a discussion on



differences of insulation between individuals, Kleiber (1947)
quotes an experiment carried out by Hoesslin in 1888, Hoesslin
reared two dogs from the same litter, one at 329C and the other
at 59C. Kleiber points out that the animal in the cold had to
cope with a temperature difference between body and environment
gix times as great as that to which the other dog was exposed;
yet the cold-exposed dog'!s metabolic rate was only 12% higher.
The cold-exposed dogts hair, however, weighed three times that
of its litter mate. The acute response to cold must always

be primarily metabolic. Even in the acute case, however, an
insulative component enters in the form of changes in posture,
pilo-erection and, if exposure to thermal neutrality (at

which animals produce heat at a minimum level) preceded the

cold, peripheral vasoconstriction as well,

Hart (1964a) refers to the presence of thinly
furred tissues in the appendages of heavily insulated mammals
as solving the problem of exercise heat on the one hand, and
conserving heat by cooling on the other. There is considerable
variation in skin temperature in the appendages; this is in
contrast to the skin under thick fur, which remains uniformly
warm. Hart points out further that the cooling of peripheral
tissues has an insulating effect. This is accompanied by a
remarkable ability to withstand changes of temperature, and

by the presence of structures which allow alterations in the



rate of heat loss.

Heat exchange in homeotherms has also been
discussed by Scholander (1958). Mammals in the cold are
protected from heat loss largely by thelr fur, yet the legs and
other appendages of arctic mammals are poorly insulated, and
seals, for example, swim about in very cold water with hairless
flippers. If these appendages were kept warm, the heat loss
would be very great.

Scholander (1958) discusses the way in which
the extremities of cold-adapted mammals are held at a low
temperature., Heat from arterial blood is shunted back into
the veins before the blood reaches the periphery. The
testicle of most mammals is provided with a counter-current
vascular system, and this no doubt contributes to keeping it
at a temperature lower than that of the body core (Waites and
Moule, 1961). Heat loss, rather than conservation, is a
main function of the hairless tail and feet of rats (Thompson
and Stevenson, 1965). Exposure to acute cold frequently leads
to the freezing of the tail which becames gangrenous and falls
off, thus eliminating a source of heat loss. Such tail loss
could be regarded as part of the process of protection against
the cold.
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3.9.2. THE THERMAL INSULATION OF CIOTHING, FUR AND PIIO-
ERECTION

The recognition of the role of tdead airt in
providing the best thermal insulation obtainable was of tre-
mendous importance in the study and development of thermal
insulation in clothing. When it was seen that the insulating
properties of a fabric were due, not tb the textile fibres
directly, but to the dead air emtrapped, and more precisely
that the thermal insulation of clothing is proportional to
the thickness of dead air enclosedg much futile search for

better insulation per unit thickness was eliminated.

Homeotherms, other than man, have additional
protection in the form of hair or feathers. Furred or feathered
animals can maintain body temperature even in subzero weather.
They utilize increased heat production by shivering, decreased
heat loss by vasoconstriction and the countercurrent systems,
and in addition, they have recourse to effective pilo-erectior;.
The term pilo-erection has reference to the elevation of the
hair or feathers by the contraction of the muscle attached to
the follicle, thus making the hair stand out from the skin rather
than lying flat. In effect, pilo-erection increases the depth
of the hairy covering. When all the hairs lie flat, the animal

wears a thin fur coat; when they stand up straight, the fur coat



is considerably thickened. The thickening keeps the cold air
farther away from the skin, and it also decreases the movement
of air next to the skin thus decreasing heat loss by convection.
The muscles which control pilo-erection are regulated by the
sympathetic nervous system as are the muscles which are res-
ponsible for vasoconstriction and for shivering. All three,
pilo-erection, vasoconstriction, and shivering are regulated
automatically by the brain in response to messages from the

skin receptors.
3.9.3. VASOCONSTRICTION

The blood whose temperature in man is 37°C,
flows to all the vital organs of the body. If the temperature
of these organs is to be kept constant, quite obviously, the
temperature of the blood flowing through them must be held
constant. The problem, then, is to prevent undue heat loss
from the blood as it flows through the exposed arsas of the
skin. Most of the large arteries, which are deep beneath the
surface of the body, are insulated by muscle and fat. Blood
from the arteries flows through arterioles and then into capil-
laries, Arterioles, by opening and closing of their diameter,
control the blood flow into the capillaries. In fact, blood
flow through the sidn exposed to very cold air can be decreased

to less than 1% of the flow that takes place when the skin is
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heated. In cold weather the arterioles through which blood
flows to skin capillaries undergo vasoconstriction. The wall
of the arterioles contains a thick, circular band of smooth
muscle fibres. When the muscle contracts, the diameter of

the .vessel decreases. These muscles are controlled by the
sympathetic nervous system. Thus, the sequence is as follows:
the cold air causes the skin receptors to fire, messages are
transmitted by sensory nerves to the muscles of the walls of the
arterioles, and as a result, they constrict. Blood flow to the
skin is therefore impeded.

Vasoconstriction reduces the blood flow to the
skin and, in this way, reduces heat loss from the circulating
blood, But still there will be some loss, especially from the

long extremities, the arms and legs, the fingers and the toes.

3.10. ACCLIMATIZATION TO_COLD

The term of acclimatization describes changes in
the responses of the organism produced by continued alterations
in the environment. Fry, in 1947, has clearly shown that in
cold-blooded animals, e.g. fish, acclimatization can take placs
over a considerable temperature range. In warm-blooded animals
considerable adaptation takes place too. A detailed comparison
has been made between Arctic and tropical mammals by Scholander,
Walters, Hock and Irving in 1950. They observed that birds
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walked about at temperatures of =40°C to -50°C without frost-
bite. But a gull which was kept indoors at 200C escaped into
the snow at -20°C and the web of the feet froze hard within a
minute with subsequent gangrene, This might be considered

as an exaﬁple of loss of acclimatization.

. Irving in 1951 summarized these studies and
concluded that climatic adaptation can be achieved by varia~
tion in body temperature, insulation and metabolism. There is
no evidence that deep body temperature varies significantly in
mammals in different parts of the world. Body temperatures
were measured in arctic animals in the winter immediately
after they were shot in the bush and averaged 37°C. Reindeer
and dogs living at temperatures of -45°C had normal rectal
temperatures, so it can be concluded that adaptation to cold
is not achieved by a lowering of body temperature. The metabolic
cost of living in the Arctic is stated to be about the same as
in warmer climates. This statement is based on the findings that
the basal metabolic rate in the arctic animals is proportional

to size and weight.

Irving concluded that insulation is the most

important factor of adaptation to cold in arctic animals,



4. HYPOTHERMIA AND RESUSCITATION

Man and other animals can sustain a considerable
fall in body temperature and survive. Hypothermia can be induced
by exposure of nude subjects to various environmental temperatures,
by immersion in cold water, by packing the subject with ice bags,
or by surrounding the subject with rubber tubing through which a
refrigerant flows. All these methods have been employed, both

experimentally and therapeutically.

There has been extensive animal work on the
effects of hypothermia which throws light on the effects of
cooling in man. Lutz in 1943 considered that anoxia was a
major factor in causing death and claimed good results with
oxygen. However, Noell in 1945 examined the EEG during hypo-
thermia and concluded that the changes were not typical of
anoxia or anaesthesia, but were similar to eserine poisoning.
He suggested that the breakdown of acetylcholine might be

delayed at low temperatures.

These workers considered that cardiac failure,
which appears to be the main cause of death in hypothermia,
was due to the direct effect of cold on the pacemaker of the

heart.

The cardiovascular response to hypothermia may

be sumarized as follows: according to Konig (1944), there is



an initial marked peripheral vasoconstriction with a rise in
blood pressure and heart rate. During this stage the rectal
temperature does not fall. If cooling is continued or is
intensified, rectal temperature starts to fall. As it does

so, the heart rate decreé.ses , and this effect is due to the
lowered temperature of the pacemaker. The slowing is not
abolished by atropine or vagotomy (Haterius and Maison, 1948;
Hegnauer and Penrod, 1950). Blood pressure falls during this
period but only gradually. There is an accompanying haemo-
concentration due to a fluid shift from the plasma to the
tissues. Heart rate becames progressively slower and arrhythmias
appear, and at rectal temperatures of 30°C or lower auricular
fibrillation is common. When the rectal temperature reaches a
level of 25°C or thereabouts in man and in the dog, blood
pressure may fall precipitously and the animal dies owing to
ventricular fibrillation. This lethal temperature is variable,
to a few degrees in different cases, being 5° to 10°C lower

in smaller mammals such as rats and mice.

The proper treatment of hypothermia can be
summed up as either slow or rapid re-warming, never moderate
re-warming. In acute hypothermia, the main danger is a further
fall in body temperature; rapid re-warming is the most effective
treatment. In chronic hypothermia body temperature does not

fall so fast, but the duration of exposure produces marked



changes in blood volume and depletion of glycogen reserves.
Rapid re-warming with intravenous glucose and specific cardiac
therapy is one suggested methoq of treatment. The alternative
is a very slow rise in body temperature, possibly combined with

glucose. Moderate re-warming has been condemned.

Re-warming of animals cooled to just above and
even just below the freezing point has been achieved (Smith,
1961).

5. PROBLEMS AND SUMMARY

Many problems of resistance to cold await
elucidation, e.g. genetical problems including the relationship
of hybrid vigour with resistance to cold, and the differences

between wild and laboratory varieties of the same species.

Little is known about the effects of early
exposure to cold on subsequent development. Exposing an
adult to cold can improve its resistance to other adverse
conditions, but the mechanism of this crossed resistance

(and of the opposite, crossed sensitization) is little known.

A complete account of cold-adaptation in mammals
. requires information on the effects of cold on reproduction,

and on the characteristics of the young of cold-exposed females.
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Also, the role of early experience other than the exposure to
cold and/or learning on the ability to survive the cold awaits
clarification.

The many changing processes, reflex, behavioral,
enzymic and trophic, involved in adaptation to the cold present
problems for which multivariate analyses will undoubtedly be
involved. With man exploring the polar regions for vitally
needed raw materials and, indeed, with mants exploration of
outer space and the pressure of the world's exploding pop-
ulation for places in which to live, more information will be
required on mants ability to survive in extremely cold regions
on earth and perhaps beyond. This should act as a stimulus for

further research in thermoregulatory processes.
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CHAPTER I

EXPERTMENTAL SECTION

THE AIMS OF THE THESIS

The specific aims of the present series of
investigations was to elucidate the role of the adrenal
cortex in mice exposed intermittently to acute cold (-10°C)
and to study the changes in adrenal cortical function
during adaptation to this specific stress. To this end,
the animals were investigated prior to exposure to cold
and during various periods in the cold up to and including
animals that became comatose ~s a result of failure to
maintain body temperature. The studies were further contin-
ued in the comatose animals after removal from the cold
and during the period of recovery. Studies were also con-
ducted in animals exposed to -10°C a second time a week
after a similar exposure to -1l0°C and the pattern of
response during the second exposure was compared with that
of the first exposure. Both plasma and urinary corticost-
erone were determined as were also the levels of haemo-

globin, blood urea nitrogen and plasma creatinine.
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1. INTRODUCTION

During recent decades a great many experiments
have been conducted which demonstrated the importance of the
adrenal cortex in protecting Mls against many different
types of stress. Some of the critical early experiments
have already been mentioned in the historical section.
Studies of changes in adrenal cortical function during
exposure to the specific stress of cold have been reported,
and they have the following features in common: the
exposures were (i) continuous, not intermittent as in this
project, (ii) under a relatively mild condition of cold,
that is, above 0°C, compared to well below 0°C in the present
study, (iii) in rats which because of their larger size
tolerate the cold better than mice, (iv) and generally in
pooled plasma rather than in samples from individual mice.
No studies on the changes in adrenocortical function during
and after the intermittent exposure of mice to extreme cold
have so far been reported in the literature., Such inter-
mittent exposure tends to mimic more closely the natural
conditions to which animals in cold climates are exposed
as they move in the search for food from the relative warmth
of their sheltered places where they may have nests to the
colder temperatures of more exposed areas. Also, the normal

day-to-day changes in atmospheric temperatures which occur in
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cold climates tend to produce an intermittent stress on the
animals. In short, the reports of studies of adrenocortical
function under the mild rather artificial conditions of
earlier studies indicate that the changes are minimal as
will be reported later.

Additional facets of the present project not
previously investigated are the changes in adrenocortical
function (i) when the animals became comatose when their
defences had been overcome by exposure to extreme cold,

(11) on the recovery of such animals from the coma into which
the animals had fallen as a result of the exposure to extreme
cold, and (iii) during the process of adaptation on repeated

exposure to extreme cold.

2. MATERIALS AND METHODS

Animals used in the project were CF; female
mice 12 to 16 months old, housed in 27-28°C, at 45-55%
humidity and illuminated from 7:15 a.m. to 8:30 p.m. EST.
The animals were allowed to eat Purina Fox Chow and drink
water ad libitum before and after exposure to cold. During
exposure to -10°C the water bottle was removed from the cage
but the food was left in the cage. Animals were removed

from the cold room at different time intervals before they
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became comatose or when they reached this state, decapitated
at room temperature and the blood was collected in heparinized
tubes, centrifuged and frozen until assayed. Mice to be
decapitated after collapse were housed at 27-289C until the
time selected for sacrificing them. All mice were housed

individually at all times during the experiment.

Plasma corticosterone (PC) and haemoglobin (Hb)
were determined in each of 82 mice exposed once to -10°C and
to their 48 controls, and to 66 mice exposed twice to that
temperature., Blood was taken from the mice at various times
of the day as required by the schedule shown in the tables
containing the data. Determinations of blood urea nitrogen
(BUN) and plasma creatinine were carried in the same plasma
samples but were pooled from 6 samples to provide the volumes
required for the determinations. Urinary corticosterone (UC) -
was determined in each of 12 mice exposed once and 12 exposed

twice to -10°C.

The urine was collected for 24 hours from mice
1 and 7 days after 1 and 2 exposures to -10°C. Collections
were made from the mice isolated in metabolic cages containing
food and water. Each day the volume of urine collected was
measured following which the cage bottom was washed down with
distilled water and collected in the same bottle containing the
urine. The volume of urine and distilled water was also measured.
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Body weights and colonic temperatures were
determined at critical times throughout the experiments.
The latter variable was determined by means of TRl-R

electronic thermometer.

Animals housed in the cold until they became
comatose presented the following features: a colonic
temperature below 21°C but above 10°C, slowed respiration,
heart rate and overall metabolism, flaccidity, and a difficulty
of righting themselves when placed on their sides. If animals
in this condition were not removed from the cold within 5
to 20 minutes of becoming lethargic, they died. However, if
removed to room temperature, that is, around 20°C, about

904 recovered within about an hour.

2.1, METHOD FOR THE DETERMINATION OF THE CORTICOSTERDIDS

The method used in this work for the determination

of the corticosteroids have been described earlier, (Murphy, 1967).
2.1.1. THE PRINCIPLE

The principle of the method involves the com-
petitive binding of labelled and unlabelled corticoids by a
globulin (CBG) normally found in the serum or plasma which
specifically binds the corticosteroids. A solution containing
CBG from a standard plasma (in this study dog plasma was utilized)
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and labelled corticosterone was added to the unknown and an
equilibration immediately occurred between the unbound cort-
icold and that bound to the CBG. The amount of labelled
corticoid now bound to the CBG was inversely proportional to
the amount of unlabelled corticoid originally present in the
unknown. Florisil was then added which removed the free
corticoids, both labelled and unlabelled, and the amount of
labelled corticoid bound to the CBG was estimated by an
appropriate radioactive-detecting device (scintillation
spectrometer). The amount of corticoid originally present
in the unknown was read off from a standard curve which had
a range of from O to 8 ng. Values have been obtained in
plasma samples as low as 5 lambda, but usually in 10 or 20
lambda, and in urine volumes of 100 lambda. The small
volumes and 'short time required for the assay are the main
advantages of this method., Tests of specificity, precision
and accuracy have been reported earlier (Murphy, 1967; Grad
and Khalid, 1968).

2.1.2. THE PREPARATION OF THE CBG-ISOTOPE SOLUTION (SOLUTION A)

Into a 100 ml volumetric flask containing 15-
20 ml of distilled water, add 2.5 ml dog's plasma or serum.
Then add C.4 ml of a solution of corticosterone~H (10 pc/ml)
in ethanol (specific activity 158 pc/ug). Make up to a final
volume of 100 ml with distilled water.



97.

2.1.3. THE PREPARATION OF THE STANDARD CURVE
2.1.3.1. PC and UCs Standards

From a corticosterone solution of 100 mpg/ml
ethanol, pipette in triplicate 0, 0,01, 0,02, 0.03, 0.0k,
0.08 m1 to give a 0, 1, 2, 3, 4, 8 mug standards. Evaporate

under a gentle stream of filtered air.
2.1.4. THE-PREPARATION OF THE UNKNOWNS

2.1.4.1., Plasma Samples

Pipette 0.01 ml plasma into centrifuge tubes,
add 1 ml ethanol in duplicate, mix and centrifuge for 4
minutes., Dscant supernatant carefully into test tube.
Evaporate for dryness. The starting plasma volume utilized
in this study was varied from 0.005 to 0,05 ml depending on

tha previously estimated PC level.

2.1.4.2. Urine Samples

Into a centrifuge tube, pipette 0.1 ml urine
in duplicate, add 1 ml methylene chloride, mix and centrifuge
for 5 minutes. Transfer the extract into a test tube and
repeat extraction with another 1 ml of methylene chloride.

Evaporate to dryness.
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2.1.5. PREPARATION OF COUNTING SOLUTION

The counting solution used was Bray!s solution,
prepared as follows: to one U.S. gallon of dioxane, 4OO gnm.
naphtalene 28 gm. PPO (2,5 - diphenyloxazole) and 1.2 gm.
dimethyl POPOP (L~methyl-5-phenyloxazolyl-benzene) were
added to the bottle containing the dioxane. All were shaken
together and allowed to stand overnight. The bottle was not

filled to the top as its contents expanded overnight.
2.1.6. PREPARATION OF STANDARD CHECK

To check on the amount of radioactivity of the
CBG-isotope solution, 1 ml is added to 10 ml of Brayt's solution
and counts are recorded. This was done both for the PC and
UC determinations. Ansitron liquid-scintillation spectrometer
with a counting efficiency of 10.5% for tritium was used for
counting the urine samples, and Packard liquid-scintillation

with 33% efficiency for counting the plasma samples.
2.1.7. DETERMINATION OF STANDARDS AND UNKNOWNS

Into each test tube containing the dried solu-
tions of standards and unknowns, add 1 ml of CBG-isotope
solution (solution A), Mix well. Warm to 45°C for 5 minutes.
Cool to 10°C for 20 minutes. To each test tube, add 4O mg

Florisil (measured with a specially designed plastic spoon).
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Shake for 2 minutes on an automatic shaker, then return to
the 10°C bath for 10 minutes. Florisil settles to the bottom.
Pipette 0.5 ml supernatant into 10 ml Bray's solution and
shake well. Count each sample to 5000 twice in a liquid
scintillation counter. Plot the time required to count the
standards as ordinates versus the concentration (mug) of the
unlabelled steroids as abscissae. This yields a standard

curve off which the unknowns are read.
2.1.8. CALCULATIONS

PC: the value read off from the curve x 10

(for 0.01 ml plasma) = ug/100 ml.

UCs: The value read off from the curve = 0.1
(for 0.1 ml urine) x the total volume of urine collected in

24 hours = ng/2L hours.

2.2. THE DETERMINATION OF Hb, BUN AND PLASMA CREATININE

The Hb determinations were conducted according
to Davidsohn and Wells (1963) while BUN and plasma creatinine

were determined as described by Reiner (1953).

2.3, STATISTICAL METHODS

Means and standard errors were calculated for the

data. Several types of statistical analysis were utilized:
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one-way analysis of variance and two types of two-way analysis
of variance, one in which each factor was independent (Snedecor,
1966) and the other in which one of the factors was dependent,
that is, there were repeated measures J.n one of the factors
(Winer, 1962); t tests were calculated where applicable. Cor-
relation coefficients between the variables were also calculated.

A probability less than 0.05 was considered significant.

3. RESULTS

3.1. THE EFFECT OF EXPOSURE TO -10°C ON THE PLASMA CORTICOSTERONE

LEVEL, COIONIC TEMPERATURE AND BODY WEIGHT OF CF, FEMALE MICE

3.1.1. THE EFFECT OF A SINGLE EXPOSURE TO -10°C (TABLES 1,2 and 3)

Table 1 presents the PC and colonic temperature
(CT) data of mice housed and adapted to 279C and sacrificed at
various times during the day. The values varied from 4.2 * 0.4
mcg? at around 11 a.m. to a high of 13.0 *+ 1.5 mcg® between 5 and
6 p.m., a highly significant difference (P < 0.001). The non-
cold-exposed mice were sacrificed at the same times of the day as
those exposed to the cold. This was to make it possible to
separate the influence of diurnal variation on the PC level from

the effect of exposure to -10°C,

The PC level of mice exposed once to -10°C for

various times and other relevant data are presented in Table 2.



Table 1. The Colonic Temperatures and Plasma Corticosterone Levels of CF, Female Mice Exposed Once to -10°C
For Various Times and of Non-Exposed Control Mice Sacrificed at The Same Time
Time at Time Mice Time of Non-Exposed Exposed to -10°C
Sacrificed Colonic Plasma Colonic Plasma
-10°C After Cold Decapitation Temperature Corticosterone Temperature Corticosterone
Exposures at Deca;(:i;.ation (ug -/.) at Dec?p.’;.tation (ug +/.)
c c
60 min, 0 10:15 + 6 36.4 + 0.3 5.6 1.5 32.4 + 1.2 56.0 £ 3.9
Until Comatose 0 10:58 + 2 36.7 £ 0.6 L.2 * 0.4 18.1 + 0.6 41.7 £ 3.9
" " 60 min. 12:00 + 9 36.6 + 0.3 6.0+ 1.7 34.7 £ 0.8 50.5 * 3.5
" " 120 min. 14:30 * 15 36.6 0.2 6.0 £ 1.7 35.9 £ 0.5 19.3 £ 3.3
" " 240 min, 15:05 + 5 36.6 £ 0.3 8.9 1.7 35.6 + 0.8 22,5 * 3.7
" " 360 min. 17:40 *+ 10 36.1 + 0.3 13.0 + 1.5 35.6 + 0.4 26.5+17.0
" " 1 day 11:40 * 20 37.3 £ 0.3 9.2 1.7 37.4 £ 0.2 8.9 4.1
" " 1, days 11:40 * 20 37.0 * 0.2 7.9 2.3 36.4 + 0.4 15.2 + 3.5

Footnote on page 102.

*T0T
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Table 1.

The above means and standard errors were
calculated for 6 animals per group except in the case of

"Comatose + 7 days*" group where L mice were studied.

#Mice investigated at various time intervals
after becoming comatose at -10°C were housed in the warm

room at 27-28°C until sacrificed.



Time at Time Mice Colonic Temperature (°C) Plasma
-100C Sacrificed Immediately at Corticosterone
After Cold Exposures Pre Post. Decapitation (ug +/.)
Exposure Exposure

5 min,. 0 37.5 * 0.2 36.6 £ 0.2 36.6 * 0.2 19.0 * 1.9
15 » 0 36.8 * 0.3 34,.6 + 0.8 34.6 £ 0.8 43.5 £ 2.1
60 " 0 36.6 + 0.6 32.4 1.2 32.4 1.2 56,0 * 3.9
Until Comatose 0 38.0 * 0.2 18.1 + 0.6 18.1 £ 0.6 41.7 £ 3.9
" " 30 min. 38.2 £ 0.5 13.8 £ 0.6 20.7 £ 0.3 36.7 + 3.9
" " 60 37.3 0.4 18.9 * 0.4 34.7 £ 0.8 50.5 * 3.5
" t 120 » 37.7 £ 0.3 15.1 * 0.4 35.9 * 0.5 19.3 £ 3.3
" " 2,0 " 37.0 £ 0.3 14.9 £ 0.2 35.6 £ 0.8 22.5 + 3.7
" " 360 n 37.0 £ 0.3 15.0 * 0.5 35.6 + 0.4 26.5 + 7.0
" " 1 day 36.8 £ 0.4 15.0 * 0.6 37.4 * 0.2 8.9 t 4.1
" " 2 n 37.6 *+ 0.2 15.8 + 0.8 37.7 £ 0.2 3.3 £0.7
" " L n 37.3 £ 03 15.7 * 0.4 37.0 £ 0.6 13.8 + 2.8
" " 7" 37.2 £ 0.2 15.3 £ 0.7 36.8 £ 0.5 5.9 * 0.9
" " u n 36.7 £ 0.3 4.9 £ 0.5 36.4 £ 0.4 15.2 = 3.5

Footnote on page 104.
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Table 2.

The above means and standard errors were
calculated for 6 animals per group except in the case of

"Comatose + 7 days" group where L mice were studied.

#Mice investigated at various time intervals
after becoming comatose at -10°C were housed in the warm

room at 27=289C until sacrificed.
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Table 3. Analysis of Variance of Plasma Corticosterone
Level (mcg%) -dn Cold Exposed Mice of Table 1

Source of Variation Degrees of Freedom Mean Square
Exposure (E) 1 12069.142
Time of Exposure (T) 7 772,543
ExT 7 1669.512
Error 80 8.50

8significant at the 0,05% level
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An analysis of variance of the PC data showed a significant
difference between the various groups (P < 0.0005). A 5
minute exposure to -10°C resulted in a PC level of 19.0

1.9 mcg® (Table 2). This was significantly above the control
level at 5.6 * 1.5 mcg¥ shown in Table 2 (P< 0.001). An
exposure of 15 minutes in the cold resulted in a PC level of
43.5 * 2.1 mcg®, a further significant increase (P < 0.001),
and still another significant increase occurred in mice
exposed to -10°C for 60 minutes,56.0 + 3.9 mcg® (0.05 > P >
0.02). Mice left in the cold until they became comatose had
a PC level of 41.7 * 3.9 mcg¥, a significant fall compared to
that of mice exposed to the cold for an hour (0.052 >P >0.01).

Blood collected from mice that had been rendered
comatose at -10°C and then returned to the warmth for 30 minutes
showed no significant change fram the previous reading (Table 2,
36.7 * 3.9 meg¥, 0.50 > P > 0.40). Mice housed in the warmth
for an hour after becoming camatose at ~10°C and then sacrificed
showed a further increase in PC level to 50.5 * 3.5 mcg%, a
significant increase compared to the previous value (0.05 > P >
0.02). Mice sacrificed 2 hours after becoming comatose at
-109C showed a significant fall in PC level to 19.3 * 3.3 mcg%
(P <0.001), and animals similarly treated but sacrificed
during the next )4 hours had PC values which remained more or

less at the same level. However, animals sacrificed a
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day after developing coma at -10°C showed a significant drop in

PC level to 8.9 mcg® (0.01 > P > 0.0001), and a day later the values
fell to 3.3 * 0.7 mcg® the lowest values in the entire series but
still not reliably below those obtained a day before (0.30 > P >
0.20). The next two weeks saw the values rise and fall although
the differences were not significantly different from those
iumediately preceeding or following (P > 0.05). A two-way analysis
of variance with interaction of the PC data of control and cold-
stressed animals of Table 1 revealed that the values of the exposed
mice were very significantly higher than those of the non-exposed
mice (Table 3, P < 0.0005). Moreover, the pattern of change of the
PC level with time was significantly different in the control and
cold-treated mice (Table 3, E x T interaction, P < 0.0005). Thus,
the peak in the control mice occurred at about 5:40 p.m. while in
the exposed mice it occurred at the earlier time intervals.

The CT's of both non-stressed and cold-stressed
animals were included in Tables 1 and 2. The means and standard
errors of the pre-exposure CT varied from 36.5 * 0.2°C in one
group to 38.2 * 0.2°C in another. The difference was small when
compared to the decline in temperature which occurred in mice
exposed to the cold. Thus, the CT of mice exposed to -100C fell
steadily until they became comatose when the CT's were below 20°0C,
a highly significant fall (P < 0.001).
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The temperature at the time of decapitation
varied from a high of 37.7 * 0.2°%C in animals sacrificed two
days after recovering from coma at -10°C to a low of 18.1 * 0.6°C
in comatose mice, a highly significant difference (P < 0.001).
Al)l mice lost weight on exposure to the cold,
which would be expected in view of the increase in metabolic
rate, a phenomena observed earlier (Grad, Levine and Beremson, 1968).

3.1.2. THE EFFECT OF TWO EXPOSURES TO- -10°C (TABLE L)

An analysis of variance of the PC data of mice
exposed to the cold twice with a 7-day interval at 26 - 27°C
showed that significant differences occurred at the various time
intervals (P < 0.0005).

Examination of Table 4 shows that the PC levels
of mice exposed to -10°C twice for 15 or 60 min. or to coma the
first time and for 15 or 60 min. on the second exposure have very
significantly higher values than those of the non-stressed mice
shown in Table 1 (P < 0.001). Of these 4 groups, the mice ex-
posed for the longer periods generally had the higher PC levels.
Animals taken to coma at =10°C for a second time, following a
similar first experience, also showed a significant fall in the
PC level as occurred following the first exposure (P < 0.001).
On recovery in the warmth, the values remained at the same
level for the first hour (0.40 > P > 0.30), but declined signi-
ficantly during the next hour (0.01 > P > 0.00l1), remained



Table 4.

The Body Weights, Colonic Temperatures, and Plasma Corticosterone of CF) Female Mice Exposed to

=109C 7 Days Apart For Various Times and Sacrificed At Various Times Thereafter

Time Exposed to -10°C Time Mice Colonic
First Second Sacrificed Body Weight Temperature Plasma
Exposure Exposure After Cold at Decapitation at Decapitation Corticosterone
Exposure# (g) (c) (ug +/.)
15 min. 15 min, 0 38.2 £ 0.8 34.8 * 0.5 37.0 £ 1.4
60 min. 60 min, 0 37.2 £ 1.2 31.1 * 1.2 51.3 * 3.0
Until Comatose 15 min, 0 38.0 + 1.8 35.1 £ 1.1 40.8 + 1.6
n " 60 min, 0 36.4 1.7 344 * 0.8 L8.0 % 4.0
" n Until Comatose 0 38.7 * 0.9 4.2 * 0.3 26.3 2.4
" " " " 60 min, 39.0 1.3 2.2 * 0.9 30.5 £ 4.5
" " " " 120 min. 38.0 + 2.1 36.2 * 0.3 15.8 + 3.4
" " " " 360 min, 37.5 £ 1.0 37.0 * 0.2 193 5.4
" " " " 1 day 36.2 £ 2,2 37.2 £ 0.2 20.8 i 3.0
" n " " 2 days 39.6 £ 2,0 37.1 £ 2.0 8.3 * 1.0
" " " " 7 days 37.2 + 1.9 36.5 £ 0.2 6.3 +1.3

* 60T



Table 4.

The above means and standard errors

were calculated for 6 animals per group.

#Mice investigated at various time intervals
after becoming comatose at -10°C were housed in the warm

room at 27-28°C until sacrificed,



steady at the new level until the second day of recovery when a
further significant drop occurred (0.02 > P > 0.01), at which
level it was also found to be on day 7 (0.70 > P > 0.60).

Mice exposed to ~10°C twice for 15 min. within 7
days showed a significantly lower PC level than those exposed to
-10°C for 15 min. only once (Tables 2 & 4, 0.05 > P > 0.02). Mice
similarly exposed twice to <10°C for 60 min. also had a lower PC
level than those exposed to -10°C for 1 hour only once but the
difference was not statistically significant (0.40 > P > 0.30).
Furthermore, mice exposed to -10°C the first time until comatose
and a week later for 15 min. had PC values which were nob signi-
ficantly different from those with the same 15-min. second ex-
posure but only at a 15-min. exposure the first time (0.30 > P > 0.20).
The same was true when the l5-min. exposures were extended to 60

minutes (0.30 > P > 0.20).

A comparison by analysis of variance of the PC
levels of mice exposed to the cold once with those of mice exposed
twice revealed that the latter were sigxificént]y lower than those
of the former (Tables 2, 4 and 5, 0,01 > P > 0.005). Also, the
values of the different times of exposure to the cold were
statistically significant , as has already been described (Table 5,
P < 0.0005). Moreover, the interaction between the latter two

factors was highly significant (Table 5, P < 0.0005), with the



Table 5. Analysis of Variance of Plasma Corticosterone
Levels (mcgf) of Tables 1 and 4 Taken From
the "Comatose" to the "Comatose + 4 Days"
Groups Inclusive

Source of Variation Degrees of Freedom Mean Square
Exposure (E) 1 787.382
Time of Exposure 5 1298.89P
ExT 5 659.95P
Error 60 95.68

8significant at the

1% level

bsjgnificant at the 0.5% level



pattern of PC change following coma in the "one-exposure' mice
showing a more marked oscillation on recovery
than the "two-exposure' mice. Moreover, between 6 hrs. and 1
day following coma, there was a significant drop in the PC levels
in mice having only one exposure (Table 2, 0.01 > P > 0.001),
whereas there was no sigxificént change in those that had two
exposures (Table 4, 0.80 > P > 0.70).

The CT of mice exposed twice to - 10°C tended to
decline up to the state of collapse, the pattern of response
being similar to that seen earlier in mice exposed to -10°C
once (Tables 1 & 2). However, the time to fall into coma a
second time was significantly longer than that of the first
(110 * 5,8 min, vs 126 * 4.8 min., 0.05 > P > 0.02), a

finding reported earlier (Grad et al, 1968).

3.2. THE EFFECT OF ONE OR TWO EXPOSURES TO -LOOC ON THE URINARY

CORTICOSTERDIDS OF CFy FEMALE MICE (TABLES 6 AND 7)

The UC amounts of mice, one day following one ex-
posure, was below that of controls but the difference was not
statistically significant (0.60 > P > 0.50). However, the UC of
mice, one day after two exposures, was significantly below that

of controls (0.05 > P > 0.02).

When a similar comparison was made by analysis of



Table 6. The Body Weights, Colonic Temperatures and Urinary Corticosteroids Amounts of CF, Female
Mice Exposed Once or Twice to -10°C Until Comatose and Their Non-Exposed Controls
Number of Day of Urine Body Weight (g) Colonic Temperature (°C)
Exposures to Collection Urinary
-=100C After Last Exposure Before# Aftert Before# After# Corticosteroids
to -10°C (ng/2L hours)
0 0 38.7 £ 0.9 38.8 + 1.0 37.0 £ 0.2 37.1 £ 0.3 340 * 72
1 1 39.0 * 0.9 38.9 * 0.9 36.8 £ 0.1 36.8 £ 0.1 293 * 24
1 7 38.8 + 0.8 38.8 + 0.8 36.9 + 0.2 36.9 0.2 360 + 52
2 1 38.2 + 1.3 38.1 + 1.2 36.9 £ 0.2 37.0 £ 0.2 174 * 29
2 7 39.7 £ 0.8 39.7 £ 0.7 36.9 + 0.2 37.1 £ 0.2 207 * 46

The above means and standard errors were calculated for 6 animals per group.

#Body weights and colonic temperatures were taken immediately before placing the mice in the metabolic

cages for urine collection and immediately after their removal.
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Table 7. An:}vais of Variance of Urinary Corticosteroid
(ng/24 hours) of Mice Exposed to -10°C

Source of Variatiaon Degrees of Freedom Mean Square
Between Subjects 1
A (Number of Exposures) 1 110,048,962
Subjects within Groups 10 6,828.45
Within Subjects 12
B (Day of Collection) 1 15,050.04P
AB 1 2,542.08°
B x Subjects within Groups 10 12,316.27

33ignificant at the 0.5% level

bNot significant
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variance between the UC of control mice and those of day 7
after the fir-* znd second exposures, the differences were not
found to be statistically significant (0.20 > P >0.10),

although the general trend was the same,

Analysis of variance of the data of mice ex-
posed one and 7 days after one or two exposures revealed that
the UC values were significantly lower in mice that had been
exposed twice than that of those exposed only once (Table 7,
0.005 > P > 0.001). Although the values obtained on the
seventh day were higher than those obtained on the first day,
the differences were not statistically different (Table 7,

0.30 > P > 0.20); nor was the interaction between the number of
exposures and the times of collection of the urine statistically

significant (Table 7, P > 0.50).

There was no change in body weight or colonic
temperature of the animals as a result of one day in the metabolic

cages.

3.3. THE EFFECT OF ONE OR TWO EXPOSURES TO -10°C ON THE HAEMDGIOBIN

(Hb) LEVEL OF CF, FEMALE MICE (TABLFS 8, 9 & 10)

The Hb levels determined at each of the time

intervals shown in Table 5 varied from a low of 12.4 *+ O.4 g%



Time at Time Mice Blood Urea Plasma .
~10°C Sacrificed Haemoglobin Nitrogen Creatinine
After Cold Bxposure* () (ng) (ngh)
0 min. O min. 13.2 £ 0.2 15.7 0.61
5 min., O min, 12.7 + 0.4 22.0 0.77
15 min. O min. 13.3 + 0.3 30.7 0.60
60 min, O min. 12.9 * 0.5 36.0 0.57
Until Comatose O min. 12.4 + 0.4 22.7 0.63
" " 30 min. 12.9 + 0.4 29.0 0.70
" " 60 min. 12.5 * 0.5 30.7, (22.7)  1.10, (0.Lk4)
" " 120 min. 12.5 + 0.3 38.0, (19.3)  0.64, (0.56)
" " 240 min. 12.6 *+ 0.5 48.7, (18.0)  0.88, (0.56)
" " 360 min. 12.9 £ 0 33.3, (19.3) 0.57, (0.56)
" " 1 day 12.6 + 0.6 28.0, (24.0)  0.63, (0.44)
" " 2 days 13.0 + 0.4 21.3 - 0.64
" " L, days 13.5 + 0.4 20.0 0.51
" " 7 days 13.9 + 0.2 16.6 0.63
" " 14 days 13.0 * 0.4 - -
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Table 8.

The haemoglobin data are the means and
standard errors of 6 mice per group except in the case of
"Comatose + 7 days"™ group where L mice were studied. The
remaining data are single values obtained from plasma
pooled from the same groups of animals. The values in
the brackets are those of mice not exposed to -10°C but

sacrificed at the same time.

#Mice investigated at various time intervals
after becoming comatose at -10°C were housed in the warm

room at 27-28°C until sacrificed.
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vwhen the animals were comatose to a high of 13.9 * 0.2 g% when
the animals were sacrificed 7 days after they became comatose.
However, an analysis of variance carried out over all the data

failed to show a significant difference (P > 0.50).

An examination of the Hb data of twice-stressed
mice (Table 9) shows that thére is a tendency for a slight rise
to occur when the animals were placed in the cold, that a drop
occurs when the animals are in coma, and that the levels in-
crease again as the animals recovered from the coma after being
removed from the cold. An analysis of variance showed that the
overall difference between the various groups was statistically
significant (0.01 > P > 0.005). A significant decline occurred
in the animals sacrificed immediately after becoming comatose
during the second exposure of -100C (Table 9, 12.0 * 0.6 g%).
At this time, the values were the lowest of all the values in
the series and significantly lower than the data of mice in

adjacent groups in the table (0.01 > P > 0.001).

Comparisons were made by analysis of variance
between the Hb data of Table 9 with comparable 'one-exposure'
groups of 6 mice per group in Table 8. The results showed that
the animals exposed twice had significantly higher Hb levels than

those exposed only once (0.025 > P > 0.01). There was a signi-



Table 9. Haemoglobin, Blood Urea Nitrogen and Plasma Creatinine of CF, Female Mice Exposed
to =10°C for Various Times and Sacrificed Either Immediately or After Being
Housed at 27-28°C for Various Times

Time Exposed to -109C Time Mice ' Blood Urea = Plasma
First Exposure Second Exposure Sacrificed Haemoglobin Nitrogen Creatinine
After Cold Exposurei (£2) (ng®) (mg%)
15 min. 15 min, 0 13.7 £ 0.2 33.3 0.54
60 min. 60 min, 0 4.0 + 0.3 33.3 0.51
Until Comatose 15 min, 0 13.7 £ 0.8 29.6 1.00
" " 60 min. 0 Wb * 0.4 29.6 0.86
" " Until Comatose 0] 12.0 * 0.6 29.0 0.57
" " n n 60 min, 4.2 £ 0.2 3L.8 0.91
" " " n 120 min, 13.4 * 0.4 38.7 0.91°
" " " " 360 min. - 29.0 0.86
" " " " 1 day 12.7 + 0.4 20.0 1.14
" " " " 2 days 13.8 + 0.4 23.8 0.86

" " " " 7 days 14.5 + 0.5 21.2 0.86

‘ot




Table 9.

- The haemoglobin data are means and
standard errors calculated for 6 animals per group.
The remaining data were obtained from plasmas pooled

from 6 animals.

#Mice investigated at various time
intervals after becoming comatose at -10°C were housed

in the warm room at 27-28°C until sacrificed.

121.
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Table 10, Analysis of Variance of the Haemoglobin Levels
(g%) of Equal Sized Groups of Mice Exposed
Once (Table 8) or Twice (Table 9) to -10°C
and Sacrificed at the Same Times Following
Recovery From Coma on Exposure to Cold

Source of Variation Degrees of Freedom Mean Square
Exposure (E) 1 6.21%
Time of Expocure (T) 5 3.55b
ExT 5 1.52¢
Error 60

agjgnificant at the 2.5% level
bsignificant at the 1% level

CNot significant
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ficant difference in the time factor with the lowest wvalues
occurring when the animals were comatose (Tables 8, 9 and 10,
0.01 > P > 0.005). This was previously reported for the "two-
exposure" mice alone (Table 9), but it was also apparent in the
'one-exposure" animals, in which the change was not significant.
The pattern of change of the Hb level in the one and two-exposure

mice was essentially the same (Tables 8, 9 and 10, 0.20 > P > 0.10).

3.4. THE EFFECT OF ONE OR TWO EXPOSURES T0 -10°C ON THE BUN LEVEL

OF CF; FEMALE MICE (TABLES 8 & 9)

The BUN values increased immediately after ex-
posure to cold from 15.7 to 22.0 mg¥% and continued to do so until
36.0 mg% after 1 hour in the cold. The BUN levels remained
elevated even when the animals had become comatose, though they
had fallen to 22.7 mg% fram the high value at 1 hour in the cold.
Indeed, the maximum values were achieved only L hours after the
animals had recovered from the coma fbllowing which the values
tended to decline and returned to normal only 7 days after the

exposure,

The BUN of mice exposed to the cold twice showed
elevated levels when compared with that of the control value of
15.7 mg% shown in Table 8. Indeed, the values tended to stay up

even when the animals had become comatose and up to 6 hours upon



recovery from coma due to cold. Only the day following the
second exposure did the values return to the normal level.
There was no significant difference between the BUN of once or

twice-exposed mice (0.80 > P > 0.70).

3.5. THE EFFECT OF ONE OR TWQO EXPOSURES TO -10°C ON THE PLASMA

CREATININE LEVEL OF CF, FEMALE MICE (TABLES 8 & 9)

The increase in the plasma creatinine which was
apparent 5 min. after exposure to -10°C disappeared when the
animals had been in the cold for 15 and 60 min. and, indeed,
was at the normal level when the animals were comatose.

However, marked increases were apparent soon after the animals
were brought out of the cold after being in coma and the maxi-
mum of 1.10 mgZ occurred 1 hour after being removed from the
cold room. Thereafter, the values tended to drift downwards and
were back at the normal level two days after being exposed to the

cold and continued at this level for the next 5 days.

Mice that received two exposures to the cold of 15
min. or 1 hour showed no remarkable change in the plasma creatinine.
However, mice that had a first exposure until they became comatose
showed elevated levels on second exposure even for as little as 15
min. and these values tended to stay elevated for as long as 7

days following recovery from the second exposure to the cold. In
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general, the plasma creatinine values of mice exposed twice to
the cold had higher values even than those exposed only once,

the difference being of borderline significance (0.10 < P > 0.05).

3.6. CORRELATION COEFFICIENTS BETWEEN THE VARIOUS PARAMETERS

There was no significant correlation between the
PC level of mice not exposed to -10°C and those exposed to -10°C
and sacrificed at the same time (r = +0.1750, P > 0.10).
Similarly, there was no significant correlation between the Hb
level on the one hand and the PC level on the other in mice ex-

*

posed once or twice to the cold (Tables 1, 4, 8, 9, P > 0.10).

In mice exposed once to the cold, there was a
significant correlation between the mean PC levels (Table 2) and
the BUN (Table 8, r = 40.9039, P < 0.001), but there was no
significant correlation between the same PC values and the plasma
creatinine (Table 8, r = +0.2912, P > 0.10). In mice exposed
twice to -109C, there was no significant correlation between the
mean PC levels (Table 4) and either the BUN (Table 9, r = +0.4606,

P > 0.10) or the plasma creatinine (Table 9, r = -0.3616, P > 0.10).

In mice exposed once to -10°C, there was a signi-
ficant negative correlation between the mean Hb and plasma
creatinine levels (Table 8, r = -0.5556, 0.05 > P > 0.02) and

also a significant positive correlation between the BUN and the
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plasma creatinine level (Table 8, r = +0.6157, 0.05 > P > 0.02).
However, there was no significant correlation between the mean

Hb and the BUN (Table 8, r = 40.3109, P > 0.10).

There was no significant correlation between the
Hb, BUN or plasma creatinine levels in mice exposed twice to

the cold (Table 9, P > 0.10).

A significant correlation between body weight and
Hb was found to occur in mice exposed once to the cold
{r = <0.3047, 0.75 > P > 0.02) but not in those exposed twice
(Table 4, r = -0.3748, P > 0.10).

4. DISCUSSION

4.1. THE METHOD

The index of precision (A) of the standard curves of this
assay were previously calculated by Grad and Khalid (1968) and
yielded means and standard errors of 0.195 * 0.0022. More recently,
Grad, Sancho and Murphy (1969) found Ats of 0.110 * 0.007. These
values are satisfacotry and well below the 0.300 level accepted
with assays much less sensitive than the one utilized in the present

study (Dorfman, 1950).
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The precision of the determination of the PC
levels in test samples was assessed by calculating the standard
deviation of duplicate determinations in C57 and AKR mice
(Grad and Khalid, 1968) and more recently in C3H mice (Grad,
Sancho and Murphy, 1969). These values were also found to

yield satisfactory results.

The precision of the determination of UC in
unknowns from mice utilizing the ultramicro assay was found
by Grad, Sancho and Murphy (1969) to be as good as that
reported earlier for semimicro assays of the UC in humans

(Grad, Kral, Payne and Berenson, 1967).

The accuracy of the assay for the determination
of the PC ievels and UC amounts was assessed previously by
determining the percent recovery of one nanogram of corti-
costerone added to the serum or plasma and urine of C57 and
AKR mice (Grad and Khalid, 1968) and to the plasma of C3H
mice (Grad, Sancho and Murphy, 1969). The percent recovery
was satisfactory in both these studies and was found to be
at least as good as the recovery of 100 to 300 nanograms added
to pooled urine utilizing a semimicro form of this assay

(Grad et al., 1967).

Tests for specificity of the assay were conducted

earlier by Murphy (1967) and by Grad and Khalid (1968). Murphy
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found that the method involving dog'!s plasma as the source of
CBG could be utilized to determine cortisol or corticosterone.
Inasmuch as there is no cortisol or indeed, any l1l7-hydroxylated
steroids in mouse plasma (Triller and Birmingham, 1965)sthe
method is specific for the determination of corticosterone in

this biological liquid and probably also in mouse urine.

Thus, the method utilized in the present study
was found to be satisfactory for the determination of PC and
UC as assessed by standard tests of precision, accuracy and

gpecificity.

L.2. THE CONTROL PC AND UC VALUES OF CF, FEMALE MICE

The late morning PC level of CFl female mice
were 6.8 + 1.1 mcg% (Table 1). These values are in good
agreement with the mean and standard error of 6.3 * 0.9 mcg?
found in female C57Bl/6J mice, 12 to 13 months old, (Grad
and Khalid, 1968) and with 8.6 * 1.6 mcg? in healthy AKR
mice, 12 months old (Grad and Khalid, 1969a). However,

CFy female mice had values which were significantly below

the 13.8 * 2.1 mcg? of C3H females, 9 to 15 months old,

(0.01L > P > 0.,001). Earlier still, Levine and Treiman (1964)
reported values between 8 and 9 mcg# in AKR mice while Solem
(1966) reported levels of 12.1 + 1.1 mcg% for WIO female mice.

However, these values were for 2 to 3 months old animals and
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were obtained by fluerometric techniques which are known to
yield higher values due to the presence of a contaminating

nonspecific substance.

It is not possible to make accurate comparison
with earlier reports from other laboratories because not only
are such reports few, but where they are given they are for
plasmas that have been pooled from several animals whose age
and sex are not given,These pérameters have been shown to
reliably influence the PC values, females having significantly
higher values than males in some mouse strains (Grad and
Khalid, 1968) but not in others (Grad, Sancho and Murphy,
1969). There are also reliable changes in PC level with age,
some occurring early in life between 2 and 4 months of age
and others occurring from maturity to old age (Grad and

Khalid, 1968, 1969a).

Table 1 showed that the PC level of the non-
exposed mice increased to a maximum of 13.0 * 1.5 mcg® at
around 5:40 p.m., some of the values earlier in the day
being reliably lower. This is in agreement with reports
published earlier utilizing a less specific method (Halberg,
Peterson and Silver, 1959). Because of this significant
diurnal variation, it was necessary in the study of the PC
levels to sacrifice non-cold-stressed animals simultaneously

with animals exposed to the stress, especially as the latter
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were being sacrificed at times of the day when it was known
that the normal levels were elevated. This aspect of the

problem will be further discussed later.

The mean and standard error of UC levels of
CF1 female mice not exposed to the cold were reported as
being 340 *+ 72 ng/2L hours (Table 6), which are higher than
the 112 * 32 ng/2L hours of 7 to 12 month old female C57
mice (Grad and Khalid, 1969b), higher also than the 117 *
21 ng/2k4 hours of 7 to 12 month old healthy female AKR mice,
(Grad and Khalid, 1969b) and higher also than the 173 * 23
ng/2l hours of healthy female C>d mice, (Grad, Sancho and
Murphy, 1969). The reason for the higher UC amounts in the
CFy mice is not known, but CF, animals are larger and more
vigorous animals and are not inbred whereas the other 3

strains are.

4.3, THE CHANGE IN PC LEVELS OF CF, FEMALE MICE ON EXPOSURE

T0 -109C

The PC level promptly rose on exposure to
-10°C and continued to do so until they became comatose when
the values declined, but still remained significantly above
the control level., The initial rise on exposure to -10°C
was less and the fall during coma was greater in the twice-

than in the once-exposed mice. Upon removal from the cold,
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there was a tendency for the values to increase in both the
once~ and twice-stressed mice with PC levels tending to remain
significantly elevated even after an hour of their return to
the warmth., Within the first 6 hours after removal from the
cold, the values were significantly lower in the twice-
exposed than in the once-exposed mice, higher in the former on
Day 1 and at the same level in both groups thereafter. Also,
the variations in PC level during recovery were less in the

twice~cooled mice.

Table 1 shows that the pattern of change in the
PC level of the cold-exposed mice could not be explained on the
basis of the normal diurnal variation occurring in the warmth.
In support of this was the lack of a significant correlation
coefficient between the PC levels of exposed and non-exposed

mice sacrificed at the same times.

The significance of the PC levels for the
assessment of the change in adrenocortical function on exposure
to =10°C must await assessment of the other variables invest-

igated in this study.

L.4. THE CHANGE IN THE DAILY AMDUNT OF UC OF CF, FEMALE MICE

ON EXPOSURE TO -10°C

The UC values of mice exposed once or twice to

~10°C had lower values than those of the controls but statistically
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significant differences were obtained only in the twice-
exposed animals (Table 6). Also, the animals exposed twice
had significantly lower values than the animals that had been
exposed only once. In general, also the values on the 7th
day after exposure were higher than those of the first day
but the differences were not statistically significant.

The PC values of Day 1 and Day 7 of the once- and twice-
cooled mice were back to normal in all cases except on Day 1

of twice-stressed mice where the wvalues were somewhat elevated.

A further discussion of these data in the
assessment of adrenocortical function must await assessment

of the Hb, BUN and plasma creatinine data.

L.5. THE CHANGE IN THE Hb LEVELS OF CFq FEMALE MICE ON

EXPOSURE T0 -10°C

The Hb levels of mice exposed once to -100C
showed no significant change, but the mice exposed twice did,
with a signficant drop in comatose animals. In general,
animals exposed twice to -10°C had significantly higher values
than those exposed only once. The Hb levels of both once and
twice-exposed animals who became comatose dropped but differences

were significant only in the twice-exposed animals.

The Hb levels werc determined to gain information

on the degree of hemoconcentration occurring in cold-stressed
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mice and to assess its possible influence on the PC level.
When a correlation coefficient was calculated between all

the Hb and PC data of either the first or second exposure,

it did not achieve statistical significance. Moreover, the
drop in Hb level which occurred when the animals were coma-
tose was only 4% and could not account for the 26% drop which
occurred at the same time in PC level of once-exposed mice
or the 45% drop which occurred in the PC level of twice-
exposed animals, Thus, it was not possible to explain the
increase in PC level in cold-stressed mice on the basis of

hemoconcentration.

Hemoconcentration has been reported previously
in the literature as occurring in cold exposed animals (Rodbard,

Saki, Malin and Young; 1951; Everett and Matson, 1961).

L.6. THE CHANGE IN BUN LEVELS OF CF; MICE ON EXPOSURE TO -109C

The BUN data of mice exposed once (Table 8) or
twice to -10°C (Table 9) had elevated values when compared with
control values shown in Table 8. In the once-stressed mice
the values appeared to increase the longer the animals were
in the cold up to 1 hour, to decrease during coma, to increase
again to the maximum 4 hours after removal from the cold and
to return to normal gradually thereafter. This pattern of

change followed very closely the change seen in the PC level
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and indeed the correlation between the PC and BUN levels was

positive and highly significant.

In mice exposed twice to the cold, the levels
generally were also elevated but the pattern of change with time
was somewhat different than that seen in the once-exposed mice.
Thus, there was no steady increase in the level up to 1 hour
prior to collapse, no decline during collapse but an increase
to the maximum value IR in the
early hours following collapse did occur. Thereafter, the
values tended to return to normal levels. This time there was
no significant correlation between the PC and BUN, These data
suggest that some impairment in renal function occurs especially

soon after coma.

The significant positive correlation coefficients
between the PC and BUN level suggest that at least part of the
elevation of the PC levels in the cold was due to a decline in
renal function. However, the maximum increase in the PC levels
over the controls was over 500% and occurred after 1 hour in the
cold, whereas the maximum increase in the BUN level was well
below 200% and occurred 4 hours after removal from the cold
when the PC levels had declined considerably. Moreover,
during the second exposure, the extent of the increase in PC
level was less than that of the first, but there was no significant
change in BUN level. Further discussion of this point will be
delayed until later.
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L.7. CHANGE IN PLASMA CREATININE LEVELS OF CF, FEMALE MICE

ON_EXPOSURE TO -10°C

Unlike the BUN, the plasma creatinines showed
an increase immediately on exposure to the cold but returned
to normal by 1 hour after exposure. However, when the animals
had become comatose and, indeed, up to 4 hours later when the
animals had recovered, the plasma creatinine values were
definitely elevated and returned to normal only the day
following recovery. There was no significant correlation
between the plasma creatinine and the PC level in mice exposed

once or twice,

In animals whose two exposures were for 15
minutes or 1 hour the plasma creatinine levels were normal
or even subnormal. But those whose first exposure was until
coma all showed elevated values which remained in this state
even 7 days following the second coma, the only exception
being the group which was sacrificed after the second coma.
Moreover, the values of mice exposed twice tended to be signifi-
cantly higher than those exposed once. Nevertheless, the PC
levels of mice exposed twice were not significantly higher than
those exposed once; indeed, the reverse was true. Nor did the
maxima of the PC levels correspond with those of the plasma

creatinines during either exposure. Therefore, the decline in renal
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function as shown by elevated plasma creatinine which did not
occur until the mice became comatose could not have influenced
the markedly elevated values prior to this time. Whether
they could have influenced them later will be discussed in
the next section. The BUN is an overall measure of renal
function without measuring any single function specifically.
On the other hand, the persistently high plasma creatinine
levels following coma indicate that there may have been some
damage to glomerular filtration, although more information
would be required in terms of determinations of urinary

creatinine,.

L.8. THE PC, Hb, BUN AND PLASMA CREATININE LEVELS AND UC

AMDUNTS IN MICE ONE AND SEVEN DAYS AFTER ONE OR TWO EXPO-

SURES TO -10°C (TABLE 11)

On the first day following the first exposure,
the PC and Hb levels and UC amounts were normal while the BUN
and plasma creatinine levels were elevated. This suggests that
there was no hemoconcentration at this time and despite the
decline in renal function suggested by the elevated BUN and
plasma creatinine values, both the PC and UC levels were not

markedly influenced.

Seven days following the first exposure, there

appeared to be some slight hemoconcentration and renal function



Table 11. The PC, Hb, BUN and Plasma Creatinine lLevels and UCS Amounts in Control
and Cold-Stressed Mice Exposed Until Comatose Once or Twice to -10°C

One Exposure Two Exposures

Variable No On On

Exposure Day 1 Day 7 Day 1 Day 7
PC (mcg?) 9.2 + 1.7 89 *41 59%0.9 20.8%3.0 6.3+1.3
UC (ug/2L hours) 340 = 72 293 + 24 360 *+ 52 174 * 29 207 * 46
H (g%) 13.2 £ 0.2 12.6 + 0.6 13.9 + 0.2 12,7 +0.4 14.5 * 0.5
BUN (mg%) 2L.0 28.0 16.6 20.0 21.2
Plasma Creatinine (mg%) 0.4t 0.63 0.63 1.1, 0.86

The mean and standard errors were calculated from the values obtained from 6 mice except
in the case of the wvalues under Day 7 of One-Exposure where L animals were involved. The
BUN and plasma creatinine values were obtained from pooled plasma.

*LET
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as a whole appeared normal as indicated by the BUN, though
there appeared to be some abnormality in glomerular filtration
as suggested by the elevated plasma creatinine. However,
whatever hemoconcentration and renal impairment may have
existed at this time, they were apparently insufficient to
alter significantly either the PC level or the UC amounts,
for they were at the normal level at this time.

On the first day following the second exposure
to -10°¢C s the PC levels appeared elevated, the UC levels
significantly depressed, the Hb and BUN levels normal and
plasma creatinine definitely elevated., Thus, there was no
hemoconcentration, but there appeared to be an impairment in
glomerular filtration. This would account for the elevated
PC level observed and for the decline in UC amounts observed
at this time, Thus, it is not possible to make an accurate
assessment of adrenal cortical function at this time due to

interference of the renal impairment.

On the seventh day following the second exposure
to -10°C, there was hemoconcentration, the BUN was normal, but
the plasma creatinine was still definitely elevated. However,
neither the hemoconcentration nor the impaired kidney function
appeared to have markedly raised the PC level which was normal
at this time. However, the UC values were somewhat subnormal

at this time. It is possible that following Day 1 of the
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second exposure to =-10°C the elevated PC level depressed
adrenocortical function and this could have carried over until
Day 7, hence accounting for the depressed UC amounts at this
time. The normal PC level in the presence of depressed adreno-
cortical function could be due to the renal impairment. That
is, although the renal impairment did not markedly raise the

PC level above normal, it may have increased it to normal

from a subnormal level.

Analysis of variance showed that the UC amounts
of Day 7 were significantly higher than those of Day 1 and this
could have been due to an improvement in renal function within
this time.The BUN levels declined on Day 7 as compared with
Day 1 in the once-exposed mice and the plasma creatinine levels

declined during the same time in the twice-exposed animals.

It is clear from these results that adrenal
cortical function was certainly not elevated on Day 1 or
Day 7 after 1 or 2 exposures to =10°C until the mice became
comatose. Wherever elevated PC levels were observed at these
times they were attributable to impairment in remal function
and wherever UC levels were depressed they could also be
accounted for in the same way. Examination of these data
would, therefore, suggest that adrenal cortical function was

perhaps subnormal at these times and at the most normal.
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4.9. THE CHANGES IN PC LEVEL IN COMA

The data presented in this study indicated that
PC levels were elevated in CF,; female mice during a first and
a second exposure to -10°C, the second elevation in PC level
being somewhat less than that of the first, but still very
high. During coma, at both time intervals, the values fell
from their maximum values but were still well above the normal
control levels. The finding of the elevated PC levels when the
animals were comatose, that is, when their body temperatures
were well below 20°C, points to the fact that the PC level is
the resultant not only of its production by the adrenal cortex
and of its rate of release from the gland, but also of the space
in which it is distributed, its binding by CBG, its metabolism
into other compounds and rate of excretion. Normally, an
animal at 20°C or less would be expected to synthesize and
excrete adrenal hormones at a much reduced rate and, indeed,
this is supported by the finding of Hume and Egdahl (1959) who
studied dogs rendered hypotheemic, They demonstrated that as the
temperature was dropped, the level of adrenal steroid in adrenal
vein blood diminished and increased when the temperature was
increased. These findings confirmed the earlier work of Ganong,
Bernhard and McMurray (1955). Hume and Egdahl (1959) also found
that when the animals were hypothermic, the adrenal cortex was
not responsive to ACTH. The question then arises as to why in

the hypothermic mice of our study the PC levels were not lower.
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One possible explanation
is that renal function was markedly depressed at this time
preventing excretion of the circulating corticosterones.
However, if this were so,it would have been expected that BUN
and plasma creatinine values at this t ime would have been
much more elevated than they actually were. On the contrary,
the BUN values declined markedly during the first coma and the
plasma creatinines showed that same change during the second

coma. Obviously, the problem is more complex.

Inasmuch as several processes are involved in
maintaining a certain PC level, the equilibrium which exists
between them at normal body tewperatures is very likely
disturbed when the body temperature is markedly lowered.
Nevertheless, this disturbance cannot be too far in any one
direction for the PC level in the comatose mice still remains
markedly elevated. This elevated PC level may be helpful to
the animal to sustain the stress it undoubtedly undergoes in
restoring its body temperature to normal when it is removed
from the cold to the warmth, as indicated by the strong
shivering it experiences.as its temperature climbs back to

normal. Further study of this process is indicated.

5. GENERAL DISCUSSION

A considerable body of data exists in the



literature on the changes in adrenal cortical function of animals
exposed suddenly to the cold, most of which have been conducted
in rats (Heroux and Schonbaum, 1959; Heroux, 1960; Denyes and
Horwood, 1960; Schonbaum, 1960; and Boulouard, 1966). Im all
these studies, the rats were exposed to temperatures above 0°C
and this togehter with the fact that their larger size renders
them more resistant to the cold than mice indicates that the
stress was less in the earlier stvdies than in the present one.
For example, in one study, (Jonec, 1964) rats were exposed to
0°C for 6 exposures of one hour each. They reported that the
steroid content of the adrenal and the plasma increased following
cold exposure and that the effect was greatest during the first
3 exposures and gradually diminished by the sixth expasure at
which time the values, however, were still above those of the
controls. Jonec (1964) reported a maximum plasma corticosteroid
level of 30 mcg¥. This occurred after the first exposure and
was less than that observed in our smaller animals exposed to

a more acute temperature.

One study conducted in 2 subspecies of mice
exposed to the cold (2 * 0.5°C) for 15 days revealed that there
was a significant rise in free and bound corticosterone in the
plasma after cold exposure with a return to pre-exposure levels
within 3 days. In the more responsive of the 2 subspecies

(P.m. bairdii) the maximum increase in the PC level was 112%
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whereas in the second subspecies (P.m. gracilis) the maximum
increase was only 18%, a much smaller response than under the

more severe conditions of our own study (Eleftheriou, 1964).

None of these studies, however, have investigated
the adrenal cortical levels in animals kept in the cold until
they became comatose nor did they investigate changes in
circulating corticosterone followling recovery. Furthermore,
the studies described in this thesis also pro