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ABSTRACT PART I

The spontaneous running activity of male white rats was recorded in
standard revolving activity cages under constant conditions of light and
temperature. Activity was found to vary with age and was at its peak in
rats approximately 85 to 100 days old., Activity was affected bj exposure
to cold at 2°C, but not always in the same direction., There was no
correlation between spontaneous activity and food and water consumption
or body weight gain under normal conditions. Nor could spontaneous activity
be correlated with decreased liver functior. (2xcept with extremely large
doses of carbon tetrachloride), the level of secretion of thyroid hormone
or the excretion of adrenaline, There was a tendency for active rats to
excrete more noradrenaline than inactive rats at room temperature but
activity did not vary with adrenaline or noradrenaline excretion at 2%¢. %!!
Spontaneous activity was, however, markedly reduced by castration of male
rats in early advlthood and could be returned to pre-castration ievels by
the implantation of testosterone propionate pellets which were slowly
absorbed to give a continuous supply of the hormone., Testosterone pellets

also inhibited the decline of activity with age in 'normal' rats,



ABSTRACT PART IX

The amoﬁnts of adrenaline and noradrenaline excreted in the urine of
male white rats were estimated using a slight modification of the extraction
and assay procedure of Drujan et al. (1959). There was some tendency for
the catechol amine excretion of rats at 23°C. to increase slightly with
age and weight. Exposure to 2°C., however, caused a marked and sustained
increase in the excretion of the catechol amines as compared to the excre-
tion in controls at 2300. Adrenaline excretion increased approximately
three to four times while noradrenaline excretion increased about eight
times, Excretion of both catechol amines increased immediately on exposure
to cold, high levels being reached and maintained from day four at 2°C. on-
wards. Excretion showed no decrease over 20 weeks of cold exposure; indeed,
the values after 50 to 60 days in the cold tended to increase further. “
There were no differences between Wistar and Sprague-Dawley rats in the
amounts of adrenaline and noradrenaline excreted at 23°C. or 2°C, '01d!
rats kept in activity cages excreted much more adrenaline and noradrenaline
both at 23°C. and 2°C. than other rats and they showed a peak for adrenaline
excretion after one week and for noradrenaline excretion after three to four
weeks in the cold. On the average 2.8% of injected adrenaline and 2,5% of
injected noradrenaline were excreted unchanged in the urine at 23°C, At
2°C, these values increased to Lh.2% for adrenaline and L.L% for noradren-

aline,



I, EFFECTS OF SEVERAL FACTORS ON THE SPONTANEOUS RUNNING ACTIVITY

OF WHITE RATS

INTRODUCTION

Spontaneous activity is that activity indulged in by an animal on a
completely voluntary basis, that is, one that results from a stimulus
arising within the animal itself. The influences of numerous internal and
external factors on the spontaneous activity of a variety of dohesticated
and wild small mammals have been studied by many investigators during the
past 60 or 70 years and much of the literature has been reviewed by Shirley
(1929) and Reed (1947). Although much is now known about the influence of
some of the factors, however, there are still many conflicting opinions
about how the amount of spontaneous activity is regulated. The present
investigation was carried out to attempt to elucidate or resolve some of
the points at issue and to establish unequivocally the relative importance
of the r6les of several factors in influencing the spontaneous activity of
the albino Norway rat, the mammal most extensively used in previous studies
of this subject.

In previous studies, three general types of apparatus have been used
for the direct recording of svontaneous activity. The revolving cage first
used by Stewart (1898) has been widely used with various modifications.
Unlike some of the other tynmes of apparatus, the revolving cage does not
neasure total activity; but only the amount of running in a revolving drum.
Thus any activity which takes place in the food- or rest-cage is unrecorded,
Stabilimeters or bouncing cages with devices sensitive to all tyves of body

movements which take place in the cage determine the times of activity.



Methods of recording movements between compartments (e.g. the time of each
passage of an animal between its nest and other parts of the apparatus)
have also been assembled and often combined with the other types of cages.
Caution is needed in attempts to compare the results of activity experi-
ments in which different sorts of recording apparatus are used.
The revolving activity cage has perhaps been the most extensively
used laboratory instrument for investigating activity. Although it only
measures running activity, observations by Hoskins (1927a) have shown that
so large a part of the total energy expenditure goes to running in the
wheels that a record of the revolutions serves as a rather accurate criterion
of the animal's tendency to exercise. The question "Why do some rats run
so much and others so little in this cage?" has never been adequately ans-
wered, although wide individual differences in activity even among litter-
mates were noted by early workers in this field. Rundquist (1933) was able
to obtain both active and inactive strains of rats by selective breeding.
Only the inactive rats bred true but unfortunately the genetic factors were
obscured by environmental influences. With the same rats Brody (19L2) b
concluded that for activity the difference between strains resulted from a
single gene pair, a conclusion which was unwarranted from the data presented.
The environmental factors which exert the greatest influence on activity
are food, water, sound, illumination, temperature and vapour pressure. The
running activity of white rats in revolving cages increases markedly when
their food is removed (Reed,19L47). Similar effects have been shown to
result from the deprivation or restriction of water supply. High frequency
sounds tend to increase activity (Richter,1952). The white rat is largely
active at night during normal cycles of light and darkness. Once a diel

rhythm is set up through normal light-darkness cycles, it ternds to persist



despite continuous light or dark., Both the pattern of light and darknesé
and the amount of illumination can, however, alter the pattern and amount
of activity. The effects of both temperature and vapour pressure are prob-
ably related to body temperature regulation. Both high and low temperatures
have been reported to reduce spontaneous running activity in small mammals;
that is, there is a range of ambient temperatures where activity is maximal.
In studies of rats in revolving cages, Shirley (1928a) found that the
amounts of running were the same at 20°C. and 26°C., Browman (1943) that
the amount decreased above 27°C. and was greater at 16° than at 27°C.,
Fregly (1956) that it increased as the temperature fell from 30° to 10°C.
and Fregly (1961) that there was an increased running response to cold
observed in normal rats kept for four days at 8°c. In cold temperatures
activity increases heat loss and metabolic rate and hence the restriction
of activity of small mammals at low temperatures will result in the conser-
vation of heat. An inescapable conclusion is that extensive control of
environmental conditions is absolutely necessary for work on the relation
of activity to internal changes. Even when as many factors as possible

are held constant, however, there are still marked individual variations

in the amount of activity of different rats,
Internal Factors Affecting Spontaneous Activity

Age and Sex

The running activity of the male rat is generally less on the average
than that of the female (Hitchcock,1926; Hoskins,1927a; Wang et al.,1925;
Lee and Van Buskirk,1928; Tainter,19L43). The activity of the male rat,
however, lacks the cyclic characteristics caused by the oestrous cycle of

the female, hence males have been chosen for experimentation on spontaneous



activity by most workers. Spontaneous running in the revolving cages appears
for any rat to depend on its age as well as its experience in the wheel.
Most investigators agree that the preliminary period for the rat to adapt

to the cage should be 10 to 20 days (e.g. Shirley,1928b,1929; Slonaker,192l;
Heller,1932; Richter,1952; Jones et al.,1953; Eayrs,195k) at which time

the activity should have increased to a fairly constant level. Richter and
Uhlenhuth (195L) state,however, that a constant level of activity is reached
only after 35-60 days for domesticated rats and 27-50 days for wild rats,
Tainter (19L3) kept rats in the cages for several weeks before they had
reached a level which did not change progressively and he replaced the
occasional rat which did not run satisfactorily during this preliminary
period. Jones et al.(1953) and Fregly (1941) found that within three weeks
after the rats were placed in the activity cages running activity reached

a maximum and then subsequently slowly declined.

It is rather difficult to assess the earlier studies of the effect of
age on spontaneous activity either because observations were on ‘single
animals or because the studies were not appropriately designed for that
purpose. There is general agreement, however, that the activity of rats
increases to a relatively constant level and then declines until death,
Slonaker (1912) measured the activity of four male rats from birth to death
and concluded that the rats were most active at ten months although he had
earlier reported (1907) that four other rats were most active between 87
and 120 days of age. Richter (1933b) reports 120 to 120 days of age as
the time of greatest activity. Shirley (1928b) concluded from her studies
that male rats are most active at nine months of age although activity was
essentially constant at a high level from the fifth to the ninth month,

At any age level, however, she found the same wide range of activity, that



is, the least active rat ran 500 and the most active 10,000 revolutions

per day. Unfortunately her rats were not left in the cages throughout the
experiment and what bearing this had on her results is hard to judge. That
activity decreases with increasing senility has been noted by many workers
(e.g. Slonaker,1912; Hoskins,1927a; Shirley,1928b; Lee and Van Buskirk,1928)
although Shirley found many individual exceptions, Jones et al, (1953)
measured the activity of groups of 15 to 25 Sprague-Dawley rats of different
ages for seven weeks and showed that activity was greatest in the youngest
(51 days) rats and progressively decreased as the age increased (72, 100,
1L2 and 212 days old). This could perhaps explain the observation by Wang
et al.(1925) that the higher running levels are reached by animals that

learn to run when they are very young.

Food and Water Consumption

Although it is well known that starvation and lack of water will
greatly increase activity, there have been but few studies on the relation-
ship of low and high spontaneous running levels with food and water intake
and weight gain., Hitchcock (1927) measured the daily activity and food
consumption of 62 rats for five days and found the variations were too
great to draw a curve from individual determinations. He concluded that
there must be other factors than activity involved in determining total
food consumption. Shirley (1928a) found no correlation between activity
and weight attained after running in the cages. Rundquist (1933) found no
consistent weight differences between his active and inactive strains of
rats. Using 12 female Sprague-Dawley rats four to ten months of age and
averaging daily activity and weight changes over 5-day periods, Brobeck
(19L5) showed that if food intake and environmental temperature are held

constant, there is a negative correlation between activity and weight gain,



This result is most likely a reflection of the known fact that starved rats
will increase activity and simultaneously their body weights will fall,
Tribe (195L) submitted three groups of eight hooded Wistar rats to three
different levels of 'forced' exercise and found that at no time did the
voluntary caloric intake vary with the amount of exercise undergone, The
rate of body weight increase was slowed down, however, as the amount of

exercise increased.,

Liver

The effect of removal of 75% of the liver of five male rats was com-
pared by Dugal and Ross (19L3) with that of five sham-operated rats,
Immediately after the operation, all activity disappeared in both partially
hepatectomized and control rats but the activity was normal after three
days in the controls and only after seven days in the hepatectomized rats.
Seven days is the time required for regeneration of the remaining liver to

take over the normal function of the entire organ,

Pituitary Gland ‘
The search for a neural centre which controls activity has led to
contradictory evidence. In various kinds of endocrine imbalance or defic-
iency, decreases inactivity have often been reported. Various kinds of
replacement therapy have also been reported to increase activity. Tainter
(19L3) used control injections of dilute hydrochloric acid and determined
that activity was practically unaffected by the pain of injections, He also
stated that the stimulation of handling changed the activity of animals
very little,
Removal of the pituitary gland is generally reported to cause a marked

decrease in running activity. Richter and Wislocki (193D2) reported that



10 of 25 operated rats became almost totally inactive. Injections of 1 cc.
alkaline extract of anterior lobe of sheep for 30-33 days produced a pro-
nounced increase in body weight and food intake but had no effect on activity.
Richter and Eckert (1937) reported that daily injections of emlsions of
fresh anterior lobe increased the activity, which had been markedly reduced
by hypophysectomy, to the original level in only one of seven female rats.
Viable hypophyseal transplants to the anterior chamber of the eye had a
small stimulating effect in four of thirteen animals, It is also reported
by Richter (195L) that hypophysectomy has a much less depressive effect on
some wild rats. The hypophysis is much smaller in wild rats than in domes-
ticated rats, Stone and Obias (1956) found that thirteen young rats hypo-
physectomized at 35 days of age showed more activity than controls when
placed in activity cages every third day; however, the activity of the con-
trols was unusually low. In addition they suppose that the smaller hypo-
physectomized rats could run more easily in the cages. Miller and Giersberg
(1957) also report that removal of the pituitary causes activity to decrease

but does not affect the day-night rhythms,.

Thyroid Gland

The early studies on spontaneous running activity and thyroid function
yielded conflicting results., FHoskins (1927a) and Lee and Van Buskirk (1928)
concluded that there was no relation between metabolic rate and amount of
activity as activity could be markedly changed with no change in metabolism,
On the other hand, Hall and Lindsay (1938) and Rundquist and Bellis (1933)
noted a tendency for rats with higher metabolic rates to show greater
spontaneous activity, although female rats which normally are more active
than males did not have a higher metabolic rate. Surgical thyroidectomy

was reported to cause no change in spontaneous activity by Hoskins (1927a),



and Lee and Van Buskirk (1928) and to éause a decrease in activity by
Richter (1933a) and Hall and Lindsay (1938). Mann (1945) used thiouracil
to block synthesis of thyroid hormone and also reported a decrease in
activity. The recent experiments of Fregly (1961) showed that the running
activity of male rats at 25°C. was not reduced by hypothyroidism produced
by propylthiouracil administration,

Appraisal of the actual data from which these conclusions were drawn
has shown the following. In a series of 20 thyroidectomized and 20 control
rats Lee (in Hoskins,1927a) found that the average daily activity was almost
the same in both groups. Thyroidectomy of 25 rats had no effect on spon-
taneous activity in the experiments of Hoskins (1927a) who at autopsy found
that in nearly all cases the tissue of the thyroid gland had been completely
removed, The unpublished data of Wang and Richter (in Richter,1933a) are
similar. Lee and Van Buskirk (1928) studied 18 adult thyroidectomized and
nine control rats 93-160 days old and found that the average daily activity
was almost the same in each group over a three month period and that at
autopsy there was no evidence of regeneration of thyroid tissue. Richter's
results (1933a) are based on 12 rats thyroidectomized at 60 to 90 days of
age. He had no controls and while some of the thyroidectomized rats showed
a definite but moderate decrease in activity, others (four out of 12) showed
no effect when their activity 10 days before operation was compared with
that of 50 days post-operatively, As very small portions of thyroid tissue
were found at autepsy in those rats in which no change was noted, he con-
cluded that even a small portion of thyroid was sufficient to sustain
activity. He also stated that thyroidectomy caused a small decrease or an
arrest of growth. Hall and Lindsay (1938) report a 50% decrease in activity
of 35 rats at least 100 days old when comparing the average daily revolutions
two weeks before operation with those of two weeks post-operatively., The
fall in activity was completed within the first three days after the opera-
tion., As they had observed previously no demonstrable effect of a control
overation on activity, their 11 controls were not sham-operated and their
activity did not decrease. Mann (19L5) also obtained a 50% decrease in
spontaneous activity of 18 female rats when comparing the average activity
two weeks before treatment with 0.1% thiouracil in the diet with the last
two weeks of the 3)-day treatment. Fregly (1961) administered 0.1% PTU
(by weight) mixed with the diet for four weeks to two sets of five male rats
(227-257 grams and 350-37) grams) at 25°C, and found no change in spontan-
eous activity when compared with controls, The treated rats were anaemic
and had enlarged thyroid glands thus the drug was effective,

Feeding desiccated thyroid gland to rats is generally revorted to
cause a decrease in spontaneous activity (Hoskins,1927b; Lee and Van Buskirk,
1928; Hall and Lindsay,1938). On the other hand Richter (1933a) reported
that small amounts of thyroid extract caused a return of activity to normal
in thyroidectomized rats although large doses caused activity to decrease,
Hall and Lindsay (1938) reported that restoration of the metabolic rate of
thyroidectomized rats to normal by dinitrophenol (which increases the rate
of oxidation of cells by direct action uvon them) caused activity to decrease
further,.



131) is taken up by the thyroid gland where it is

Iodine (and hence I
converted into the thyroid hormone and subsequently released into the cir-
culation., Thus the activity of the gland is assumed to be high if the 1131
is taken up quickly in large amounts and is released at a rapid rate,
Although these measurements of uptake and release by the thyroid gland are
widely established as good evidence of thyroid activity, however, they are
in the opinion of Livingstone (1962) subject to many misinterpretations.
The thyroid gland is not uniform and there is a more rapid turnover of 1131
in the smaller follicles. From his experiments Livingstone had concluded
that there is as yet no good method of measuring the absolute thyroid
secretion rate.

The literature on the effects of cold exposure on thyroid function has
been well summarized in the monograph by Pitt-Rivers and Tata (1959), in
the reviews by Hart (1958), D'Angelo (1960) and Cottle (1960) and in the
thesis of Livingstone (1962). Several workers have shown that moderate
exposure of rats to cold caused a stimulation of I131 uptake by the thyroid

131 release from the gland as well as histological

and an increased rate of I
evidence of increased thyroid activity., It has also been shown that short-
term exposure to cold is more effective in stimulating the thyroid than
prolonged exposure. It has been suggested that moderate exposure of animals
to cold causes an increased secretion of the thyrotropic hormone which
results in thyroid stimulation but that prolonged exposure to cold may
result in a stressful situation which depresses thyroid function, In any
case there is a fair amount of evidence that the thyroid gland reaches a
maximum of activity early during cold exposure and gradually returns to

normal or near normal conditions,

After prolonged exposure to cold in a number of species there is re-
ported to be an increase in the weight of the thyroid gland, a decrease of
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colloid within follicles and an increased vascularity (Sellers,1957; Cottle,
1960). Livingstone (1962) did not find any significant increase in thyroid
weights of male rats at 2°C. Cottle and Carlson $1956) found that the
gland weight was almost normal after 60 days at 5°C, although it had in-
creased on preliminary exposure up to 26 days.

The rate of hormone secretion has been evaluated by following the
biological decag of radiocactivity over the thgroid gland after the admin-
istration of I131, Cold-acclimated rats at 5°C. tested in this manner with
the intraperitoneal injection of 1-2 s, by Cottle and Carlson (1956) showed
a more rapid release of hormone up to 60 days as compared to warm-acclimated
controls at 26°C., The graph presented by Cottle (1960), however, showed no
difference between rats at 8°C, for 15 days and controls at 28°C. D'Angelo
(1960) found that the increased release of I3l from the gland in rats and
guinea pigs was maintained after 6-8 weeks exposure to 7°C. Woods and
Carlson (1956) also reported that thyroxine secretion remained at a high
level for 60 days at §°C. Livingstone (1962) found that thyroid weights
and the release of I131 by the thyroid in male rats at 2°C, was not affected
by the cold although other methods of measuring the thyroid secretion rate
showed a general increase in thyroid activity in all animals after one week,
following which the activity returned to normal levels. This contrasts
with the statement of Cottle (1960) that there is some evidence that thyroid
activity in rats reaches a maximum with about three weeks exposure to cold
and returns to near normal conditions after 6 to 10 weeks.

Radioactive iodine is lost more rapidly in the urine of cold-exposed
rats t&%ﬁ in normals (Cottle,1960). Thus Cottle and Carlson (1956) found
less I in glands of cold-exposed animals than in controls as measured
by the 24 and L8-hour uptake cigits. On the other hand, Catz et al,(1953)
found an increased thyroidal I uptake at 1, 2 and L hours after injection
but at 2!} hours cold-exposed rats and controls were the same.

Although partly due to muscular activity, the increased metabolic rate
produced by exposure to temperatures near the freezing point is caused by
an increased heat production by means other than shivering, especially in
the cold-acclimated rat. The hormones of the thyroid, adrenal cortex and
the sympathetic nervous system are considered important in producing this
non-shivering thermogenesis. Hart (1958) reported, however, that thyroid-
ectomized-curarized rats can respond to cold, and thyroidectomized rats
can be maintained in the cold with an elevated metabolic rate if they are
given minimal amounts of thyroxine. When acclimatized animals were thyroid-
ectomized surgically or by feeding propylthiouracil, most rats survived in
the cold for several weeks although they ultimately lost weight and died
(Sellers,1957). Since rats kept at 5°C, reduced their food intake and lost
weight following thyroidectomy but maintained a high metabolic rate, Hsieh
and Carlscen (1957) concluded that the metabolic response to cold is not
directly dependent upon the amount of circulating thyroxine,

Adrenal Gland
Durrant (192L) found a marked degree of adynamia in 21 rats 40 to 60
days old studied for three days to six weeks after ablation of both adrenal

glands as compared to 15 severely traumatized controls, although on super-
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ficial observation the rats appeared to be normally zlert and active. Bacg
(1931) found that abdominai sympathectomy in 10 rats and adrenal inactiva-
tion in 13 rats did not affect their spontaneous activity more than in
controls, Further, sympathetic denervation of the four limbs did not reduce
the muscular activity of the rat to the extent of decreasing its voluntary
activity.

Hoskins (19272) reported that entire removal of the adrenals leads to
a marked reduction in running. Richter (1936) also reported that in 10 of
26 adrenalectomized rats which survived there was an immediate and main-
tained (L8 days) decrease of approximately 90% in activity in all the
animals. He also reported higher levels of running in 12 of 27 adrenal-
ectomized rats which had implants of adrenal glands in the ovaries. Histo-
logically there was viable cortical tissue but no medulla. An inecrease of
salt in the diet, however, produced a definite but partial increase in
activity as did injections or feeding of cortical extract.

Injections of adrenaline are reported to be ineffective in increasing
the spontaneous running activity of rats (Richter,1936; Tainter,1943) even
when given in doses approaching the maximal tolerated level. On the other
hand Lacey (19L5) reporiad 2 decrease in the arerage dally diffuse activit:
of rats after injections of adrenaline chioride.

Ingle and Harris (1935) reported hHhat when adrenalis wor: Lrangcianied
to the ovaries in 17 rats, there was, after temvorarv cepression of activi by
a return to the pre-operation level and 28 days after the opvesraiici =he
activity was equal to that of the 17 controls. Histological examrination
showed that only the cortical tissue of the gland survived. Richter {1952)
reported that cortisone in the diet (5 mgm.ver day) would maintain the

activity of gonadectomized domesticated rats., Richter (1950) and Richber
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and Uhlenhuth (1954) found that wild rats did not survive adrenalectomy on
salt in any amounts or form and not censistently even on treatment with
cortisone or DOCA,

According to Hart (1958) when a rat is first expcsed to cold, there is
an increase in size of the adrenal cortex which regresses to a sigze Jjust a
little greater than normal as the animal adapts. D'Angelo (1960) reported
that the hypertrophy of the adrenal gland in rats kept for seven weeks at
7°C. signifies that adrenal function is enhanced. Sellers (1957) also
reported an increased size of the adrenals after prolonged exposure. If
acclimatized rats are adrenalectomized and re-exposed to cold, they can
survive for a number of days (average 12) provided saline is allowed in
lieu of water,

A review of the literature on catechol amines and the changes in their
excretion on exposure to cold is given in Part II of this thesis, It is
assumed that the excretion of these catechol amines in the urine is pro-

portional to the amount produced in the body, q‘.

Gonads

Gonadectomy {or castration) in the wvhite rat is reporved by many to
cause &z sH}ply marked and easily recorded devression in spontaneous activity.
Wang (1923) and Wang ot al,(1925) renorted that the activity of two castrated
female rats was much lower than that of two controls while 2 third female
rat exhibited 2 marked drep in activity after castration and this drop was
maintained. Slonaker (1921;,1930) stated that ovariectomy not only reduced
activity to a much lower level but it also largely abolished its pPeriodicity.
Hoskins (1925a) compared the average activity of 16 male rats castrated at

about 75 days of age with that of 16 controls. His graph of the following

100 days shows that the activity of the castrated rats remained low while
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the activity of the controls increased to about five times that of the

castrates after L5 days (average age of rats then 120 days) and then grad-

ually fell approaching that of the castrates. Durrant (1925) compared the

activity of eight female castrated rats with that of eight controls and

found that although castration decreased the activity, four of the eight

rats regained their activity to some extent after the operation, but within

20 days activity was again at a low level., Hoskins (1927a) stated that

Wang's observation that extirpation of ovaries markedly reduced the spon-

taneous activity of the rat was readily confirmed. He quoted the work of

Lee which showed that a decrease of 60% or more in activity is found in

castrated rats, a decrease which is not correlated with any decrease in

metabolic rate, In a later experiment on thyroid administration in senility,

however, Hoskins (1927b) used four rats which had previously been castrated

because activity was the same as in non-castrates. Wang et al,(1925) re-

corted that castrated male rats maintained a constant low level of activity

as compared to their pre-castration level., Castration after the animals ‘..

had reached a high running level caused a decrease in activity but this was

not as great as that observed when castration was performed at an early age

or before the animal learned to run a great deal, The body weights of male

rats which had been very active showed an increase after castration while

males that were almost completely inactive did not show a change from normal.
Fractional castration of male rats by Gans (1927b) indicated that

spontaneous activity was lower if more of the testes was removed, the most

marked effect being after removal of the last half of the second testis.

He further stated that if castration took olace after puberty, the castrated

animal only began to lag behind the control about the 12th day after cas-

tration. Further, the effect of castration was much more marked in rats
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with a normally high level of activity but that it usually could be demon-
strated even when the activity of early adulthood was low and towards old
age when the activity was lessened but still of a fair degree. Gans (1927a)
ted that when 25 rats were castrated within the first two weeks
of life, their spontaneous activity was normal as compared to 18 litter
controls up to 100 days of age. This result was questioned by Richter
(1933) whose 15 rats castrated one to ten days after birth had low activity
and he ascribed Gans!' results to the relative inactivity of his controls,

Castration of 1l male rats by Heller (1932) was followed by a depression
of activity in 12 but a rise in two when the L0 days before and after the
overation were compared. Hunt and Schlosberg (1939) reported that five
castrated male rats were slightly less active than normals when tested on
a spring-mounted cage,

Gans (1927b) noted that castration affects the voluntary activity of ‘
rats to varying degrees in different strains and even in different members
of a given litter. Thus the effect was quite marked in the case of the
Wistar rat, while the Swift animal, a Wistar-Norway hybrid was much less
affected., In the latter the fall in activity was rather slow and never
attained as low a level as in the castrated Wistar animal., Richter (1952)
and Richter and Uhlenhuth (195L) found that castration of wild Norway rats
had no effect on their activity; they remained quite as active as before,
although castration greatly reduced the running activity of domesticated
Norway rats. Castration caused atrophy of the seccndary sex organs in
both wild and domesticated rats. The adrenals which are normally heavy in
wild rats, after castration became even heavier in wild males, less sc in
wild females; they showed a small increase in domesticated males and a

decrease in domesticated female rats. The activity of domesticated
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castrated rats (with smaller adrenals and larger gonads than in wild rats)
could be maintained on a cortisone diet of 5 mgm., per day in the food.
Thus they suggest that running activity of wild rats is maintained largely
by adrenal secretion whereas the activity of domesticated rats is largely
by gonadal secretion.

Durrant (1925) was unsuccessful in increasing the activity of ovari-
ectomized rats with the daily feeding for three weeks of glycerine extracts
of whole pig ovaries, Hoskins (1927a) was also unsuccessful in restoring
the activity of castrated female rats by the administration of ovarian
products or of increasing the activity of castrated males by feeding desic-
cated testis extracts or by subcutaneous injections of macerated testis
extracts. Furthermore, his experiments with testicular grafts (Hoskins,
1925b) were also negative as in practically all the cases entire resorption
of the grafts occurred. The intramuscular or intraperitoneal injections
of single doses of 10 to 25 mgm, testosterone propionate into nine male
rats by Hoskins et al.(1939) also had negative results. On the other hand
wang (according to Hoskins,1927a) was successful in increasing the activity
of castrated female rats with ovarian grafts and Bugbee and Simond (1926)
obtained an increase in activity and a restoration of oestrous activity
rhythm by the injection of ovarian hormone. Tripling the dosage did not
increase the activity level further. Hoskins and Bevin (19L40) also ob-
served an augmentation of activity in 11 senile male rats after the injec-
tion five times weekly for three to five weeks of 2 cc. estriol glucuronide.

The transplantation of ovaries into the recti muscles of 2l castrated
male rats by Wang et al,(1925) produced a marked increase in activity in
eight rats, a slight increase in nine and a decrease in seven when the 20

days before and after transplantation were compared., The animals which
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ran the most following the transplantation of ovaries also exhibited the
greatest flattening of the body weight curve. Removal of the grafts in

the seven most active rats caused a large decrease in activity and an
increase in body weight. Richter and Wislocki (1928) concluded that the
activity of castrated rats could be increased by testicular grafts, They
implanted testes into 178 and 19¢ castrated rats and found increases in
activity in seven (5¢ and 2¢) of the 36 rats in which the grafts appeared

to be well preserveé. Richter (193L) reported that pregnancy urine of women
seven to nine months pregnant given in the drinking water in 1:2 to 1:100
dilution kept up normal activity in castrated (60 to 80 day old) male and
female rats, The hormone maintained the female reproductive tract in a
normal condition but did not stop the atrophy of the secondary sex organs

of the castrated males., Richter and Hartman (193l) further reported that
oestrin (5 rat units daily) injected into seven castrated females maintained
normal reoroductive tracts and normal levels of spontaneous activity. With
this same hormone eight castrated male rats showed an increase in activity

although this was less marked and took place despite the involution of the ’

male secondary sex organs. Extracts of this hormone injected into five
normal rats (3¢ 29') caused an immediate drop in activity in all animals
for 15 days after which they became as active as before but not more so.
Careful experiments by Heller (1932) showed that low-running male rats
were actively secreting testis hormone and hence spontaneous activity was
by no means provortional to testis hormone secretion, Normal male rats
with "established" activity levels were injected with heavy doses of testis
hormone or with gonadatropin for 10 to 25 days. The results were not con-
stant; some animals showed a drop in activity, others a rise. Injections

of testis hormone into four castrates did not nroduce a definite change in
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activity although it restored accessary glands to a normal state.

Young and Fish (19L5) were able té restore the activity of female rats
to levels prevailing before castration by the administration of estrone in
pellet form implanted subcutaneously so that a constant source of the hor-
mone was maintained, They found that only a certain small amount of estrone
was necessary for running activity and that further estrone did not produce
a further increase in activity. It is interesting to note that the amount
of activity was generally proportional to the amount shown prior to gonad-
ectomy rather than to the amount of hormone given. Hoskins and Bevin (1940)
noted this relationship in their study of the effect of estriol glucuronide
on the running activity of senile male rats., Progesterone did not appear
to be involved in the maintenance of running activity. Spontaneous activity
was maintained at a high level in castrated female rats only when a more or
less constant source of estrone was maintained. The great wvariation in the
amount of daily running activity in animals having a constant source of

estrogenic stimulation could not be accounted for.

.
S 3¢ * +*

This literature survey clearly indicates thzt a host of investigators
have contributed a plethora of isolated items of information about the
many factors which affect the spontaneous running activity of rats. It is
understandably rather difficult to generalize cn nrevious results for there
is much conflicting evidence on the absclute effect of any one factor and

on the relative effects of various factors on spontaneous activity. Most

of the data are difficult to evaluate and compare because different con-

ditions, methods, apparatus and animals have been used. Obviously much

more work needs to be done to elucidate the cori~lex nroblem of the internal

-
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control of spontanecus running activity in rats, and it would seem most

profitable for such studies to be carried out using standardized techniques,
conditions and animals. Accordiigliy, the present investigation was carried
out using the same type of animals, standard apparatus, and standard exper-
imental techniques and conditions, to study the effects of several internal

factors on the spontaneous running activity of rats,
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MATERIALS

White rats of the Wistar strain obtained from Robidoux Animal Labora-
tory, St. Constant (La Prairie), Quebec, were used in the present investi-
gation, Only males were used as the amount of spontaneous running activity
of female rats shows marked cycles associated with the oestrous cycle. At
the beginning of an experiment, the rats were usually about six weeks old
and weighed about 110 grams, They were maintained on standard Purina
laboratory chow and tap water. Disturbance of the rats was kept to a mini-
rum, Food and water supplies were replenished when necessary, the rats

were weighed twice a week and the cages were cleaned weekly,

In order to study the effects of a number of factors upon the spontan-
eous activity, it is desirable to have a uniform apparatus, measuring the

amount of a known type of activity. The apparatus used in the present ‘

investigation was the standard revolving activity cage which measures a
single type of activity i.e. running activity. The complete revolving
activity cage unit (animal cage LC-3li manufactured by Geo. H. Wahmann Mfg,
Co., Baltimore) consists of a drum, 1L inches in diameter, that revolves
on ball bearings so that friction is reduced to a minimum, a rest cage, a
base with a removable tray and a standard mechanical Veeder counter. The
drum with a running surface of li,5 inches in width is made to rotate by the
running of a single animal within it. The water bottle holders on the rest
cages were changed so that water bottles containing a larger volume (240 cc.)
could be used.

To ensure that the frictional torque of each cage was similar and thus
to avoid significant errors in measurements of activity between cages, our

cages were adjusted and calibrated by the method of Lacey (19Lk). It was
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necessary to check the cages daily throughout the experiments to remedy
occasional mechanical breakdowns of several types. Some rats carried food
into the drum where it interfered with running and not infrequently became
Jjarmed between the support and the drum, thus preventing its rotation. From
time to time the revolutions of a drum were not recorded on the counter.
Part of each daily inspection involved checking to ensure that water flowed
readily from each water bottle, Occasionally rats were unable to obtain

water for up to 2L or L8 hours and hence lost weight.

In order to study the effects of certain factors on activity, it was
necessary to maintain relatively constant conditions of temperature, light,
relative humidity and sound level., All experiments were carried out in one
or more of three rooms in which these factors were kept relatively constant,
The temperature of one room was maintained at(either 29x2°C, or at 23%2°C,

|

(fanned with an electric hair dryer without the heater) was 13-26%. Although

The relative humidity measured by a Taylor wet and dry bulb hygrometer

a second room was not directly thermostatically controlled, its temperature
remained at 25*3°G, and its relative humidity was 9-19%. A cold room main-
tained at 2%3°C, (mostly 222°C,) by a thermostatically controlled refriger-
ation unit was also used., Its relative humidity, checked at various intervals,
was found to be generally LB-52%. The temperature range of each room was
read at least weekly on a maximum-minimum thermometer. As well, there were
continuous thermograph recordings for the thermostatically controlled rooms,
All rooms were illuminated only by artificial lights which were turned
on for 12 hours daily by Paragon time switches, Activity cages were pnlaced
side by side on the floor and on a table at the appropriate distances from
the light source so that the rest cage and revolving drum of each received

approximately five foot candles of illumination.
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METHODS

As some rats in activity cages ekhibited marked activity while others
were quite inactive, rats of high, medium and low average activity levels
were placed in each experimental group so that the averages would be more
or less comparable. Furthermore, rats in any experiment were usually divided
equally between the room maintained at either 29 * 29G, or 23 ¢ 2°C. and
the room at 25 * 3°C, No noticeable effect on the total daily activity
was seen when rats were removed from the cages for 2 hours once a week dur-
ing cage-cleaning or when the rats were etherized for a short time for
measurement of radioactivity in the thyroid experiments. In most experi-
ments, therefore, the total spontaneous running activity in revolutions per

week was recorded,

Food and Water Consumption and Spontaneous Activity | \

A weighed amount (anproximately 5) grams) of rulverized Purina lab-
oratory chow was placed in a porcelain dish fastened to the end of the rest
cage to prevent tipping. A metal pan (about five bv six inches) beneath the "
rest cage and immediatelv under the feeding dish caught any soilled food, ;
The difference between the original weight and the sum of final weight plus
the weight of scattered food represented the daily food consumstion, and
this figure was judged to be accurate to the nearest gram. The weekly
water consumotion from the 240 cc. bottles (usuvally filled twice weekly)
was measured,
Twenty rats were nlaced in activity cages at 29%29C, or 25%30¢, and
weekly records of snontaneous activity and body weight were begun, Measure-

nents of food and water consumotion were commenced eleven davs later and

“ere continued for five weeks.
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Liver Function and Spontaneous Activity

Carbon Tetrachloride Poisoning

In order to produce extensive liver damage with carbon tetrachloride,
it was first necessary to determine what constituted a sufficient but sub-
lethal dose. Drill (1952) stated that subcutaneous injection in the rat
of 0,016-0.,23 cc./kgm, body weight produces minimal lesions while doses of
0.3-1.0 cc./kgm, produce more marked changes which are usually not fatal.,
Toxic cirrhosis has been produced in rats by the repeated subcutaneous
administration of 0,10-0,25 cc. pure carbon tetrachloride once or twice
weekly (Radhakrishna-Rao,1936; Cameron and Karunaratne,1936; Lacquet,1932;
Reddy et al.,1962) although the higher dosage was lethal to some rats. To
produce cirrhosis, Cameron and Karunaratne (193%) have emphasized the necess-
ity for repetition of doses at short intervals over prolonged periods to
avoid repair of damage produced by the preceding dose. Indeed, the liver
regenerates rapidly and generally anpears normal seven days after the last
injection,

As a preliminary experiment rats not in activity cages were injected
with carbon tetrachloride. Two were injected with 0,15 cec. pure carbon
tetrachloride (approximately 0.7 cc./kgm.) twice a week for three weeks
(7 injections), The rats continued to grow on this dosage and histological
sections of liver stained with Ehrlich's acid haemotoxylin and eosin stain
were unexpectedly normal., The dosage was therefore increased to 0.25 cc.
and given to three rats every other day. Two of the three rats lost weight
on this dose and the third slowly gained. One rat was killed after three
weeks, one after four weeks and the third after three weeks on the same
dose plus one week on a daily dose of 0,25 cc. The livers of all three

rats anpeared grossly abnormal, They were extremely pale and greasy with
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fatty infiltration and areas of marked necrosis., It was therefore concluded
that injections of 0.25 ce. carbon tetrachloride every other day were pro-
ducing the required degree of liver damage,

Twenty rats were placed in activity cages at 25%30C, or 23*2°9C, Their
soontaneous activity was recorded weekly for three weeks and then daily
until the end of the experiments. Four weeks after the daily recordings
were begun, 1l rats were injected subcutaneously with 0,25 - 0.30 cc. pure
carbon tetrachloride every other day for three weeks and daily for two
weeks (total five weeks). Some ulceration at the injection sites was ob-
served as reported by Radhakrishna-Rao (1936), The»six controls were in-
Jected with equivalent amounts of 0.9% sodium chloride on the same schedule,
Amounts of spontaneous activity were recorded daily for four weeks after

the injections were withdrawn.

Partial Hepatectomy
Reduced liver function was also produced by means of partial hepa-

tectomy using a modification of the method of Selye and Waelsch (1931) as

advocated by Dugal and Ross (1943). The method involves removal of approx- ‘
imately 70-75% of the liver (eeg. 9.2 grams were removed from a rat with a
total liver weight of 12.8 grams), The cartilaginous xiphoid process is
cut off, then the medial bifurcate and right paramedial liver lobes are
ligated at the common pedicle and removed., The controls are subjected to
a sham overation in which the xiphoid vrocess is cut off but the liver lobes
are rnerely lifted out of the abdominal cavity, handled in the same manner
as in the partially hepatectomized rats, then replaced.
Four weeks after the termination of the carbon tetrachloride injections,
seven of the 1l rats which had received carbon tetrachloride and three of

the six saline controls were partially hepatectomized, and the remaining
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ten rats were sham operated. One sham operated and one partially hepa-
tectomized rat tore open its abdominal incision and died shortly after the
operation. As the livers of all the rats avpeared normal at operation and
as there were no observed differences between the rats which had previously
received carbon tetrachloride and those which had received saline, it was
assumed that all rats had recovered fully from the carbon tetrachloride
voisoning, Three weeks after the operations the rats were killed. Daily
recordings of the spontaneous activity were made .throughout the experimental

period,
Thyroid Function and Spontaneous Activity

Experiments with Radioactive Iodine

Circulating iodide is actively taken up by the thyroid gland where it
is incorporated into the hormone thyroxine which is either stored as thyro-
globulin or is released into the circulation. It is assumed that after

the administration of radiocactive 1131, the decrease in radioactivity over

the thyroid gland reflects secretion of I131_labelled thyroxine. Each rat ‘
Was injected intraperitoneally with a tracer dose of five microcuries ( «c.)

of carrier-free 1131 (obtained as NaI131 in a solution of NaHSO3 and diluted
with nhysiological saline to obtain 5.4c, in 0,1 ce.). At specific times

after injection, the amount of radioactivity over the thyroid gland was

measured by a probe-type scintillation detector (Nuclear Chicago liodel DS-

5-1), the counts being recorded on a count rate meter (Nuclear Chicago,

liodel 1614) with a 2% error level., Light ether anaesthesia was used to
irmobilize the animal during counting. Two one-minute counts were averaged

when the thyroid gland was centered over the ovening of the probe while the

tissue level was obtained by a one minute count of the radiocactivity in the



- 25 -

abdominal region. A standard solution was also orepared and counted as a
mock thyroid (Beierwaltes et al,,1957). For this standard 5 «c. I131 were
placed in a 10 ml. volumetric flask and water was added until the bulb of

the flask was filled. The flask bulb was then submerged in a 100 ml, beaker
of water. This was then placed in the same position as the rat on the probe.
Under this condition 5 «c. (equivalent to 111 x 10° disintegrations per
minute) gave a fairly constant average reading of 53700 counts per minute.

All readings were corrected for isotopic decay and room background. Initially
the radioactivity of the thyroid was calculated in counts per minute (cCepoem, )
as a percentage of that injected, i.e.

thyroid c.p.m, - tissue c.p.m, x 100
standard c.p.m, - room background c.p.m.

Later the actual counts ver minute over the thyroid less room background
(corrected for isotopic decay but not tissue background) were used to express
the radioactivity of the thyroid as the results were almost identical to

those obtained by the use of the above formula. ‘

Twenty-two rats were placed in activity cages at 29+2°¢, or 25+3%%,
After their activity had been measured for three to six weeks each rat was
injected intraperitoneally with 5 «c, carrier-free 1131. The average weight
at the time of injection was 308 grams. At 2L, L8, 72, 96 .... hours after
injection, the amounts of radioactivity over the thyroid gland and abdominal
region were measured. Two to three weeks after the initial measurement,

131 _nd were placed at 2°C.

nine rats were injected with a further 5 «c. I
to note if changes in snontaneous activity would follow changes in thyroid
activity. A third series of measurements was started after the rats had

been at 2°C., for three weeks. The rats were injected with 5 «c. 1131 ang

readings were started one hour after injection. The counts of radiocactivity

were done in the cold room although the reference standard gave the same
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reading both inside and outside the cold room housing the radiocactive
animals,

After six or seven weeks at 2°C. the seven remaining rats were killed,
Their average body weight, thyroid weight ancd adrenal weight were compared
with these of five rats which had been kept in non-revolving cages at room
temperature and which were killed at the same time, The thyroids were
examined histologically after they were stained with the LaHam-lMallory

dichrome stain, Yellow colloid indicates an inactive gland while the

active state is shown by blue colloid.

Experiments with L-Thyroxine and Propylthiouracil (PTU)

The effects on spontaneous running activity of changing the level of
thyroid function by administration of L-thyroxine and propylthiouracil were
tested. Powdered L-thyroxine was dissolved in water by the addition of a
small amount of crushed sodium hydroxide. Rats were made hyperthyroid by

the daily or twice daily injection of 1 cc. of the solution containing 10

micrograms L-thyroxine. Rats were made hypothyroid by the daily or twice ‘
dai’y injection of PTU which acts by suppressing the synthesis of thyroid |
hormone by blocking the iodination of tyrosine in the gland. As the blood

level of thyroxine falls, there is an augmented output of TSH (thyrotropin)

by the anterior oituitary thus causing hypertrophy, hyperplasia and loss

of colloid of the thyroid tissue. Such enlarged, hyperplastic goiters

vroduce little, if any, thyroid hormone and the basal metabolic rates of

the animals are at or near the thyroidectomy level (Turner, 1960). PTU

was made up as a 1 suspension in gum arabic and the rats received 1 cc.

of this suspension once or twice daily. Initially the injections were

gziven intraperitoneally but later they were given subcutaneously on the

back or side so that the effect of the drug might be longer lasting. The
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injection of PIU caused development of sores at the injection sites, but
these gradually healed., To test the activity of the chemicals, the meta-
bolic rates of two rats were measured at 28°C, by the method of Depocas
and Hart (1957) after daily injections of L-thyroxine into one rat and PTU
into the other., The oxygen consumptions in ml./hQ. for the two rats were

as follows:

Days of injection 0 1 5 12
with L-thyroxine 21.$ 23,2 27.0 26,6
with PTU 15.3 27.2 20.8 16.7

As the metabolic rate showed a general increase in the rat receiving L-
thyroxine and a general decrease in the rat receiving PTU, the chemicals
were judged to be active at these concentrations,

In the first experiment on the effects of L-thyroxine and PTU on activ-
ity, eleven rats were placed in activity cages at 29#29C, and 25%2°C, and
left for several weeks hefore injections were begun. Seven rats were in
activity cages for nine weeks, three rats for five weeks and onerat for
four weeks., The rats were then injected daily for three weeks (ten days
intraveritoneally and 11 days subcutaneously), six with 10 _4gm. L-thyroxine
and five with 1 ce. 1% PTU, These eleven rats plus five control rats which
had been kept in ordinary non-revolving cages were killed the day following
the last injection. The thyroids and adrenals were weighed., The thyroids
7ere examined histologically after they were stained with the LaHam-Mallory
d ichrome stain which colours the colloid yellow when the hormone is in an
inactive form and colours the colloid blue when the hormone is in an active
state.

The experiment was repeated with slight modifications on a second
group of rats in order to confirm the initial results. After five weeks
in activity cages twenty rats were injected subcutaneously twice daily for

two weeks., Seven rats received IL-thyroxine, seven reccived FTU and six

|

~
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0,9% sodium chloride, For the first week each received 0,5 cc., twice daily
and for the second week 1.0 cec., twice daily. At the end of the two-week
injection period, eleven rats were killed (L thyroxine-injected, i PTU-
injected and 3 saline-injected) and the remaining nine rats were left in
the activity cages for three weeks to see if withdrawal of the drugs
changed the activity. The nine rats were then thyroidectomized, Three
died shortly after the operation, one died five days later, and the five
survivors were kept in activity cages and their activity recorded until

they were Rilled three weeks after thyroidectomy,
Catechol Amine Excretion and Spontaneous Activity

The methods of collection of urine and measurement of catechol amines
are described in Part IT of this thesis., The content of both adrenaline
and noradrenaline in the urine of twenty rats that had been in activity
cages at 29+2°C, or 25+39C, for six months was measured twice, seven days
apart, and the values were averaged for each catechol amine for each rat,
When the 20 rats were placed in activity cages their average weight was
130 grams and six months later when the urine samples were collected they
averaged 55 grams. It was necessary to remove the rats for one complete
day from the activity cages in order to collect a 2L hour urine sample in
a metabolism cage, The activity for six days is then corputed for seven.

The rats were placed in the cold at 2%3°C. to determine if the soon-
taneous activity varied in the same direction as the catechol amine excre-
tion. Urine samples were collected and assayed after 1, 2, 3, L, and 5

weeks in the cold,
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Testicular Function and Spontaneous Activity

Two separate experiments were carried out to determine the effects of
removal of the testes and subsequent administration of testosterone on the
soontaneous running activity of rats. The first experiment was carried
out on 18 rats approximately six weeks old at the beginning of the experi-
ment and with an average weight of 135 grams., After eight weeks in activity
cages at either 25%3°C, or 29t2°C., nine rats were castrated by the intra-
abdominal method described in Farris and Griffith (1949), and nine were
subjected to a sham operation. The rats were then about three and a half
months old., Their spontaneous activity was recorded for five weeks after
the operation at which time six of the nine castrated rats and six of the
nine sham-operated rats were implanted with a 15 milligram CIBA pellet
containing pure testosterone propionate. The pellets were in a form to be
slowly absorbed over a long veriod of time. They were placed in the rus-

cular tissue at the back of the neck between the scapulas, The rats were

now almost five months old. In order to determine the effects of an in- (‘
creased dosage, the remains of the first pellet were removed when found
(average amount of pellet remaining was L.8 milligrams) after eight weeks
and two pellets were implanted. The rats were now almost seven monihs cid,
After a further seven to eight weeks the rats were nlaced =2t 2°¢, irn order
to observe the effect of a cold stress on the sgontaneous aciivity., The
activity was measured for 2 further five to six week zeriod afier wnich

time the 13 living rats were removed from the activity cages and koot in

were killed., At autonsy the rermants of the pellets, the testes, secondary

sex organs and adrenal glands were weighed for all the rats,



~ 30 o

For the second experiment 20 rats of approximately six weeks of age
were allowed to run in the activity cages at 2L#3°C, for seven weeks., Then
ten of these rats were castrated and five of the ten controls were sham-
operated, The rats were approximately three months old., Five weeks after
the operation when the rats were four and a half months old, six of the
castrated rats, three sham-operated and three unoperated controls were
implanted with two pellets of testosterone propionate, After a further
ten weeks all rats (approximately seven months old) were killed. The rem-

nants of the pellets, the testes, secondary sex organs and adrenal glands

were weighed,

\
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RESULTS

The amounts of spontaneous activity of rats maintained at 25%3°C, and
either 29%2°C, or 23t2°C, were not noticeably different in any of the ex-~

veriments, hence the results at the two temperatures have been combined.

Food and Water Consumption and Spontaneous Activity

The weekly averages of food and water consumed, absolute body weight
and activity for 20 rats for the five-week experimental period are plotied
in Fig. 1(a). Each value is expressed as a percentage of that of the first
week which has been taken as 100%. Although the average spontaneous activ-
ity increased rapidly from 7118 to 17237 revolutions ver week, the average
body weight from 179 to 313 grams, and the average water consumption from

-

235 to 239 cc. per week, the average food consumption changed relatively -

4

little, varying from 1.3 to 152 grams ver week.

In Tig. 1{b) the average values of food consumption, water intake and
body weight gain for each rat over the five-week experimental period are
rlotted against each rat's average snontaneous activity. The average food
and water ccnswmtion and body weight gain for any individual rat can be
ascertained from the figure as the average spontaneous activity is the
same in each of the three plots. There is no obvious correlation between
stontaneous activity and either food consumption, water intake or body
weight gain although it is noteworthy that amongst the most active rats

there are no low values of any of these parameters.
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Iiver Function and Spontaneous Activity

The effects of liver poisoning with carbon tetrachloride and of cartiz)
hepatectomy on the spontaneous running activity of rats were tested.
average body weight and spontaneous activity are plotted in Fig, 2 7z»
rats which received injections of carbon tetrachloride for five weekxs zr2
six saline control rats injected with saline on the same schedule, .z =ra
daily activity records did not seem to be critical, only the averazs -
bers of revolutions per week are plotted., Fig.2(a) shows that +he TzTested
injections of carbon tetrachloride caused a loss of body weight {zs zl3-
rerorted by Radhakrishna-Rao,1935) and that the body weight racidi-s irare:s
once the injections were stovped. The average weight of the rats rzczivi-:
carbon tetrachloride was 321 grams at the beginning of the injeec
they received approximately 0.85 cc. CClh/kgm. per injecticn,, 252
three weeks later at the beginning of the daily injections (i,e.
was now 3,92 cc./kgm.); and 283 grams at the end of the five-weel
neriod,

Fig. 2(b) shows that the injections of carbon tetrachloride -
when the spontaneous activity of the rats had probably just vpassad i-g -a::
There was little difference in activity between the 1l injected wi<h 23r:
tetrachloride and the six saline injected control rats duri
three weeks of injection but the activity decreased during ths Iz
weeks of injection and was back at the control level anproyxims
after the injections were stopved.

Fig. 3(a) shows changes in average body weights of the nine
ated and nine partially hepatectomized rats, as determined twice weexir.
The average body weight decreased in both the sham-operated and cartizllr

hepatectomized rats, the decrease being greater for the overated rats Iz
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which eight to twelve grams of liver had been removed. The body weights
in both groups began to increase rapidly during the eighth to twelfth day
after the operations and then rose more slowly for the rest of the experi-
mental period.

Fig. 3(b) shows that the average spontaneous activity for both the
nine sham-operated and nine partially hepatectomized rats decreased immedi-
ately almost to zero after the operations., The average post-operative
activity of the sham-operated rats returned to the average pre-operative
level during the next six to seven days. During this period the average
activity of the nine partially hepatectomized rats increased to a level
slightly below the pre-operative level., This latter result was due to large
decreases in the activity of the two most active rats., The post-operative
activity of each of the other seven partially hepatectomized rats returned
to its pre-operative level, The post-operative activity of one of the nine

sham-operated rats similarly failed to return to the pre-operative level,

As the overall level of activity of this rat was fairly low, however, this 1".
single low value had no significant depressing effect on the average value
for post-operative activity of the group of nine sham-operated rats., Thus
partial hepatectomy in these rats appeared to have little more effect on
spontaneous activity than did a sham operation,

At autopsy it was observed that the median ventral portions of the
liver were adhering strongly to the connective tissue around the site of
the missing xiphoid nrocess and to that of the stomach and intestine in
many of the partially hepatectomized rats as well as in the sham-operated
controls, The liver tissue was normal in appearance in all nine partially
hepatectomized rats, but the lobes were irregular in shape and the whole
organ weighed 12,8 grams on the average as compared with the mean weight

of 16,1 grams in the nine sham-overated rats.
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Thyroid Function and Spontaneous Activity

Experiments with Radiocactive Iodine

To determine if spontaneous activity was related to thyroid function,
experiments were begun using radiocactive 1131. Fig. L shows the decrease
in radioactivity over the thyroid gland with time after the intraperitoneal
injection of 5 e, 1131 for each of 22 rats expressed as (1) a percentage
of the injected dose and (2) the actual counts per minute recorded over
thyroid corrected for room background and isotopic decay but not for tissue
background, The plots for the individual rats are in increasing order of
spontaneous activity (i.e. from the least active rat at top left to the
most active rat at bottom right) as measured during the week of injection

of the radioactive meterial. The shapes of the two curves for each rat

are almost identical, thus indicating that both methods of expressing the ‘
results are essentially of equal validity. Fig. 4 clearly shows that there
is no correlation of thyroid activity and spontaneous activity at room
temperature,

The effect of exposure to cold on the release from the thyroid gland
of 1131 after injection of 5 4c. was tested two to three weeks later on
nine of the same rats immediately on exposure to 2°C. and three weeks after-
wards for the eight surviving rats. Once again the curves of actual counts
per minute were similar to those for radioactivity as a percentage of that
injected, so only the former plots have been presented. Thus Fig, 5 illus-
trates the I131 release curves for each of the nine rats in the cold as
well as those obtained earlier at room temperature., The initial plotted
measurement of radioactivity after the rats had been three weeks in the
cold is 12 hours after injection rather than 2l hours and this accounts for

the high level recorded in four rats, In each case the curves are similar



v

U0 [JUSLUT T6%J Ao AR
). PUnoJIN0sq - eNS8TY J0J Pe30a
¢ 3o uoyyeefut Tesuoyfaedex

Gl

S

uoiydalul
gl

LIogum ‘aqnuty Jod 83umoo
JUT J63J8 8381 27 J0J PUPYd PTOLAy} JOA0 AJTAT3OBOTPBI U 95BIINSD oyr v 3ty

Ol

19440
S

foasd jo

skoQ
G Ol

[EETER F 2

Jaqum

G

. J;nw‘mwwwwwmm;mwwowvc«.mnwnﬁsz
-8yNTOEq® pus (v--—v) 8s0p pajosfuy Jo 4 :33v passeadxa

G

S ,‘l‘
\

Yoo

~

Al

ml

Y

Gl

Olt

07 O

K11A112001pDY

A9A0

"p1oJAyy

%o

WdD
JO
$,00I



Rat 15

Rat 12

Died aofter | week
at 2°C

'|

hd L]

(8]

o

Rat 4

Rat 6

ty over tﬁhymid in thousands of CPM.

&)

Radioactivi

Rat 2

\

\

": Rat 8
H}
\

Days

rthe decrease of radioactivity over thvroid in nine rats at TOOm
temrerature(e), immediately on exposure to cold (o), and three
weexs after cold exposure (a).




%
N L

J
2l &5 |
[
il
151 300}
10 + 200F
5..

0

n

§20

o

e

%20

>

°© @ 5 &

o
4

ACnvity In thousands oOf revs. per week and bod
53 & 838 3 &

(&)

- |
Rat 1S o0C Lt Rat 12 e :
-4 |
o—°’°‘°'°'° oS- < Faed ol o-o"b
P Died

Weeks

Fig, 5 Spontaneous activity (e—e) in thousands of revolutions per week
and body weights in grams (o----o) of nine rats at roon temperature
(weeks 0 to £) and at 29C, (weeks 2 to 1lk).



AT A STV Y e ety ot et e e ..

although those taken after three weeks in the cold tend to be below the

ones taken before cold exposure thus perhaps indicating an initial faster
uptake and release of the radioactive iodine by the thyroid. This could

be a direct result of an increased speed of absorption into the blood streanm
from the site of injection. .

Fig. 6 shows changes in the weekly spontaneous activity measurements
and body weights for the nine rats. There is an initial decrease in body
weight on exposure to cold, followed at varying intervals of time by a slow
increase. Cold exposure caused spontaneous running activity to increase
in seven rats, decrease in one and remain unchanged in one, As the graphs
in Fig. 6 have been plotted for the same rats in the same order as in Fig.S
the slopes of the IY31 release curves from the thyroid (Fig.5) and the level

of spontaneous activity (Fig.6) can be easily compared. One would expect

that if increases in thyroid function brought about increases in activity,
that steep slopes in Fig.5 would be correlated with high levels of activity
in Fig.6. This appears not to be so. For example, although the 1131 re-

lease curves for rats 8 and 15 are almost identical, rat 8 was quite active

but rat 15 was relatively inactive.
Fig. 7 shows the changes in radioactivity over the thyroid and abdomen
during the first 2L hours and at L8, 72 and 168 hours after injection of

31 for the eight rats keot for three weeks at 2°C. The tissue level

S/w.Il
(as measured over the abdomen) was initially very high but declined rapidly
during the first 12 hours and then more slowly. The thyroid contained its
greatest amount of radioactivity during the first two hours after injection,
after which the activity slowly declined, It is noteworthy that there was

relatively little variation from rat to rat, thus further demonstrating the

lack of correlation with spontaneous activity.
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After three weeks in the cold the rats began to show adverse effects,
the tails and ears of many were frostbitten. At the end of the experiment
(after six to seven weeks in the cold) when the rats were killed most had
only a portion of their tail remaining, the end of which was hard and black
as were also the outer edges of the ears, The average body weights, adrenal
weights and thyroid weights with their standard errors for the seven rats
living at the end of the experiment were compared with those of five rats

of the same age which had been kept at room temperature.

Cold 2°c. Room Temperature
7 rats 5 rats
Body weight - grams 346 T 11 153 * 13
Thyroid weight - mgm, 19.3 + 1,3 26,2 ¥ 0,8
mgm,/100 g, body weight 5.6 * 0,1 5.8 £ 0,1
Adrenal weight - mgm. 72,2 * 1.3 h3.6 ¥ 3.1

Thus the rats in the cold had smaller body weights and slightly smaller

thyroid weights but larger adrenals than those maintained at normal room ‘...
temperature.

Histologically the thyroids of the rats in the cold stained with the
LaHam-Mallory dichrome stain contained only small amounts of colloid which
was blue in all cases (i.e. active hormone-containing-thyroglobulin) whereas
the control thyroids contained both blue and yellow colloid. In addition,
the epithelium in the cold-exposed rats was either high cuboidal or columnar,

another indication of an active gland.



Experiments with IL-Thyroxine and Propylthicurneil (PTU)

The effect on the spontaneous running activity of rats of increasing
the level of circulating thyroid hormone by the injection of L-thyroxine
to make the animal hyperthyroid and by decreasing the level by means of
injection of PTU to make the animal hypothyroid was tested, Fig. 8 (a & b)
shows the average spontaneous running activity before and during the in-
Jjection of the chemicals., Obviously thyroxine has had no effect while
there is only a very slight suggestion that PTU caused a decrease in activ-
ity. When the average spontaneous activity of the three weeks before and
thfee weeks during injection are averaged the results are as follows:

Average revolutions per week

Treatment Before injections During injections
Thyroxine (6 rats) 219L 2228
PTU (S rats) 373L 2126

The rats were approximately 20 weeks old at the start of the injections

and they weighed an average of 397 grams. Fig.9 (a & b) indicates that
weight gain stopped when the chemicals were injected.

The rats were killed the day following the last injection as were also
five control rats which had been kept in the animal room. At autopsy the
thyroids and adrenals were weighed and the results averaged for each group.

The averages with their standard errors are as follows:

Thyroxine PTU Control
Average VWeight 6 rats S rats S rats
Body - grams 393 * 20 390 * 21 453 ¥ 13
Thyroid - mgm, 17.5 * 1.7 7L.8 £ 7.9 26,2 £ 0,8
Adrenal - mgm, 5303 ¥ 101‘4 hhoa * 309 h3.6 * 301

After staining with the LaHam-}allory dichrome stain, the thyroids were
examined histologically., The follicles of the control rats contained both
blue and yellow colloid; the follicles of the rats receiving thyroxine were

quite large and filled with vellow colloid and the epithelium was cuboidal;
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and the rats receiving PTU had numerous follicles with columnar epithelium
but with no colloid. These observations confirm that the thyroid glands
responded to the chemicals in the expected manner,

This experiment was repeated with slight modifications and the activ-
ity data are shown in Fig. 8. Changes in the average levels of activity
of thyroxine-injected rats in graph (c¢) and of PIU-injected rats in (d)
as compared with those of saline-injected controls in (e) are slight. When
the spontaneous activity for the two weeks preceeding and two weeks during
injection are averaged the results are as follows:

Average revolutions per week

Treatment Before injections During injections
Thyroxine (7 rats) 19672 20179
PTU (7 rats) 6681 5261
Saline (6 rats) 193L5 18216

When the nine rats with averages for the three weeks following the injec-

tion are considered separately the results are as follows: ‘
Average revolutions per week

Treatment Before injections During injections After injections

Thyroxine (3 rats) 31393 32107 2665,

PTU (3 rats) L670 e 3756

Saline (3 rats) 25799 26186 11726

These results are therefore in agreement with those obtained before in that
the drugs do not seem to have much effect on spontaneous activity. It
appears that the injections were carried out during the most active portion
of the rats' lives, consequently the activity values are falling when meas-
ured after the injections., The average body weight of the rats at the
beginning of the experiment was 161 grams and the average weight at the
time of injection when the rats were avproximately 13 weeks old was 300
grams, thus these rats were younger than those used in the first exveriment.

Fig. 9 (c & d) shows again that thyroxine and PTU cause an almost complete
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stoppage of body growth in contrast to the saline-injected controls which
continued gaining weight as shown in Fig. 9 (e).

As the drugs appeared to have little or no effect on the spontaneous
activity, the average spontaneous activity of the five rats which survived
the thyroidectomy are plotted in entirety in Fig. 8 (f). The average
activity for three weeks before and for three weeks after the operation
are 143563 and L657 revolutions per week respectively. It is felt that as
the activity was declining for four weeks prior to thyroidectomy and as it
continued to decline at approximately the same rate after thyroidectomy,
this latter decrease in acﬁivity is due only to the natural decrease in
activity of rats of this age and not to the operation. Fig. 9 (f) shows
that thyroidectomized rats failed to gain weight.

At autopsy the thyroids and adrenals were weighed and the averages
with their standard errors were as follows:

(1) rats killed the day following the last injections

Thyroxine PTU Saline
Average weight i rats i rats 3 rats
Body - grams 29 * 17 320 £ 10 370 * 18
Thyroid - mgm, 12,6 £ 1,5 63.L t 3,1 22,2 ¥ 2,1
Adrenal - mgm, 5L.1 F 3,L 7.6 ¥ 1,7 59.6 ¥ 5.3

(2) rats killed or thyroidectomized three weeks after cessation of injections

Thyroxine PTU Saline
Average weight 3 rats 3 rats 3 rats
Body - grams 358 * 25 327 £ 22 330 * 15
Thyroid - mgm, 19.9 * 3,2 17.6 * 3.8 21,9 ¥ 1.6
Adrenal - mgm, )-lv9o7 * 606 3609 b4 307 ,-190)-1 x Ll»oé

The thyroid glands were again examined histologically using the LaHam-
Mallory dichrome stain., All of the saline-injected rats had follicles
Wwith cuboidal evrithelium and contained both blue and vellow colleid. The

thyroxine-injected rats killed immediately after the injections had follicles

5
i
5
:
1
4
‘
§
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with low cuboidal epithelium and contained a large amount of yellow colloid
while the thyroids three weeks after injection had numerous small follicles
with cuboidal.epithelium and filled with blue colloid, The PTU-injected
rats killed immediately after cessation of injections had thyroids with
numerous extremely small follicles witﬁ columnar epithelium and no colloid,
The thyroids three weeks after treatment could not be distinguished from

those of the saline controls.,

Catechol Amine Excretion and Spontaneous Activity

The content of each of adrenaline and noradrenaline was determined in
two 2Li-hour samples of urine taken one week apart from each of 20 rats re-
moved temporarily from activity cages. Fig. 10 (a) shows the average

amount of activity plotted against the average of two determinations of ‘

adrenaline for each rat, Fig., 10 (b) gives the comparable picture for
noradrenaline. Fig, 10 (a) shows that there is no obvious correlation
between excretion of adrenaline and spontaneous activity. On the other

hand, Fig. 10 (b) indicates a tendency for rats which excreted more nor-

adrenaline to be distinctly more active than rats which excreted lesser
amounts, The coefficient of correlation (r), however, was low being only
0.L5, Moreover, the two most active rats excreted only moderate amounts !
of noradrenaline, and the rat which excreted the second-highest amount was
among the least active of all the rats.,

While the experiment was being continued for five weeks at 2°C. to
determine if the catechol amine excretion and spontaneous activity would
change in the same direction, six rats died., Although Fig. 1l gives aver-
age values of the various measurements made on 20 rats for 'week O' (i.e.

the control period at room temperature), the averages for succeeding weeks
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are based on lesser numbers of rats: 19 for week one, 17 in week two, 16

in week three, 15 in week four and 14 in week five. Fig. 11 shows that
both average body weight and average spontaneous activity decreased in the
cold. The changes in spontaneous activity on exposure to cold, however,
showed marked individual variation; six rats considerably decréased their
activity, five rats increased their activity while the activity of the
remaining nine rats either remained unchanged or showed both increases and
decreases, Fig. 11 also shows that the average urine volume, and excretion
levels of adrenaline and noradrenaline increased at 2°¢. Marked increases
in the adrenaline and noradrenaline levels were observed for each individual
rat on exposure to 2°C, Thus none of the parameters appeared to vary with
spontaneous activity. The changes in urine volume and noradrenaline levels,

however, appeared to take place simultaneocusly.

Testicular Funciion and Spontaneous Activity

Experiments.were carried out to test the effect of removal of the
testes and subsequent administration of testosterone on the spontaneous
activity. The average weekly spontaneous activity and body weights for
each group of rats of the first experiment are vlotted in Figs, 12 and 13,
Fig. 12 (a to d) shows that the overations appear to have been done at a
time when the activity of all the rats had probably passed its veak and
was slowly declining, Fig. 12(a) shows that the sham overation caused a
temporary sharp drop in average activity followed by a ranid return to the
slowly declining curve; the same trends are less apparent in (b). Fig, 12
(c & d) show that castration caused an immediate drop in activity to a low
level which was maintained. Without the implantation of pellets the activ-

ity of the sham-operated controls in Fig., 12(a) slowly declined to approx -
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imately the same level as that of the castrated rats (¢). The implantation
of pellets raised the activity of the castrated rats (d) and maintained

the activity of the sham-operated controls at a moderately high level (b),
For the purpose of giving comparative numerical data, the spontaneous
activity of the rats in each group have been averaged over the various

time intervals in Table I.

TABLE I.

AVERAGE ACTIVITY OVER FIVE EXPERIMENTAL PERIODS

Average activity - revolutions per week
Time Sham operated Castrated
Without pellets|With pellets|Without pellets{With pellets
(3 rats) (6 rats) (3 rats) (6 rats)

Before operation 20577 a3 23720 11457
(5 weeks)
After operation 2Ll 9232 5285 3540
(5 weeks)
1 pellet 8641 6010
No pellet 1579 3399

(8 weeks)
2 pellets 9020 7577
No pellet 2530 3286

(7-8 weeks)

Cold 2°¢. 2006 6238 6420 536l
(5-6 weeks)

Fig. 13 indicates that the body weight increases rapidly at first and

then more slowly,

Castration did not appear to increase the rate of body

weight gain but the implantation of testosterone pellets appears to cause

a further slowing of the body weight gain.

in body weight in all four groups of rats.

Exposure to cold causes a fall

The average weights of various organs at autopsy are recorded in Table

i1,

Pellets were found in the five rats which died during the first 30
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days in the cold., On the average, 19 mgm. of the 30 mgm, pellets had been

used up after eight weeks at room temperature and 22 days in the cold.
TABLE IX

AVERAGES OF BODY WEIGHTS AND VARIOUS ORGAN WEIGHTS (% S.E.)

Treatment | Days in{ Body Testes Dorsal | Ventral | Seminal |Adrenals
cold |weight prostate| prostate| vesicles
avge. Ee e mgm, mgme mgi. mgm,
Controls 1012L8 | L6526 | 1.h6%,13 | 281137 3954135 | 520%30 5641
(3 rats)
Controls+
pellets oL*l7 | 397#¥16| 1,22+,21| 282%53 6061106 | 68Lt79 5hi6
(6 rats)
Castrates | 120%25 |LL)#+35 - 2318 78+3 61*10 81*23
(3 rats)
Castrates+
pellets 3111 | 387+20 - 758%299 (1400%*123 (1195212 | 75%9
(5 rats)+

* One rat was omitted as it lived for 149 days in the cold by which time
its pellets had been completely used up and its secondary sex organs were
back at castration level,

Table IT shows that the secondary sex organs of rats with pellets were ex-

tremely enlarged indicating the great potency of the pellets. Because of

the cold the testes of the non-castrated rats were intraabdominal and
welghed less than they normally would at room temperature.

The results for individual rats are similar to those represented by
the averages except in the case of exvosure to cold where the spontaneous
activity was more varied, and for one rat with very low activity where
castration and pellet implantation had no effect. Further, the effects of
castration and administration of testosterone on spontaneous activity were
most marked in the most active rats.

The average weekly activity and body weights for each group of rats

in the replicate experiment are nlotted in Figs. 1l and 15. As the values
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for the sham-operated and unoperated controls were similar, they have been

combined.

ity of the rats had just passed its peak.

the previous experiment were obtained.

Fig. 1l shows that again the operations were done when the activ-
Results essentially similar to

Only one of the ten castrated rats

failed to show a significant decrease in activity (it was moderately active).

Fig. 1l (b & d) show that the increase of activity after testosterone in

the controls and in the castrated rats to levels almost as high as the

original peaks was quite dramatic,

Individually the results are the same;

that is, the pellets caused the activity to increase to the previous high

level for any particular rat and in no case was a relatively inactive rat

made very active by the pellets, but its activity was increased only to the
approximate level that it had been before the operation.

numerical data are presented for comparative purposes in Table III.

TABLE III

AVERAGE ACTIVITY OVER FOUR FIVE-WEEK PERIODS

As before the

Average activity - revolutions per week

Time Controls Castrated
Without pellets With pellets|Without pellets|With pellets
(4 rats) (6 rats) (L rats) (6 rats)
Before operation 1600l 21043 30L55 20315
(5 weeks)
After overation 10476 13899 7210 78L9
(5 weeks)
2 pellets 19190 15310
No pellets 6690 5387
(1st 5 weeks)
2 pellets 21320 2LL56
No pellets 11932 L5%0
(2nd 5 weeks)

Fig., 15 shows that the presence of the pellets retards increases in

body weight.,

At autopsy at the end of the experiment, the average weight
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of the remnants of the pellets removed from the 12 rats concerned was 13,0

mgm, per rat, hence the amount of testosterone propionate absorbed over the

ten weeks averaged 17,0 mgm, per rat i.e. 1.7 mgm,

per week which compares

with the figure of 1.3 mgm, per week at room temperature in the first ex-

periment,

in Table IV,

TABLE IV

The average weights of various organs at autopsy are recorded

AVERAGES OF BODY WEIGHTS AND VARIOUS ORGAN WEIGHTS (* S.E,)

Treatment Body Testes Dorsal Ventral Seminal | Adrenals
weight prostate | prostate | vesicles
ge ge mgm, mgne mgm, mgm,

Controls L89*23 | 3.50%,16 | 32725 | 729%108 | S23t27 | Lotg :
(L4 rats) ;
Controls+ ;
pellets 38L¥2L | 2,27+,09 | 601t19 1038468 771%2L 361 3
(6 rats) 3
Castrates L27+32 - 2516 50%17 63+7 5918 !;
(4 rats) -
Castrates+ g!
pellets 380%25 - L198%43 8771101 70321 *3 L
(6 rats) .

Table IV shows that the secondary

Sex organs of the castrated rats were ex-

tremely small while for the rats with pellets they were again extremely

large,

The testes of the controls with pellets were smaller than those of

the controls probably because so much testosterone was being supplied by the

vellets that the rats!' own testosterone production was decreased,

To summarize the results of the two experiments on the effects of

castration and administration of testosterone on spontaneous activity, it

is useful to express all average amounts of activity in relative terms that

are readily comparable.

To this end, the actual activity data of Tables T
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and IIT have been expressed as percentages of the amount of activity of the
five-week pre-operative veriod for each group of rats in Table V.
TABLE V

SUMMARY OF EXPERIMENTS ON TESTICULAR FUNCTION AND ACTIVITYx

R S e == —————umn
Activity Controls Castrated

as % Without pellets|With pellets [Without pellets|With pellets
Experiment 1
Before operation 100 100 100 100
After operation | 60,5 6lL.1 22,3 30.9
1 pellet 60.0 52.5
No pellet 22.3 14,3
2 pellets 62.5 66.1
No pellet 12,3 13.9
Cold 2°c, 9.7 h3.3 27.1 L6.8
Experiment 2
Before overation 100 100 100 100
After operation 65.5 56,1 2347 38.6
2 pellets 91.2 75.h
No pellet L1.8 17.7
2 pellets 101.3 120,k
No pellet 30.8 15,1

% Data taken from Table I and IIT.

Table V shows that castration causes a marked and sustained drop in activity
and administration of testosterone brings the activity level up to greater
than normal levels for control rats of comparable age and approaches the
high levels of activity of early adulthood. Table V also shows that there
is a general decre=zse in activity with time for the control rats so that
eventually the level of activity approaches that of the castrated rats.

This general decline of activity in control rats can be inhibited by the

administration of large doses of testosterone in the form of pellets,
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DISCUSSION

These experiments on spontaneous running activity have confirmed the
observations of Hoskins (1925a), Heller (1932), and Young and Fish (1945)
that there is no rat in which activity is maintained at a constant level
but the activity of any individual rat is often seen to vary considerably
from day to day. An extremely wide range of individual performance (less
than 50 to over 70,000 revolutions per week) was also observed as has been
reported by numerous workers; as yet there is still no adequate explanation
of the probably causes,

The rats were generally placed in the activity cages when they were
about six weeks of age and weighed over a hundred grams. Their average
weekly activity steadily increased until it reached a neak after about six
to seven weeks in the cages (85-100 days of age), after which it steadily
declined to a low somewhat constant level after 12 to 16 weeks in the cages
(125-150 days of age). This compares with the data of Hoskins (1925a)
whose control rats reached their peak activity about 120 days of age after
nine weeks in the activity cages. As previously stated, it is difficult
to assess the earlier studies on the effects of age on activity but the
present study confirms the early report by Slonaker (1907) and of Richter
(1933b) that rats are most active around 109 days of age, and is in contra-
diction to that of Jones et al, (1953) that 51~ and 72-day old rats reach
a higher activity than 109~day old rats., The renorts of many workers that
activity decreases with increasing age was alse confirmed. There were
Several individual excentions to the vattern but the seneral trend was
Seen in each group of rats. It was endeavored as far as possible to set up
each experiment so that there were very active and verr inactive rats in

both control and experimental groups. It was felt that any investigators
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who did not run a group of controls with their experiments were in danger
of misinterpreting their results because of this factor of changing activ-
ity with age, so that their comparisons of the activity of rats before and
after treatment were subjected to this error and would in some cases be
completely invalid, Although activity measurements were usually not used
in an experiment until the rats had been in the activity cages for at least
three weeks, it was felt that this precaution was perhaps unnecessary,
Exposure to cold at 29C. caused some rats to increase activity,vsome
to decrease while for others the activity was unchanged. There was no
relation between survival and change of activity in the cold except that
several rats which died became very active in the day or so preceding
death, It therefore seems that 2°C. was not a sufficiently low tempera-

ture to cause a reduction of activity in all rats,

The fact that there was no correlation between spontaneous activity ‘
and either food consumotion, water intake or body weight gain is in agree-
ment with reperts published by Hitchcock (1927), Rundquist (1933) and Tribe
(195h). The negative correlation between activity and body weight gain
obtained by Brobeck (19L5) is thought to be a result of the restricted

food intake of the rats.

There was no marked correlation between greatly impaired liver function
and spontaneous running activity., The dose of carbon tetrachloride (aporox-
imately 0,82 cc./kilogram of body weight) given to rats every other day for
three weecks and then daily for two weeks not only caused a decrease in body
weight and fatty infiltration and marked necrosis in all those livers exan-

ined but was also at a level reported to cause lethal effects. A decrease
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in activity during the last two weeks of large injections of carbon tetra-
chloride was recorded. In the nartial hepatectomy experiments, activity
of both partially hepatectomized and sham-operated rats was decreased almost
to zero by the operation., Six to seven days were required for the activity
of both partially hepatectomized and sham-operated rats to return to a
level approximating that of the pre-overative level, Thus the results are
in agreement with Dugal and Ross (1943) in that immediately after the oper-
ation activity almost completely disappeared in both control and experi-
mental groups and that activity of the partially hepatectomized rats re-
turned to normal in seven days. These results differ from those of Dugal
and Ross, however, in that activity of their sham-operated controls was
back to normal in three days. Although their controls were subjected to a
sham operation to assess the effect of surgical shock, it is possible that
their treatment was a less rigorous one, In the present investigation

partial hepatectomy ver se did not avpear to effect spontaneous activity.

The measurement of the uptake and release of 1131 from the thyroid
gland was not correlated with the soontaneous running activity of rats i.e.
the curves of the decrease in radioactivity over the thyroid zland showed
no obvious differences between the 27 rats which ranged from inactive to
active. The release curves of nine rats immediately on exocosure to 2°C.
and three weeks after cold excosure were similar to those obtained at room
temperature except that the curves after exposure to cold were generally
below that taken at room temderature (i.e. there was less radiocactivity in
the thyroid gland 2} hours after injection). This observation agrees with
that of Cottle and Carlson (1955) who found less 1131 sin glands of cold

eXposed animals than in controls as measured by the 2y and L8 hour untakes.,
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Perhaps this could be the result of an increased speed of absorption of

the 11

into the blood stream from the site of injection, thus causing
a faster uptake by the thyroid gland., The fact that the release curves
(which were taken as valid measurements of thyroid activity) did not change
on exposure to cold although the spontaneous activity was altered in eight
of the nine rats, is further evidence that there is no correlation between
thyroid function and spontaneous activity. Further, the uptake and release

of T

by the tissues and the thyroid gland in the eight rats tested after
three weeks in the cold during the first 2l hours after injection were re-
markably similar. These results, that is, that there is no change in the
release of 1131 from the thyroid gland on cold exposure, are in agreement
with those of Livingstone (1962) but are in opposition to those of Cottle
and Carlson (1956) and D'Angelo (i940).

After six to seven weeks at 2°C., the thyroid glands of the rats were
slightly smaller than those of the controls. This is in contradiction to
the general view that thyroid weights increase and then gradually return
to normal after prolonged cold exposure. Perhaps the fact that the rats
were in activity cages is the cause of this difference. That the adrenal
glands were increased in size agrees with the data quoted by Sellers (1957)
and D'Angelo (1960),

The conclusion that spontaneous running activity is not correlated
with thyroid function was further sunported by the experiments with thyrox-
ine and propylthiouracil, The results agree with those of Hoskins (1927a),
Lee and van Buskirk (1928) and Fregly (1961) who found that the spontan-
eous running activity of the rat does not appear to be related to the level

of secretion of the thyroid hormone. The results of Richter {1933a) and

tlann (19L5) who obtained a decreased spontaneous activity with decreased
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thyroid function might be explained as the natural decrease of activity
with age rather than a result of the experimental treatment. They ran no
control animals but used the Pre-treatment activity levels as control
values. In addit’on Richter's results are based on relatively few animals.
Hall & Lindsay (1938) did run control animals and also found decreased
spontaneous activity after thyroidectomy, hence their results are in con-

flict with those of the present investigation.

In keeping with the results of Richter (1936) and Tainter (1943) who
attempted unsuccessfully to change the spontaneous activity of rats by
injecting adrenaline chloride, the present investigation provides no evid-
ence for a correlation between spontaneous activity and secretion of adren-
aline, This finding agrees also with that of Bacq (1931) who found no
change in spontaneous running activity as compared to controls after abdom-

inal sympathectomy or adrenal inactivation, Although adrenalectony has

been reported to decrease spontaneous activity, it aprears that this is a
result of the imbalance in the mineral metabolism caused by the lack of
the adrenal cortical hormones because activity can be returned to normal
by giving saline instead of water (Richter, 1936), Moreover, although ex-
Posure to cold caused the average activity level to fall (with some indiv-
1dual rats showing increases and others decreases) the excretion of adren-
aline was markedly increased. Thus activity seems unrelated to the adren-
aline level,

The only suggestion that activity was correlated with the level of a
catechol amine was a tendency for the more active rats +o cxcrete more nor-
adrenaline but this was ovserved at room temverature only. In the cold,

noradrenaline excretion levels increased very markedly, as did those of
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adrenaline, while the average activity dropped. The high excretion levels
of catechol amines at 2°C, were undoubtedly related to the low temperature
rather than to the level of activity which was lower than that at room
temperature.

Clearly the moderate form of exercise indulged in by the rat is not
related to the amount of adrenaline excreted and there is only a tendency
for it to be related to excretion of noradrenaline at room temperature.
This finding parallels those of many workers on humans., Although under
'stressful! muscular work, humans, rats and mice excrete large quantities
of catechol amines (see page 82 in Part TI), this condition was nct involv-

ed in the present experiments.,

The effect of castration and implantation of testosterone propionate
prellets on the spontaneous running activity of male rats is perhaps the
most interesting result obtained., A marked depression of activity after
castration, as revnorted by many workers, was confirmed, This effect of
castration was most marked in the very active rats. The fact that the level
of the spontaneous activity of the control rats gradually declined and re-
ached approximately the same level of activity as the castrates around 150

. . i
days of age has, however, not been generally recognized. It is scen in ‘

the grash presented by Hoskins (1925a) when rats were approximately 180
days old and is undoubtedly the reason that Hoskins (1927b) had four senile
castrated rats which had activity similar to non-castrates. This also
accounts for the statement that the effect of castration is more marked
when it is performed at an early age (Wang et al,,1925; Gans,1927a),
Castration causes an atrophy of the secondary sex organs and in the present

experiments, no obvicus change in the rate of bedy weight gain.
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Some of the early workers (Durrant,1925; Hoskins,1927a; Hoskins et al.,
1939) were unsuccessful in increasing the activity of castrated rats by
Some sort of replacement therapy. Perhaps their pPreparations were not

active enough or if active not given at frequent enough intervals, Heller

obtain any consistent change in activity. Wang (in Hoskins 1927a), Hoskins
and Bevin (1940) and Bugbee and Simond (1926) were, however, able to in-
crease the activity of female rats by ovarian grafts or hormones. Some
Success with ovarian grafts in male rats and imolantation of testes in

both male and female rats was reported by Wang et al.(1925), Richter &
Hartman (1934) and Richter (193L4) also report Success using injections of

oestrin or giving human pregnancy urine in the drinking water, Perhaps the ‘

most successful experiment, however, was that of Young and Fish (1945) who
were able to restore the activity in female rats to levels prevailing before
castration by the implantation of estrone pellets, In the present experi-
ment, activity was increased to the Pre-castration level by testosterone
brovionate pellets which allowed the continuous slow absorption of the hor-
mone., The secondary sex organs were enlarged to greater than normal sige
in the castrated rats with pellets thus indicating the effectiveness of the
therapy., It should be noted, however, that in no case was a rat which had
been relatively inactive before castration, made more active by the pellets.
This observation agrees with that of Bugbee % Simond (1926) and Young &
Fish (19L5) that activity can only be increased to a certain level by the
hormone and with the observation of Heller (1232) that the spontaneous
activity of any individual rat is not pronortional to the testis hormone

Secretion in that low running rats can be actively Secreting the hormone,
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That the activity of castrated rats could be increased by other factors
than testosterone was seen on exposure to 2°C. where the activity of the
three castrated rats increased. Both increases and decreases in activity
were observed in the other groups of rats exposed to cold.

The implantation of testosterone propionate pellets into control rats
inhibited the usual decline of activity with age so that the level of activ-
ity was maintained at a high level. No adequate explanation is offered for
the failure of the animals' own testosterone to maintain its activity but
this should provide an interesting field for further investigation,

The adrenal gland weights increased after castration as was also ob-
served by Richter and Uhlenhuth (195L) in domesticated white male rats.

The testes of the control rats with pellets were smaller than the controls
without pellets undoubtedlv due to a decreased production of the animals!
own testosterone. The rats exrosed to cold had enlarged adrenal glands,

smaller testes which were intraabdominal, and smaller ventral nrostates ‘

although the dorsal prostate and seminal vesicles werec approximately the
same as those at room temperature.

The rate of weight gain was notably slowed down in all rats in which
vellets were imnmlanted., This is in agreement with the results of Wang et
al., (1925) who found that ovarian transplants into male rats caused a
flattening of the body weight curve and of Hoskins and Bevin (19L0) that
injections of estriol glucuronide into 11 male rats in all cases caused a
diminution of body weight, a decrease, however, that could not be correlated
with the dosace of the hormone or the degree of augmented s»ontaneous

activity,



1.

3e

- 70 =

SUMMARY AND CONCLUSIONS

The spontaneous running activity of white male Wistar rats was recorded
in standard revolving activity cages under constant conditions of light
and temperature. There were very large differences in activity among
various rats as well as marked fluctuations in the nerformance of any
one rat. The average activity of a grouy of rats increased until the
rats were approximately 85 to 100 days of age after which it declined
to a low level when the rats were approximately 125 to 150 days of age
and tended to remain fairly constant at this level., DNo consistent

changes in activity were obtained on exposure to cold at 2°c,

No correlation was found betireen siontaneons running activity and food

consumption, water intake or body weight gain,

There was practically ne correlation between spontaneous running activity
and decreased liver function produced either by carbon tetrachloride or
by partial hepatectomy although very large doses of carbon tetrachloride

did decrease activity to some degree,

There was no correiztion betiween shontaneous running activity and secre-

tion of thyroxine, The szecretiocn of thyroxine was measured in normal

rats by the release of radioactive iodine from the thyroid and was found .
to be similar in rats ab room temperature and at 2°C. The secretion in
the body was increased »v subecutaneous injections of thyroxine and de-

creased (or completely inhibited) by nrovylthiouracil.

There was no proporivionai zorvrelation between spontaneous rmnning activ-

ity and excretion of adrenaline. The iore achive rabs did, however,
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show a tendency to excrete more noradrenaline at room temperature.
Catechol amine excretion did not vary with spontaneous activity in the

cold,

Spontaneous running activity is markedly reduced in male rats by castra-
tion in early adulthood, Activity can be increased by replacement ther-
apy (implantation of testosterone propionate pellets which allows the
continuous slow absorption of the hormone) to the pre-castration level,
There is a wide variation in running activity in all animals, however,

even with a constant large source of testosterone,

As rats grow older there is a steady slow decline in spontaneous activity
so that at approximately 150 days of age the activity of control rats and
castrated rats are similar, Testosterone propionate pellets in control
rats, however, maintain the activity at a relatively high level, inhib-
iting the decline with age., No adequate explanation has been found for
this observation, Castrated rats are also capable of increasing their

spontaneous activity in the cold at 2°¢,

Spontaneous running activity is a complicated phenomenon and is depend-

ent unon the interaction of many internal and external factors.,
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II. EXCRETION OF CATECHOL AMTNES BY WHITE RATS

AT ROOM TEMPERATURE AND IK THE COLD

INTRODUCTION

The phvsiclogical r8les of the catechol amines have received much
attention in recent vears, particularly in reference %o the part they play
in the acclimation of an animal to a cold environment, The catechol amines
which apvezr to be most important are the hormones adrenaline and noradren-
aline., Adrenaiine (epinevhrine) is a secondary amine which has a calori-
genic acticn in anirsils, inereasing their oxvien consumption and the levels
of blood zlucose. Noradrenaline (norepineuhrine or arterenol) is a primary
amine which as the phivsiclogical mediator of the adrenergic vasomotor
nerves is a “owerful vasoconstrictor. The catechol amines are synthesized,
stored ani socrated by the adrenal zlands, adrenergic nerves and the chrom-
affin tissue rresen:t in vorious sites throushout the hodv,

The sters in 3the biosrnthesis of adrensaline =nd noradr=nsline have

been outlined b Goldstein and Contrera (1931), ‘toradrenaline is the pre-

aat2fa

cursor of wirenaline, which is “ormed o mebthylation, Cier and reyrin

~

1980 showad Lhit the small anounts of noradrenaline in the secretion

siands 34 net resuit frorn a demethyvlation of wirenaline.
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Newly formed nor-irenaline is either storad or is methvlaied bo adrenaline,

The provortions of :iiin wiines in drenai exvtricts are £airly const=nt and

charzcteriastic of 1 s

2cies (Turner, 195)). ihe presence of two different

sy

Lvues of gecraior: cells in the udrenal mednila hus seen deronstrated by

-

the iodate ratebinrn of Hillsrp and Hékfelt for noradrenaline and the fluor-

8cent test of Erdnkd for adrenaline (#irkin, 1961). Ihe zdrenal medulla

is, however, zenerally conceded 4o he the rizin soirce of adrenaline as
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adrenalectomy usually causes a marked reduction in adrenaline excretion
without generally affecting the noradrenaline excretion. Noradrenaline
content is highest in nerves, such as the sympathetic trunk, that are rich
in adrenergic fibres; in fact, the noradrenaline content of sympathetic
effectors is closelv correlated with the number of adrenergic fibres that
supuly them, HNoradrenaline is synthesized by the nerve cell and is stored
in the axonic terminals. 4s it can be released continuously on repeated
stimlzation over long periods, it must be synthesized rapidly. Bertler et
al.{1960) statad that a ravid rate of noradrenaline svnthesis seems %o be
made possible by the fact that stimulation accelerates “he vroduction of
4, 3 precurscr,

The metabolism of adrenaline and noradrenaline has been much elucidated
and the metabolic steps are outlined by Axelrod et al. (1961). The major
pathway for metabolism involves O-methvlation to ¥ield metanephrine and
nermetanevhrine, which are inactive metabolites which are then conjugated

or deaminated, ‘

Tt is generally considered that certain stimuli elicit specifically

cne or other twpe of secretion, The ratio of noradrenaline to adrenaline
in venous “lood talen from the =a-rennl zland after splanchnic nerve stim-
luztion seem=d to e dependent uion the nature of the evolking stimulus
(sirkin, 1941). =Bffluents obtained freou soveral 4ifferent organs after
2iecirical stimulation of their antoncnic neorve sup -1 contained mostly
noradrenaline, idrenaline ind noruadrennline are mown to be rapidly re-
moved Trow the biood and to be inzctivited very rapidls in the tissues.

‘he large armenmnts of catechol 1rines retained in the heart and other tissues

sugeests, however, that the hormones are hound to some constituent and pro-

tected from enzvmaztic atiack. It Lias been obssrved thatb sympathetic nerve
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endings selectively take up and retain circulating catechol amines, Hertting
and ixelrod (1961) have shown that stimulation of the sympathetic nerve
endings causes release of noradrenaline which was previously taken up from
the circulation and bound,

A reflection of the secretion rate of adrenaline and noradrenaline
(which are continuously secreted in small quantities from the body tissues)
can be obtained from the amounts of the hormones appearing in the urine.
Although a large proportion of the secreted hormones are metabolized to
various breakdown products before being excreted, an indication of the re-
lationship between the concentration of hormones in the blood and urinary
concentrations has been obtained by experiments in which adrenaline and
noradrenaline were infused into the blood stream with concurrent estimations
of the amounts of these amines appvearing in the urine., Although the results K
are variable, aprroximately two to four per cent of the noradrenaline and
two to five per cent of the adrenaline administered are reported to appear
unchanged in the urine (Bickel et al,,1961; Botting,1960; Frankenhaeusser
et al,,1961; leDuc,1961b), Although a proportion of the catechol amines
excreted in the urine exist as esterified products which cannot be esti-

mated without very strong acid (pH 1) hydrolysis, it is now generally be- \

lieved that conjugation plays a minor role in the inactivation of rhysio-
logical amounts of catechol amines (Axelrod et al,,1961).

The amounts of the hormones and their metabolites which appear in the
urine of animals maintained at room temperature seem to depend on several
factors. The state of hydration of the animal may be important, Perman
(1961) showed that adrenaline excretion was increased at moderate hydration
levels in rats and that there was also some increase of noradrenaline ex-

cretion with rising diuresis. On the other hand IeDuc (1951) rerorted that
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diuresis by itself had little effect on the excretion of catechol amines
in rats at room temperature. Restriction of water, however, significantly
increased the output of adrenaline., He also reported that fasting caused
a three-fold increase in the adrenaline excretion, Injections of catechol
amines into animals may increase or decrease the volume of urine., Diuresis
is produced by an elevated arterial pressure and an interference with the
tubular reabsorption of water in the kidney. Botting and Lockett (1961)
and Botting et al. (1961) reported that the subcutaneous injection of 50-
200 4gm,adrenaline/100grams of rat or 3-5 mgm, noradrenaline/100 grams of
rat had a diurectic action in water-loaded rats. On the other hand an
antidiuresis with retention of sodium and a decreased excretion of potass-
ium without change in either filtration rate or renal plasma flow was ob-
tained with injections of 5-30 _sgm. adrenaline/100 grams of rat.

According to LeDuc (1961b) the output of adrenaline and noradrenaline
in rats was lower during the summer months than during the winter even in

rats kept at the same room temperature. Excretion of catechol amines was

found by him to vary also with age and weight. Relative to body weight, ‘
there was a decrease in noradrenaline cxcretion with increasing weight
whereas adrenaline excretion increased to a maximum in rats weighing about
200 grams and then slowly declined.

From their experiments with hwman subjects, Buler and Helliner (1952)
concluded that a correlation exists between the degree of 'stress' involved
in muscular work and the output of catechol amines, moderate work causing
an insignificant rise in the catechol amine secretion and maximal work in-
ducing a high output. This conelusion has been sup.orted by Botting (1960 ),
Hasselman (1960) and Jacobs et al. (1951) who revorted that fairly severe

exercise was necessary to cause 1 m:rked change in urinary cutechol andnes
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of humans. An hour of continuous running or walking was insufficient to
show an increase in catechol amine excretion. Although Cesterling et al,
{1962) found only a slight increase in free catechol amines during exercise,
they reported a significant inecrease in the excretion rate of conjugated
catechol amines, Kirki (1956) has reported that exhausting muscular work
of long duration greatly increases the adrenaline and noradrenaline excre=
tion, while less strenuous work apvears to cause an increase in noradren-
aline only. Goldfien et al., (1961) reported that normal subjects have
higher noradrenaline levels during mild activity than at bed rest and that .
an increase in both adrenaline and noradrenaline levels is observed after
strenuous exercise.

Beauvallet et al, (1961) reported that severe muscular work causes a
pronounced lowering of the adrenaline and noradrenaline levels in the adren~
als of rats. In mice allowed to swim to exhaustion daily for 30 days, the
volume of the noradrenaline-containing medullary parenchyma was inereased
while the volume of the adrenaline-storing parenchyma was not affected in

the experiments of Eriankd and Harkonen (1961b)., In a parallel study on ‘

rats, Erdnkd et al, (1962) found that the volume of both the adrenaline-
storing and noradrenaline-storing parts of the medulla increased. Forced
running of rats in rotating wire cylinders by Erankd and Harkonen (1961a)
caused an almost complete loss of catechol amines (chemically) from the
wAdrenal medulla and the histochemical reactions turned almost negative but
returned to normal in six days. The observed depletion may not, however,
Tave been Jdue te musenlar work alone but other factors such as general ex-
“irtion, lack of sleep and diminished food and water intake may have been
important contributing factors. In any cnse prolonged muscular work does
nev seriocusty interfere with the syvnthesis and/or storage of xzdrenaline and

neradrensziine in the adrenal medulla,
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It has been established that there is an inerezsed production and
secretion of catechol amines in animals exposed to cold. An increased ex-
cretion in rats chronically exposed to cold is reported by Cottle (1960),
LeBlanc and Nadeau (1961) and LeDuc (196la). The increased levels of cate-
chol amines in cold not only bring about decreased heat loss owing to their
vasoconstrictor action, but also increase heat production owing to their
stimilating effect on metabolism, Although adrenalectomized rats can in-
crease their adrenaline secretion in the cold, most of the adrenaline se-
creted on exposure to cold comes from the adrenal medulla (LeBlanc & Nadeau,
1961; LeDuc, 1961). Although acute cooling causes a definite increase in
the release of adrenaline and its depletion in the adrenal glands, the cate-
chol amine content in the adrenal gland of cold-adapted rats may be normal
or increased (Euler, 1950),

The development of non-shivering thermogenesis in rats acclimated to
cold greatly extends their range of activity as the total heat production
is sufficient to offset the fall in insulation and body temperature is
maintained (Hart, 1961). The suggestion by Hsieh and Carlson (1957) that
l-noradrenaline is the mediator of the non-shivering heat production in the
cold-acclimated white rat is supported by the results of Depocas (1960) and.
LeDuc (1961b). While noradrenaline injected intramscularly had little
calorigenic effect in warm-adapted rats, it markedly elevated the oxygen
consumption of rats acclimated to 5°C. (Hsieh and Carlson, 1957). Although
the calorigenic effects of adrenaline are also intensified in the cold-
acclimated rat, noradrenaline is accepted as the more likely mediator of
non-shivering thermogenesis because neither cold exposure nor noradrenaline
induces marked hyperglycemia (Depocas, 19561; lLeDuc, 1961b). The striking

sensitivity of cold-acclimated rats to continuous intravenous infusion of
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noradrenaline was dependent on the dose and increased with time of exposure
to 6°C. being maximal in four weeks (Depocas, 1960). Depocas (1960) has
proposed that striated musecle is the site of the major alteration in sensi-
tivity to noradrenaline induced by acclimation to cold., Hart and Jansky
(1962) have also concluded that elevated heat production in the absence of
shivering occurs in skeletal muscle,

LeDuc (1961b) found that the excretion of noradrenaline in rats ex-
posed to 3°C, was large, being nearly maximal during the first 2L hours,
and was sustained for up to six months at a high level about three times
as ﬁigh as that of a control group kept at 22°c, although there was a slow
and steady decline which was most pronounced during the second month of
cold exposure, The excretion of adrenaline was maximal after one week in
the cold and decrzased afterwards more rapidly than that of noradrenaline
although it always remained at a level one and a half to two times greater
than that of a control group at 22°C., ILeDuc hypothesized that adrenaline
acts as a second line of defense which is only needed when the noradrena-
line mechanism becomes saturated. Further, he supposed that the inereased
sensitivity of cold-acclimated rats to noradrenaline =t one ronth (as shown
by Depocas) could be related to the decline he found in the excretion of
noradrenaline at this time,

Eis
-

S

lleasurements of the amounts of adrenaline and noradrenaline excreted
in the urine of cold-exposed rats in activity cages reported in Part I of
this thesis were markedly different from those obtained by LeDuc (1961).
‘he results differed not onlr in the absolute amounts of the catechol amines
éxcreted but also in the changes in levels with the time of cold exposure,

In the hope of determining the cause of these discrepancies, the excretion
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of adrenaline and noradrenaline was measured at various intervals over 20
vweeks in both Wistar and Sprague-Dawley rats exposed to cold at different
ages. OSprague-Dawley rats were the strain used by LeDuc. It was also felt
necessary to determine if the excess amounts of catechol amines excreted
after injections of either adrenaline or noradrenaline were the same at

room temperature and in the cold,
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MATERIALS

Animals

lMale white rats of the Wistar strain obtained from Robidoux Animal
Laboratory, St. Constant (lLa Prairie), Quebec were used in the experiments,
To investigate the possibility of strain differences, Sprague-Dawley rats
obtained from Quebec Breeding Farms, Ste. Eustache, Quebec were used with
the Wistar rats during the second experiment. The animals were about six
weeks old and weighed about 100 grams when they were received. They were
kept in individual wire mesh cages except for the rats at the beginning of
experiment 2a where the rats were kept in activity cages. The rats were
maintained on Purina Laboratory chow and tap water and were usually weighed
tirice a week,

All experiments were carried out in one of three rooms in which temp-
erature, light, relative huriidity and sound level were kept relatively con-

stant. One room was maintained at 29 * 2°C. or 23 + 2°C. (the latter temp-

erature was used for most experiments) with a relative huridity of about - ‘
20%. A second room at 25 iy 3°¢C. and relative humidity 143 was used only

for a short time. The cold room was maintained at 2 : 3%, (mostly 2 + 200.)
and had a relative humidity just over 50/5. The refriperation unit would

on occasions stop functioning and the unit began to defrost. The rats

were then moved for short periods of time to another cold room at the same
temperzture, The temperature range of each room was read at least weekly

on 2 maximum-minimum thermometer. ill rooms were illuminated by artificial

lights which were turned on for 12 hours d2ily by Paragon time switches.
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Adrenaline and Noradrenaline
Adrenaline and noradrenaline were obtained in both a liquid and a

rowdered form as follows:

adrenaline (1) Epinephrine hydrochloride solution
Parke Davis & Co. Ltd., Brockville
-each cc. contains 1 mgm. adrenaline as the hydrochloride
dissolved in rhrsiological saline containing not more
than 0.1% sodium bisulphite as preservative

(2) l-epinechrine bitartrate powder M.W. 333.3
California Corvoration for Biochemiecal Research
3625 Fedford Street, Los Angeles 63, California -

noradrenaline (1) Levophed bitartrate, brand of levarterenol bitartrate
Winthrop Laboratories of Canada Ltd., Aurora
~0.2% (0,13 base) , each cc. contains 2 mgm, of levophed
bitartrate ronohydrate, equivalent to 1 mgm, levophed
base in isotonic saline solution with not more than
2 mgm, sodium bisulfite as preservative

(2) l-arterenol bitartrate hydrate powder M,W. 337.3
California Corroration for Biochemical Research
3625 ledford Street, Los Angeles 63, California
Standard stock solutions containing 100 _x«gm,/ml. were kept in brown bottles

in the refrigerator and apyreared to retain their activity for several months. ‘

The solutions were prepared by diluting with 0,2N acetic acid as follows:

adrenaline (1) 1 cc. Parke Davis adrenaline made up to 10 cec.
(2) 18.2 mgn. l-epinephrine bitartrate powder made up to
100 cec.

noradrenaline (1) L cc. amooule Winthroo levophed bitartrate made up to
LO cec.

(2) 19.9 mgn. l-arterenol bitartrate hydrate powder made up

to 100 ce.
Worldng solutions containing 1 mgm,/m1, were brepared by diluting 1 ce. of
the stock solution to 100 cc. with 0,02N acetic acid and these were made up
fresh for each day an a2ssay was dcne although the working solution appeared

to keep without loss of activit:r for at least one month for adrenaline and

one week for noradrenaline.
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Throughout the experiments the amounts of catechol amines in urine
samples were determined by a fluorescent technique. Standard curves of
fluorescence plotted against known concentrations of either adrenaline or
noradrenaline were linear, Standard curves of noradrenaline made up from
either the vowder or from the liquid were identical., At pE 6.0 the standard
curves for adrenaline made up from either the powder or the liquid were also
identical, At pH 3.) ,however, the fluorescent values were slightly higher
for the powder. The liquid solution in the ampoules was probably ccntamin-
ated with a slight amcunt of noradrenaline,

For injection exveriments the catechol amines were made up from the
solutions in the ampoules in concentrations of lOO/hgm./cc. , the dilutions

being carried out with a soluticn of 5% dextrose.

Fluoromster

leasurements of fluorescence were nade on a Turner Model 110 fluorometer
(C.¥.Turner issociates, 20:25 Pulgas .\venue, Palo Alto, California, i.S.A.)
using nrimary filter #1473 which isolates the 1136 mMmercury line (also
nasses the L)5 maM mercury line) and secondary filter #24-12 which has a
sharp cut at 51D mas, This fluorometer was found to be superior to the
Coleman 12C instrument in that it was much more stable and sensitive (high
sensitivity was necess .ry as the catechol amine content of rat urine was
stiall) and used smaller volumes of solution (5cc). Although the iminco-
Bowman spectronhotofluorometer is undoubtedly a more versatile instrument,
it was unnecessary to have a Aiffraction grating instrument for the nresent
srocedure as suitaple filters are available. A wide variety of wavelenzths
is recommended by various investigators in this field. Drujan et al. (1959)
activated 2t 12) mt and measured the fluorasscence at 510 m & which is

25sentially the same 5 the “regent Tiliers used in the Turner flucrometer.
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METHODS

Collection of Urine

Rats were placed in metal metabolism cages for collection of urine
over 2l~hour periods. The cages were thoroughly washed after each 2li-hour
collection., As the urinary output of some rats at room temperature was
extremely small, especially when the rats were young, a second 2l-~hour
specimen was often collected and pooled with the first before extraction
and assay., In this way it was possible to determine the catechol amine
output of individual rats and there was no need to pool 2L-hour samples
from several rats in order to obtain sufficient amounts as did LeBlanc and
Hadeau (1951).

liost authors agree that at PH 2 to 3 urinary catechol amines are stable
for several days at room temperature and for a long time in the cold. At
PH 2 or higher no appreciable splitting of conjugated catechol amines takes

place (Euler and Orwén, 1955). Euler and Floding (1956) observed no loss "

of catechol amines when acidified urine with a pPH less than 6 was kept for
a week 3t room temperature. Samples with a pH of 6 and above often showed
on standing growths of bacteria which caused the solution to become alkaline
and thus inactivated it., LeBlanc and Nadeau (1961) collected their rat
urine samrles in 0,5 cc, 0,1N HCl while LeDuc (1951) added 1N HCL to the
rat urine samples so that the PH was maintained around 3. In the present
investigation urine was collected for 2Ly hours in 50 nl. glass beakers con-
taininz 1 cc. toluene as preservative (to reduce evaporation) and 0.5 cc.
iCl. it room temperature where the urine volumes were small, 0,5 cc. 1N
HCl was used; and in the cold room where the urine volumes were consider-
ably larger, 0.5 cc. 6N HCl was added. The PH of the urine samples was

then usually about l. Subsequent studies on the recovery of catechol amines
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added to urine revealed no differences between urine acidified with 0.5 cec,
of 0.1N, 1N or 6N HC1l, It would thus appear that very low pli's are not
necessary for the stability of the catechol amines,

All urine samples were measured to the nearest half cc, and were filt-
ered through Whatman #1 filter paper. After the initial experiments when
it was observed that the filter paper absorbed about 2 cec. of fluid, the
filter papers were dampened with distilled water to reduce loss of volume,
If the volume of urine was small (1ess than 10 cc.) the collection beakers
were thoroughly rinsed with distilled water and the washings also filtered,
In such cases the urine volume was first recorded and the final volume
(urine + distilled water washings) was extracted in entirety,

Evaporation from the collection flasks introduced a slight error in
volumes especially at room temperature, Beakers containing 0.5 cec. acid
and 1,0 cec, toluene and left for 2Ly hours were completely dry at room temp-

erature but still had almost 0.5 ce. remaining in the cold. When beakers ‘ll

containing 2, 5, or 10 cc. acidified rat urine + 1 cc. toluene were left
for 2L hours, the volume remaining in the cold was 2, 5, and 10 cec. but at
room temperature only 0.7, 3.6 and 8.5 cc. Thus there was practically no
loss of volume in the cold and only a relatively large loss at room temper-
ature when the urine volume was very small, As the complete volume if less
than 10 ce. was taken for extraction and assay, there should have been no
loss of catechol amines, There was, however, a small loss of urine in the
metabolism cages because all of it did not reach the collection flask,

On occasion water bottles leaked and not only increuased the volume and
diluted the urine in the collection beakers but sometimes caused them to
overflow into the metal tray benenth the beaker. Also at times water drip-

ping from the overhead refrigeration plates in the cold room caused the same
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difficulty. Assays were performed on 10 cc. of the diluted samples and
results were generally included if they were similar to those of the other

rats in the group.
Extraction and Assay of the Catechol Amines

Adrenaline and noradrenaline were determined by a slight modification
of the method of Drujan et al, (1959). The catechol amines were extracted
from the urine samnles usually either the day of collection or on the day
follewing. The samples were then stored in the refrigerator until they were
assayed, usually one to three davs after the initial collection.

Basically the extraction »rocedure involves adserption of the catechol
anines on neutral alumina at PH 8 and elution with dilute acetic acid. The
filtered urine is adsorbed by the alumina in the presence of the sodium salt
of ethylene diamine tetra-acetic acid (versene). This substance is added so
that it may chelate with calecium ions oresent in the sample (Botting, 1940).

These ions (Ca) right possibly interfere with the fluorescence later in the

orocedure, loreovar Ruler and Floding (1755) state that versene prevents
oxidation of noradrenaline at pH 3.7. Woelm (Germany) alumina is claimed by
nany workers to be the best although many laboratories quite satisfactorily
ernloy a reagent grade. Recoveries in the »resent investization using

Burrell Cormoration activated alumina (obtained from Canadian Laboratory
Susrlies) and Woelm neutral aluminum oxide (obtained from Research Specialties
Go., 22D South Garrard 3lvd., Richmond, California) were almost identical.

The adsorption on alumina in alkaline medium »Hrobably devends on the formation
of a coating of aluminium hydroxide on the surface of the alumina grains
(Zuler and Orwén, 1955). During elution this laver togethzsr with the catechol

com:ounds adsorbed is dissolved in acid leaving the '"carrier" grains behind.
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Accroding to BEuler and Orwén (1955) adsorption on alumina is specific for
dihydroxyphenyl compounds, and at pH 8.2 according to Ruler and Lishajko
(1959) the catechol amines in urine are stable for at least one hour. Euler
and Lishajko (1959) also state that titration of urine to pH 8.0 gave slight-
1y less yield and recovery than titration to pH 8.5. At pH 9.0 the recovery
was markedly diminished. Euler and Floding (1956) found that the adsorption
on a column gave a somewhat better recovery of added catechol amines than
stirring with alumina. As rat urine is relatively concentrated and deep in
colour, it was hard to judge exactly the phenolphthalein end point. Conse-
quently, the pH of the extraction mixture was closer to pH 9.,0-9.5 than to
pH 8.,0. This may be the reason that recovery experiments gave somewhat
lower (although consistent) values than expected. The acetic acid eluates
kept in the refrigerator did not aprear to lose their activity at least for
one to two weeks as assays carried out after that time were similar to

those done earlier. This thus agrees with the statement of Euler and Orwén

(1955) that in the refrigerator extracts at pH L maintained their full

i
1
s
33

activity for a week. When stored at room temperature up to 48 hours, they

also noted no inactivation in the eluate.

although colorimetric methods for the estimation of catechol amines
are available, they cannot be applied to urine extracts as the amounts .
pPresent are too small., The most sensitive chemical method of estimating
urinary catechol amines is by the formation of derivatives which fluoresce.
This can be carried out in two ways. Firstly, by direct oxidation of the
catechol amines to their corresponding chromes and the rearrangement of
thece to highly fluorescent trihydroxyindole derivatives. Secondly by a
condensation reaction of the amines with ethvlene diamine which also forms

2 fluorescent derivative. This latter method is not snecific for adrenaline
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and noradrenaline and Euler et al. (1955) state that the presence in urine
of large amounts of biologically inactive catechol compounds makes the
fluorescence reaction with ethylene diamine unsuitable for estimation of
catechol amines. Consequently, the catechol amines are assayed in the
present investigation by oxidation to the corresponding chromes, adrena-
chrome and noradrenachrome, rearrangement to the corresponding fluorescent
lutines by the addition of strong alkali, and stabilization with ascorbic

acid; then the amount of fluorescence is read in the fluorometer.

CH.OH
/0N
HO CH, 0 —— CH-OH Ho —— C-0H
|H . —> I —> i
CHs NCH,
adrenaline adrenochrome fluorescent adrenolutine

l-methyl-3,5,6 trihydroxyindoie
The method of Drujan et al. (1959) was adopted as it required a urine vol-
ume of only 10 cc. whereas the majority of other methods required 100 cc.
iccording to Euler and Floding (1955) only those catechol amines which
rossess a hydroxv group at the B-carbon (next to the ring) and hydrogen
at the o-carbon in the side chain are able to form fluorescent compounds
from the corresponding chromes. Thus dopamine gives only a weak fluor-
escence - in normal urine about 3% of that of noradrenaline when oxidized
at pH 6.0. In biological material there is little reason to expect any
appreciable amounts of catechol arines with a hydroxy group in the side
chain other than adrenaline and noradrenaline, The degree of fluorescence
vroduced is compared with the fluorescence resulting from standard solutions
of adrenaline and noradrenaline tre2ted similarly. The oxidation is carried
out at two different pH's, At pH 5.0 both adrenaline and noradrenaline are

oxidized but at pH 3.0 only adren=aline.
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It is generally agreed that the oxidation time should be accurately
rneasured although it has been reported that a three-minute oxidation in-
stead of two minutes does not seem to significantly alter fluorescence,
Euler and Lishajko (1961) reported that although two minutes was an ade-
quate oxidation time for standards, urine eluates required three minutes
oxidation time in order to give optimal fluorescence values. Yet they had
earlier reported (1959) that increasing the oxidation time from two to
three minutes resulted in a reduced yield, Further increasing the oxidation
time did not increase the yield but it was found essential to have thorough
mixing of the eluate with the sodium hydroxide~ascorbic acid mixture (Euler
and Lishajko, 1961). Although three minutes oxidation time was timed exact-
ly in the present investigation, little difference was observed when the
oxidation times were two, three or four minutes, It was absolutely essen-
tial to stabilize the fluorescent compounds once they were formed by the
addition of the antioxidant vitamin C.(ascorbic acid). Although this was
alwways added immediately after stopping of the iodine oxidation by thio-
sulrhate, only small differences were found when it was added one, two or
three minutes later. Euler and Floding (1955) stated that maximal fluor-
escence was obtained in a fairly narrow concentration region and that with
large amounts a quenching effect was noted. Ais observed by Euler and
Lishajko (1961), the mixture of ascorbic acid and strong alkali tended to
2ge rapidly and it was thus used within two hours after its preparation in
the present investigation.

Drujan et 2l. (1959) advised allowing the samples to stand 15 minutes
tefore rending in the flucrometer as re=dings taxen earlier would give
erratic results perhaps because of the existence of other fluorescent com-

pounds. Zuler and Floding (1956) stated that the fluorescent product was




stable for a period up to an hour and Euler and Lishajko (1961) that the
net fluorescence values of standard solutions of adrenaline and noradrena-
line were well maintained for one hour and thereafter declined slowly,
Botting (1960) found only a small diminution in the fluorescence obtained
with adrenaline up to 80 minutes after the formation of the fluorescent
derivative, In the present investigation the fluorescence value of nor-
adrenaline was found to inecrease rapidly during the first 15 fo 4O minutes
but then remained stable from LS5 to 105 minutes after which the fluorescence
declined slowly as measured up to 180 minutes. The level of adrenaline
fluorescence was mch more stable with time. At pH 3.0 the reading was
relatively constant from 15 to 180 rminutes, while at pH 6.0 fluorescence
increased up to 30 minutes, was constant from 30 to 150 minutes and de-
creased very slightly from 150 to 180 minutes., Blanks containing all solu-
tions except the catechol amines gave constant fluorescent readings from

30 to 180 minutes. Consequently, in the present method the solutions were ‘
read in the Turner fluorometer exactly one hour after the last reagent was
added. The range selector was set for the highest range where the reading
was on scale,

The fluorescence of the blanks depended in small degree on the age of
the solutions. As read against a bakelite rod (adjusted to zero fluoresc-
ence) readings on the x30 scale varied from 8-11% at pH 3.0 and from 12-15%
at pH 6.0 but were constant throughout any one assay., The fluorescent
readings (read against the blank which was adjustzd to zero fluorescence)
are expressed by comparison with the fluorescence of standard solutions
which are treated in the same way to produce the fluorescent trihydroxy-
indole derivatives. Using serial dilutions of the stock solutions, cali-

bration curves for both adrenaline and noradrenaline were constructed using
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the two most sensitive scales of the instrument (x10 and x30) and found to
be linear. On the x30 scale, 0,1 #gm, adrenaline gave a fluorescence of
81% at pH 3.0 and 2L% at pH 6,0 while 0.1 4gm, noradrenaline at pH 6.0

gave a fluorescence of 22% during the daytime and 15.5% at night., Accord-
ing to Euler and Floding (1956) L% of the noradrenaline present is oxidized
along with adrenaline at pH 3.,0. In the present experiment, it was almost
negligible; 1.0 Mgm, noradrenaline {more than normally present in a sample
to be assayed) at pH 3.0 on x30 scale gave 2 to 4% fluorescence.

Midway in the investigation there was a marked change noted in the
calibration curve for noradrenaline - the fluorescence readings being some-
what lower., The reason for this was not immediatelv apparent and several
factors were tested. A complete new set of solutions was prrepared and a
fresh supply of noradrenaline was obtained. Assays using both noradren-
aline made up from either the powder or from the solutions in the ampoules
gave almost identical results. The only reason for the difference in assay
that could be found was that the fluorescent values for noradrenaline but
not adrenaline were higher when the assay was done in the daytime as com-
pared to night, The fluorescent laboratory lights were nearly zalways on -
both day and night. During the second half of the investigation most of
the assays were done at night. To test the above hypothesis, however,
working solutions of noradrenaline were made up from the stock solution
and were assayed both in daylight and after dark on two consecutive dzys.
The results confirmed the above hypothesis. Subsequent assays have also
been consistent with this viaw.

For any assay up to 12 samples each at two concentraiions (c.l: and 0,8
cc.) and at two pl's (3.0 and 6,0) could be run along with the blanks and

standards, Four samples were read in the fluorometer every five rinutes,
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The amounts of adrenaline and noradrenaline were calculated as follows:

. . Observed reading for sample at pH 3,0
Amount of adrenaline calibration factor for adrenaline at pH 3.0

observed reading for sample at pH 6.0
calibration factor for noradrenaline at pH 6.0

Amount of noradrenaline =

calibration factor for adrenaline at pH 6.0 x amount of adrenaline
calibration factor for noradrenaline at pH 6.0

where the calibration factor = fluorescent scale deflection per microgram
of catechol amine. After calculating the total amount of catechol amines
present in the eluate (3.5 cc.) which was obtained from 10.0 cc. of urine
(or less if 10.0 cc., was not collected), the amount of catechol amines in

the total 24 hour volume of urine can then be determined.

Recovery of Catechol Amines
Known amounts of adrenaline and noradrenaline were added to urine or

to water and put through the extraction and assay procedures. Recovery

from the urine samples was fairly constantly about 508 for both adrenaline 1...
and noradrenaline., Values in the results section of the thesis have not ’
been corrected for this loss as all the results are on a comparative basis,
There are many factors involved in the procedure which can alter the
recovery of catechol amines added to urine and although most workers obtain
a fairly consistent range of recovery, they find on some occasions that the
recovery for unknown reasons is markedly lower. Botting (1960) found that
the percentage recoveries of the amines after extraction and assay varied
from 60-765 even after much practice with the method. In the original
method of Sourkes et al, (1957), they stated that recovery is wvariable
between runs but is usually above 35%, In their revised method (Drujan et

al.,1959) the mean recovery was 70%. Euler and Floding (1956) stated that

recovery was usually about 707 but with a newer method Fuler and Lishajko -
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(1961) obtained a recovery of 70 to 100% with only one exception. LeDuc
(1961) used the methods of Euler et al. and obtained an average recovery
of 75%.

For the recovery experiments in the present investigation five differ-
ent concentrations of the catechol amines were used (0, 0.525, 1.05, 1.75
and 3.50/00 «)s These were added to 10 cc. of a pooled sample of urine
and were acidified with 0.5 cc. 0,1N, 1N or 6N HCl. Six samples of each
concentration were prepared, three (one at each acidity level) were ex-
tracted immediately while the duplicates were left for 2L hours at room
temperature before they were also extracted. The amount recovered (after
subtracting the amount present in the urine sample alone) showed that there
was no loss of activity due to standing for 2l hours at room temperature
nor was there any loss of activity in the less acid samples, Adrenaline
recoveries were carried out at pH 3.0 and 5,0 and noradrenaline at pH 6,0.
The average recovery in all cases was 50%. When the experiment was re-

peated using concentrations of O, 0.15, 0.30, 0,50 and 1.00 4gm, added to ‘

either urine or water and left for 2l hours at room temperature approxi-
mately 507 was recovered for the noradrenaline from both the urine and
“ater but although 50% of the adrenaline was recovered from the urine sam-
#les only 1035 was recovered from the water both at pH 3.0 and 5,0. There-
fore, there must be something in the urine which stabilizes the adrenaline,
hann (1953) states that both adrenaline and noradrenaline are considerably
more stable in urine than in water, even at body temperature and alkaline
PH and that this stability is due to the ascorbic acid and phosphates pres-
ent in the urine.

It is felt that the recoveries although quite consistent might have
been higher than 503 if the pH of the extraction mixture hzad been kept

closer to pH 8.5 than to 9.0 or 9.5.
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Experiment 1

Amounts of Catechol Amines Excreted after Injection

The first experiment was set up to determine if the amounts of catechol
amines excreted after the injection of either adrenaline or noradrenaline
were similar at room temperature and in the cold, and if the amounts varied
with time of exposure to cold. Sixteen rats (average weight 133 grams)
were placed in the cold at 2°C. three days after they were received while
ten rats (average weight 138 grams) were kept at 23°C. Urine was collected
for 2L hours before and 2L hours after the subcutaneous injection of either
adrenaline or noradrenaline, and both 'before! and 'after' samples for any
one rat were assayed on the same day. The differences in the catechol
amines in the two samples were considered to be due to the excretion of
the injected catechol amines. Solutions for injection were made up_in a
concentration of 100 «gm./cc. immediately before the injection although
assays indicated that the solutions kept their initial activity on refrig-
eration., These solutions were assayed with standards diluted from stock

on the same day that the urine samples were assayed. ‘

To determine if the amount of injected catechol amine excreted varied
with time, injections of either adrenaline or noradrenaline were given
subcutaneously to rats at room temperature and then four to five days later

to the rats in the cold on the following schedule:

Noradrenaline Adrenaline o

23°c, 29¢. 23°¢. 29¢.
Day 1 Day 5 Day 8 Day 12
1L 18 20 25
h2,55 L6 L8 53

where Day 1 = first day for the rats in the cold. TFor the adrenaline in-

Jections half of the rats received 25 4gm. and the other half 50 4gm, while
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for the noradrenaline injections half of the rats received 50 4gm. and the
other half either 25 ugm. or 100 ugn. Five of the ten rats at 23°¢, were
injected with 25 ugm. on Day L6 and were subsequently injected with 100 _ugm,
on Day 55. At the end of the experiment the 11 surviving rats in the cold

and the ten control rats were killed,

Experiment 2

Excretion of Catechol Amines at Room Temperature and in the Cold

The second experiment to determine the changes in excretion of natur-
ally produced catechol amines on exposure to cold was initially carried out
on 20 'old' rats; the first urine samples were taken when the rats were
approximately seven and a half months old, This experiment was than re-

reated using rats approximately six weeks old at the beginning.

(a) Two 2l-hour urine samples were collected one week apart from 20 rats
(average body weight L56 grams) maintained at 25° or 29°¢. in activity
cages and the results were averaged., The rats were exposed to 2°C. one
Wweek later when they were about 32 weeks old, After six weeks in the cold,
the rats were removed from the activity cages and placed in individual
metal cages., Urine samples were collected at various intervals (Day 7,1&,
21,28,35,49,56,85,116, and 1L5) over a five~-month period in the cold. At

the end of this time the seven surviving rats were Ikilled,

(b) wenty-one Wistar and 21 Sprague-Dawley rats approximately six weeks
old were divided into four groups. Groups I, II, and IV each had six
Jistar and six Sprague-Dawley rats while Group III had three of each.
Group IV served as controls and was maintained at 23°c, throughout the

CXreriment, Although all the rats were of the same age, they were exposed
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to cold at different times. Thus Group I was exposed to 2°C. when they
were about six weeks old and weighed 123 grams on the average. Group IT
was exposed to 2°C. 30 days later when they were 10 weeks old and weighed
26 grams on the average. Group IIT was exposed to 2°C. 70 days after
those of Group I when they were 16 weeks old and weighed 368 grams on the
average., After 20 weeks at 2°C, the survivors of each group were returned
for 10 days to 23°C., after which they were killed.

Urine samples were collected and assayed at various time intervals,
For the rats exposed to cold these were at Day 0,1,2,L4,8,11,15,18,22,29,36,
50,64,85,113, and 1L1., Following the collection of urine on Day 141, the
rats were returned to 23°C. and urine samples were collected for Day 1, L,
and 8 of their return to room temperature, Urine samples from the control
rats were collected and assayed at the following times as measured by the
time scale for Group I : Day 0,10,17,2L,39,.5,53,61,73,87,109,137,159,196,
and 215. Thus Day 1 in the cold for Group II corresponds to Day 31 for the
controls and Day 1 in the cold for Group IIT corresponds to Day 71 for the
controls,

Several rats including four of the six Sprague-Dawley controls died
during the experiments. When the rats of Group IT were killed, half of
the control rats were also killed (equivalent to Day 189 for the controls).,
Thus three of the six Wistar and one of the three surviving Sprague-Dawiey
rats were killed at this time. One of the two remaining Sprague-Dawley

rats subsequently died before the end of the experiment.
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RESULTS

Approximately 507 of the adrenaline and noradrenaline (as determined
by studies of recovery of catechol amines added to urine) are lost during
the extraction procedure. In general, as only comparative values are im~
portant in the present investigation, no correction for this loss has been
applied to the values obtained. It is assumed, however, that the correct
absolute amounts would be approximately double those reported.

The Purina Laboratory chow was tested for fluorescent material. LeDuc
(1961b) reported that one unspecified brand of commercial food contained a
fluorescent material which interfered with the estimation of catechol
arines, while 10 grams of another gave after oxidation a fluorescence which
would influence the excretion values of catechol amines in rats 170-180
grans by 103 at most. Ten and 20 grams of Purina Laboratory chow were
dissolved in acidified distilled water and left overnight. After centri-
fugation the supernatant vielded the equivalent of ,03 A4gm, adrenaline per
gram of food and ,10 A4gm, noradrenaline per gram of food., This fluorescent
material could cause the apparent amount of catechol amines excreted by
r2ts to be too high by contaminating the urine sample directly or after
being eaten and excreted unchanged, The catechol amine excretion of the
rats which ate more food did not apnear to be any higher than that of those
rats which ate less. Although food dishes were supplied to each rat in
the metabolism cages, some rats invariably scattered this food, most of it
being caught on the wire mesh, but some very small pieces rcaching the
urine collection flask., Higher excretion values of catechol amines were
senerally not recorded for those rats which scattered their food. Thus

although the food did contain fluorescent material, this was not of suffi-

clent magnitude to interfere with the assay.
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Experiment 1

Amounts of Catechol Amines Excreted after Injection

Analyses of variance using R x 2 tables as outlined in Chapter 13 of
Steel and Torrie (1950) were carried out on some of the data of the present
investigation, If the F values were significant, the multiple range test
set up by Duncan (1955) and modified for group means with unequal numbers
of replications by Kramer (1956) was used if more than two factors were
involved. Generally only a "t" test was necessary.

The solutions of adrenaline and noradrenaline used for injection were
assayed against prepared standard solutions at the same time as the urine
samples and gave the expected concentration., As the extra catechol amines
excreted 21 hours after injection expressed as a percentage of the amount
injected did not appear to differ with the absolute amount injected (25, 50
or 100 ugm, ) the results have been combined. The average excess amount of
adrenaline excreted in 2l hours after the subcutaneous injection to 10 rats
maintained at 23°C. and for 16 or fewer (five rats died during the experi-

mental period) at 2%. expressed as a percentage of the injected dose at

various time intervals is given below.

23%%. 20¢,
Day HNo. of % excreted in Day No. of % excreted in
rats 21y hours rats 2l; hours
8 10 1.38 12 16 2.00
20 10 1.h3 25 1L 2.08
L8 10 1l.bb 53 11 2.2l
llean * S.E. 1.2 £ ,10 Mean * S.E. 2,09 * .12

The analysis of variance gave a significant difference for temperature but
not for time. The excretion of 1,5 times as mch injected adrenaline at

29¢C. as at 23°C, was significant at the 13 level (t=3.10, d.f.69).
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The average excess amount of noradrenaline excreted in 2L hours after
injection to 10 rats at 23°C. and 16 or fewer rats at 2°C., expressed as a

percentage of the injected dose was measured at various time intervals as

follows:
23%, 2.
Day No. of % excreted in Day No, of % excreted in
rats 21y hours rats 2], hours

1 10 0.b5 5 16 2.37

1L 10 1.25 18 16 1.65
42,5 15 1.81 L6 11 2.7h
lean * S.E. 1.27 £ .11 Mean * S.E. 2,20 ¥ .25

Again the analysis of variance gave a significant difference for tempera-
ture but not for time. The excretion of 1.7 times as much injected nor-
adrenaline at 2°C. as compared to 23°C. was statistically significant at
the 1% level (t = 3.15, d.f.76). Considering the data at 23°C. alone, the
amount of noradrenaline excreted at Day 42,55 is significantly more than

at Day 1 (at 1% level). ‘

Most of the rats exposed to 2°C. lost a portion of the tail, the re-

maining end becoming black and hard, Often the tips of the ears were frost- b
bitten, became black and were also eventually lost, In a few rats the
renis became swollen and inflamed,

The average body weights of the rats at 2300. and 200. are plotted in
Fig, 1l6a, Although the rate of growth was initially slowed down by the
cold, the rats grew fairly well., The normal excretion of adrenaline and
neradrenaline as measured for the 2L~hour periods prior to the injections
is plotted in Fig. 15 ¢ and d. The numerical data are given in Table VII

in the Appendix. The values of both catechol amines are much higher in the

cold, When analyzed statistically the excretion of adrenaline in 4gm./2l hrs.



400k (45) BOdywelght

' 23°C
300 I
(7]
g ] A "‘
o _a-t e
200 P~ "—‘__A-—' A—A
A
S "-"
Zoa— A
100 . 1 4 1 1 i 1
- (b) Urine volume
g OF _A 2o
+ -al o —Ar
~ " o »
g OfF 23°C
.
O 1 | 1 1 N 1 , ) |
A
P \\‘ ________ _ - ° 3
:—r-. (c) Adrenaline A 2°C ‘
N | |
g 3
§L . ._—‘——.////‘w——ﬂ‘u— ——.f/’. 23°C E
O L 4 L 4 [ 1 I
. /A\\
£ 2F (d) o7 ~~—__
< P ~—
S i g ~A2°C
£ | L .
2 Noradrenaline
i .—_________—————" i vy 23°C
0 : ' . , . . .
O 20 40 | 50
Days

Fig. 16 Averaze bod; weizht (a), urine volume (i) and excretion of adrenaline
(c¢) and noradrenizline {(d) in rats at 23°C, and 2°C. as measured ab
various Ulines.



- 107 -

varied with temperature but not with time being significantly greater at
2°C. (at 1% level) than at 239C, (t = 12.3L, d.f.1L7). The same was true
for noradrenaline (t = 12,10, d4,f.76).

The average excretion of adrenaline at 2°C. was about three times the
average value of .068,agm./2h hrs, recorded for 23°C, while the average
excretion of noradrenaline at 2°C. was approximately six times the average
value of 0.3Lh sgm./2li hrs. recorded at 23°C. When the values at 23°c.
are analyzed separately by Duncan's test, the excretion of adrenaline at
Sar 1 and Day 8 are significantly lower (at 1% level) than subsequent
measurenents,

Urine volumes of samples collected in the 2l hours prior to the in-
Jzciion are plotted in Fig. 16b. The urine volumes in the cold are about
Zcuble those at 23°C. The injection of the catechol amines to rats at 23°cC,

arvezred to cause a diuresis which was most marked for the first two injec-

ticns. No consistent changes in urine volumes were observed after injection l.

. \
the catechol amines to rats in the cold., The injection of noradrenaline

by

o)
appeared to cause increases in the normal output of adrenaline, which was

Increzsed on the average 0.03 #gm./2h hrs. at 23°C. and 0,05 A4gm./2kL hrs.

2°C. In one case, however, at the time of the second injection of nor-
airsnaline to a reot at 2°C. which died shortly afterwards, most of the

merzdrenaline appeared to be excretéed as adrenaline.
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Experiment 2

Excretion of Catechol Amines at Room Temperature and in the Cold

The average body weight, urine volume, and excretion values for adren-
aline and noradrenaline of rats at room temperature and in the cold are
plotted in Figs. 17, 18, 19 and 20; the numerical data are recorded in
Tables VIII to XII in the Appendix. Thirteen of the 20 'old!' rats of
experiment 2a died in the cold, two deaths were accidental and one rat
appeared to die from a urinary infection., Trelve of the 36 rats exposed
to 2°¢, in experiment 2b died. For seven rats there was evidence of in-
fection of the urinary tract or the presence of enlarged and diseased
kidneys., In addition four of the six Sprague~Dawley control rats at 23°¢,

J
i

died after 130 davs of the experimental period. BRefore death they lost !
|

weight and exhibited marked difficulty in breathing. At autopsy infection ‘

of the lungs was evident in the four that died and also in one of the two E
survivors which was having difficulty breathing at the time it was killed. |
In nost cases very high excretion values of adrenaline and noradrenaline f
Were recorded just before death. For this reason the values for the con- :
trol rats towards the end of the experimental period in experiment 2b are
unreliable, and some have been oritted. As the same controls served for K
exch group of rats exposed to cold, it is mostl- for Group III that the
control values are unreliable toward the end of the experiment. A\s no
marked differences were seen between the Wistur and Spramue-Davley rats
‘used in the experiment, the values have been combined for plotting the
Tizures,

Fig. 17a shows that the average body weight of the '0ld' rats in activ-
ity czges decrezsed considerably on exposure to 2°C, Only after 50 days in

the cold (that is, shortly after the rats were removed from the activity
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cages) did the body weight begin to increase. Fig. 17b shows that the
weight gain of the rats in Group I of experiment 2b was initially slowed i
down after exposure to 2%¢, but after about four days the rats began to
gain weight fairly rapidly. Weight gain of the rats in Group II exposed g
to cold 30 days after those of Group I was rather similar although the
rapid gain of weight was completed about mid-way in the experiment. As g@
the rats of Group IIT had passed the rapid growth stage before they were

exposed to cold 70 days after those of Group I, their weight gain over the

experimental period was relatively small but comparable to that of the

controls at 23°C. Return of the cold-exposed rats to 23°C. caused a slight igi
decrenase in weight in all groups. @
Fig. 18a shows that the average urine volumes of the 'old! rats in

activity cages, although quite high before exposure to cold, increased to

very high levels at 2°c. being highest three weeks after exposure to 2%c¢.
and then decreasing to levels almost double that observed before exposure.
Fig. 18b shows that the average urine volume of the control rats of exper-

iment 2b was relatively constant around 5 cc. throughout most of the exper-

iment. Values for the 2l-hour collection, however, varied from 0.5 up to
14 cc. although they tended to be relatively constant for any one rat.
Fig, 16b showed that the urine volumes of the rats in experiment 1 were
initially lower and increased over the experimental period. The average
urine volume of the rats exposed to cold (Fig. 18b) increased»during the
first four days of exposure to 2°C., remaining somewhat constant up to L0
days in the cold after which it tended to increase still further. The
urine volumes were two to six times grezter at 29C, than in controls kept
at 23°C, both in experiment 1 and 2, Although the urine volumes decreased

when the cold-exposed rats were returned to 23°C,, they were still above
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the control level after 8 days.

Fig., 19 shows that the average 2lL-hour excretion values for adrenaline
were much higher for the 'old! rats (a) than for the other groups (b). The
peak value for the 'old' rats was recorded at one week in the cold. The
excretion then continually decreased until after 86 days the values were
approximately the same as those recorded for Group III. The average 2L~
hour excretion of adrenaline by the control rats of experiment 2b in Fig,
150 remained relatively constant around 0.05 4gm. up until the time that
some of the rats became sick and died. This contrasts to the values ob-
tained in experiment 1 (Fig. 16c) where the adrenaline concentration tended
to incretse with age. In contrast to the urine volumes which showed rather
wide individual variation, the adrenaline excretion was much more constant

from rat to rat. Fig., 19b shows that the adrenaline excretion for the rats “

of experiment 2b exposed to cold markedly increased, reaching a high value
after four days and remaining somewhat constant up to 50 days, after which
further incre=ses were noted especially in Groups II and III. The values
for the rats in experiment 1 corresponded well with those Group I, both
sets of rats beinz approximately the same age and weight when exposed to
cold. The high value at Day 50 recorded for Group III is undoubtedly a
result of the fact that the cold room temperature was below freezing for
aoout three days before the measurement was taken. The highest levels of
excretion of adrenaline were reccrded in the lacst group of rats (Group III)
exrosed to ccld. Adrenaline excretion in the cold was increased abcut three
to four times over that at room temperature and tended to average between
0.2 to O.L gm, /2l hours. On the return of the cold exposed rats to 23%.
the 2drenaline excretion immediately decre=sed but tended to be slishtly

above the control level values cven after eicht davs., A review of the
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individual results shows that although there was a slight tendency for a
rat with a higher urine volume to excrete more adrenaline than others meas-
ured at the same time, this was by no means a general rule and often the
reverse was true.

Fig. 20a shows that the noradrenaline excretion level was very high ﬁ

for the 'old!' rats after three to four weeks in the cold, after which it

rr e e s

declined, Fipg. 20b shows that the noradrenaline excretion for the control
rats of experiment 2b was increased onlv slizhtly over the experimental
veriod, for the most part being maintained between 0,20 to 0,30 4gm./2l hrs.,
while the rats increased in weight from 150 to LOO grams. Although the

urine volumes showed wide individual variation (0.5 to 1L cc.), the nor-
adrenaline excretion was much rore constant from rat to rat. High excre-
tion values of noradrenaline were reached within the first few days in the
cold and were maintained at high levels (around 2ugm./2L hrs.) for 60 days ,}f
after which thev incrensed still further for Groups II and III (Fig. 20b). ‘
The high value at Day 50 for Group ITII was undoubtedly a result of the

below freezing temperature in the cold rooir for three days before the urine

was collected. lMNoradrenaline excration in the cold was approximately eight i
tines greater than in rats =zt 23°C. The values obtained for the rats in
experiment 1 corresponded with those of Group I of experiment 2b, On re-

turn to 2300. the excretion of noradrenaline decreased immedizately and was

at four days close to the level of the controls. In general, a review of

the results on individual rats shows that the noradrenaline excretion of

2 rat appesrs to vary independentl of the urine volume and of the excre-

tion of adrenaline.

The average valiues over the experimental period for each experimental

group have been recorded in Table VI, ZExposure to cold increased the urine



—

(a) | R T

O L N [l
- (b) Group I
: 2°C 23°C
n
E \
T 2
N
~N
3 23°C controls
T Ot=cA--a—-A—-—— At Al pm b m b —— = = ———A— —A
Q
»
car Group I XZ"C 23{0 ‘
2 i e -
© .‘
B ;
o N
5 .
< 23°C controls e e g — b
0 bAoA p A oA ———— AT T i

HAgm.

Gl’OUp m 2300

23°C controls L ———A

S T — 23°C contds _

0 50 100 150
Days

Fig. 20(a) Bxperiment 2a - Average noradrenaline excretion of 'old! rats at 2°c¢.
X indicates when rats were removed from activity cages.

(b) Experiment 2b - Average noradrenaline excretion of oroups I, II and
ITT (o) at 2°C. compared with controls (A) at 23°C.




- 116 -

volume about three to four times, the adrenaline excretion about three to

four times and the noradrenaline excretion about eight times on the average,

TABLE VI
Average Urine Volume and Excretion of Adrenaline and Noradrenaline

for Various Experimental Groups of Rats

Group No, of rats Urine volume | Adrenaline | Noradrenaline
initial fimal | cec./2h hr. | gem./2h hr.| aem./2h hre,

Experiment 2a

Before cold 20 20 20,6 .18L 186

At 29, 20 7 .9 .688 11,066

Experiment 1

Controls 23°C. 10 10 7.3 .068 .3Ll

At 2%¢, 15 11 17.7 .198 1.900

Experiment 2b

Controls 23°cC.

Sprague-Dawley 6 2 L6 .062 .219

Wistar 6 6 5.8 .059 202

At 2%,

Group I

Sprague-Dawley 6 3 15.6 .220 1.613

Vistar 6 2 17.5 .151 1.597

Group IT

Sprague-Dawley 6 3 22,5 »330 2.156

Group III

Sprague-Davley 3 3 25,6 .306 2,581

Jistar 3 3 2L.8 .262 2.2
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DISCUSSION

The estimation of the amounts of adrenaline and noradrenaline in rat
urine by the method of Drujan et al. (1959) was quite satisfactory provided
the fluorescence was read approximately one hour after the formation of the
trihydroxyindole derivatives. The improved technique of Euler and Lishajko
(1951) for the estimation of catechol amines, however, might be more precise.
Although the calibration curves were linear, the fluorescent values for
noradrenaline, but not adrenaline, Qere found to be lower when the assay
was done at night. This is in contrast to the finding of Goldfien et al.
(1961) who reported that exposing the fluorescent products of noradrenaline
to daylight or other sources of light of short wavelengths appeared to
cause partial destruction after which the fluorescent products remained
stable,

Recoveries of catechol amines added to urine were about 50% and probf
ably would have been higher if the pH of the extraction misxture had been
kept closer to pH 8.5. The catechol amines were stable in urine left for
2li hours at room temperature; the degree of acidity did not appear to be
inportant. Adrenaline was not stable in acidified distilled water left
for 2l; hours at room temperature. These findings concur with those of
biann (1953) who revorted that both adrenaline and noradrenaline were nmore
stable in urine than in water.

The average amounts of injected catechol anines excreted 24 hours
after the subcutaneous injection of doses of 25, 50 or 100 ugm, at 23°C.
(corrected for 100% recovery) were 2.8% for adrenaline and 2.5% for nor-
adrenzline. These values lie within the ranges obtained by other workers,
The average amounts of the catechol amines excreted after injection at 2%¢.

were, however, significantly greater than those at 23°C. Approximately

(54

e S I S
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1,6 times as much of the injected dose was excreted by 16 cold-exposed rats
(as measured at various time intervals during 60 days in the cold) as in

10 rats at room temperature, Perhaps there is a slower rate of destruction
of these amines in the cold. Although LeDuc (1961b) stated that there was
no change in the amount of injected adrenaline and noradrenaline excreted
after injection of 100 ugm. into three rats at room temperature and after
six and 30 days in the cold, his values of 2.5% for adrenaline at 3°C. is
lower than that of 3.L4¥ at room temperature. The significance of the pres-
ent finding that rats at 2°C,, which already excrete large amounts of cate-
chol amines, excrete slightly more adrenaline and noradrenaline after in-
Jection than do rats at 23°C. is not clear. The injection of the catechol
anines appeared to cause a diuresis at 23°C, but not at 2°C, although the
diuresis was most pronounced when the rats were young. Injections of nor-
adrenaline apreared to cause slight increase in thé urinary excretion of ‘
adrenaline both at 23°C, and at 2°C., LeDuc (1951b) found no changes in

the excretion of adrenaline after injection of noradrenaline and vice versa. !

Exposure of animals to cold is uauallr followed by loss of body weilght
during the first few darys. Aas the food intake increases, the animal begins
to increase in body weight but at a slower rate than in controls at room
temperature (Sellers, 1957). Although there is a lower fat storaze in the
cold, according to Bart (1958) and Depocas (1961) the check in growth is
confined to a reduction in growth of the skeletal muscles. iccording to
Depocas (1951) a normal growth rate is not maintained because the food in-
take does not beccme adequate. In the present investigation, although
growth of young rats at 2°C. was initially slowed down, they soon commenced

growing again at a good rate. UWeight gain of older rats was relatively
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small in the cold but was similar to that of the controls at room tempera- >

ture. The large and sustained drop in body weight of the 'old' rats in
activity cages was unexpected. The fact that these rats began to gain
weight after 50 days in the cold could have been because they had been re-
moved from the activity cages just prior to this gain.

The average amount of urine excreted at 23°C, by the control rats of
experiment 1 and 2b was 5.3 cc. per 2L hours, Although the actual volumes
were quite variable (0.5 to 1L cc.), they tended to be relatively constant
for any one rat. Exposure to cold caused, on the average, a three to four %
fold increase in the 2Lh-hour urine volume. The average 2l-hour diuresis
of the rats of experiments 1 and 2b at 2°c. was 20,2 cec. Urine volumes
increased immediately on exposure to cold and reached high levels during
the first few davs. Excretion was maintained at a high level throughout i
the entire period of cold exposure, the levels after LO days in the cold ; 
being generally higher. Although the urine volumes decreased during the ‘
first eight days after the rats had been returned to room temperature at :
2300., they were still well above control levels. The average 2l=hour
urine velume of the 'old!' rats of experiment 2a was high being 20,5 cc. at
239¢. and L1.9 ce. at 2°C. Although the urine volume increared in the cold,
it did not reach its pezk for these rats until the rats had been at 29C.
for three weaks. A two-fold increace in diuresis is reported for cold-
exiosad rats by LeDuc (1951b), 170-180 gram rats excreting on the zverage
& cc. 2t 22°C. and 18 ce. at 3°C. per 2L hours during 3% dovts in the cold.,

LeBlzne and Hadeau (1951) reported for rats of ap-roxirately LOD grams an
average 2li-hour urine volume of 10 cc. for 10 rats at 25°C. and 33 cc. for
10 rats ikept for seven ronths at 10°C. Thus the increased urine cutput of

coldd-exposed rats in the present investignation was as expected.
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Although there was a tendency for the amounts of catechol amines ex~
creted by rats maintained at rcom temperature to increase with the age of
the rat, this increase was srail when compared to the changes in excretion
caused by ccld, The average arcunt of adrenaline excreted in 2l hours
(corrected for 100% recovery) for the rats maintained at 23°C. was 0.12 ugm,

(0.08 to 0.22 agm. for rats 120 to L25 grams) for experiment 2b; 0.1l mgm,

(0.06 to 0.21 sugm, for rats 1LO to 350 grams) for experiment 1; and 0.36

Mgm. for the 'old! (LS55 grams) rats of experiment 2a. These values are in

the same range as those reported by other workers except that the excretion (
values for the 'old! rats in the activity cages were very high. LeDuc

(1961b) reported an increase in the absolute 2L-hour excretion of adrenaline

with age from 0.03 to 0.22 4gr. in rats 110 to L55 grams., Bickel et al.
(1951) obtained an adrenaline excretion of 0,17 to O.28/Agm. in 200 to 350

gram rats while LeBlanc and Nazdeau (1951) revorted a value of 0,13 N, 1in

400 gram rats at 25°C.

The average amcunt of ncradirenaline excreted in -2l hours (corrected
for 1007 recovery) for the rais naintained at 23°C. was 0.L6 ugn, (0.2L to
0.72 uzm, for 120 to L25 zram rzts) for experiment 2bj O.Ga/ugm. (0.L41 to
0.83 gm. for 10 to 350 zrawm rats) for experiment 1; and 0.97 Agm, for the
told' (56 gram) rats in exrerirent 2a., These values too are in the ranges
revorted by others. LeDuc (1951z) rerorted an increase in the absolute 24—
hour excretion of noradrenaiine wwith zge from 0,L6 to l.lh/ugm. in rats
110 to LS55 zrams. 3ickel et zI. (1951) obtained a noradrenaline excretion
of 0.7 to O.6l/ugm. in 235 to 33D zram rats while LeBlanc and Nadeau (1961)
reported a higher value of .21 ugr. for UO0 gram rats at 259C, The normal
excretion of noradrenzline 1% rcom temperature was about four times greater

than for adrenaline in the trasani investigation, In contrast to the urine
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volumes which showed marked individual variation, the adrenaline and nor-
adrenaline values were much more constant from rat to rat.

The natural excretion of adrenaline and noradrenaline was markedly
increased in rats exposed to cold at 2°C, Adrenaline excretion was in-
creased from three to four times on the average and noradrenaline execretion
approximately eight times., Although it was shown in experiment 1 that cold-
exposed rats excreted 1,6 times as much injected adrenaline and noradrena-
line as they did at room temperature, this slightly increased excretion is
certazinly insufficient to account for the markedly increased excretions of
adrenaline and noradrenaline in the cold. Although the excretion of these
catechol amines was increased immediately on exposure to cold, peak values
were usually reached after approximately four days in the cold (experiments
1 2nd 2b). Excretion was maintained at a high level throughout the cold

exposure and tended to increase further after 50 to 60 days in the cold.

The older the rats when exposed to cold, the higher the excretion values ‘

apreared eventually to become,

As some of the present findings with Wistar rats differed from those
of LeDuc (196la,b) with Sprague-Dawley rats, it seemed possible that the
two strains were different with respect to excretion of catechol amines.
Indeed, Eranks and Hopsu (1951) reported that Wistar rats required three
tires as much reserpine as Sprague-Dawlecy rats to effect equzl depletion
of catechol amines from the adrenal medulla, In the present parallel
studies of rats of the two strains, however, although iistar rats tended
to excrete slightly smaller amounts of catechol amines in the cold, the
tio strains gave generally similar results. Thus strain differences cannot
Account for any discrepancies between the present findings and those of

LeDuc (1%51a,b).



The catecnol amine excretion of the 'old! rats in activity cages (ex-
periment 2a) was markedly different from that of the younger rats of exper-
iment 1 and 2b. A very high excretion of adrenaline after one week was
followed by a decline, although excretion was still at a high level., The
excretion of noradrenaline was at its peak only after three to four weeks
in the cold; then it also declined although it was also still at a high
level,

These results contrast with those of LeDuc (1961b) who found that the
excretion of noradrenaline in rats exposed to 3°C. was nearly maximal dur-
ing the first 2L hours and was maintained at a level about three times as

high as the of a control group at 22°C,, although there was a slow and

4]

teady decline with time. This decreased excretion of noradrenaline with
time in the cold obtained by LeDuc was only partly due to the weight factor.

loreover, the excretion of adrenaline was maximal only after one week in

L O PO IESE TR C N RO JOC TS S

the cold and decreased afterwards much more rapidly than that of noradrena- II'

line although it was maintained at a level one and a half to two times that
of controls at 22°C. These differences cannot be explained by the fact
that LeDuc's results are expressed relative to body weight and the present
~ones are not. This is clear because the changing trends of excretion with
time in the cold were the same for the three grouns of rats of experiment
2o althcugh the average body weights wvaried widely. The rats of Group I
increased in weizht from 140 to 345 grams while the weight of the rats in
Srous IIT was fairly constant (from 3756 to 109 grams) over the experimental

seried The vastly different results obtained for the 'old?! rats in exper-

A

inen® Za are both interesting and difficult to explain. Thelr response
could be due to the fact that they were 'old' when they were exposed to

cold but ma—r e a reflection of their vresence and running acbtivity

i
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in activity cages.

Four days after the rats of experiment 2b were returned to 23°C. nor-
adrenaline excretion was back at the control level. Adrenaline excretion
although much reduced, tended to be above the control values after eight
days. In contrast, LeDuc (1961b) reported that catechol amine excretion
values returned to normal within two days after the rats were returned to
room temperature from 3°C,

The average amount of adrenaline excreted (corrected for 1003 recovery)
in 2L hours at 2°C., by the rats of experiments 1 and 2b was 0.L46 sgm, and
by the 'old' rats of experiment 2a was 1.38 #gm. The average amount of
noradrenaline excreted (corrected for 1003 recovery) in 2k hours at 2%,
by the rats of experiments 1 and 2b was 3.86 4gm. and for experiment 2a
was 8.1L #gm., Ten rats kept at 10°c. for seven months by LeBlanc and
Nadeau (1961) weighed approximately LOO grams and excreted 0.6l #gm, adren-
aline and 9.71 #gm., noradrenaline. These values represented a five-fold
increase over values for control rats at 25°C. LeDuc (1961b) reported that
the amounts of catechol amines excreted in the cold were dependent on body
weight and as calculated from his graphs for rats 100 to 500 grams varied
from 0,17 to 0.,L8 Mgm., adrenaline on day one in the cold and from 0,73 to
0.98 Mgm, adrenaline at the peak on day six while the noradrenaline excre-
tion varied from 1.4 to L.3 #gn.

Thus the present results agree with those of LeDuc (19461b) and LeBlanc
and Nadeau (1961) that excretion of both catechol amines is increased in
the cold. They further agree with those of LeDuc that the excretion of
noradrenaline is increased about twice as much as adrenaline but not with
those of LeBlanc and Nadeau who obtained equal five-fold increases for

adrenaline and noradrenaline. The average increase in excretion of adren-

|
|
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aline (three to four times) and of noradrenaline (eight times) in the pres-
ent investigation are approximately double the averages obtained by LeDuc
(one and a half to two times for adrenaline and three times for noradrena~
line). The study of catechol amine excretion with time of cold exposure
also vields results different from those of LeDuc. No isolated peak for
adrenaline excretion after one week in the cold was found. Also the excre-
tion of the catechol amines tended to increase slightly with time of expos-
ure to cold rather than to decrease.

Acclimation of rats to cold is a gradual process requiring two to six
weeks. It is accompanied by increased food consumption, increased metabolic
rate and an increase in non-shivering heat production (Depocas, 1961).
L-noradrenaline has been suggested as the mediator of this non-shivering
thermogenesis. Thus the secretion of noradrenaline (as measured indirectly
by its excretion in the urine) during and after acclimation of rats to cold
is of great interest. There is no doubt that the excretion of noradrena-
line in rats reaches high values soon after cold exposure. In fact, peak
values were reached after apvroximately four dnys, the time at which the
rats also began to increase in body weicht. In the present experiments
nigh excretion valﬁes were maintained throughout the 20 weeks of cold ex-
vosure. Thus acclimated rats excreted as much noradrenaline (and in some
cises more) than non-acclimated rats in the cold., Adrenaline excretion
followed a similar pattern. Although it also was incrensed in the cold,
it did not increase to the same extent as the noradrenaline excretion.
Sellers (1957) has stated that within a few days of renoval of animals
from the cold, much of the increased resistance has disapueared although
it persists for some weeks in some degree. The noradrenaline excretion

in the present experiments was at control levels four days after the rats
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were returned to 23°C, from 2°C. while the adrenaline excretion, although
ruch reduced, tended to be above control levels at eight days., It is per=-
haps possible that this raised level of adrenaline is responsible for the
persistance of a slight degree of resistance to cold maintained by rats
after they are returned to room temperature.

The high values both at room temperature and in the cold for the ‘told!
rats while they were in activity cages could possibly be due to the fact
that they were able to exercise, For these rats adrenaline excretion was
maximal at one week in the cold and noradrenaline excretion only after
three to four weeks. The marked differences between the catechol amine
excretion of these rats in activity cages and the ones maintained in the

standard individual laboratory cages should be investigated further, ‘




1.

3.

- 126 -~

SUMMARY

The average amount of subcutaneously injected catechol amines excreted
by male white rats at 23°GC. was 2.8% for adrenaline and 2.57 for nor-
adrenaline., At 20c, these figures were increased apprroximately 1.6

times.

There were no marked differences between the amounts of catechol amines

excreted by Wistar and Sprague-Dawley rats either at 23°C. or 2°c.

On the average, exposure to cold increased the adrenaline excretion
three to four times, the noradrenaline excretion eight times and the

urine volume three to four times.

The excretion of both adrenaline and noradrenzline was increased immed-
jately on exposure to cold, peak values being reached after four days
and maintained throughout the 20 weeks of exposure to 2°C. There were
no decreases in the excretion with increasing tire of cold exposure; in
fact, excretion tended to sncrease further after 50 to 50 dzys in the
cold, Thus acclimated rats excreted as ruch of these catechol amines
as non-acclimated rats. Noradrenaline excretion wis at control levels
four days after the cold-exposed rats were returned to 23°C. while
adrenaline excretion tended to be slightly elevated even after eight

days at 23°¢,

There was some tendency for the amount of catechol arines excreted by
rats at room temperature tc increase with age and weight of the rat.
On the averaze, the 2li-hour excretion values of the catechol amines

were 0.13 4zm. adrenaline and 0.L9 A“gm. noradrenaline 2t 23°C. and
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0.L6 A+gm. adrenaline and 3.86 sgm, noradrenaline at 2°C,

'01d? rats in activity cages excreted much more adrenaline and noradren-
aline both at room temperature and in the cold than rats kept in indiv-
idual laboratory cages. Their excretion of adrenaline was at a peak

one week after cold exposure and their excretion of noradrenaline only
after three to four weeks. It is suggested that the fact that they were
allowed to exercise freely in the activity cages is responsible for this

difference.,
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APPENDIX

TABLE VII

Urine Volume and Excretion of Adrenaline and
s at Room Temperature and in the Cold

Experiment 1
(a) 23°¢,
Day No. of | Body weight | Urine volume Adrenaline Noradrenaline
rats grams ce./24 hr. | #em./2L hr. pgm./2L hr.
1 10 138 2.3 03l .208
8 10 179 245 031
1L 10 212 7.5 . 065 «367
20 10 258 8.0 .073
L2,55 15 3L5 11,3 .089 .L19
L8 10 3L9 12,1 .106
Mearl 7 ] 3 [} 068 (] th
(b) 2%¢c.
Day No. of | Body weight | Urine volume Adrenaline Noradrenaline
rats grams ce./24 hr. | pgm./2L hr. gm./2lL hr.
5 15 139 11.1 .222 1.770L
12 16 155 ih.h .21
18 15 170 16.9 L197 2,271
25 ST 19 1L.7 .178
HYS) 11 | 2L7 17.7 .17h 1.533
53 11 l 253 21.2 .193
Mean 17.7 .198 1.900




Average Body Weight,
Noradrenaline in '0ld!

- 133 -

TABLE VIII

Experiment 2a

Urine Volume and BExcretion of Adrenaline and
Rats Exposed to Cold %

Day No. of | Body weight | Urine volume Adrenaline Noradrenaline
rats grams ce./2l4 hr. | mgm./2L hr. Agm,/2L hr,

0 20 1456 20,6 184 186
7 19 416 39.2 1,086 3.727
1k 17 397 L7.1 1,018 5.23L
21 16 397 L9.6 .909 6.793
26 15 394 L8.5 .916 6.296
35 1k 39L 1i6.8 652 3.975
L9 7 387 38.L .582 L.151
56 12 398 Lh.7 543 3.191
86 10 L02 33.2 .389 2.215
116 9 420 39.1 22 2.5Lh
1L6 7 L3k 33.8 .36L 2.52L
Mean at 2°C. 41,9 .688 L.,066

# The rats were removed from activity cages on Day L2 at 2°C.
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TABLE IX

Noradrenaline in Wistar and Sprague
Experiment 2b - Controls

Urine Volume and Excretion of Adrenaline and

-Dawley Rats at 23°cC.

Day No. of | Body weight| Urine volume Adrenaline Noradrenaline
rats grams ce./2h hr, Hem, /2L hr. pgm, /2l hr.

0 6 129 2.1 0oL8 . 109

10 170 5.2 .0L3 .20L

17 21h 5.4 .0L6 .167

2l 262 5.5 .06 192

39 315 6.4 .ohly .252

L6 339 5.7 .oLL .196

53 355 6.9 067 .234

60 375 7.1 .070 .35

73 Lol 6.3 061 .186

87 423 5.9 . 062 .305
109 451 Sels .056 .251
137 LL8 6.1 078 .3h9
159 L76 8.6 097 .358
196 3 L6l 12,2 131 693
215 L65 12.8 133 -
lean (Day 10-159) 5.8 .059 o2Ui2
(b) Sprague-Dawley rats
Day No. of |Body weight | Urine volume Adrenaline Noradrenaline

rats grams ce./2h hr. pom, /2l hr. | agm./2lL hr.

0 6 110 3.7 .038 120

10 151 .9 .038 .159

17 177 2.8 .0LO .150

2L 211 3.h .0LS .190

39 2L6 L.l 056 .215

L6 260 3.5 .070 204

53 272 3.1 D59 .12h

50 286 L.0 .055 .205

73 304 L.2 .052 .229

87 317 3.h .056 266
129 332 2.5 .052 301
137 5 329 7.5 .120 .353
159 L 369 13.02 132 .351
195 2 378 L.8 .255 -
215 1 103 7.0 302 -
Fean (Day 10-159) L6 062 .219
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TABLE X

aline and

Noradrenaline in Wistar and Sprague-Dawley Rats at 2°¢. and 23°c.
Experiment 2b
Group I
(a) Wistar rats
Day No., of |Body weight | Urine volume Adrenaline Noradrenaline
rats grams cc./2L hr. Sgm, /24 hr, _ugm./2l hr,
O 6 129 2.4 .050 .119
1 1.8 9.1 076 .902
2 8.3 .075 854
L 1L7 21.5 «237 2,102
8 157 13.6 .139 1.631
11 170 17.4 175 2.837
15 179 1L.0 .118 1.250
18 189 21.3 .160 1,751
22 200 1h.3 .125 1.088
29 21l 17.0 143 1.559
36 223 20,8 .155 2.108
50 5 255 21.7 169 1.LhL5
6l N 302 22.8 .169 1,696
85 33L 21.5 .195 1.930
113 3 351 17.7 .165 1.h92
ithl 2 376 21.3 .161 1.310
Mean at 2°c. 17.5 .151 1.597
23°¢.
1 2 375 17.0 .131 .58L
l 380 13.0 .075 167
8 382 11.5 .081 271

% Measured at 23°C. three days before the rats were vlaced in the cold
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TABLE X

Day No. of |Body weight |Urine volume | Adrenaline Noradrenaline
rats grams ce./2h hr. | #gm./2L hr. | #gm./2L hr.
Os¢ 6 116 2.5 .028 .108
1 133 Te2 077 «TUL7
2 5.1 .088 .701
L 125 16.5 2L7 1.6LL
8 135 11.5 .268 1.59L
11 138 15.6 2317 2,620
15 1hhL 10.7 +17L 1.307
18 1L6 19.L .236 1.851
22 5 155 12,6 J17h 1.053
29 173 17.8 .236 1.949
36 L 172 17.3 . 226 1.817
50 3 215 18.3 .186 1,097
6L 216 14.8 .15 .912
85 280 21.0 .3hL9 2.uL8
113 298 20.5 .213 1,7L3
141 31hL 25.2 371 2,719
Mean at 2°C. 15.6 .220 1,613
23%.
1 3 309 18,8 .227 .930
b 301 21,2 .160 .556
8 310 22,2 .159 632

s Measured at 23°C. three days before the rats were exposed to cold
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TABLE XI

Average Body Weight, Urine Volume and Excretion of Adrenaline and
Noradrenaline in Wistar and Sprague-Dawley Rats at 2°C, and 23°c,

(a) Wistar rats

Experiment 2b

Group II

Day No. of |Body weight |Urine volume | Adrenaline Noradrenaline
rats grams ce./2L hr. | megm./2L hr. | sgm./2L hr,
O% 6 263 2.8 L03L .108
1 289 12.3 116 1.663
2 12.1 126 1.325
L 283 19.3 .192 1.316
8 277 15.0 .151 1,382
11 282 4.9 .157 1.775
15 29L 17.0 .13L 1.593
18 302 1L.9 .118 U5
22 303 1.0 .103 1.289
29 313 18.7 .152 1.185
35 323 15.7 L7 1.120
50 336 15.1 121 .728
Al 339 18.8 171 1.5LL
85 350 25.1 .215 2,26)
113 It 371
1Ll 373 18.6 .201 1,875
Mean at 2°C. 16.5 .150 1.L415
23°¢.
1 n 377 17.h .163 .320
L 380 10.6 .11h .506
8 382 10.8 .08l .256

% Measured at 2300. three days before the rats were placed in the cold

Note - Day 1 for Group II is equivalent to Day 31 for the controls
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TABLE XI

Day No. of | Body weight |Urine volume | Adrenaline Noradrenaline
rats grams ce./2l hr, #gm./2l hr. Agm, /2L hr,
O3 6 229 L.8 .058 .190
1 218 11.9 .2h3 1,552
2 11,8 .357 1.565
L 235 16.4h .278 1,363
8 23L 19.5 il 1,978
11 2Lo 16.5 .250 1.353
15 2L8 22,7 .315 1.939
18 2Ll 18.2 .300 1.526
22 262 20,7 .289 1,691
29 273 22.5 .278 1,561
36 278 27.7 352 2.379
50 5 309 31.1 299 1,566
6l L 339 30.3 377 3.595
85 335 32.7 .398 1,310
113 3 327
L1 351 3L.1 1165 3,803
Mean at 2°C, 22,5 .330 2,156,
23,
1 3 355 23.5 275 1.931
L 3hS 22,5 .2hl 1,212
8 i 3h2 23.6 .118 .552

3t Measured at 2306. three days before the rats were placed in the cold

Note~ Day 1 for Grour II is equivalent to Day 31 for the Controls
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TABLE XII

Average Body Weight, Urine Volume and Excretion of Adrenallne and
Noradrenaline in Wistar and Sprague-Dawley Rats at 2°C. and 23°C,

(a) Wistar rats

Experiment 2b

GROUP TIII

Day No. of | Body weight | Urine volume | Adrenaline Noradrenaline
rats grams cc./2h hr., | wgm./2L4 hr.| _gm./2lL hr.
Ox 3 383 9.3 091 L78
1 39) 15,2 .162 1.bLhl
2 16.0 .165 1.370
L 38L 29.3 .30L 2.626
8 382 22.0 .230 1.932
11 379 19,5 .235 1.596
15 391 21.7 260 1.979
18 389 2h,0 .259 2,197
22 391 21,2 237 2.173
29 396 2L.0 .219 2.130
36 396 21.5 .202 1,587
50 Mele) 26,2 .297 2,697
6l 397 35.0 .28L 2,22
85 L13 29.8 .327 3.247
113 423 33.0 <377 2.825
1Ll Lh2 33.5 .378 3.083
Mean at 2°¢. 2.8 .262 2,241
23%¢.
1 3 LL3 20.5 .207 R
L 1151 20,58 .133 .38l
8 L60 23,0 .152 L83

# Measured at 23°C, three days before the rats were vlaced in the cold

Note ~ Day 1 for Groun III is equivalent to Day 71 for the Controls
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TABLE XII

Day No., of |Body weight | Urine volume | Adrenaline Noradrenaline
rats grams ce./24 hr. | 4gm./2L hr. | _«gm./2L hr,
O 3 352 7.5 066 .332
1 358 16.2 .193 1.802
2 12,3 .16h 1.1L6
L 350 17.3 .229 2.117
8 3L7 22.7 .308 2.2
1 352 21.7 273 1,543
15 365 23.8 .306 2.31L
18 365 2L.5 265 2,203
22 369 24,0 .278 3,183
29 375 25.7 .2L8 2.3kLO
36 367 22.0 .202 1.173
50 365 27.7 .501 3.550
6L 347 2T.7 .335 2.630
85 368 3L.6 JAi13 L.13h
113 379 L1.8 65 1.980
1] 375 56.3 Lok 3.455
HMean at 2°cC, 26.6 .306 2,581
23°¢.
1 3 374 L0.5 .258 1.336
L 351 37.1 .23L .801
8 366 Lh2,5 333 1,288

# Measured at 2300. three days before the rats were placed in the cold

Note - Day 1 for Group III is equivalent to Day 71 for the Controls






