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ABSTRACT

Experiments were performed on rats to investigate the
effect of exercise and physical training on levels of the enzymes
creatine phosphokinase (CPK) and glutamic-oxalacetic transaminase
(GOT) in plasma and in cardiac, soleus and gastrocnemius muscles,

The capacity of the coronary circulation was estimated from the

weights of vinyl-acetate casts prepared from the coronary arterial
trees of resting rats, Rats were subjected to six different

levels of physical conditioning: westricted rats (living in % size
cage; 3 weeks), control rats (standard cages; 3 weeks), spontaneously
active rats (standard activity cage; 3 weeks) and physically trained
rats (enforced swinming on alternate days for two, four or six weeks),
At the end of each conditioning period the appropriate rats were
sacrificed in either the resting condition or immediately following

a single sixty minute swim, |

Six weeks was the minimum training duration necessary
to produce elevated enzyme levels in all three types of muscle.

The resting myocardial CPK level increased from 31l.1 International
milliunits per microgram nitrogen (mU/ugNs) in control rats to
35.9 mU/ugNg in rats trained for six weeks, and the resting soleus
CPK level increased from 68.0 to 80,5 mU/ugha, Training rats for
six weeks resulted in an elevation in the resting myocardial GOT

level from 22,6 to 27.6 mU/ugNp, soleus GOT level from 12.0 to



15.5 mU/ugNo and gastrocnemius GOT level from 4.07 to 5,68 mU/ugp,
Rats trained for six weeks had post-exercise muscle enzyme levels
that were similarly elevated above the post-exercise levels of
controls. Cardiac muscle displayed an earlier enzyme adaptatlon
to repeated exercise than did either type of skeletal muscle. |
The post-exercise enzyme levels of cardiac muscle became elevated
after as little daily exercise as had occurred in the spontaneously
active group., The post-exercise GOT levels in soleus (12,8 mU/ugh2)
and gastrocnemius muscles (5,12 mU/ugNp) of restricted rats were
also elevated above the post~exercise levels of controls (11.0 and
3.83 mU/ugNz, respectively). Post-exercise muscle enzyme levels
displayed training adaptation more readily than did the resting
enzyme levels,

The resting level of plasma GOT (PGOT) in rats trained
for two (85.8 International Units per liter), four (83,7 U/1) or
six weeks (95.0 U/1) was higher than the PGOT level of controls
(76.8 U/1). The PGOT level appears to be dependent upon a tissue
to plasma gradient. The resting plasma CPK level was not elevated
in trained rats. These data demonstrate that training produces
a specific effect on the plasma level of each particular type of
enzyme,

The coronary cast to heart weight ratio in restricted,
spontaneously active or rats trained for periods of four or six

weeks was higher than in corresponding controls. Three weeks



L,
appeared to be the minimum duration of increased physical activity
that is necessary to elicit an increased coronary cast to heart
weight ratio. .

The results obtained in restricted rats suggested a

non-specific stress reaction had occurred and was responsible for

the changes.




I. INTRODUCTION

Exercise and certain pathological conditions are normally
followed by an elevation in the activity of various enzymes in
blood plasma. The elevations that occur in pathological conditions
are believed to be due to efflux of enzymes from necrotic cells.
Reversible cellular membrane permeability changes are thought to be
responsible for the efflux of cellular enzymes that occurs during
exercise. It is currently believed that ischemia may be responsible
for cellular necrosis, ﬁhile hypoxia may produce the reversible
changes associated with exercise., The effect of exercise or
physical training on plasma or tissue enzyme levels has been studied
in the past in an attempt to understand the mechanisms involved in
the alterations of enzyme levels. The present investigation studied
the effects of physical training on creatine phosphokinase CPK) and
glutamic-oxalacetic transaminase (GOT) levels in the heart and
skeletal muscles and the blood plasma of the mat,

During the last twenty years several investigators have
demonstrated that repeated exercise (physical training) elevates the
activity of certain enzymes in the muscle cells of the rat. A thirty
day physical training program of fifteen minutes swimming exercise
per day was sufficient to elicit these changes (184). In most of these
investigations, however, the training program consisted of daily swim-

ming or running exercise for a period of five to eight weeks.,



The activity of cellular enzymes in the blood serum is
normally very low. A single bout of exercise results in an
elevation of serum enzyme activity but this elevation can be
reduced by pﬁysical training, The resting level of the plasma
enzyme activity in trained rats is higher than that in control
rats (18, 21),

Alterations in serum enzyme levels occurring under
physiological circumstances have been explained on the basis
of two principal theories, Most investigators believe that
the permeability of cellular membranes is altered during exercise,
resulting in a greater efflux of enzymes into the blood.

Others maintain that a change in the serum enzyme levels reflects
an altered tissue to serum enzyme gradient,

A recent study demonstrated that animals exhibiting
low serum transaminase activity possessed low tissue activity
and, conversely, animals possessing high serum activity displayed
high transaminase activity in various body tissues (186).

These observations support the theory that serum enzyme levels
are dependent upon a tissue to serum enzyme gradient,

Much information was available concerning the effect
of exercise and physical training on the blood levels of CPK
and GOT, However, few investigators had studied the effect of
physical exertion on the CPK and GOT activities in cardiac and

skeletal muscle.



One of the earliest beneficial effects of physical
training appears to be an improvement in the coronary circulation
(115, 164, 166). This effect has been demonstrated in rats
with the aid of a coronary vinyl-acetate cast technique to
estimate the size of the coronary arterial tree (166). An
improvement in the coronary circulation of experimental rats
appeared before any signs of cardiac hypertrophy.

In the present investigation the simultaneous measure-
ment of coronary cast size and the CPK and GOT activities of
the blood plasma, cardiac muscle, slow (red) soleus muscle
and fast (white) gastrocnemius muscle of the rat were employed
to study the adaptation of body tissues to exercise. CPK
represented enzymes involved in anaerobic metabolism and GOT
represented enzymes involved in aerobic metabolism. The present
experiments were designed to determine whether or not the muscle
and plasma CPK and GOT levels are affected by single or repeated
exercise episodes and, if they are, to establish the time of
onset of measurable adaptation to training. Three different
types of muscle were studied in order to determine which
types of muscle adapt most readily to exercise. The plasma
and muscle enzyme activity levels were compared in an attempt
to establish whether or not plasma enzyme levels are dependent
upon a muscle to plasma enzyme gradient. If a2 muscle to

plasma gradient does exist, it may be possible to employ plasma



enzyme levels as indices of physical training, The present
investigation provided a more complete spectrum of exercise

levels than had been used byvprevious investigators, and attempted
to demonstrate the effect of various types of exercise, and lack
of exercise, on plasma and muscle enzyme levels and coronary cast
size, It also provided data on the effect of physical training
on plasma and muscle enzyme activities in rats in either the
resting or the post-exercise condition. Physical training
programs of two to six weeks duration were chosen to determine

the time of onset of any changes.



II. HISTORICAL REVIEW

l. Description and Diagnostic Use of Serum Enzymes

The sigpificance and function of intracellular enzymes
have been investigated by physiologists and biochemists for many
years. However, it was the discovery of intracellular enzymes in
blood serum, and the association of elevated serum enzyme levels
with various diseases that provided the major impetus in this field
of study,

Creatine phosphokinase catalyzes the reversible transfer
of a high energy phosphate group from creatine phosphate to adenosine
diphosphate (ADP), resulting in the production of adenosine tri-
phosphate (ATP) and creatine:

CPK
Creatine Phosphate + ADP——=Creatine + ATP

This enzyme is found predominantly in skeletal muscle.
Comparatively smaller amounts, in terms of enzyme activity, are found
in cardiac muscle and brain tissue (88, 112). There is evidence that
a substantial amount of this enzyme also occurs in human semen (79,112).
Other tissues possess little or no CPK (88,112). Creatine phosphokinase
is essential for the rapid regeneration of ATP., 1In the presence of
this enzyme ADP can be anaerobically phosphorylated to ATP (182),

The tissue distribution of CPK appears to reflect the importance of
this enzyme as a catalyst in a chemical reaction that releases a
reserve source of energy during'muscular contraction. CPK appears

to be most beneficial to skeletal muscle, which is capable of operating




anaerobically for long periods of time. The heart and brain tissues,
which have a low tolerance for hypoxia, would also benefit from a
readily available reserve source of energy.

The enzyme, glutamic-oxalacetic transaminase catalyzes the
reversible transfer of an amino group from aspartic acid to alpha-
ketoglutaric acid, with the production of oxalacetic acid and glutamic
acid:

. GOT
aspartic +o(~ketoglutaric =———oxalacetic + glutamic
acid acid acid acid

GOT is present in most of the body tissues but it occurs in
greatest concentration in the heart, liver, skeletal muscle, brain and
kidney (8,106,186). In addition to the interconversion of amino acids
illustrated above, GOT may also play a role in intermediary metabolism
by providing a common pathway between amino acids and keto acids (31).
The appropriate keto acids which are formed in this reaction could
enter the Krebs qycle and result in an elevated production of ATP.

In view of the dependence of the Krebs cycle upon an aerobic enviromment,
it is reasonable to assume a greater potential value of GOT in the
aerobically functioning myocardium, than in skeletal muscle,

CPK and GOT are normally present in the blood serum in very
small amounts (88,106) and it is believed that their existence in serum
is the result of slow efflux from the various tissues (16,40,120),

The function of CPK and GOT in the blood serum is unknown 40),
Due to the tissue distribution of CPX and GOT, elevations

of their serum levels have been used to indicate disease or damage



to specific body organs. Serum creatine phosphokinase (SCPK) has
been used extensively in the detection of myocardial infarction, A
muscular dystrophy and various other muscle and brain diseases (88,118),
Serum glutamic-oxalacetic transaminase (SGOT) has been used for the
detection of both heart and liver diseases (38,40,41), The serum
enzyme elevations resulting from the above conditions are considered
to be due to tissue necrosis (1,2,87,141), Tissue necrosis has been
isolated as the causative mechanism on the basis of the magnitude and
durations of the enzyme elevations observed (2,15,88,127,141).
Alterations in serum enzyme activities have been observed
under certain physiological circumstances, including parturition, age,
sex, physical exertion and other stresses, Parturition is associated
with an increase in both SCPK (54) and SGOT (111) activities. The
CPK activity in human serum is high at birth, falls to below adult
levels immediately after birth, and then gradually increases to
reach the adult level between the ages of one month and five years
(77,78,140,183), The human adult level of either SCPK or SGOT
activity remains constant throughout life (140,175). However,
the SGOT activity of sheep has been shown to increase with age (107).
Human males possess higher serum CPK activity levels than females,
both in young individuals and in adults (97,140,175,183)., SGOT

activity is higher in male subjects than it is in females (175).

U S e S e



2. Exercise and Physical Training

(i) Serum Enzymes

Many investigators have studied the effects of exercise and
physical training on tissue and serum enzyme activities, Decreases
in the serum activities of certain enzymes have been demonstrated
following exercise in men (42,111,132) and in rats (5,43,91)., The
post-exercise serum activity of a few enzymes have remained unchanged
in human subjects (17,78,102,109,131,169) and in rats (21,43,91,155).
However, mgfcular activity has usually resulted in an elevation of
serum enzyme activity in man (4,3,17,58,59,65,78,82,86,102,108,109,
125,131~-3,150,156,157). Elevations also have been demonstrated in
various lower species incluaing: monkeys (124), rabbits (80), horses
(30,35), dogs (22,114,171,179) and rats (5-7,18,21,27,39,62,91,92,
121,122,138,155,159). The serum enzyme alterations that follow exertion
appear to be related to the intensity and duration of the exercise load
(7,39,58,59)., Many investigators have demonstrated that these
alterations can be reduced or prevented by physical training (4,6,18,
27,30,58,59,62,65,91,122,133,138,159).

Altland and Highman (1961) studied the effects of exercise
on serum enzyme levels and on the morphology of various tissues of
rats (5). These investigators forced rats to run in a rotating cage at
a rate of 6.9 meters per minute for sixteen hours., Exercise of this
nature resulted in a fall in the level of serum alkaline phosphatase (SAkP)
and a marked elevation in the activities of serum glutamic-oxalacetic

transaminase (SGOT), serum glutamic-pyruvic transaminase (SGPT), serum



lactic dehydrogenase (SLDH) and serum aldolase (SAld)., The magnitude
and duration of the post-exercise response varied with each enzyme,

SGOT activity displayed a five-fold increase and returned to the control
level by 72 hours post-exsrcise. Almost all of the rats in this study
showed severe fatty changes in the liver, kKidney and thigh muscles; mild
fatty changes in heart muscle, marked depletion of lipid in the adrenal
cortex and occasional necrotic muscle fibers. Except for the necrotic
muscle fibers, all of these changes were absent 72 hours after exercise,
The authors suggested that there may be a causal relationship between
pathologic changes and serum enzyme alterations affer severe, prolonged
exercise. They also discussed the possibility of an alteration in the
permeability of mitochondria or cellular membranes contributing to the
enzyme elevations observed after exercise.

In 1963 these investigators conducted another study in which
they compared the effects of training on the post-exercise elevations
of serum enzymes (91). Rats were exercised as described in their pre-
Vious publication for periods of either six, twelve or sixteen hours.
Another group of rats was physically trained by forecing the animals to
run for six hours each day for periods of one to twenty days., These
rats were then subjected to a sixteen hour exercise episode. Untrained
rats and rats in the first four days of training displayed a post-
exercise decrease in SAkP activity and post-exercise elevations in the
activities of SGOT, SGPT, SLDH and SAld., In the untrained rats these
changes were progressively greater with the increasing work loads. In
trained animals the alterations were progressively reduced throughout
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the training program. After twenty days of physical conditioning, a
sixteen hour run still caused a decrease in SAKP activity but produced
no signmificant change in any of the other enzyme activities. When the
tissues of the trained and the untrained rats were examined for morpho-
logical changes, no correlation was seen betwsen necrosis and the post-
exercise enzyme alterations. In view of the results of these experi-
ments, the authors favored the concept that the permeability of
mitochondria or cellular membranss was altered during exercise, permit-
ting enzymes to leak out of the cells and accumulate in the blood. No
mechanism was offered to explain the post-exercise fall in SAKP activity.

Cardinet, Fowler and Tyler reported that race horses in train-
ing have an increased resting SGOT activity (30). This elevation pro-
gressively decreased as training proceeded and then increased again in
the latter stages of training. Although these investigators collected
blood samples from resting horses, the pattern of the SGOT activity
changes appears similar to the pattern of post-exercise elevations
observed by other investigators. In the early stages of physical train-
ing, the exercised horses displayed SGOT levels that were fifty percent
higher than those of mon-exercised horses. The 68th and the 84th days
of traiming found the SGOT levels 33 and 13 percent, respectively, higher
than those of control horses. On the 100th (final) day of physical
training, the trained horses agaih had SGOT levels that were fifty per-
cent higher than those of control horses. The authors did not explain
the elevated SGOT level that was observed at the end of the training
period. However, they noted that it occurred at a time when the
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intensity of trainming was reduced but feed intake maintained,

In 1964 Garbus, Highman and Altland investigated the effects
of exercise and training on various serum enzymes and lactic dehydro-
genase isoenzymes of the rat (62). The electrophoretic pattern of LDH
isoenzymes and the SGOT/SGPT ratio revealed that the heart contributed
greatly to the observed post-exercise elevations of serum enzymes,
(The SGOT/SGPT ratio is used clinically to differentiate between heart
and liver diseases, A high ratio indicates a myocardial origin for the
elevated serum enzymes and a low ratio indicates that the enzymes have
originated from the liver.) Garbus et al. were of the opinion that a
general and diffuse change of cellular membrane permeability was occur-
ring, not only in the heart, but in many other organs throughout the
body. These permeability changes may have been due to hypoxia or to
catecholamines released from the adrenal medullae. These investigators
underlined the fact that elevations in serum enzyme levels can result
from non-specific stresses which cause no myocardial or other specific
organ lesions. The authors further suggested that the permeability changes
may have been due to a decreased cellular metabolism that would occur when
glycogen stores were depleted and metabolism supported by poorly mobilized
lipid stores. This suggestion implies that, while enough energy is
available to maintain the increased metabolic activity that is associated
with exercise, there is not enough energy available to maintain the
functional integrity of cellular membranes.

After short, maximal exertion in human subjects, Nerdrum and
Berg observed a transient rise in SGOT activity but no change in SLDH

activity (131). However, SGOT activity remained unchanged after prolonged,
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strenuous exercise, while SIDH activity was elevated. It appeared from
these observations that different enzymes will respond independently to
different degrees of exertion. The authors offered several explanations
for the serum enzyme changes seen after exercise. The alterations may
have been due to: increased permeability of the cellular membrane, ac-
celerated enzyme synthesis, enhanced enzyme activation or decreased enzyme
inactivation.,

Several investigators demonstrated that the post-exercise eleva-
tion of serum creatine phosphokinase could be reduced by physical training
(4,59,122,133). In one of these investigations men were subjected to
various degrees of exercise on either the treadmill or the bicycle ergo-
meter (59). The SLDH isoenzyme pattern and total SCPK activity were
compared in order to detect the tissue of origin of the serum enzymes. This
comparison demonstrated that the post-exercise elevations of serum enzymes
were due predominantly to efflux from skeletal muscle.

(ii) Tissue Enzymes

The tissue distribution of enzymes reflects not only the energy
requirements of various tissues but also the energy requirements of dif-
ferent parts of the same tissue. The GOT activity in each of the four
chambers of the heart appears to be related to the work load imposed on
each chamber. GOT activity is greatest in the left ventricle, with decreas-
ing amounts being present in the right ventricle, left auricle and right
auricle (13). The appearance of GOT and CPK in the tissues of the fetus
and the new-born infant corresponds with the development of contractility
(146,149,170). Fast, white skeletal muscles possess higher glycolytic
and lower oxidative enzyme activities.than the slow, red muscles

(25,50,64,134),



Several investigators employed experimental manipulations to
demonstrate that various cardiac and skeletal muscle enzymes become
elevated as an adaptation to increased work loads. Myocardial GOT and
GPT activities increased in both the early and late stages of experi-
mental cardiac hypertrophy produced by aortic valve lesions in the
dog (176). Chronic experimental systemic hypertension produced by
desoxycorticosterone acetate administration (37) or coarctation of the
abdominal aorta (44) resulted in an elevation of GOT activity in the
left ventricle, with no change occurring in the right ventricle. One
to twelve hours of isotonic twitch stimuli (one stimulus every eight
seconds) resulted in an elevated CPK activity of the isolated sartorius
muscle from Rana temporaria (105).

Research conducted in the early 1950's demonstrated that
physical training could produce an inerease in the activities of hexo-
kinase, lactic dehydrogenase and succinic dehydrogenase in skeletal
muscle (184), Hearn and Wainio investigated the effect of training on
the aldolase activity of rat heart and skeletal muscle (85). The
training regimen consisted of swimming for one-half hour daily in 32°C
water for five, six, seven or eight weeks., When compared to the enzyme
levels of pair-fed control animals the aldolase activities of heart and
gastrocnemius muscle were elevated after five, six, and seven weeks of
training but only the gastrocnemius aldolase activity was elevated
after eight weeks of training. The authors considered a training

program of this nature to be moderate and suggested that a more severe



regimen would produce greater elevations in tissue aldolase.

Using similar training programs to study the enzyme response
in the skeletal muscle of the hind leg of the rat, Gould and Rawlinson
falled to show changes in the activity levels of lactic dehydrogenase
(LDH), malic dehydrogenase (MDH), phosphorylase, adenosine tri-
phosphatase (ATPase) and creatine phosphokinase (71,148). They
postulated that the adaptation of metabolic processes to physical
training could occur: 1) with no change in enzyme levels (increased
performance could be due to hypertrophy of muscle tissue), 2) by greater
activity of existing ensymes or, 3) by new enzyme synthesis. Gould and
Rawlinson favored the second of these possibllities, that enzymes
operate minimally at rest but inerease their efficlency upon exsrcise.

In 1961 Gollmick and Hearn investigated the effects of
physical training on the LDH and ATPase activities in rat cardiac and
gastrocnemius muscles (67,84). The training program involved a thirty
minute swimming stress (37°C) each day for 35 consecutive days.
Confirming the observations of Gould and Rawlinson, Gollnick and Hearn
found that traiming had no effect on the LDH and the ATPase activity
levels of gastrocnemius muscle. However, physical training resulted
in an increased level of these enzymes in myocardial tissue., Cardiac
and adrenal hypertrophy and a decreased kidney weight were evident in
trained rats. Gastrocnemius muscle welghts of trained animals were
similar to those of control rats. The authors suggested that swimming
exercise caused a greater stress on the heart than on skeletal muscle,
Subsequent experimentation has demonstrated that while the myocardial



LDH activity is elevated in trained rats, the LDH activity of gastro-
cnemius muscle is lower in these animals (68). A single exercise
episode did not alter the IDH activity ofA rat tissues (68), however,
muscular exercise resulted in an elevation of IDH activity in the
quadriceps muscle of man (104). o

| Single bouts of treadmill exercise and physical training
resulted in elevated hexokinase activity in both red and white skeletal
muscles of guinea pigé (ll#&).‘ The skeletal muscle activities of suc-
cinate dehydrogenase, reduced diphosphopyridine nucleotide (NADH)
dehydrogenase, NADH cytochrome c reductase, succinate oxidase and
cytochrome oxidase doubled as a result of a vigorous six week traiming
program in rats (96),

Alterations in tissue GOT and CPK activities have occurred
after single exercise episodes in trained and untrained rats. The
effects of muscular exercise on serum and tissue GOT activities were
studied by Critz and Merrick (43). Rats were exercised by treadmill
running (34m/min) for seven or fifteen minutes or, swimming (23°C) for
fifteen or sixty minutes. The anmimals that were subjected to the
seven minute rumning episode showed no alteration of either serum or
tissue GOT. Each of the other three groups of rats demonstrated a fall
in serum GOT activity and variable tissue énzyme responses following
exercise. Gastrocnemius muscle GOT activity was increased in both swim-
ming groups while heart and liver GOT activities were elevated in rats
that either ran for fifteen minmuites or swam for sixty minutes., With
increasing exercise loads, adrenal ascorbic acid'was progressively depleted,
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The authors suggested that moderate to severe exerclise or psychological
stress, ca.ﬁsing the release of adrenocortical hormones »y may be responsible
for the observed elevations of tissue enzymes, Serum CPK elevations of
80, 50, 30 and 160 percemt have been demonstrated in rats after swimming
exercise of fifteen minutes, ones hour, five hours and ten hours,
respectively (121), These changes were accomparied by an increased
skeletal muscle CPK activity after only the fifteen minute and five hour
swimming episodes. In rats that were subjected to a two month training
period, a single swiming session (15 min., 5 hrs. or 10 hrs,) resulted
in an elevation of skeletal muscle CPK activity but the serum level was
elevated after only the ten hour swim (122). The creatine phosphokinase
activity of cardiac muscle remained unchanged after all swimming episodes
in both studies, ﬁaksimova contended that during a single exercise
episode at any of the three work loads, skeletal muscle CPK activity
increased in response to a greater energy requirement (122),

Sangster and Beaton demonstrated an elevated malic dehydro-
genase (MDH) activity in the liver and blood plasma of rats subjected
to a two hour swim (155)., Physically training rats for a period of four
weeks resulted in an elevation of the resting liver MDH activity.
Glutamic-pyruvic transaminase activities of liver and blood plasma were
neither altered by the single exercise episode nor by physical trainming,
The authors suggested that exercise promotes enzyme synthesis in the
liver, resulting in larger quantities of enzymes diffusing inte the blood.

Beaton (18) and Beaton and Oyster (21) utilizing treadmill and
swimming exercise, respectively, demonstrated an elevation of the resting
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MDH activity of blood plasma in trained rats. Beaton suggested that an
increased cellular membrane permeability was the cause of plasma enzyme
elevations after exercise. He believed that the elevated tissue enzyme
levels could have resulted from an increased synthesis during physical
training, but not during a single exercise episode.

Zimmermen, Dujovne and levy, studying six vertebrate species,
demonstrated that there was a high correlation between serum trans-
aminase levels and the enzyme activities present in body tissues (186).
Species possessing high transaminase activity in the blood serum
generally had higher tissue activities than species exhibiting low serum
activity. An exception was found in the horse which possessed a high
serum GOT activity and low enzyme activity in the various body tissues.
The report of these authors strongly suggested that the physiological
occurrence of transaminase activity in blood serum is dependent upon a
tissue to serum enzyme gradient.

The effects of restricted activity on tissue and serum enzymes
appeared to complement the observations made during exercise and physical
training. Out-patients had serum creatine phosphokinase levels that were
twice as great as those found in in-patients (78). The act of arising
from bed after a prolonged bed rest, resulted in elevations of SCPK
activity that were similar to those observed following myocardial in-
farction (157). Muscular dystrophy patients exhibited low levels of
SCPK activity during bed rest (59).



18

Kendrick-Jones and Perry demonstrated that skeletal muscle
CPK activity was lower in rats allowed only restricted movement than it
was in control rats (105)., After exercise both groups displayed similar
net increases in CPK activity, but showed no changes in muscle protein
nitrogen content, These authors concluded that contractile activity
causes an increase in the activity of enzymes that are necessary for
muscle metabolism, They suggested that this increase might be due to
activation of an inactive precursor or synthesis of new enzyme. In
animals with restricted movement the muscles would have low levels of
enzyme activity which could markedly increase upon exertion, while
non-restricted animals would have adequate enzyme activity available
for normal levels of muscular activity.

(1ii) Mechanisms for Alterations of Enzyme Levels

Although the serum enzyme changes that are seen during
pathological conditions have been attributed to tissue necrosis, few
investigators have considered it likely that similar cell damage is
responsible for the changes that are seen in physiological states
(4,5,90,108,150). Several investigators have reported that physical
exercise caused little or no demonstrable damage to the cells of
various body tissues (62,82,86),

The physiological efflux of intracellular enzymes has been
explained on the basis of cellular membrane permeability changes. These
rermeability changes might be caused by any combination of a number of
factors including: adrenal medullary (39,59,62,82,131) or cortical

(59,87) hormones; changes in hydrogen or potassium ion concentrations (59);
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changes in body temperature (59) or hypoxia (6,18,21,58,59,62,131,159,
185). Sustained muscular work may lead to glycogen depletion,

anaerobic glycolysis and a metabolic state in which enough ATP is
synthesized to maintain muscular contraction, but not enough to maintain
the functional integrity of cellular membranes (59,62,87). Although
many causative factors have been proposed to explain changes in the
permeability of cellular membranes, few investigations have studied

the problem directly.

Using in vitro preparations of rat diaphragm muscle, Zierler
observed that cellular membrane permeability was affected by many factors
that alter muscle metabolism: glucose depletion, hypoxia, muscle
contraction, hereditary muscular dystrophy, insulin, iodoacetate,
dinitrophenol and cyanide (185). The factors increased membrane
permeability to the extent that a two- to five-fold increase in the rate
of diffusion of aldolase occurred, The author stated that cellular
membrane pores should not be thought of as fixed anatomical entities;
instead, they should be thought of as transient structures, He further
suggested that sites sufficiently large for diffusion opened up randomly
throughout the entire membrane. In a related study, isoncotic plasma
volume expansion caused a change in capillary permeability that was great
enough to accelerate the passage of radioactive macromolecules (molecular
weight: 51,000-255,000) from the blood to lymphatic vessels (160). The-
authors of this report suggested that the concept of capillary perme-
ability should include the faet that pore size is subject to alteration

with changes in plasma volume as well as other factors.
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If membrane permeablility changes are responsible for the
elevated serum enzyme levels observed after exercise, these changes
appear to be reduced in trained individuals, Membrane permeability
changes resulting from hypoxia might be mitigated in trained individuals
due to their greater muscle vascularity than untrained individuals
(58,62), An improved circulation to the working muscles would allow
greater diffusion of oxygen to the active musele fibers,

Although the membrans rermeability theory has now been widely
accepted, amnother theory has received substantial suppor‘b; Post-exercise
Serum enzyme elevations may merely reflect a tissue to serum enzyme
gradient that had become elevated during exercise due to an accelerated
synthesis, activation or turnover of intracellular enzymes (18,39, 58,
59,131,155),

The onset, magnitude and duration of serum enzyme elevations
appears to differ with each particular enzyme. Batsakis and Briere
outlined the enzymatic pattern that was seen in the serum of patients
with myocardial infarction (15). Serum CPK activity was elevated three
to four hours after infarction: elevations of SGOT and SIDH activities
appeared at twelve and eighteen hours, respectively, post-infarction,
SCPK activity had returned to the normal level by three days after
infarction, while SGOT and SLDH levels remained elevated for four and
seven days, respectively. SCPK, SGOT and SLDH activities had risen to
peak values of 11, 4.2 and 3.6 times their respective normal values,
From these observations it appeared that the SCPK activity level was a
better indicator of myocardial injury than was either the SGOT or SIDH level.



21

Several investigators have presented evidence that CPK, GOT
and LDH are released to the serum in a similar pattern after exercise
(3,5,7,58,59,65,133), This, however, has not been a consistent
observation (6,17,82,91,131). Since the intensity, duration and types
of exercise were markedly different in these investigations, the results
cannot be directly compared. The pattern of enzyme release in response
to various types, intensities and durations of exercise remains to be
determined.

(iv) General Physiological and Morphological Changes during Exercise

Bloor, Ieon and Pasyk subjected rats to a one hour sSwim
(32-35°C) either daily or twice each week for a period of ten weeks (26).
In both of these groups the final body weights were ten percent less
than the body weight of pair-fed control rats. Training animals by
either intermittent exercise or by daily exercise resulted in cardiac
hypertrophy of seventeen and twenty percent, respectively. The observed
cardiac hypertrophy was due to an increased number of myocardial fibers,
The cytoplasmic mass of liver and adrenal cortical cells was increased
in the trained animals of both groups but the number of cells was less
than in control rats. Neither liver nor adrenal gland weight was
affected by the physical conditioning programs used in this study.
Kidney weights and the number of renal glomeruli were reduced in trained
animals,

Bloor et al. compared the above observations with the results
of another investigation in which the effects of hypoxia on the cellular

development in mice were studied (129). The cellular structure of the



liver, kidney and adrenal glands of exercised animals was similar to
that observed in hypoxic mice, The similarity suggested that a state
of relative hypoxia was responsible for the changes associated with
exercise. However, the hearts of hypoxic mice not only weighed less
than those of control animals but they possessed a reduced mumber of
myocardial fibers, Bloor et al. concluded that factors other than
hypoxia had produced the cardiac changes that were seen in physically
trained amimals,

In another investigation rats were subjected to either
vigorous physical training (treadmill running: 1 mph for 1 hr,.;
twice daily; 6 d/wk for 5 wks.) or intermittent hypoxia (simulated
altitude of 24,000 ft.; 8 hrs/d for 4 wks.) (116). Both exercise and
hypoxia resulted in cardiac hypertrophy. Exercise produced hypertrophy
of both ventricles, while hypoxia caused a greater hypertrophy in the
right ventricle than in the left ventricle. Although histological
examination was not included in this study, the authors stated that
the hypertrophy was due to an enlargement of myocardial fibers. In
support of this statement, myocardial fiber enlargement rather than
proliferation is currently believed to be responsible for the cardiac
hypertrophy that results from exercise (181).

Physically trained rats (1 hr. swim; 35°C; 42 consecutive days)
displayed adrenal hypertrophy, cardiac hypertrophy and reduced spleen
and liver weights when compared to control amimals (69). Neither
physical training nor splenectomy had an effect on hemoglobin concentra-

tion or hematocrit. The authors concluded that the spleen does not



sigmificantly alter these blood components in the exercising rat.

Critz and Merrick observed that seven or fifteen minutes of
treadmill exercise had no effect on the hematocrit of rats (43), how-
ever, hemoconcentration was observed after all durations of swimming
exercise (39,43). Splenectomy did not prevent the hemoconcentration
produced by swimming exercise (39).

A vigorous, graded treadmill training program over a period
of fifteen weeks had no effect on the weights of the quadriceps,
gastrocnemius, soleus, gluteus and hamstring muscles of the rat (139).
The myoglobin concentration in the quadriceps and hamstring muscles
was increased approximately eighty percent above that found in the
muscles of control rats. Since the myoglobin concentration was not
altered in the abdominal muscles of trained rats, the authors suggested
that local factors were responsible for the increases observed in
exercising muscles,

The effect of trainming on the coronary circulation has been
studied by several investigators. Employing three-different staining
methods for capillary counting, Hakkila found a decreased capillary
concentration in the hypertrophic hearts of physically trained guinea
pigs (8l). He maintained that the capillary to myocardial fiber ratio
never deviated from the proportion of one to one. In trained rats the
myocardial capillary concentration decreased because they were pushed

farther apart by the larger muscle fibers.
Eckstein subjected dogs to chronic narrowing of the circumflex

coronary artery and studied the development of the coronary collateral



circulation (51). He found that mild coronary constriction did not
augment the myocardial vascularity unless the dogs were simultaneously
subjected to a moderate physical training program.

Tepperman and Pearlman estimated the size of the coronary
arterial tree from the weight of a vinyl acetate cast (173). Using
this technique the authors demonstrated an increase in the coronary
cast weight to heart weight ratio in female rats that were physically
trained by daily treadmill exercise and in male rats that were trained
by daily swimming exercise. This effect was not observed in male rats
that were subjected to daily treadmill exercise. The results of this
study indicated that true enlargement of the coronary tree capacity,
increased distensibility of coronary vessels or a combination of these
two factors had occurred in the trained animals,

Stevenson, Feleki, Rechnitzer and Beaton employed the coronary
cast technique to investigate the effects of frequency, duration and
mode of exercise on coronary tree size (166). Rats that were subjected
to treadmill or swimming exercise twice per week for four weeks developed
a signmificantly increased coronary cast to heart weight ratio. Frequent
(treadmill exercise, five days per week) or stremuous exercise (swimming
four hours per day, four days per week) failed to produce a significant
increase in the cast to heart weight ratio. The exercised rats showed
no evidence of cardiac hypertrophy and generally failed to gain as much
weight as their corresponding controls. The heavier and the more

frequent exercise loads resulted in poorer body weight increases than



did the lighter and less frequent work loads. There was a positive
correlation (r = 0,81) between weight gain and the cast to heart
welght ratio of exercising rats., Stevenson suggested that an increased
capacity of the myocardial vasculature occurring in the absence of
hypertrophy may be one of the earliest beneficial effects of exercise (164),
He stated that the coronary tree size is dependent not only on total
heart size but it is also dependent on the anabolic state of the
exercising animal. The results of the coronary cast study indicated
that an improvement in an organism's functional reserve capacity does
not necessitate a strenuous physical training program. The results
indicated that rest periods are important for the anabolic processes
that accompany an improving physical condition,

Leon and Bloor, studying the coronary circulation of rats,
demonstrated that swimming exercise, either daily or twice per week,
resulted in an increase in the extra-coronary artery collateral circula-
tion and an increase in the myocardial capillary to fiber ratio (115).
(The extra-coronary arterial circulation is derived from branches of
the internal mammary and subclavian arteries which anastomose with the
coronary arteries at the level of the atria.) When compared to control
rats, the cross sectional area of the main coronary arteries was un-
changed in both groups and cardiac hypertrophy occurred in only the
daily swimmers. In support of the observations of Stevenson et al. (166),
the improvement in both the extra-coronary collateral circulation and

the capillary to fiber ratio occurred early in training, before the
onset of cardiac hypertrophy.



In addition to the structural changes that have been demonstrated
in physically trained animals, an improvement has been observed in their
capacity for exercise. In an exhaustive run, physically trained rats
(daily treadmill exercise for fifteen weeks) were able to run six times
longer than control rats (139). Physically trained rats living on a
high carbohydrate diet were able to endure a swimming stress for a longer
period than control rats (19),

3. Stress

An animal or human responds to any of a variety of stressful
situations with an increased output of hormones from the adrenal gland,
Many investigators have suggested that the adrenal hormones may be
responsible for the serum and tissue enzyme changes that occurred during
exercise.

Adrenal medullary hormones were thought to have enhanced the
cellular membrane permeability in exeorcising animals, resulting in the
release of intracellular enzymes. Proponents of this concept believed
that permeability changes were due to a relative hypoxia occurring in
the muscle fibers as a result of the vasoconstricter effects of catecholam-
ines, Several investigators have demonstrated that intravenous or sub-
cutaneous administration of large doses of adrenaline or noradrenaline
resulted in the elevations of several serum enzymes in dogs, rats, rabbits
and guinea pigs (63,93,9%,123). However, SGOT activity was not elevated
in dogs that were administered physiological doses of noradrensline (117).
It appeared from these results that factors other than the catecholamines



were involved in the serum enzyme changes that occurred during exercise,

Adrenocortical hormones were also believed to play a role
in changing the permeability of the cellular membranes during exercise
(59,87). However, prednisolone, a synthetic glucocorticoid, has been
shown capable of inhibiting cellular membrane permeability changes
(70,76,126,158). The post-exercise elevation of serum CPK activity
was reduced in dogs as a result of prednisolone administration (179).

Adrenocortical hormones were thought to be responsible for
the alterations of tissue enzyme activity that were observed in
exercising animals. Several investigators have demonstrated that
natural or synthetic glucocorticoid administration, in vivo or in vitro,
resulted in an increased synthesis of enzymes (53,76,99,126,154,158),
Critz and Withrow found that surgical or pharmacological (Dilantin
administration) adrenalectomy prevented the elevation of tissue GOT
activity that had occurred in exercised rats (45).

In view of the possible influence that the adrenal gland may
have on the activity levels of tissue and serum enzymes, the remainder
of this review will be devoted to a consideration of the effect of
exercise and other stresses on adrenal function.

An elevation of the venous blood level of 17-hydroxycorticosterone
has been observed following exercise in dogs (167,168)., The circulating
levels of cortisol and corticosterone increased in humans during the
first two to three minutes after the onset of heavy exercise (150 watts)

and returned to normal within the next five minutes (113). Other
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investigators have found a decrease in the blood level of cortisol
and in the wrinary excretion rate of 17-ketosteroids (33) after
exercise in humans. The latter investigators found an increased
excretion rate of 17-ketosteroids in humans during the emotional
stress of an examination (33), They suggested that any emotional
stress might cause an increased formation of adrenocortical hormones
in preparation for the physical stress that usuvally followed. The
decreased levels of circulating adrenocortical hormones that are
observed during exercise may reflect an increased utilization by the
various tissues (33,36,95).

Another indication that the adrenocortical response to
exercise differs from the response to emotional stress was obtained
from an investigation rerformed on the crew members of rowing teams
(95)s Urinary 17-hydroxycorticosteroids were elevated during the
four hour period preceding a race or time trial., On practice days,
when the same amount of work was performed, there was no increase in
the urinary 17-hydroxycorticosteroids,

Frenkle and Csalay studied the adrenal cortex of rats
subjected to daily swimming exercise over a six week period (60).
Adrenal gland hypertrophy occurred in rats that were physically trained
for either three weeks or six weeks, The levels of both glucocorticoids
and mineralocorticoids increased during the first three weeks of
daily exercise but had returned to control levels by the end of six
weeks of physical training, The authors noted a similarity between the

results of their experiment and Selye's general adaptation syndrome,
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(Selye contends that normal blood glucocorticoid levels occur during
the resistant stage of the general adaptation syndrome.,)

A positive correlation was demonstrated between adrenal
gland enlargement and the cardiac hypertrophy that occurred during
physical training (147). The increase in adrenal weight was not
proportional to the work load but occurred predominantly during two
stages of exertions at work loads that involved less than eighteen
percent of the organism's maximal capacity and at work loads
approximating two-thirds the maximal capacity. Prokop distinguished
between three phases of physical training, analagous to the alarm
phase, phase of resistance and phase of exhaustion of Selye's general
adaptation syndrome (147). He referred to the first phase as the
"phase of adaptation®, during which adaptation to exercise was
initiated and a slow improvement in performance occurred. The
second phase was called the "phase of reached and completed adaptation”,
and in this phase the individual displayed his best performance. The
third phase, the "readaptation phase", resulted in a decreased
performance and overtraining.

Adrenocortical hyperactivity, which is a sign of non-
specific stress (150), resulted from a variety of stressful situations,
including: heat (22,23), cold (33,120), electric shock (61), trauma (33),
restraint (14,110,145) and handling (61).

Friedman, Ader, Grota and Larson compared the plasma
corticosterone levels of control,electrically shocked and experi-
mentally handled rats (61l). Five minutes after the respective stress,
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the electrically shocked and the handled rats displayed elevated
plasma corticosterone levels. Fifteen minutes after the stress, the
plasma corticosterone levels were still rising in the shocked animals
but were falling in the handled rats, At sixty minutes post-stress
the handled rats displayed normal plasma corticosterone levels but
the corticosterone levels were still elevated in the plasma of the
electrically shocked animals. The authors maintained that pain and
physical stress were not as important in producing an elevation of
plasma corticosterone levels as was the stress of a novel situation,
The results of several investigations indicate that the
adrenal gland may be a common link between the enzyme changes observed
after exercise and the changes that occurred during other stresses,
Serum enzyme elevations have been observed in various species following
heat stress (22,23), cold stress (120,143), acceleration (34,83),
vibration (34), restraint (34,142) and noise (34). Elevation of the
basal activity levels of several serum enzymes was observed in cold-

. acclimatized men (120) and heat-acclimatized dogs (22,23).
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ITI, METHODS AND MATERTALS

l. Enzyme Experiments

(i) Experimental Design

Three hundred male albino rats of the Wistar strain,
weighing between 200-250 grams, were divided into six groups each
subjected to a different level of physical conditioning, A
control group consisted of rats housed individually for three
weeks in standard laboratory cages (8 in, x 9 in, x 7 in.). A
second group of rats was subjected to a restricted envirorment
by housing the animals individually for three weeks in cages that
were one-half the size of standard cages. (4 in. x 9 in. x 7 in.).

In a third group the rats were allowed complete freedom of movement,
They were housed individually for three weeks in cages (6 in, x 10 in,
x 5 in,) that gave access to a freely rotating drum (diameter:

14 in, x width: 4.5 in.). The number of revolutions travelled

by each rat was recorded by mechanical counters, The fourth,

fifth and sixth groups of rats were housed individually in standard
laboratory cages for a period of two, four or six weeks, respec-
tively, These animals were forced to swim for one hour, three

times per week, in individual plastic tanks (diameter: 12 in. x
depth: 12 in.) containing water at a temperature of 28-30°C. The rats
in the above six groups, and in all of the following experiments, lived
in an enviromment with a temperature of 22.5-23,5°C and twelve

hours of daily light exposure. They were provided a standard



laboratory diet and water ad libitum.

Rats that were subjected to the above procedures were
analyzed for enzyme activity in the plasma and for the enzyme activity
and total protein nitrogen content of soleus, gastrocnemius or cardiac
muscle, Some of the rats in each of the six groups were sacrificed
and analyzed on the last day of the experimental corditionming period.
These animals had been at rest for at least 24 hours prior to sacri-
fice. (Appendix A demonstrates the results of a pilot study in which
the plasma GOT and CPK activities returned to the resting levels
- within 24 hours after exercise.) The remaining rats were sacrificed
imnediately following a sixty minute swim and the various tissues
were subsequently analyzed for enzyme activity and total protein

nitrogen content.

(ii) Experimental Procedure

On the day of sacrifice the animals were anesthetized by
intraperitoneal admimistration of a lethal dose of pentobarbital
sodium (200 mg/kg). When the animal had reached a surgical level of
anesthesia, a five milliliter blood sample was withdrawn by cardiac
puncture, transferred to a heparinized centrifuge tube and centrifuged
for five minutes at 1600 g. Non-hemolyzed plasma was separated by
aspiration, refrigerated at 5°C and analyzed for enzyme activity
within six hours.

Immediately after withdrawal of the blood sample, twenty to
thirty milligrams of the left soleus, left gastrocnemius or left
cardiac ventricular muscle were removed and diluted 1:1000 with
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physiological saline (5°C). The muscle samples were immediately
homogenized, separated in the cold by centrifugation (10,000 ¢
at 2°C for ten minutes), decanted apd the supernate was refrigerated
(5°C) until analyzed, Assay for muscle CPK activity was performed
approximately three hours after sacrifice, Pilot studies indicated
that the preparation and storage temperature and the timing of the
assay procedure were important factors affecting the stability of
CPK in the supernate and the reproducibility of the results. Since
the GOT activity of the muscle supernate was shown to be stable for
only four to six hours, assay for muscle GOT was performed as soon
as possible after sacrifice. The relatively stable proteins were
analyzed for nitrogen within six hours.

Assay for CPK activity was performed after the method of
Rosalki (152) using the procedure and reagents supplied byACalbiochem
(Box 54282, Terminal Annex, Los Angeles 54, California), This method
has been evaluated and extensively discussed elsewhere in the
literature (89,153). A modification of the original method of Oliver
was used for the analysis of the creatine phosphokinase activity in
muscle tissue (135). Oliver recommended that a potassium chloride
solution be used to dilute tissue samples since this diluent reduced
the adenosine triphosphatase contaminants of tissue homogenates. In
the present investigation a preliminary study showed that substitution
of a 0.9 percent sodium chloride diluent did not alter the measured
CPK activity. Oliver also cautioned that myokinase may interfere

Wifh the CPK assay when using tissue homogenates., A preliminary



investigation revealed that interference from myokinase was negligible
in solutions as dilute as those analyzed in the present study (special
reagents given in Append:’lx' B). This observation confirmed a previous
report that the high adenosine monophosphate content of the com-
mercial reagent capsule inhibits myokinase activity (153). In order
to reduce the muscle CPK activity to a level that could be measured
using Rosalki's assay, the final gastrocnemius musele dilution ratio
became 1:15,000 (one milligram wet muscie weight diluted with fifteen
milliliters of physiological saline), the dilution ratio for soleus
muscle became 1:7000 and the cardiac muscle dilution ratio became
1:3000. Since the timing of the CPK analysis was critical, dilution
from the refrigerated supernate (1:1000) to the final ratios was
performed within two minutes immedia'bely preceding insertion of the
cuvette into the spec‘trophotometer.‘ The assay procedure of Calbiochem
was then followed in the same manner as with plasma samples. Previous
investigators had observed erronsously high (73) or low (88) CPK
values resulting from 'bhg dilution of samples containing high CPK
activity., Since the high CPK activity of muscle samples necessitated
large dilution ratios, a constant dilution ratio was maintained for
each particular muscle studied in the present investigation.

_GOT activi‘bsr was determined according to the method and
subsequent modifications of Babson, Shapiro, Williams and Phillips (9-11).
The control buffer, which was used in the‘ original méthod (11) to

correct for the interference produced by hemolytic, lipemic and
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icteric serum samples, was not used in the present investigation:
plasma samples of this nature were discarded. GOT activityr was
measured in cardiac, soleus or gastrocnemius muscle using 0.1, 0.l or
0.2 milliliter, respectively, of the supernate from the original
1:1000 diluted homogenate. The method of Babson et al. required the
preparation of a standard curve relating light absorbance to the known
GOT activity of standard solutions (11). Versatol-E, a commercial serum
enzyme standard, was used to prepare standard solutions (10),

Total protein nitrogen content of the muscle supernate was
measured using a modification of the procedure described by
Natelson (130). At a wavelength of 390 mn, as used in Natelson's
spectrophotometric pProcedure, the sensitivity of the method was so gréat
that only small quantities of nitrogen could be accurately determined,
To measure quantities of total protein nitrogen which were present in
muscle tissues, it was necessary to read the optical density of the
reaction mixture at a wavelength of 490 mu (136). Analysis was performed
on 2,0 milliliter aliquants of the supernatant solution (1:1000) and
the final volume of the nessleriged reaction mixture was diluted to
twenty milliliters. Commercial Nessler's reagent was used in the present
investigation (Nessler Reagent, Item No. 2634, Hartman-Leddon Company,
Philadelphia, Pa,).

One International unit of any enzyme is that amount which will
catalyze the transformation of one micromole of substrate per minute
under standard conditions (100). In the present investigation CPK or

GOT activity was determined using a reaction temperature of 30°C or
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37°C, respectively. Plasma enzyme activity was expressed in Inter-
national units per liter (IU/1) and muscle enzyme activity was expressed
in International milliunits per microgram nitrogen (mU/ug N2).

In the rats that were analyzed for gastrocnemius enzyme activity,
additional parameters were measured. Immediately upon withdrawal of the
blood samples in this group, hematocrit readings were taken by a miero
method using the Adams Autocrit CT-2905 microhematocrit centrifuge, Wet
soleus muscle weight and final body weight were measured in this group

and expressed as the ratio of soleus weight to body weight (mg/g).

(iii) sStatistiecal Analysis

Analysis of covariance was used in the present investigation to
adjust the mean enzyme activities of the cardiac and soleus muscles from
control, spontaneously active and physically trained rats (162,180). This
statistical method was employed in order to segregate the the variable under
investigation (physical conditioning) from the interference of an unforeseen
and uncontrollable variable. Over a period of 1} years the interfering vari-
able resulted in an increase in the soleus and cardiac enzyme levels in suc-
cessively purchased groups of rats, The mean enzyme levels of cardiac
and soleus muscle were adjusted by employing regression equations
relating enzyme activity to the time of analysis (in months), Determina-
tions of the enzyme levels in restricted rats, and in the series of
rats involving gastrocnemius analysis, were not affected by the
unknown variable since these series of experiments were each completed
during a two month period, A change in either the reagents or
the assay techniques did not appear to have introduced the variable
since similar results were obtained by two investigators using two

different assays, Although the causative factor remains unknown to
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the author, he suggests two possibilities: a) the variable originated
in the laboratories from which the rats were purchased, or b) the
variable was introduced as a result of non-specific stress induced

by gastrointestinal or respiratory infections which were prevalent
among rats during the past year.

Analysis of variance was employed to test the effect of
physical traiming on both resting and post-exercise hematocrit levels,
soleus to body weight ratios and enzyme levels. The effect of physical
training on cardiac and soleus enzyme levels was statistically tested
using both the adjusted and the unadjusted means. Following the
analysis of variance individual means were compared using the Student-
Newman-Keuls range test for samples with unequal numbers of amimals (163).
Either Student's "t" test or the modified "t" test of Welsh (for the
comparison of samples with umequal variances) (57 ) was used to compare
the mean parameters of restricted rats with those of control rats and
the mean parameters of resting amimals with those of exerclsed animals,

The null hypothesis was rejected at the five percent level.

2, Coronary Artery Cast Experiments
(1) Experimental Design and Procedure

The following section of the present investigation was separated
into two experimental blocks of amimals. In the first block restricted
rats and spontaneously active rats were compared to a three week control
group and, in the second block, amimals that were physically trained

for two, four or six weeks were each compared to a corresponding control

group.
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Within the first block, thirty male Wistar rats weighing
between 190-250 grams were divided into three equal groups with a
mean initial body weight of 215 grams for each group., These three
groups were subjected to the same physical corditioning regimens
as the first three groups of rats in the enzyme experiments., They
consisted of a control group, a group allowed restricted activity
and a group of spontaneously active rats, all housed for three weeks
in the appropriate cages and controlled enviromments,

The second experimental block of“animals comprised 48 male
- Wistar rats welghing between 220-300 grams, These rats were divided
into six equal groups with a mean imitial body weight of 265 grams
for each group. Three of these groups were subjected to the same
physical trainming programs of two, four and six weeks duration as
wore the last three series of rats in the enzyme experiments. The
remaining three groups of rats in this experimental block served as
two, four and six week control groups.

On the last day of the experimental conditioning period, or
in the swimming groups, 24 hours after the last swim, the amimals
were weighed and anesthetized by intraperitoneal administration of
pentobarbital sodium (45 mg/kg). Vinyl acetate casts of the coronary
arterial trees were prepared following the method of Tepperman and
Pearlman (173). A Harvard Apparatus Co, 600~900-S infusion/withdrawal
pump was incorporated for the perfusion of the vinyl acetate solution,
Wet cardiac ventricular welght and coronary cast welght were recorded
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for each amimal,

Inherent to this technique is the possibility of errors
resulting from the difficulty to control the vinyl-acetate perfusion
pressure (166,173). The difficulty arises from the leakage of vinyl-
acetate through the ends of blood vessels that were severed while
opering the thoracic cage (173). The inherent errors are randomized
by performing blind experiments.

(ii) sStatistical Analysis

Student's "t" test was used as the statistical test of

significance in these experiments and the null hypothesis was rejected

at the five percent level.

3. Accessory Experiments

Consideration of the data obtained from restricted rats made
it necessary to design experiments which would test these animals
from different approaches,

(1) Effect of Time in Restrictive Cages on Coronary Cast Size

The first experiment was designed to determine the minimal
duration of restricted activity that would produce an increase in the
coronary cast weight to heart weight ratio.

Thirty male Wistar rats welghing between 250-310 grams were
divided into six equal groups with a mean imitial body weight of
273 grams for each group, Three of these groups were housed in
restrictive cages and the other three groups were housed in standard
laboratory cages. At the end of three days, one week or two weeks,
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rats from a restricted 2nd a control group were weighed and
anesthetized by intraperitoneal injection of pentobarbital sodium
(45 mg/kg). When the animals had reached a surgical level of
anesthesia, coronary vinyl-acetate casts were prepared as described
in the preceding experiments and wet cardiac ﬁ'entrictﬂ.ar and

coronary cast weights were recorded for each armmal,

(i1) Total Amount (Time) of Daily Activity of Restricted and

Control Rats

The second and third experiments were designed to test
vwhether or not the results observed in restricted armimals might be
due to inereased activity, even though the space available for
movement was reduced.

Eighteen male rats of the Wistar strain welghing between
200-250 grams were divided into two equal groups. The rats of one
group were housed in standard laboratory cages and the rats of the
other group lived in restrictive cages for a period of three weeks,
Each cage was placed individually on a platform that was supported
by foam rubber cushions, Two permanent magnet, induction trans-
ducers, extending between the platform and its base, were sensitive
to vibrations produced by the animal's activity, The electrical
signals generated in the transducers were recorded by means of a
Grass Model 7 polygraph., The total activity time of each rat was
recorded for 24 hours on the first, eighth, fifteenth and twenty-
second day of the experimental period. Activity time was expressed

as a percent of the 24 hours,
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(1ii) Swimming Endurance of Spontaneously Active, Control
and Restricted Rats

Previous investigators have demonstrated that physically

conditioned rats, maintained on a high carbohydrate diet, were
able to swim for a significantly longer period of time than untrained
rats (19). If the restricted animals in the present study were more
active than control rats, they should be able to swim for a longer
time,

Thirty male rats of the Wistar strain welghing between 190-
230 grams were divided into three equal groups. The rats were housed
in standard laboratory cages, restrictive cages or cages allowing
spontaneous exercise and wers provided a high carbohydrate diet (19)
and water, ad libitum, for a period of three weeks, Initial and
final body weights were recorded for each amimal. At the end of the
experimental period, the animals were forced to swim to exhaustion
in water at 22°C, Several investigators had demonstrated the
importance of water temperature on the length of time required to
swim to exhaustion (20,46,172). In order to shorten the swimming
duration, the rats in the present study were forced to swim in 22°C
water., In addition, the work load was increased by taping lead weights,
equal to six percent of the animal's body weight, to the base of the
tail. The criterion for exhaustion was established as the time when
the rat sank to the bottom of the tank and remained there for a period

of sixty seconds (19).
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(iv) Adrenal Ascorbic Acid Levels in Control and Restricted Rats

Although the restricted rats were only mildly limited in
their activity, it was possible that a stress response was occur-
ring. The following experiment employed adrenal ascorbic acid
concentration as an index of adrenocorticoid secretion.

Fifty-five male rats of the Wistar strain weighing between
200-250 grams were divided into five equal groups. These groups
served as either a control group, housed in standard laboratory
cages for three weeks, or one of four experimental groups, housed
in restrictive cages for periods of three days, one week, two weeks
or three weeks. At the termination of each experimental period,
the amimals were sacrificed by decapitation., The adrenal glands
were removed, trimmed free of comnective tissue, weighed and homo-
genized in thirty milliliters of cold 2.5 percent meta-phosphoric
acid (5°C). The homogenate was filtered through Munktell 00 filter
paper and analyzed for ascorbic acid according to the method of
Briggs and Munson (29). Adrenal ascorbic acid levels were expressed
as milligrams per hundred grams of wet adrenal weight.,

(v) Effect of Adremalectomy on the Coronary Cast Weight
Changes in Restricted Rats

In the final experiment the role of the adrenal gland was
further investigated by studying the effect of restricted activity
on the coronary cast to heart weight ratio of adrenalectomized

rats.
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Sixteen normal male rats of the Charles River strain, with a
mean initial body weight of 218 grams, were divided equally into a
control group and a group of restricted rats., Sixteen, commercially
adrenalectomized, male Charless River rats, with a mean initial body
welight of 191 grams, were divided similarly into two equal groups,
A1l adremalectomized rats were provided physiological saline while
normal rats were provided water to drink, ad libitum, Standard
laboratory chow was provided to all rats, ad libitum,

At the end of a three wesek conditioning period the coronary
cast was prepared and final body weight, wet cardiac ventricular
weight and coronary cast weight were recorded for each armimal,

(vi) Statistical Analysis

Student’s "t" test was used to statistically compare the

means in all the experiments of this section. The mull hypothesis

was rejected at the five percent level,
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IV. RESULTS

1. Enzyme Experdiments

(1) Muscle Enzyme levels in Control, Spontaneously Active
and Physically Trained Rats

Tables I through VIIT show the mean enzyme levels of
myocardial and soleus museles, both before and after adjustment by
analysis of covariance, These tables demonstrate that the adjustment
did not statistically alter the results. Removal of the extraneous
variable allowed the adjusted means to portray more accurately the
effect of spontaneous activity and physical training on the myocardial
and soleus CPK and GOT levels., Adjustment of the enzyme levels resulted
in a consistent decrease in the mean CPK and GOT levels of the groups of
rats trained for six weeks and a decrease in the mean myocardial CPK
levels of the four week training groups. The adjustment consistently
raised the mean CPK and GOT levels of the spontaneously active groups
and also the mean myocardial CPK levels of control rats. These effects
parallel the relative time periods in which the animals in the various
groups were purchased, subjected to experimental treatment and analyzed
for enzyme activity. A greater proportion of the rats in the four and
six week training programs received experimental treatment in the
latter months of this investigation, a greater proportion of the
control animals were studied in the early months and the spontaneously
active rats were studied within the first four months of this

investigation,

———— e tes e



The adjusted means indicate that enzyme elevations,
occurring in cardiac and soleus muscles after a mild six week
training program, are not as great as would appear from the un-~
adjusted means. In the following sections of this dissertation,
myocardial and soleus CPK and GOT levels will be discussed in terms
of the adjusted means. The mean enzyme levels that are displayed
in Figures 1-4 are the adjusted values. Unadjusted means of myo-
cardial and soleus enzyme levels are shown along with the standard
errors of the mean in Appendix C and D, The mean total protein
nitrogen content of cardiac and soleus muscle are contained, along
with the standard errors of the mean, in Appendix G,

| Tables I and II and Figure 1 demonstrate that the
experimental treatments had a significant effect on the resting and
post-exercise, myocardial CPK levels. Although the resting myo-
cardial CPK level did not become elevated until after six weeks of
intermitteﬁt swimming exercise (Table I, Figure 1), the post-exercise
levels in spontaneously active rats and in all three groups of
trained rats were higher than the post~exercise level in the control
group (Table II, Figure 1).

The rats in the latter series had been subjected to a
sixty minute swim immediately prior to sacrifice but in all other
respects the two series of rats had received similar experimental
treatment. All of the rats in the swinming groups were subjected
to a one hour swim, three times per week: the spontaneously active

rats that were sacrificed in the resting state ran a total of
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1112 i+ 227 revolutions per day while the spontaneously active rats
in the post-exercise series ran 1206 i+ 187 revolutions per day.

Figure 1 illustrates that a single exercise episode
did not alter the mean myocardial CPK level in any of the groups,
i.e. in any particular group of rats, the resting CPK level was
never different from the post-exercise CPK level.

Physical training resulted in elevations in the resting
and post-exercise myocardial GOT levels that were similar to the
elevations observed in the CPK levels (Tables ITI and IV, Figure 2).
By the end of the six week training program, resting rats displayed
a greater mean myocardial GOT lewvel than resting control rats
(Table IIT, Figure 2). An elevation was not observed in the resting,
myocardial GOT levels of spontaneously active rats or rats physically
trained for two or four weeks. After two, four or six weeks of
physical training the post-exercise myocardial GOT level was elevated
above the post-exercise level in control vats (Table IV, Figure 2),
Spontaneously active rats displayed a mean post-exercise, myocardial
GOT level that was similar to the post-exercise control level. A
sixty minute swim immediately prior to sacrifice did not affect the
myccardial GOT level in any of the five groups of rats (Figure 2).

CPK activity in the soleus muscles of resting rats was
increased after six weeks of physical training (Table V, Figure 3).
Neither spontaneous activity for three weeks nor the shorter swim-
ming training programs had'anj effect on the resting, soleus muscle

CPK activity. The effect of training on post-exercise, soleus CPK

TILTTIOIT TITTE TS ey
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levels is shown in Table VI and Figure 3, Rats that were physically
trained for a period of six weeks displayed a higher post-exercise,
soleus CPK level than the post-exercise level in control rats.
Spontaneously active rats and rats trained for two and four week .
reriods had mean post-exercise, soleus CPK levels 'bha't were comparable
to that of the control group. A single exercise episode did not alter
the CPK level in the soleus muscles of control, spontansously active
or physically trained rats (Figure 3),

Analysis of variance showed that physically trained rats
possessed higher resting, soleus GOT levels than control rats (Table VIT
and Figure 4). A comparison of the various group means revealed
that an elevation did not occur until rats had been physically trained
for six weeks. Rats subjected to intermittent swimming exercise for
two or six weeks demonstrated higher post-exercise, soleus GOT levels
than control rats (Table VIIT and Figure 4). There was no difference
among the post-exareise, soleus GOT levels in control rats, spontaneously
active rats and rats that were physically trained for four weeks,
Figure 4 shows that the soleus GOT levels were not affected by a single
exercise episode. (The post-exercise soleus GOT levels were not
statistically different from the resting levels),

Tables IX and X and Figures 5 and 6 demonstrate the effect
of exercise and physical training on the mean levels of CPK and GOT
in gastrocnemius muscle. Standard errors of the mean are shown in
Appendix E, These means were not adjusted by analysis of covariance,
Total protein nitrogen content of gastrocnemius muscle can be seen in

Appendix G,
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Figure 1

Myocardial creatine phosphokinase (CPK)
activity, before and after exercise, in
rats subjected to different types and
durations of physical conditioming,
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Figure 2
Myocardial glutamic-oxalacetic transaminase
(GOT) activity, before and after exercise,
in rats subjected to different types and

durations of physical conditioning.
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Figure 3
Soleus creatine phosphokinase (CPK) activity,
before and after exercise, in rats subjected

to different types and durations of physical

conditioning,
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Figure 5

Gastrocnemius creatine phosphokinase (CPK)
activity, before and after exercise, in
rats subjected to differemt types and
durations of physical conditioning.
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Figure 6

Gastrocnemius glutamic-oxalacetic transaminase
(GOT) activity, before and after exercise, in
rats subjected to different types and durations
of physical conditioning,
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Physical training had no effect on the resting, gastro-
cenemius CPK level but it did have an effect on the post-exercise CPK
level (Table IX, Figure 5). Rats that were physically trained for
two weeks displayed a higher mean post-exercise, gastrocnemius CPK
level than the post-exercise level of control animals., There was no
difference among the post-exercise gastrocnemius CPXK levels of
control rats, spontansously active rats and rats that were physically
trained for four or six weeks. The mean gastrocnemius CPK level in
resting, control rats decreased after a single sixty minute swim.

A single sixty minute swim resulted in a net increase (from resting
level to post-exercise level) in the CPK activity in gastrocnemius
muscles of rats that were physically trained for two weeks, A single
exercise episode did not alter the gastrocnemius CPK levels in
spontaneously active rats or in rats that had been trained for periods
of four or six weéks. Spontaneously active rats that were sacrificed
in the resting state had run 1394 + 347 revolutions rer day and the
rats that were sacrificed after a sixty minute swim had run 1856 + 430
revolutions per day,

Table X and Figure 6 show the effect of single and repeated
exercise on the gastrocnemius GOT levels. The mean GOT level of the
gastrocnemius muscles of resting rats did not become elevated until
after six weeks of intermittent swimming exercise. The post-exercise,
gastrocnemius GOT levels, however, became elevated earlier during
training than the resting levels., Rats that had been subjected to

either the four or the six week training program displayed higher mean



post-exercise GOT levels than the mean post-exercise levels in control
animals. The post-exercise GOT levels in the gastrocnemius muscles

of spontaneously active rats or rats that had been trained for two
weeks were comparable to the post-exercise control level. Gastrocnemius
GOT levels were not altered after rats were subjected to a single
exercise episode, i.e. there was no difference between the resting
level and the post-exercise level in any of the five groups of rats.

(i1i) Plasma Enzyme Levels in Control, Spontaneously Active
and Physically Trained Rats

Tables XTI and XIT and Figures 7 and 8 demonstrate the
effect of exercise on the mean CPK and.GOT levels in the plasma of
control, spontaneously active and physically trained rats. Standard
errors of the mean are shown in Appendix F.

The resting plasma creatine phosphokinase (PCPX) levels
in spontaneously active and physically trained rats were unchanged
from the resting control level (Table XI and Figure 7). After two
or four weeks of physical training the absolute post-exercise PCPK
level was less than the post-exercise level in control rats. The
absolute post~exercise PCPK levels in spontaneously active rats and
rats that had been trained for six weeks were comparable to the
absolute post-exercise PCPK level in control animals. A single sixty
minute swim resulted in a net elevation in the PCPK activity in
control rats, spontaneously active rats and rats that were trained
for four or six weeks. A post-exercise elevation in PCPK activity

was not observed in rats subjected to intermittent swimming exercise

for two weeks.,
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The resting level of plasma glutamic-oxalacetic transaminase
(PGOT) was increased by physical training (Table XII and Figure 8)., A
comparison of the means with the range test revealed that the mean
resting PGOT levels in only the two and six week swimming groups were
greater than the resting level in the control group, Applying Student's
"t" test to the same means showed that the resting PGOT level in the
four week swimming group was also greater than the control level, P<0,05.
The "t" test was used here in order to reveal = marginaily significant
value (180). Table XIT and Figure 8 show only the statistieal results
obtained when the control group was compared to the experimental groups
by means of the range test. The range test also revealed that the
mean resting PGOT level in the six week swinming group was higher
than the resting level in any of the other groups, P<0.05. Spontaneously
active rats had a resting PGOT level that was the same as the control
group. A single exercise episode resulted in a net elevation of the
PGOT level in each of the five groups of rats. The net elevations
observed in spontaneously active and physically trained rats appeared
to be less, but were not statistically smaller, than the elevation
observed in the control group, Neither spontaneous activity nor
physical traiming altered the absolute post-exercise PGOT level.

(3ii) Effect of Restricted Activity on Plasma and Muscle Enzyme levels

Tables XIIT and XIV and Figures 9 and 10 demonstrate the
effect of restricted activity on plasma and muscle CPK and GOT levels.,
Figvres 9 and 10 readily illustrate the distribution of CPK and GOT in
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Figure 7

Plasma creatine phosphokinase (CPK) activity,
before and after exercise, in rats subjected
to different types and durations of physical
conditioning.
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Figure 8

Plasma glutamic-oxalacetic transaminase
(GOT) activity, before and after exercise,
in rats subjected to different typés and
durations of physical conditioning.
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the three types of muscle that were investigated., Figure 9 shows
that CPK activity is highest in gastrocnemius (white) muscle, with
progressively lesser amounts being present in soleus (red) muscle
and cardiac muscle., GOT activity is highest in cardiac muscle,
with progressively lesser amounts being present in soleus and gastro-
cnemius muscle (Figure 10), Total protein nitrogen content in the
muscles of these rats is shown in Appendix G.

A single exercise episode resulted in a marked elevation
in PCPK activity in both control and restricted rats (Table XIIT and
Figure 9). The resting PCPK level, post-exercise PCPK level and net
post-exercise PCPK elevation occurring in restricted rats were similar
to those observed in control rats. CPK levels in the muscles of
restricted rats were comparable to those observed in control rats.
Exercise (sixty minute swim) resulted in an increased myocardial CPK
level in restricted rats and, as previously mentioned, a decrease in
the gastrocnemius CPK level of control rats. There was no post-
exercise alteration in the soleus or gastrocnemius CPK level in restricted
rats and no change in the cardiac or soleus CPK levels in control rats,

Restricted and control rats displayed similar resting
PGOT levels, post-exercise PGOT levels and net post-exercise PGOT eleva-
tions (Table XIV and Figure 10). A sixty minute swim resulted in an
elevation in the soleus and gastrocnemius GOT levels in restricted rats,
Exercise did not result in a change in the myocardial GOT level of
restricted rats nor did it alter the GOT levels in the muscles of

control rats. The resting myocardial GOT level in restricted rats was
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Figure 9

Creatine phosphokinase (CPK) activity,
before and after exercise, in plasma and
in myocardial, soleus and gastrocnemius

muscles of control and restricted rats.
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Figure 10

Glutamic~oxalacetie transaminase (GoT)
activity, before and after exercise, in
plasma and in myocardial, soleus and
gastrocnemius muscles of control and

restricted rats,
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lower than the resting level in control rats. Soleus and gastrocnemiﬁs
GOT levels in resting restricted rats were comparable to those in
resting control rats. Restricted rats possessed higher post-exercise,
soleus and gastrocnemius GOT levels than the post-exercise levels in
control rats, Control and restricted rats had comparable post-exercise

myocardial GOT levels.

(iv) Hematocrit and Soleus Muscle Weight to Body Weight Ratio

A single exercise episode resulted in hemoconcentration in
restricted, control and spontaneously active rats, and in rats that
had been subjected to intemitten‘i: swimming exercise for six weeks
(Table XV). Hemoconcentration did not occur in rats that had been
physically trained for two or four week periods. Each of the experi-
mental groups displayed resting and post;-exercise hematocrit levels
that were similar to those of control animals.

The soleus muscle weight to body weight ratio of the
spontaneously running group was greater than it was in control animals
(Table XV). Restricted rats and rats that were physically trained
by swimming exercise possessed mean soleus to body weight ratios that
were comparable to the mean of the control rats. The soleus to body
weight ratio was not affected by a single sixty minute swim immediately
prior 'l:o‘ sacrifice.

2. Coronary Cast Weight to Heart Weight Ratio

Table XVI shows the coronary cast to heart weight ratio in

resting control rats and in resting rats that had been physically trained

for periods of two, four or six weeks. The mean initial body weights
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were the same for all groups. Rats in the two, four and six week
control groups weighed 262.8 =+ 4.0, 263.0 + 8.7 and 260.1 + 11.8 granms,
respectively, at the beginning of the conditioning period., Rats in
the two, four and six week swimming groups had mean initial body weights
of 267.0 + 6.8, 262,8 x 8,1 and 272.3 + 4.9 grams, respectively. The
final mean body weight, heart weight and heart to body weight ratio
were similar for the experimental and control groups after each
duration of treatment. Compared to the means of the four or six week
control group, the four or six week swimming groups displayed an in-
crease in both the coronary cast weight and the coronary cast to body
weight ratio. These responses did not occur after two weeks of inter-
mittent swimming exercise.,

The results of the coronary cast measurements in control,
spontaneously active and restricted rats are displayed in Table XVII.
Mean initial body weights of 215.1 & 6.3, 217.9 = 6.4 and 212.2 &+ 4.0 grams
were recorded for control, spontaneously active and restricted rats,
respectively. Spontaneously active rats ran a total of 1083 + 230
revolutions per day. Control and restricted rats had comparable final
mean body weights but the final mean body weight of the rumning group
was significantly lower than either of the other groups. Although the
mean heart weight did not differ among the groups, the heart to body
weight ratio was smaller in restricted rats than it was in either the
control or spontaneously active rats. There was no difference between
the mean heart to body weight ratio of spontaneously active and control

rats. The mean coronary cast weight of restricted rats was greater than
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the control mean but there was no difference between the mean cast
weights of spontaneously act.ive rats and control animals. Both the
restricted and the spontaneous rumning groups had a greater coronary
cast to hea.rt weight ratio than control rats,

3« Accessory Experiments on Restricted Rats

Table XVIII demonstrates the effect of the duration of
restricted activity on the coronary cast to heart weight ratio. Rats
in the three day, one week and two week control groups had mean initial
body weights of 276.8 z 8.9, 272.8 4 7.6 and 272.2 + 9.0 grams, respectively.
The mean initial body weights of the three day, one week and two week
restricted groups were 273 + 3.2, 272.6 + 7.0 and 272,4 + 10.0 grams,
respectively, Each restricted group demonstrated a final mean body weight,
heart weight and heart to body weight ratio that was comparable to its
corresponding control group. Restricted activity for a duration of two
weeks resulted in a mean coronary cast weight and a coronary cast to
heart weight ratio that were greater than the mean of the two week control
group. Shorter durations of restricted activity had no effect on these
parameters,

Restricted rats were active for the same proportion of time
per day as control rats (Table XIX). Spontaneously active rats were
able to swim longer in an exhaustive swim than either control or restricted
rats (Table XX and Figure 11). The spontaneously active rats in this
experiment had run a total of 936 i 307 revolutions per day. Control

rats were able to swim longer than restricted rats, The initial body
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TABLE XX

Effect of Spontaneous Activity and Restricted Activity on the
Iength of Swimming Time to Exhaustion of Rats

ﬁxpemental Irﬂ.tial body

series weight
(2)

Finsl body  Exhaustion
wolght time
() (min)

Restricted activity 205.0(5)3.8+
Control 201.3 * 3.5
(10)

Spontaneous. activity 203, 9( =8b)ll-.5'

295.5 +*= 8.6 5.40 &+ 0064*

290.1 + 7.1 9.08 + 1.20

263e5 & 9.9*%  13.29 i 1.21%

Mean 4+ S.E.M,
( ) Number of animals

*P <0,05, compared to control

animals




Figure 11

Swimming exhaustion time for control rats,
restricted rats and spontaneously active

r&ts °




Exhaustion Time - min.

14

12

16—

I0

* P <0.05,

Cont.

Spontan.

compared to control
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- welghts were comparable for the three groups but spontaneously acti#e‘
 rats ﬁeighed less than either of the other groups by the end of the
experimental conditioning period.

Rats that had been subjected to a restricted enviromment
for one, two or three weeks demonstrated mean adrenal ascorbic acid
levels that were lower than those in the control groups (Table XXI
and Figure 12)., The mean adrenal weight for each of these groups was
comparable to that of the control group. Rats that had lived in a
restricted enviromment for three days demonstrated a mean adrenal
welght that was greater than that of the control group. The adrenal
ascorbic acid level of this group was comparable to the control
level. ‘

Table XXIT illustrates the effect of adrenalectomy on the
elevated coronary cast to heart weight ratio that occurs in restricted
animals, The initial and final body weights, heart welghts and heart
to body weight ratios of restricted rats were similar to those of
corresponding control animals. Normal animals that had been subjected
to a restricted enviromment demonstrated a greater coronary cast weight
and coronary cast to heart weight ratio than the normal control animals,
A similar fesponse was not observed in the adrenalectomized restricted
animals, although the mean cast weight and cast to heart weight ratio
of this group were greater than those of the intact control animals.
The mean initial and final body weights were greater and the heart
to body weight ratios were lower in the normal groups than they were

in the adrenalectomized groups of animals.




TABLE XXT

. Effect of Time in Restridted Activity on Adrenal Ascorbic Acid Levels

 Experimental Adrenal Weight Adrenal ascorbic acid

Series (mg) | (mg/100g adrenal tissue)

Control 36.9 x1.8" 552,1 & 7.5

(3 weeks) (11)

Restricted activity W6 4 2,1% 542,5 + 8,6

(3 days) (11)

‘Restricted activity 33.6 1.7 527.5 + 7.1*

(1 week) (11)

Restricted activity 38,6 *=1.5 524,5 = 8,4*

(2 weeks) (11) :

Restricted activity 37.9 1.7 525.2 + 8,3%
(11)

‘1-

Mean £ SoElMo
( ) Number of animals

*p<0.05, compared to control animals




Figure 12

Adr_eml' ascorbic acid levels in control
rats and rats subjected to various
durations of restricted activity.
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V. DISCUSSION

' " A review of 'bhé effect of exercise and physiéal training
on muscle enzyme levels vreve‘aled»-three general trends in the eléva.tion
of enzyme levels, First, six weeks of intermittent swimming exercise
was the minimum amount of traiming necessary to produce elevated
enzyme levels in all three types of muscle. Second, cardiac muscle
displayed elevated enzyme levels earlier during training than did
soleus or gastrocnemius muscles, Third, post-exez;cise muscle enzyme
levels were elevated earlier during training than were the enzyme
1evezl.s of resting rats.

In the present investigation, intermittent swimming
exercise over a six week period resulted in é.n elevation of the
resting and post-exercise CPK and GOT activities in the cardiac and
soleus muscles, and an elevation of the resting and post-exercise
GOT activity in the gastrocnemius muscles of rats. The type of
swimming exeréise used in the present study is known to cause é. three-
fold increase in aerobic metabolism (119). During aerobic metabolism,
an augmentation of GOT activity would appear to be more beneficial
to the working muscles: than an elevation of CPK activity. Rawlinson
and Gould had previously demonstrated that CPK éctivity was not
elevated in the hind leg muscles of physically trained rats (148).




The mﬁscles that were analyzed were not named,.but they were taken
from the 'biceps region df the hind leg’, In view of the results
of the presént study, it appears probable that Rawlinson and Gould
analyzed white skeletal musecle.

Neither spontaneons running nor two or four weeks of
intermittent swimming exercise produced sufficient training to
cause an elevation iﬁ the resting CPK orvGoT activity of cardiac,
soleus, or gastrocnemius muscle, Previous studies had shown that
the levels of other enzymes became elevated in the skeletal muscle
(18%4) and liver (155) of rats subjected to similar degrees of
physical training. A consideration of these studies indicates
that each type of enzyme and each type of body tissue will respond
differently to physical training, -

The physical training programs employed in the present
investigation were comparable to the most moderate programs used
by other investigators. Beaton subjected rats to treadmill exercise
for one hour (1044 meters per hour) on eleven occasions in sixteen
days (18). In the present investigation: rats that were allowed
access to freely-rotating drums travelled approximately 1400 meters
per day. Although Yakovlev and Yampolyskayé (184) subjected rats

.to daily swimming exercise for a period of tﬁirty da&s, total swim;
ming time for these rats was 1% hours longer than the shortest

- swimming time imposed upon rats in the currently employed training
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pi'ograms. Beaton and Oyster (21) and Sangster and Beaton (155)
subjected rats to swimming exercise for one hour, three times per
week, for periods of 24 days and 28 days, respectively., The latter
training program was identical to the four week training program
employed in the présent study. In terms of total swimming time,
the six week program of the present study was three hours longer
than the six week programs (71,148), and thirty minutes longer than
the five week programs (67,84,85), employed by previous investigators.
The post-exercise CPK and GOT activity levels in the
present study, appeared to be more sensitive indices of training
than the resting enzyme levels, Isolated values of stat.i\stical
significance occurred in the post-exercise, soleus GOT level and in
the post-exercise, gastrocnemius CPK level after two weeks of training,
Considering that the post-exercise, soleus GOT level markedly fell
in the fourth week of training, and the post-exercise, gastro-
cnemius CPK level had markedly declined by the sixth week of training,
the biological significance of the elevations that occurred in the
two week swimmers is not readily apparent. In gastrocnemius muscle,
however, the elevated GOT level in the four week swimmers appeared
to represent an early adaptation to exercise,
An increase was observed in response to repeated exercise

more frequently in skeletal muscle GOT than CPK, The soleus muscle
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of GOT level was elevated after four or six weeks of repeated exercise
while the soleus CPK level was not elevated until after six weeks of
exercise, Six weeks of training resulted in an elevated gastro-
cnemius GOT level but had no effect on gastrocnemius CPK activity.
Rat soleus muscle is characterized by red "slow" fibers and gastro-
cnemius muscle is characterized by white "fast" fibers. Skeletal
muscles, in general, contaih a heterogeneous rather than a homo-
geneous muscle fiber type. Red muscle, such as soleus muscle,
contains a predominance cf fibers having high oxidative and low
glycolytic enzyme activity, with a lesser number of fibers having
high glycolytic and low oxidative enzyme activity (52). White
muscle, such as gastrocnemius muscle, contains a predominance of
fibers possessing high glycolytic and low oxidative enzyme activity,
with a lesser number of fibers possessing high oxidative and low
glycolytic enzyme activity, On the basis of histochemical enzyme
analysis Edgerton, Gerchman and Carrow have shown that repeated
swimming exercise resulted in an increased proportion of red to.
white fibers in rat plahtaris (fast) muscles (52). They were not
able to sho; ﬁ‘similar change in soleus muscles since soleus muscles
already possessed a high number of red type fibers. An increésed
red to white fiber ratio, however, may provide one explanation for

the observation that skeletal muscle GOT activity became elevated




, mofé,readily and earlier during repeated exercise than CPK activity,
‘GOT aétivity is higher in red than in white muscles and CPK activity
is higher in white than in red muscles. A shift in fiber type
toward the red fiber t&pe would result in a higher level of total
muscle GOT‘activity, especially in gastrocnemius muscle. Since
the CPK activity of soleus muscle was also elevated as a result of
repeated exercise the rate of enzyme synthesis or other factors
may have been altered as a result of training.

Short, Cobb, Kawabori and Gébdner demonstrated lower
iactate concentrations in the skeletal muscles of trained rats than
in untrained rats (161)., This particular training effect was more
pronounced in white muscle fibers than it was in red fibers. Low
lactate accumulation in trained muscle might be due to a decreased
rate of glycolysis, increased oxidation of alpha;glycerol phosphate,
increased pyruvate oxidation, increased utilization of phosphogens or
removal of lactate by an increased blood flow to the muscles of
trained individuals, Holloszy demonstrated an elevation in the activity
of various respiratory enzymes in the gastrocnemius muscles of physically
trained rats (96). He discussed that physically trained rats attain
higher maximum rates of oxygen consumption during strenuous exercise than
untrained individuals. This indicates that trained individuals have a

greater ability to utilize aerobic metabolic pathways than untrained




individuals, and would rely less on the glycolytic pathway. The
present study demonstrated that the enzyme GOT is elevated in the
muscles of physically trained rats. This adaptation may be one
mechanism by which trained animals are capable of increasing energy
production by way of oxidative metabolic pathways. GOT may provide
some of the keto-acids that areinvolved in oxidative metabolism
thereby increasing the energy producing capacity of the Kreb's cycle.
Since the CPK level in rat soleus muscle became elevated after six
weeks of repeated exercise it appears that an increased utilization
of phosphogens for energy production may also be responsible for the
low, post-exercise, muscle lactate concentrations found in trained
individuals. It seems doubtful that the relatively lower post-exercise
muscle lactate levels of trained animals would be due to an inereased
muscle blood flow and an increased removal of lactate. Cardiac output
and, consequently peripheral blood flow has been shown to be lower
during submaximal exercise in the trained than in the untrained
condition (177). The evidence presented in the current study, together
with complimentary evidence of previous studies, indicates that trained
individuals are more capable than untrained individuals to utilize
oxidative pathways and phosphogens for the production of energy in
skeletal muscles during exercise.

During physical training cardiac muscle displayed a more
sensitive enzyme adaptation than did either type of skeletal muscle,
The post~exercise, myocardial CPK activity in spdntaneously active

rats and in each of the three groups of trained rats was higher than

S — S mT T
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the post-exercise control level. The post-~exercise, myocardial GOT
activity was elevated after all durations of intermittent swimming
exercise., Gollnick and Hearn demonstrated in the rat that swimming
exercise imposed a greater work load on the heart than on skeletal
muscles (67). These investigators found an elevation of myocardial
lactic dehydrogenase (LDH) activity in trained rats but no°change in
the LDH activity of gastrocnemius muscle. - They also observed cardiac
hypertrophy and an increased myocardial protein content but similar
changes were not apparent in gastrocnemius muscle., In the present
investigation, however, there was no cardiac hypertrophy in any of the
six groups of rats and the soleus to body weight ratio increased in
only the spontaneous running rats. The myocardial enzyme elevations,
occurring in the absence of hypertrophy, indicate that enzymatic sys-
tems in cardiac muscle can readily adapt to the energy requirements
of repeated exercise., Since soleus hypertrophy did not occur in the
swimming groups, and elevated skeletal muscle enzyme levels did not
occur until after six weeks of repeated swimming exercise, it
appeared that swimming exercise did not impose a great work load on
leg muscles,

Spontaneous running aciivity'may not have imposed as great
a work load on the heart as did swimming activity. The elevated
myocardial CPK level observed in these animals may have provided a
greater reserve source of energy for short bursts of running activity,
Since myocardial GOT activity was not elevated in these animals it
appears that normal GOT levels are sufficiently high to sustain

spontaneous running activity.,
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Several investigators had previously demonstrated that a
single exercise episode resulted in an-elevated enzyme activity in
the heart, skeletal muscle or liver (43,104,105,121,122,144,155).

An elevation in the GOT activity of heart and skeletal muscles (43),
and an elevated CPK activity in skeletal muscle (121, 122) had been
observed after just fifteen minutes of moderate exercise., However,
these investigators did not find the same response in all of the
tissues studied, nor did they consistently obserwve the response at
higher work loads. In the present study a single exercise episode
did not result in a significant elevation in the muscle CPK or GOT
levels of control, spontaneously active or physically trained rats.,

| Intracellular enzyme levels are dependent upon the pro-
cesses of synthesis, inactivation and catabolism (16). The degree
o? activation of intracellular enzymes is dependent upon many meta-
bolic and structural activators and inhibitors ineluding: concen-
tration of hydrogen ions, temperature, availability of substrate,
métal ions (cofactors) and special organic molecules (coenzymes),
structural configuration and orientation of enzymes within the cell
(49, 182). A change in one or any combination of these factors
could be responsible for the elevated intracellular enzyme activity
that occurs during exercise or physical training.

The processes of synthesis and degradation of intracellulgr
enzymes are apparently regulated by various hormones. Administration
of growth hormone (187) or testosterone (151) to the rat resulted in

a decreased muscle transminase activity., The administration of
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thyrotropic hormone (72), thyroxine (32), adrenocorticotrophic
hormone (72) and glucocorticoids (53, 154) to rats or mice
resulted in an increased GOT or CPK activity in various body tis-
sues., Adrenocortical hormones were thought to be involved in the
tissue enzyme elevations that occurred in exercising animals (43),
This hypothesis was strengthened by the demonstration of Critz and
Withrow that adrenalectomy prevented the elevation of tissue GOT
levels that they had observed in normal exercising rats (45).

The results of the present investigation do not establish
which of the two processes, synthesis or activation, is occurring
during exercise or physical training. Since the enzyme elevations
occurred in excess of total muscle protein content, the response
cannot be attributed to the normal growth process, Since
glucocorticoids have been shown by others to be capable of inducing
intracellular enzyme synthesis, and since an increased secretion of
glucocorticoids normally occurs at the onset of an exercise episode,
it is reasonable that the recurrent exercise episodes in the present
investigation may have resulted in repeated stimulation of
glucocorticoid secretion which ultimately was responsible for an
increased synthesis of intracellular CPK and GOT,

Although significant elevétions of muscle CPK or GOT levels
did not occur after a single sixty minute swim, apparent increases
were sometimes observed. Small increases in muscle enzyme levels

resulting from a sixty minute swim may have been additive to elevations
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occurring during physical training. The combined effect may explain
why post-exercise, muscle enzyme levels were elevated earlier during
training than were the resting levels. The observation that post-
exercise, muscle enzyme levels were elevatgd earlier thaﬁ were the
resting enzyme levels indicates that the effect of physical training
on muscle enzyme levels is more readily observed in animals in the
post-exercise condition.
| The plasma enzyme eievations that were observed after a
single exercise episode confirm the observations made by the majority
of previous investigators. Previous investigators had shown that.
post-exercise serum enzyme elevations were small or did not occur
in trained animals. In the present study there was no post-exercise
PCPK elevation in rats trained for two weeks, and the increase
observed in:the rats trained for four weeks was less than that seen
in control animals. In rats that were trained for six weeks, spon-
taneously active rats and restricted rats, a sixty minute swim resul-
ted in PCPK elevations that were similar to those of the control rats.
Physical training did not affect the PGOT response to exercise. The
observation that physical training did not prevent the post-exercise
serum enzyme elevation indicates that the training programs used in
the present study were not severe, Physical training resulted in an
elevated PGOT level but had no effect on the resting PCPK activity,
The occurrénce of enzymes in the blood plasma is bélieved :
to result from the normal breakdown and turnover of body tisspes

(16,40,120), The concentration gradient that exists between the
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intracellular and exfracellular fluid favors the diffusion of
enzymes from the cell to the extracellularffluid. Under normal
conditions diffasion is limited by the relative impermeability of
the c311 membrane. Alterations in permeability result in an
increased efflux of intracellular enzymes.

At the present time there is no rétional explanation
for the differential release of intracellular enzymes. The rate of
efflux is apparently not dependent on the molecular weight of the
enzymes (6,17,47,58,59,65,82,91,131), However, recent evidence
indicates that the previously known enzyme molecular weights may be
erronsous. In the past the established molecular weight of GOT
has been 110,000 (49), however, independent investigations conducted
in 1968 have shown that the molecular weight of GOT is considerably
less (12,24,55,56). One of these studies (12) feported the mole-
cular weight of GOT to be 79,000, The known molecular weight of CPK
is approximately 81,000 (49). If a relationship does exist between
molecular weight and the egress of intracellular ehzymes; the
differential efflux of CPK and GOT probably depends upon other factors.

The differentiélfpattern of enzyme release may be related
to the strength and degree of binding to the particulate components
of the cell (74). Intracellular CPK and/or GOT activity is found in
two fractions: a bound mitochghéiial fraction and a soluble cyto-
plasmic fraction (38,40,137). The soluble fraction appears to. be more
readily released from the cells than the bound form. The major com-

ponent that is lost from cells during pathological states is the
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soluble form (98,101,103). Ottaway has demonstrated that CPK is
not only bound in mitochondria but is also bound to myofibrillar
structures within the muscle cells (137). It is possible that a
fraction of the bound enzymes becomes detached from intraceilular
binding sites as a result of ionic or intracellular pH changes that
occur during muscle contraction. If this does occur, it is 1ikely
that a myofibrillar component of intracellular enzymes would be
lost more easily from cells than a mitochondrial component since
mitochondrial enzymes would have to pass through both a2 mitochon-
drial membrane and a cellular membrane before reaching the extra-
cellular space. Under the proposed circumstances both soluble and
myofibrillar CPK fractions could be readily lost from musciés during
exercise whereas GOT would be iost mainly from the soluble component.,
The ease with which GOT or CPK would be lost from cells during
exercise would then depend on the proportion of tﬁe enzyme that
exists in non-mitochondrial fractions of the cell. A comparison of
the percentages of non-mitochondrial CPK and GOT existing in rat
muscle cells has not yet been made. However, in vitro studies on
chicken muscle indicate that a relatiﬁely greater proportion of
intracellular GOT exists in bound form than does CPK (47), Under
all experimental conditions CPK had a greater offlux rate thaﬁ GOT.
The relative influence of molecular weight, strength and locus of
intracelluiar binding or other factors on the pattern of enzyme

release remains to be elucidated.
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The type of exercise that was used in the present study
resulted in a relaﬁively' greater efflux of CPK than GOT. The post-
exercise PCPK and PGOT elevations observed in control rats were 100
and 40 percent respectively. A response such as this may have been
related to a relatively greater muscle to plasma concentration
gradient for CPK than for GOT. Figures 9 and 10 illustrate that the
activity of CPK in each type of muscle was relatively greater than
the activity of GOT,

The muscle cell membrane undergoes an increased permea-~
bility to various inorganic ions during the action potential preceding
muscular contraction. Due to this permeability change there is
rapid influx of sodium and calcium ions followed by a rapid efflux
of potassium ions. These ion fluxes are believed to result from an
increase in the size of pores or channels in the cellula.; membrane
(66). It is difficult to conceive that the efflux of large enzyme
molecules which occurs during exercise could result from. a similar
increase in the size of pores in cellular membranes. Hemoglobin
(molecular weight: 64,000) escapes from the erythrocyte during
hemolysis, leaving the stroma, or "ghost cell", with an intact cell
membrane (66). However, the osmotic changes responsible for
hemolysis and/or the extreme swelling of the erythrocyte that occurs
during hemolysis are not likely to occur in muscle cells during con-
traction. A more likely mechanism for the release of intracellular
enzymes during exercise would be by a process of reverse
pinocytosis. Large macromolecules could get through a membrane

without actually piercing it by becoming attached to the internal
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surface of the membrane which would then surround it and open up
outwardly to liberate the macromolecule to the exterior of the cell
(28). |

The effect of physical training on post-exercise PCPK
levels was paralleled by an apparently similar trend in the post-
exercise PGOT levels. Cardinet et al. observed a similar pattern
for serum GOT levels in race horses during training (30). Frenkle
and Csalay may have provided an explanation for the relatively
smaller post-exercise plasma elevations that occurred in the early
stages of training. These investigations observed increased blood
glucocorticoid levels after three weeks of daily swimming exercise
but normal levels by the sixth week of training (60). In view of
the attenuating effect of the glucocorticoids on membrane permea-—
bility changes (70,76,126,158,179), the smaller post-exercise
elevations in PCPK and PGOT activiﬁﬁé méy havé been a reflection of
an elevated circulating glucdcorticoid level, The large elevations
in PCPK and PGOT activity that were observed after six weeks of
training may have occurred as a'résult of a normalization of gluco-
corticoid levels.

Hémoconcentration is a known result of exercise
(39,179,128). During exercise fluid is shifted from the blood into
the interstitial space as a result of inereased capillary blood
pressure associated with the elevated systolic pressure that occurs
with exercise (128). There is also evidence that inereased metabolism

in cells during exercise, resulting in the catabolism of large



molecules into a number of smaller ones, may cause an increased
intracellular osmotic pressure which draws water into the cells
at the expense of thé interstitial and intravascular fluids. The
net result of a reduction in the amount of intravascular fluid is
an increased concentration of erythrocytes, hemoglobin and plasma
proteins,

| In the present investigation a post-exercise hemoconcen-
tration was not observed in rats that were physically trained for
- two or four weeks. Since elevations in the post-exercise plasma
enzyme levels were minimal after two or four weeks of training, it
may appear that hemoconcentration was responsible for the enzyme
elevations that occurred during exercise in the other groups of
rats. Hematocrit ﬁeasurements showed that the concentration of red
blood c¢ells in control animals was increased by less than ten per-
cent after exercise, This increase cannot be totally responsible
for the post-exercise plasma CPK elevation of 100 percent or the
GOT elevation of 40 percent,

Beaton (18) and Beaton and Oyster (155) had previously
observed an increase in the resting malic dehydrogenase activity in
the blood plasma of physically trained rats. In the present
investigation the GOT levels of resting rats were elevated above the
control level after two and four weeks of intermittent swimming
exercise., Moreover, the resting PGOT level of rats trained for sik

weeks was greater than the resting levels of the rats trained for



two or four weeks. These data indicate that the PGOT activity
in resting rats progressively increases with physical training.
Since the muscle GOT levels were also elevated in trained rats,
PGOT activity may be dependent upon a tissue to plasma enzyme
gradient. Cardiac muscle and possibly, gastrocnemius muscle may
have contributed to the elevated PGOT é;tivity that occurred
early in training., The highly elevated PGOT activity observed
after six weeks of training appearéd-to relate to the highly
elevated GOT levels observed in all three types of muscle. The
complimentary increase that was observed in plasma and muscle
GOT levels, however, was not apparent in the CPK levels or rats
subjected to the same training programs.,

An increased capacity of the coronary vasculature is
thought to be one of the earliest beneficial effects of physical
training (115,164). The coronary cast to heart weight ratio, ’
‘measured from vinyl-acetate casts of the coronary arterial trees
of rats, had been found to increase after three, four (166) and
five (173) weeks of physical training. In the present investiga-
tion the cast to heart weight ratio was increased after four and
six weeks of physical training and after three weeks of spontansous
running activity but not after two weeks of swimming training.
From these various observations it appears that, in order to
observe an increase in the cast to heart weight ratio, an elevated
level of physical activity“must berga§ntained for a minimum of

three weeks. Whether or not the coronary cast size is related to



the physiological capacity of the coronary vasculature remains to
be investigated.

The two types of exercise that were employed in the present
investigation (intermittent swimming or spontaneous daily running
_activity) had different effects on the final body weights of rats.
Rats subjected to intermittent swimming exercise gained as much
weight as the corresponding control animals, while rats subjected to
spontaneous daily rumning activity gained less weight than control
animals. Similar observations have been made by other investigators
(166).. Food intake and body weight have been found to decrease in
rats on exercise days, with a compensatory increase occﬁrring on the
following (rest) days (165, 174).

Although control, spontaneously active and physically
trained rats did not demonstrate elevated muscle enzyme levels after
a single sixty minute swim, elevations resulting from a single exer-
cise episode were observed in the myocardial CPK level and in the
soleus and gastrocnemius GOT levels of restricted rats. Such a
response may be due to the activation of an inactive precursor or to
the synthesis of new enzyme (105). Beaton stated that symthesis may
be responsible for the enzyme elevation observed in physically
trained rats but it was probably not involved in the clanges that
occurred during a single exercise episode (18).

Kendrick-Jones and Perry demonstrated that skeletal
muscle CPK levels were lower in resting restricted rats than in

resting control rats (105). These investigators inferred that the
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lower muscle enzyme lévels in resting restricted rats were due
to the disuse caused by inactivity. In the present study
restricted activity had no effect on the muscle CPK levels of
resting rats; however, restricted activity resulted in a low
level of myocardial GOT. Kendrick-Jones and Perry did not
reveal the degree to which they restricted the enviromment of
rats in their investigation, It is possible that the difference
between the results of their experiments and those of the present
study merely reflect a different degree of activity restriction.

The restricted rats in the present investigation
yielded certain results that were similar to the results obtained
from physically trained rats., Firstly, the postnexercise soleus
and gastrocnemius GOT levels in restricted rats were higher than
the post-exercise GOT levels in control animals. Secondly,
restricted rats demonstrated a higher mean céronary cast to heart
weight ratio than that found in control rats. Further investigation
revealed that the cast to heart weight ratio in these rats was
increased after they had been subjected to restricted activity for
only two weeks, In terms of the coronary cast measurements, the
restricted rats not only had a greater coronary arterial capacity
than control animals, but the increase occurred earlier in
restricted animals than in physicalliy active rats.

Although the space available for movement was reduced in
the restricted cages, the restricted animals may have been hyper-

active in these cages. Two additional experiments were performed
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in an attempt to reveal the level of physical activity and the
degree of physical conditioning of restricted rats. The results

of the first of these investigations indicated that restricted
animals were as active as control rats. The second experiment
demonstrated that the length of time required to swim to exhaustion
was progressively greater in restricted, control and spontaneously
active rats. These results indicated that the restricted animals
were not being physically conditioned as a result of hyperactivity
in their cages.

The author of the présent dissertation believes that the
adrenal cortex may be involved in the plasma and muscle enzyme
changes that occurred with physical training. If the adrenal glands
are involved in these responses, it is possible that they are also
involved in the changes that occurred in the coronary cast to heart
weight ratio. Non-specific stress may have been responsible for
the increases in the muscle enzyme levels and coronary cast to heart
weight ratio in restricted animals,

Stressful situations, regardless of the type of stress,
bring about various physiological responses such as: adrenal
enlargement, thymus and lymphatic involution and bleeding ulcers in
the digestive tract (178). These responses characterize what Hans
Selye has called the "general adaptation syndrome" (GAS). The GAS
develops and subsides over three stages in time: 1) the alarm
reaction or period in which the above symptoms become manifest, 2)

stage of resistance, during which the stress symptoms seem to



109

disappear but the resistance of the organism to stress is
greater than normal and 3) stage of exhaustion, during which the
resistance of the previous stage is lost, the origihal symptoms
reappear and death eventually follows.

The observations that adrenalocortical hyperactivity
occurs in restrained animals (14, 110, 145) indicates that the
non-specific stress reactions are elicited in immobilized animals,
Pfeiffer subjected rats to either a restricted or a control
environﬁent for a five week period, The restraint coefficient
(rat volume to cage volume) was +338 to 475 for restricted rats
and 0,021 to 0.033 for control animals (145). Compared to control
animals, the restricted rats showed no inerease in mortality rate
or gastric ulceration, however, restricted activity resulted in an
increased adrenal weight and thymus involution, Pfeiffer reported
that the rats in his study. were not severely stressed by the
experimental treatment, In the present study the restraint
coefficient was approximately 0,048 to 0,085 and 0.024 to 0,042
for restricted and control rats, respectively. Compared to the
rats in Pfeiffer's study, the rats in the present study were only
mildly restricted. If adrenal hormone hypersecretion did occur in
the restricted rats of the present study, it would appear that
minimal reauction of cage size is sufficient to elicit a non-
specific stress reaction.
| The following ex@eriments, designed to test the péssibility

that adrenal hormone hypersecretion might have been oceurring in



restricted animals, failed to provide sufficient evidence to
conclude that non-specific stress was occurring in these animals.
Either adrenal hypertrophy or a decrease in the adrenal ascorbic
acid level is indicative of hypersecretion of adrenal hormones.
After subjecting rats to a restricted enviromment for three days
adrenal hypertrophy wés observed while the adrenal ascorbic acid
level remained unchanged. After living in a restricted environ-
ﬁént for one week, two weeks or three weeks, rats displayed normal
adrenal gland weights while the adrenal ascorbic acid levels were
lower than the control level., Due to the inconsistency of these
observations it is difficult to establish any biological signifi-
cance, Both of these parameteps indicated adrenal gland hyper-
activity but the two parameters showed contradictory results as
" to the time period in which hyperactivity was occurring. Although
the adrenal ascorbic acid level decreased below the control level
in raté subjected to a small éage enviromment for one; two or
three weeks, the decrease was only marginally significant
(p < 0.05) and represented only five percent of the control adrenal
ascorbic acid level.

The observations that were made on adrenalectomized rats
indicated that the adrenal gland may be involved in the increase
in the coronary cast to heart weight ratio that occurred in restricted
rats. While normal restricted rats displayed a greater mean coronary
cast to heart weight ratio than normal control rats, adrenalectomized

restricted rats had a mean coronary cast to heart weight ratio that



1114

was comparable to that of adrenalectomized control rats. However,
since the mean coronary cast weight and mean cast to heart weight
ratio of the adrenalectomized control group were somewhat higher
than they were in the normal control group, the.results obtained
from the adrenalectomized rats should be interpreted with caution.
Although adrenocorticoid determinations were not inecluded
in the present study, the results of previous investigations
indicate that adrenocortical hormones may be involved in the plasma
and tissue enzyme changes and possibly the coronary cast weight
changes that were observed in both the physically trained and
restricted animals. The effects of emotional factors and physical
exercise on the adrenal cortex, however, are not identical (33,95).
Emotional factors are usually associated with an increased secretion
of hormones from the adrenal cortex. Emotional factors are thought
to iﬁitiate this response in order to prepare the organism for the
physical activity that usually follows (33). The decreased urinary
and blood corticoid levels that accompany exercise are believed to
be the result of an increased utilization of these hormones by the
body tissues (33,36,95). Repeated exercise is believed to increase
the size and lower the secretion threshold of the adrenal gland,
resulting in a greater reserve of adrenocorticoids and a faster
adrenal response to stress (128), The small plésma enzyme elevations
that are observed after exercise in physically trained animals may
possibly be due to the stabilizing effect of glucocorticoids on cell
membranes. Elevations of muscle enzyme levels may be the result of

the ability of glucocorticoids to induce intracellular enzyme synthesis.
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VI. SUMMARY AND CONCLUSIONS

Intermittent swimming exercise over a pefiod of six
weeks resulted in a significant increase in creatine phosphokinase
activity in the heart and soleus muscle of the rat. CPK activity
was elevated in the heart after only two weeks of repeated swim-
ming exercise and after three weeks of spontaneous running
activity, A large increase in the plasma CPK level of control
rats resulted from a single exercise episode. After two weeks
of physical training the PCPK level was not altered by a - single
exercise episodeé. Physical training for longer periods (four and
six weeks) resulted in progressively greater post-exercise PCPK
elevations. Rats that were physically trained for six weeks dis-
played post-exercise PCPK elevations that were similar to those of
control animals,

Subjecting rats to repeated exercise for a period of six
weeks resulted in the elevation of GOT levels in cardiac, soleus
and gastrocnemius muscles. Myocardial GOT activity was elevated
after only two weeks of intermittent swimming exercise. Both control
and physically conditioned rats displayed elevated PGOT levels after
a single exercise episode, however, physically conditioned rats
appeared to have smaller post-exercise PGOT elevations than control
animals. Physically trained rats had higher resulting PGOT levels
than resting control rats. The resting PGOT level appears to be

dependent upon a muscle to plasma enzyme gradient,
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Resting restricted rats possessed a lower myocardial
CPK level than resting control rats. The post-exercise soleus
and gastrocnemius muscle GOT levels in restricted rats were
higher than the post-exercise levels in control rats. The PCPK,
PGOT, myocardial CPK, soleus GOT and gastrocnemius GOT levels of
restricfed rats were higher after a sixty minute swim than they
were before the swim.,

The coronary cast to heart weight ratio was increased
in spontaneously active rats, rats that had been subjected to
restricted activity for two or three weeks and rats that had been
physically trained for four or six weeks.

The unusual observations made on restricted rats were
apparently not the result of hyperactivity but may have been due
to a mild non-specific stress reaction occurring in these animals.

The results of the present investigation clearly
demonstrated the following phenomena:

1) The activities of the enzymes creatine phosphokinase
and glutamic-oxalacetic transaminase were elevated in the heart
and skeletal muscles of rats subjected to repeated bouts of exercise.

2) Six weeks of intermittent swimming exercise was the
minimum amount of physical training necessary to produce elevated
enzyme levels in all three types of muscles.

3) In terms of enzyme activity levels, cardiac muscle
displayed an earlier adaptation to repeated exercise than did either

soleus or gastrocnemius muscle.
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4) Post-exercise muscle enzyme levels were levated
earlier during physical training than were the enzyme levels of
resting rats. It is therefore suggested that post-exercise rather
than resting muscle enzyme levels be measured in studies involving
the effects of physical training on muscle enzyme levels.,

5) The PGOT level in resting rats increased progressively
with physical training while the PCPK level remained unchanged.
This observation demonstrated that training produces a specific
effect on the plasma level of each particular type of enzyme., It
may be possible to utilize the plasma GOT level as an indicator of
the state of physical éonditioning of an animal or human. .

6) An elevation in the coronary cast to heart weight
ratio was not observed until rats had been subjected to repeated
exercise over a period of three weeks.

7) The effects of cage size restriction on rat enzyme
levels and coronary cast weight were similar in many ways to the
effects of increased physical activity.

An increased secretion of hormones by the adrenal gland
was discussed as a possible causative factor for the enzyme and
coronary cast weight changes that were observed. Hypersecretion
by the adrenal gland may have been caused by a sustained non-
specific stress reaction occurring in restricted rats. In spon-
taneously active and physically trained rats a brief increase in

the adrenal secretion rate could have occurred at the onset of each



exercise episode. A sustained _or;a recurrent :|.ncrea.se in the _'

adrenal secret:.on rate ma.y havev produced s:unila.r effects on both

the muscle enzyme 1eve1s and the corona.ry cast we:.ghts -of rats.
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APPENDIX B

The interference of myokinase in the CPK assay was tested

by the following procedures, Optical density change(a0.D,)
measured during a ten minute "no CPK" control reaction was
subtracted from thea 0.D. occurring when a sample reacted

for ten minutes with the normal CPK reagents. The control
reaction mixture contained all the constituents of the CPK
assay except creatine phosphate. The control reaction
mixture was prepared by dissolving an ATP Calsul.(Cat.
#869006-containing glucose, glucose-6-phosphate dehydrogenase,
hexokinase, nicotinamide adenine dinucleotide phosphate,

and magnesium chloride) in three milliters of the following

solution:
Cysteine HC1 (Cat.#2430) 25 mg,
ADP (Cat.#117325) 27 mg,
AMP (Cat.#1181) 210 mg.
Water 30 ml.

Dissolve and adjust to pH 7
and finally adding 0.1 milliliter: of the musecle supernate in
its final dilution ratio, After a six minute incubation period
at 30°C, theao0.D, occurring in this reaction mixture was

measured over a ten minute period.

All reagents and suggestions were supplied by Calbiochem (75),
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