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FOREWORD.

"Is there any danger with an athletic heart?

The main danger is going to see the doctor."

GEORGE SHEEHAN M.D.

DR. SHEEHAN ON RUNNING (1975).
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ABSTRACT.

There is epidemiological and experimental eyidence suggesting
that exercise training may reduce the mortality rate from coronary heart
disease, in particular the sudden death rate, and that it may improve
the peak functional capacity of the heart. This thesis includes

experimental work that is relevant to both these questions.

EXERCISE AND CORONARY ATHEROSCLEROSIS. STUDIES OF CORONARY HEART

DISEASE IN MARATHON RUNNERS.

To determine whether exercise training can prevent coronary
atherosclerosis, I chose to establish whether coronary heart disease
could be found in marathon runners.

Interest in this particular group of sportsmen stems directly
from a letter published in the Lancet in 1972, which proclaimed that
"a search of the literature by the American Medical Joggers Association
failed to document a single death due to coronary atherosclerosis amongst
marathon runners".  The implication of this statement was that the high
levels of habitual physical activity maintained by marathon runners must
be sufficient to prevent the development of coronary atherosclerosis, or,
alternatively, to increase myocardial resistance to those factors promoting
ventricular fibrillation in persons with coronary heart disease. A third
possibility was that coronary heart disease does indeed exist in marathon
runners, but that no previous work has been sufficiently rigorous to find
such persons.

To distinguiéh between these possibilities, a survey of heart
disease amongst South African marathon runners was instigated. During

a five-year period, adequate clinical material was collected on 5 cases
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of acute myocardial infarction and 3 cases of sudden death in South
African marathoners. Three runners with acute myocardial infarction
had coronary angiographic evidence of coronary atherosclerosis whereas
all 3 runners who died suddenly had this disease proven by autopsy.
Of another 3 runners killed in a motor car accident, 2 had autopsy-proved
coronary atherosclerosis. These findings have therefore disproved the
hypothesis that marathon running alone can provide complete immunity to
coronary atherosclerosis.

Important additional points that arose from this study were that:
1) AT1 runners developed warning symptoms prior to their subsequent
heart attacks or sudden deaths.
2) In these runners, high levels of physical fitness did not
guarantee cardiovascular health.
3) The possibility that overtraining or overcompetitiveness had
been a factor precipitating the onset of myocardial infarction, sudden
death or angina pectoris in some of these runners must be considered.

It must be emphasized that these individual case studies provide
no information on whether coronary disease and cardiovascular mortality
are more or less frequent in the overall group of marathon runners. Nor
do they detract from the more general thesis that marathon running or other
forms of vigorous exercise might provide partial protection against coronary
atherosclerosis or sudden cardiac death. The ultimate resolution of these
questions will not come from individual case studies, but must await the

results of major epidemiological studies.
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EXERCISE TRAINING AND MYOQCARDIAL RESISTANCE TO VENTRICULAR FIBRILLATION.

STUDIES IN THE ISOLATED PERFUSED RAT HEART MODEL.

To study further the alternate possibility that exercise
training might increase resistance to sudden death by increasing myocardial
resistance to ventricular fibrillation, the ventricular fibrillation
thresholds of hearts from trained and control rats were studied in the
isolated perfused heart model. Ventricular fibrillation thresholds
were determined in hearts from trained and control rats during control
perfusions, during acute regional ischaemia, during hypoxia and during
hypoxia combined with isoproterenol infusion.

Under all perfusion conditions, hearts from trained animals
had significantly higher ventricular fibrillation thresholds. During
acute regional ischaemia, cyclic AMP levels in the ischaemic left
ventricular zones were significantly Tower in trained hearts.

These data are therefore in accord with the epidemiological
evidence which suggests that physically-trained humans have increased

resistance to sudden coronary death.

MYOCARDIAL ADAPTATIONS TO EXERCISE TRAINING. PART I.  FACTORS

CONTROLLING MAXIMUM HEART FUNCTION IN THE ISOLATED PERFUSED RAT HEART MODEL.

To study the nature of the myocardial adaptations to exercise
training, hearts from trained and control rats were studied in the
isolated perfused working rat heart model. But, because there is
evidence that the myocardial adaptations to exercise training are only
apparent when the heart is maximally stressed, it was first necessary to

determine the perfusion conditions that elicit peak function in the
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isolated rat heart model, as these conditions have not previously been
determined.

It was found that peak heart function was achieyed when hearts,
paced at heart rates between 330 and 390 beats/min, were perfused at an
atrial filling pressure of 25 cmH20 with an aortic column height of
120 cm.  Under these conditions, stroke volumes and calculated heart work
were substrate-dependent and were lowest in hearts perfused with 1 mM
palmitate or with 10 mM pyruvate and 11,1 mM D(+)-glucose plus insulin
at 2 u/litre or with 11,1 mM glucose or with 10 mM L(+) lactate, and
were highest in hearts perfused with either 11,1 mM glucose plus insulin
(2 u/litre) or 11,1 mM glucose plus 10 mM lactate plus insulin (2 u/litre).

Studies of left ventricular pressure changes showed that the
addition of insulin to glucose or of glucose/insulin to lactate or palmitate
in the perfusion fluid resulted in increased stroke volumes, heart work,
peak left ventricular systolic pressures and maximum rates of both left
ventricular pressure development (LV max +ve dP/dt) and left ventricular
relaxation (LV max -ve dP/dt).

Substrate-induced differences in stroke volumes measured under
maximum perfusion conditions could not be explained on the basis of differences
in the LV max +ve dP/dt values because the highest LV max +ve dP/dt values
were recorded in hearts perfused with 10 mM pyruvate and 11,1 mM D(+)
glucose plus insulin (2 u/litre), in which hearts, stroke volumes were
amongst the lowest recorded. Rather, differences in stroke volumes amongst
hearts perfused with the different substrate combinations could best be
explained on the basis of substrate induced differences in the rates of
Teft ventricular relaxation (LV max -ve dP/dt), suggesting that diastolic
phenomena may determine stroke volumes in this model.

A significant Tinear correlation was found between the mean
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maximum rates of left ventricular relaxation and the mean rates of
glycolytic ATP production of hearts perfused with the various substrate
combinations.  Further evidence for this relationship was the finding
that the specific glycolytic inhibitor, deoxyglucose, had a specific
effect on the rate and duration of myocardial relaxation. De-oxyglucose
did not alter myocardial oxygen consumption rates, suggesting that its
metabolic effect was specific to glycolysis and did not influence rates
of oxidative ATP production.

These studies suggest that the rate of myocardial relaxation is
an important factor determining stroke volume in the isolated perfused rat
heart model.  Furthermore, they establish a relationship between the rates
of myocardial relaxation and the rates of glycolytic ATP production,
suggesting that glycolytically-produced ATP may play a special role in
the energetics of myocardial relaxation. This would best be explained
on the basis of cellular compartmentalization which necessitates the
utilization of glycolytic ATP for the re-uptake of myoplasmic calcium
by the sarcoplasmic reticulum during diastole.

Additional findings not directly relevant to this thesis were that:
1) The presence of a catheter in the left ventricle of the isolated
working heart impairs its performance.

2) There are substrate-induced differences in myocardial efficiency.
3) The presence of albumin in the perfusion fluid alters the fluid
viscosity sufficiently to reduce stroke volume and therefore calculated

heart work and myocardial efficiency.

MYOCARDIAL ADAPTATIONS TO EXERCISE TRAINING. PART II.  EFFECTS

OF RUNNING TRAINING ON MYOCARDIAL METABOLISM AND FUNCTION.

Physical training (running on an inclined motor-driven treadmill

for up to 2 hours a day, 5 days a week for 8 weeks) had 4 principal effects
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on myocardial metabolism and function studied under maximum conditions
in the isolated perfused working rat heart model.

First, under steady state perfusion conditions, there were no
differences in heart function between trained and control rats. These
differences only became apparent either when hearts were perfused under
conditions of changing atrial filling pressures and heart rates and with
isovolumic beats interspersed or, when the g-agonist isoproterenol was
infused. Under steady perfusion conditions and with CaC]2 concentration
of 2,2 mM, isoproterenol infusion caused peak left ventricular systolic
pressures and both LV max +ve and max -ve dP/dt values to be significantly
greater in hearts from trained animals perfused with 11,1 mM glucose plus
insulin (2 u/litre). When isoproterenol was infused at higher, unphysio-
logical calcium concentrations (3,6 mM), there were no differences in
mechanical function between hearts from trained and control animals.

This finding provides strong evidence that the training-induced adaptations
in heart function are mediated by calcium.

Second, hearts from trained rats had significantly greater rates
of myocardial glycolytic ATP production during both control perfusion and
after isoproterenol infusion. Higher rates of myocardial glycolysis could
therefore not explain the increased stroke volumes measured in trained hearts
after isoproterenol infusion, because glycolytic rates were also higher
during control perfusions under which conditions stroke volumes were not
different between the groups.

Third, trained hearts had significantly higher myosin ca**-ATPase
activities during both control perfusions and after isoproterenol infusion.
Levels of myosin P Tight chain phosphorylation were also increased in
trained hearts. Both these differences were magnified at the higher per-
fusate CaC]2 concentration and were not related to differences in myocardial

cyclic AMP levels. From these results the following is concluded:
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1) The increased mechanical function and the increased myosin
Ca’*-ATPase and myosin P light chain phosphorylation levels measured

in trained hearts all result from a training-induced increase in trans-
sarcolemmal calcium transport capacity.

2) Peak heart function during g-stimulation is achieved at a certain
level of intracellular calcium (and therefore a certain level of myosin P
light chain phosphorylation and Ca++—ATPase activity) and that further
increases in these parameters cause no further increase in left ventricular

function.
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CHAPTER 1.

INTRODUCTION TO, AND SCOPE OF THE THESIS.



There are 3 reasons why I chose to study the effects of exercise
on the heart for this thesis: First, my lifelong obsession with sport;
second, the moulding that resulted during my years as a medical student
of this obsession into a dispassionate interest in the medical and
scientific aspects of sport; and third, my exposure to Professor L.H. Opie
and the opportunity to study the effects of exercise on the heart in his
laboratory.

I justified the viability and scientific relevance of this topic
on the basis of what I perceived to be a widespread medical ignorance,
influenced by strongly prejudicial beliefs, of the effects of exercise on
the heart. In the writings of Dr. George Sheehan, a cardiologist, now
a personal friend, I was to discover the critical support for this
embryonic opinion. If, as Dr. Sheehan has wrijtten (see Foreword),

"the main danger (of the athletic heart) is going to see the doctor", then
clearly any studies that could alter this would be both helpful aﬁd timely.

Whilst a medical student, I began to read the sports medical
lTiterature, paying particular attention to those studies relating to
exercise and the heart. It soon became apparent that 2 principal areas
of research had been identified. The first and most obvious question
was whether exercise plays a role in preventing mortality from coronary
heart disease, a disease which extracts such an enormous toll in this
country. If exercise training does indeed have such a protective effect,
it raises the further question of whether this effect is due ejther to
a direct effect of exercise training on the myocardium or to an independent
effect (for example, on either the blood, or the central or autonomic
nervous systems).

The second question identified in the literature, which had clearly

not been finally resolved, was the physiological and biochemical nature



of the myocardial adaptations to training, if such adaptations do in fact
occur.

Chapter 2 of this thesis provides a review of al] the published
literature which I consider to be relevant to these 2 questions. The
reader may find it long and detailed, but I was unable to find a single
source, or collection of sources, that thoroughly reviewed all this
information in the manner I have set out. I would hope that Chapter 2
will provide future researchers in this field with a fairly concise
review of the literature, sparing them the agonies which I endured, énd
which I fear still show, in the compilation of that chapter.

In the original work performed by me, and which begins in
Chapter 3, I was fortunate in having the opportunity to perform studies
that relate to both the major research questions identified above.

First, concurrent with my first years as both a medical student
and a marathon runner, I became aware of the hypothesis proposed by the
American pathologist Dr. Tom Bassler which stated, in essence, that if
one did sufficient exercise, specifically if one trained enough to complete
a 42 km marathon running race, then one became immune to coronary athero-
sclerosis. It is not difficult to understand why this was a very exciting
hypothesis for me, as both a marathon runner and a fledgling "scientist".
Not only did it have direct bearing on my sport, but it had the added
attraction that it would be fairly easy to study.

For this reason I began an on-going study to determine whether
coronary atherosclerosis could be found in active marathon runners who
fulfilled the criteria dictated by the "Bassler hypothesis™. Chapter 3
describes the current status of this work , which shows that not even the
very high levels of physical activity maintained by most marathon runners

will guarantee absolute immunity against either myocardial infarction,



coronary atherosclerosis or sudden coronary or other cardiac death.

But even to this most ardent runner and naive scientist, it had
always seemed unlikely that Dr. Bassler's extreme postulate could be
possible, and that the truth would almost certainly be found in a more
moderate hypothesis. But to evaluate such an hypothesis further
would have required massive epidemiological studies, for which I have
no facilities at present.

To continue this work, I chose therefore to do relevant studies
in an animal preparation, the isolated perfused rat heart model. The
studies were initially designed to establish whether exercise training
improves myocardial electrical stability, in particular during those
experimental interventions that are believed to mimic conditions present
during heart attack. These studies are described in Chapter 4.

Chapter 5 introduces my studies of the second relevant question,
namely, the myocardial metabolic and functional adaptations to exercise
training. That chapter describes the methodology of the initial
studies designed to improve the isolated perfused working rat heart
model, so that it could be used more effectively to study the myocardial
adaptations to exercise training. These initial studies were essential
because the perfusion conditions necessary to elicit maximum heart
function are not known, and the indications in the literature are that
the myocardial adaptations to exercise training become apparent only
when the heart is maximally stressed. In the course of these studies
a number of additional conclusions, not directly relevant to the
main topic of this thesis, were jdentified. These are nevertheless

included in this thesis, either because they are relevant to



the question of heart metabolism and performance during maximum work
(findings which are presumably applicable to what happens during maximum
exercise) or because they will be of interest to other workers who use
the isolated perfused working rat heart model.

Chapter 6 reports my studies of the effects of exercise training
on myocardial performance and metabolism studies under the maximum conditions
identified in Chapter 5. It includes biochemical data on contractile
protein ATP hydrolysing activities and phosphorylation levels collected
by Miss Thérdse Resink and Professor W. Gevers in our collaborative
studies. Their data are included with their permission in this thesis,
because they provide additional critical evidence to explain the bio-
chemical basis for the cardiac adaptations to exercise training.

Chapter 7 concludes this thesis by providing a final summary
and criticism of this work. It provides an overview of how these studies
relate to the published literature, and suggests avenues for further

research.



CHAPTER 2.

REVIEW OF STUDIES REPORTING THE EFFECTS OF EXERCISE
TRAINING ON CORONARY ARTERY DISEASE,AND ON MYOCARDIAL
FUNCTION, METABOLISM, AND RESISTANCE TO VENTRICULAR
FIBRILLATION AFTER TRAINING.

"ol the conscientious inquirer into the effects
of violent exercise is bewildered by discrepancies

and contradictions”.

Sir Adolphe Abrahams.

Arris and Gale lecture on the
physiology of violent exercise
in relation to the possibility
of strain.

Lancet 1, 429-435, 1928.



2.1 HISTORICAL BACKGROUND.

The classical writings include numerous references postulating
a relationship, beneficial or otherwise, between physical activity and
health.

The Homerian concept of a healthy body in a healthy mind - mens
sana in corpore sano - was captured in the writings of Plato (428-348 BC)
who was himself a top-level amateur wrestler. In Timeaus and Cortias],
he wrote that "avoid exercising either mind or body without the other,
and thus preserve an equal and healthy balance between them. So anyone
engaged on mathematics or any other strenuous intellectual pursuit should
also exercise his body and take part in physical training". Cicero2
(106-43 BC) preached that "exercise and témperance can preserve something
of our early strength even in old age", while Socrates is reputed to have
said: "It is disgraceful for a person to grow old in self-neglect before
he knows what he would become by rendering himself well-formed and vigorous
in body“3.

But the Greeks did not view exercise purely as a means of main-
taining physical health. In the words of Kitto4: "The Greek made physical
training an important part of education, not because he said to himself,
'Look here, we mustn't forget the body', but because it could never occur
to him to train anything but the whole man". For the Greeks then, exercise
was essential for training the whole man, and their sporting contests were
designed to test the arete - the excellence - of the whole man.

With the rise of the Roman Empire, these Graecian values were lost
as the affluent Romans turned to those spectator sports - chariot races,
gladiatorial combats, and fights with wild animals - which they had learned

from the Etruscans. Ultimately these activities held in arenas such as

the Circus Maximus (seating capacity - 385 000) degenerated to the point



where they became simply a means of buying the popular votess,

Partly as a result of this debasement of sport by the Romans,
there was a move away from physical activity, lasting right up to the
Renaissance. The responsibility for at least part of this probably
Ties with the Church, whose bias is suggested in the writing of Paul:
"Exercise thyself rather into godliness. For bodily exercise profiteth
little: but godliness is profitable unto all things, having promise
of the life that now is, and of that which is to come"®,

But the Renaissance, broadly described as that period of
Western History between the 14th and 17th century, brought with it a
renewed appreciation of the important role exercise plays in spiritual
and physical health. Martin Luther (1483-1546) himself spoke of the
recreative and moral aspects of physical exercise. In Britain, Henry VIII
strongly approved of exercise and in his youth played tennis daily. In
1618, James I promulgated the "Declaration of Lawful Sport" which allowed
the labouring classes to play sport on Sundays. A1l the major Utopian
writers of this era stressed the importance of regular physical activity7.
In his Utopia, More envisaged a society in which "nowhere else are men's
bodies more vigorous and subject to fewer diseases". In Campanella's
Civitas Solis (the City of the Sun), sedentary games were prohibited and
everyone participated in therapeutic physical activity as it was believed
that much disease was due to lack of exercise. In Hartlib's Macaria,
each member of the community was charged with responsibility for both his
soul and his body, whereas in Nova Solyma (Jerusalem Regained) Samuel Gott
re-affirmed the Greek belief that the good in 1ife depended on a healthy
body. Exercise was mandatory and from their earliest years, the children
of Jerusalem learned to endure physical hardship. They were taught to
“play", and to value the pleasure of participation rather than "the money

value of their athletic prizes".



British poets of this era also emphasized the importance of regular
exercise. In his essay "Of education" John Milton (1608-1674) recommended
that boys exercise for 33 hours a day, whilst in the poem "To John Driden
of Chesterton", Dryden (1631-1700) wrote:

"Better to hunt in fields for health unbought,
Than fee the doctor for a nauseous draught.
The wise, for cure, on exercise depend;

God never made his work, for man to mend".

In passing, it is of interest to record that many of the world's
great poets and thinkers including Nietzsche, Kant, Kierkegaard, Thoreau,
Emerson, Jefferson, Wordsworth and Coleridge, were prolific walkers.

Ninety years after Dryden's poetic observations, Easton8

published
the first scientific documentation suggesting a link between physical activity
and increased longevity. From a study of 1712 instances of longevity

greater than 100 years, he concluded that "it is not the rich and the

great, nor those who depend on medicine who become old: but such as use

much exercise. For an idler never attains a remarkable great age".

- More recent studies confirm an association between longevity and
regular, lifelong physical activity. In a review of 52 British centurians
published in 1889, Humphrey9 observed that these men were persistently
physically active, particularly out-of-doors. As his first of 12 precepts

10

for longevity, Lorand'~ wrote in 1911: "To be much as possible in the open

air, and especially in the sunshine; and to take plenty of exercise, taking

special care to breath deeply and regularly". More recently, both Be]]oc]]

and McGlone and Kick]2

have observed an association between regular physical
activity and increased longevity.
In contrast to these generally favourable attitudes, the medical

profession has not always been quite so well-disposed to exercise. Although



both Hippocrates (460-375 BC) and his illustrious successor Galen

(130 -201 AD) prescribed remedial exercises for the treatment of a variety
of medical conditions, both were vigorously opposed to strenuous activity.
In his treatise on nutriment, Hippocrates warned that "the condition of the
athlete is not natural. A healthy state is superior to all". Galen was
even less complimentary. In his Paraphrase of Menodotus, he proposed that
“athletes Tive a life quite contraky to the precepts of hygiene, and I
regard their mode of living as a regime far more favourable to illness than
to health.... When they give up their profession, they fall into a
condition more parlous still; as a fact, some die shortly afterwards;
others live for some little time, but do not arrive at old age".]3

Evidence that this attitude survived the Renaissance is provided
by a letter published little more than a century ago, on October 11th, 1869
in the Times of London. The letter's author, Frederick C. Skey FRCS, a
former President of the Royal College of Surgeons, charged that "the University
Boat Race ( the rowing race on the Thames contested annually by Oxford and
Cambridge) as at present established is a national folly". He claimed that
rowing was bringing young University oarsmen to an early grave and was
"destroying the ephemeral bloom of these apparently stalwart champions of
the oar".

The letter aroused heated controversy in the correspondence columns
of the Times leading to an Editorial which with créditab]e impartiality,
pointed out that no statistical inquiry into the subject had ever been made,
and until that was done no firm conclusions could be arrived at.]3

An important consequence of this Editorial was that it stimulated
Dr. John Morgan, a Birmingham physician and former University oarsman, to
undertake the first scientific study to determine whether strenuous physical

14

activity in youth did jn fact influence subsequent longevity. Morgan

traced 200 of that group of oarsmen who had rowed in the University Boat Race
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between 1829 and 1869, and compared their longevity to that of the "average"
insured Englishman, a figure obtained from Dr. Farr's "English Life Tables".
The completed study refuted the contention that strenuous exercise in youth
leads to an early death, because the calculated longevity of the oarsmen
was 2 years greater than Dr. Farr's "average" Englishmen. Despite

methodological criticisms of his work]3’]5

, in particular criticism of the
small numbers studied and the inadequate control group, Morgan's essential
findings that vigorous éth]eticism in youth does not reduce longevity, has
been confirmed by many subsequent studiesls.

Perhaps inevitably, this particular issue was not irretrievably
buried by Morgan's study. For in 1968 its ghost appeared in the form of
a letter to the Journal of the American Medical Association which suggested
that all members of the 1948 Harvard rowing crew had since died "of various

cardiac diseases"]a; an assertion that was hotly denied by these oarsmen

who reported shortly after, that they were all "alive and we]1"17.

By default then, the last words on this topic must go to Sirs
Alan Rock and Adolphe Abrahams. Introducing his own study of the longevity
of Cambridge sportsmen, Sir Alan wrote]sz “Too often when some well-known
sportsman has died at an early age the Jeremiahs, shaking their heads
mournfully, have connected two quite unrelated circumstances, much in the
way that Morgagni recounted the case of the man 'who had been too much
given to the exercise of tennis'. As this man died of a ruptured aortic
aneurysm it seems likely that activities other than tennis were to blame".

Sir Ado]phe]9

had a similar story: "Some observers regard any circulatory
disability as being attributable to exercise, and do not realize that exercise
has revealed a latent organic defect in a heart hitherto regarded as sound.

In an article in 1870 the Medical Officer to Rugby School, deprecating

running on the account of the strain thrown on the circulation, noted that

"the recent death of England's greatest sprinter from aortic aneurysm is
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significant'. So it is, but not exactly in the way he meanti“*

If it is accepted then that vigorous athleticism in youth does
not reduce longevity, the second question arising from Morgan's study
is whether the increased longevity of the University oarsmen resulted from
their rowing. A detailed discussion of this question is relevant,
because it introduces the concept of "selection versus protection". If
this concept is not understood, it is not possible to critically analyze
any studies postulating a direct relationship between physical activity
and a particular health benefit such as increased longevity or a reduced
incidence of coronary heart disease.

Morgan's study in fact allows no conclusions regarding the
relationship between exercise and subsequent longevity. For the important
reason that the two compared groups did not differ solely in whether or
not they were physically-active. A number of "selective" factors were
operative which would have favoured the longevity of the students even
before they took to the water. Thus the oarsmen, because they were
University students, would be expected to outlive Dr. Farr's "average"
Englishman because as University students they enjoy greater longevity
than the average popu]ationzo. In the modern day this difference would
be amplified because, due to their high social class, the University
students would be expected to have a markedly reduced incidence of coronary

heart diseaseZ]’zz.

Furthermore, the strenuous training of the oarsmen
would probably have excluded any with health problems of sufficient gravity

to impair their longevity,whilst the rowing coach would probably have

*
Footnote: Lest these jokes be lost on those readers without medical backgrounds

°

[ would point out that in the last century, syphilitic infection of the aorta

was the most Tikely factor predisposing to fatal aortic rupture.
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selected out the overweight and the heavy smokers - factors independently

23,24 _ even before their training had

associated with reduced longevity
commenced. Thus the University oarsmen had been selected, in part because
they were "healthy" and must have been in better than average health even
before they started rowing. As Prout has written in a more recent study

25 _ "obviously the oarsmen were in good condition to

of oarsmen's longevity
begin with, otherwise they would not have been chosen".

In contrast, Morgan's control group obtained from Or. Farr's
“English Life Tables", included the all-and-sundry Englishmen: the
proverbially sick, the lame and the physically lazy. Therefore the 2-year
lTongevity edge achieved by the oarsmen cannot be ascribed solely to their
rowing because this was only one of the many factors differing between the
groups.

Subsequent studies into the relationship between exercise and
Tongevity have tried to overcome this problem of "selection" by comparing

]5’26’27. The over-

University (College) athletes with their classmates
riding conclusion from these studies has been that participation in
University sports before World War II had little, if any, effect on the
longevity or morbidity of the sportsmen. One must appreciate however

that these studies do not address the question of whether 1ife-long physical
activity influences longevity, because in all these studies the exercising
habits of the study groups were assessed only whilst they were students.

No allowance was made for their activity patterns once they had left

University.
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2.2 EXERCISE AND CORONARY ARTERY DISEASE.

A. Epidemiological studies.

With the emergence of coronary heart disease as the epidemic
disease of 20th century industrialized society, scientific interest in
the potential therapeutic role of exercise has centered increasingly on its
role in the prevention of this disease. The first major study evaluating
whether physical activity (at work) influenced the mortality rate from
coronary heart disease was reported by Morris and his co]]eagueszg. Their
essential finding was that when compared to their more sedentary colleagues,
persons involved in physically-active occupations had reduced incidences of,
and mortality rates from coronary heart disease, the latter due to a lower
incidence of sudden and early (within 3 months) coronary deaths. Thus
London bus conductors and postmen had less coronary heart disease than did
respectively, bus drivers and sedentary employees of the Post Office.
Likewise, in a review of deaths in London and the Home Counties, in each
social class, workers in the more physically-demanding jobs had lower coronary
heart disease rates, and were less likely to die during first or subsequent
heart attacks than were those involved in occupations requiring little
physical effort.

On the basis of these findings, these authors hypothesized that
"men in physically-active jobs have a lower incideﬁce of coronary heart
disease in middle age than men in physically-inactive jobs. More important,
the disease is not so severe in physically-active workers, tending to present
first in them as angina pectoris and other relatively benign forms, and to
have a smaller early case-fatality and a lower early mortality rate".
In discussing their findings, these authors pointed out that the observed
association between physical activityvand reduced mortality rates from
coronary heart disease, might be due to confounding variables other than

physical activity. Thus they conceded that inherent constitutional differences
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or psychological factors in the work environment might have been operative.
As an example of this latter possibility, it was found that general
practitioners had higher rates of coronary heart disease than did other
groups of medical doctors.

Three years later, this group of researchers specifically studied
whether constitutional factors influenced the choice of occupation. If
such a relationship existed, their previous findings might indeed be spurious,
explicable on the basis that constitutional factors determine both heart
disease risk and choice of occupation.

By checking the trouser and jacket sizes of the uniforms issued to
all employees of the London Transport Board, Morris, Heady and Raff]e29
showed that the girth sizes of the bus drivers were larger at all ages
(25-59 years) than those of the bus conductors. As this difference was
apparent even at the youngest ages, the conclusion must be that when they
joined the London Transport system, the bus drivers had larger waists than
did the bus conductors. The bus conductors and the bus drivers were therefore
of different builds, even before they commenced employment.

More recently, O]iver30

has studied the body build and serum lipids
of a group of young men selected by the London Transport Board for training
as either bus drivers or bus conductors. He found that the trainee drivers
were on average, taller by 2,6 cm, heavier by 3,3 kg, approximately 1 cm
broader across the shoulders, and between 2 - 3 cm bigger round the chest and
waists than were trainee conductors. Trainee drivers also had greater sub-
cutaneous fat and marginally higher serum 1ipid values than did trainee
conductors. Oliver concluded that "it is apparent that British men with
certain physical characteristics choose or are chosen to become drivers as
opposed to conductors" and that their study "supports the view that inherited

characteristics, one of which may be susceptibility to heart disease, may

predispose to a particular occupation". Despite this conclusion, it must be
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emphasized that the exact extent to which these constitutional differences
would effect the relative rates of coronary heart disease in either group,
is not known.

Since publication of these early reports a large number of
similar studies have been reported, the majority of which show a reduced
incidence of coronary heart disease in the physically-active groups. These

studies have been extensively reviewed and criticized31’32

with particular
attention being paid to the confounding variables present in each study.
Of these studies, 3 most nearly exclude the presence of such variables in
either of the study groups.

In 1973, Morris, Chase, Adam et a133 reported that in a group
of 16 882 male executive-grade Civil Servants, the relative risk of
developing coronary heart disease in those who reported vigorous activity
in leisure-time was about 1/3rd that of Civil Servants who did not report
such activity. Vigorous leisure-time activity was also associated with a
significantly reduced incidence of both rapidly-fatal and other forms of
first heart attack, whereas the relative risk of heart attack in the most
physically-active Civil Servants (those reporting "much" vigorous activity)
was even lower than it was in those Civil Servants reporting vigorous activity.
This population of Civil Servants constituted middle-class, white collar workers
who were "very stable with much evidence of social responsibility and upward
social mobility". When specific comparisons were made between those who did,
and those who did not report vigorous leisure-time physical activity, it was
found that both groups were highly comparable in terms of family compositions
and worldly possessions, in heights and weights, in smoking incidences, and
in those resident in towns supplied with hard and soft water. Whether
inter-group personality differences existed was not determined. It is of
interest that in this study, only vigorous and not total leisure-time

physical activity was associated with a reduced heart disease mortality.
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In a subsequent study, these workers investigated a subsample
constituting 509 of the original 16 882 male Civil Servants34. They
found that the group reporting vigorous leisure-time activity had signifi-
cantly fewer electrocardiographic abnormalities compatible with myocardial
ischaemia. This difference could not be explained on the basis of
differences in either smoking prevalence or levels of either blood pressure
or total serum cholesterol. Furthermore, although the electrocardiographic
abnormalities in both groups increased with increasing blood pressure
levels, in that group of men with the higher blood pressures, those reporting
vigorous physical activity had fewer electrocardiographic abnormalities.
Thus, the lack of vigorous leisure-time activity was a risk factor for
ischaemic electrocardiographic changes, and it acted independently of 3
other major risk factors - smoking, hypertension and serum cholesterol
levels.  Furthermore, in the presence of established hypertension, vigorous
leisure-time physical activity "protected" against ischaemic electrocardio-
graphic changes.

More recently this group has reported a follow-up study of
coronary mortality in a 20% subsample of their original study popu]ation35.
In this subgroup of 3591 Civil Servants, there had been a total of 268
deaths by the end of 1977. Overall rates of coronary heart disease mortality
and of mortality during the first or subsequent heart attacks, were again
significantly lower in those reporting vigorous leisure-time activity.
Although the incidence of cigarette smoking was slightly less in the vigorously-
active group, members of this group had less coronary mortality whether or not
they smoked cigarettes. Thus, as in the previous study, even in the face of
an established coronary risk factor, vigorous activity "protected" against
a manifestation of coronary heart disease. "Protection” was also shown

to be specific for coronary heart disease, because there was no difference

in mortality rates from cancer and other chronic fatal jllnesses, between
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those reporting, and those not reporting vigorous leisure-time activity.
Paffenbarger and his colleagues have also studied coronary
mortality rates in groups differing in the amount of habitual physical

36-39 40

activity performed either at work or in leisure-time . In their

36, they reported that in a cohort of 6 351 San Francisco Bay

first study
Area longshoremen, overall coronary mortality rates were significantly
Tower in those performing work which required bursts of high energy output.

As in their subsequent stud1’es37’38

this "protection" was greatest against
rapidly-fatal heart attack but even after a first heart attack, high energy
output at work reduced subsequent mortality.

In their next study, Paffenbarger, Hale, Brand and Hyde37 reported
a 22 year follow-up of coronary risk factors in a subsample of 3686 longshoremen.
They showed that the level of job activity, heavy smoking, high blood pressure
and a history of heart disease were all significant risk factors for fatal
heart attack. In addition, the risk attributable to low energy expenditure
at work was greater than that associated with either cigarette smoking or
raised blood pressure. As in the study by Chave, Morris, Moss and

Semmence35

, the "protective" effect of high energy output at work was specific

to cardiovascular mortality, there being no difference in mortality rates from

other fatal chronic diseases, between heavy- and light-working longshoremen.
Paffenbarger38 has considered whether these differences in coronary

mortality rates could be explained on the basis of the initial selection of

persons at low risk from coronary heart disease to jobs entailing high energy

output. Convention in that industry precludes this however, because in

their first five years of employment, all Tongshoremen must work in the

group expending the most energy. Furthermore, the incidence of coronary

risk factors was not greatly different between longshoremen involved in work

requiring either high- or low-energy output. Thus blood. cholesterol levels,

systolic and diastolic blood pressures and the respective incidence(s) of
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both abnormal glucose tolerance tests and diagnosed heart disease, were

not different between groups. Body weight/height ratios and the incidence
of cigarette smoking were however slightly less in the high energy output
group; the latter difference Paffenbarger ascribes to the rule prohibiting
high energy output workers, most of whom are cargo handlers, from smoking
on the job. However, data analysis revealed that the small inter-group
differences in these 2 risk factors could not explain their large differ-
ences in mortality rates. Furthermore, in the presence of 3 established
risk factors - cigarette smoking, systolic hypertension or diagnozed

heart disease - the high energy output workers had significantly lower
incidences of fatal heart attacks.

Paffenbarger38

concludes that these data "repeatedly point to a
reduced work energy output level as equally as influential in increasing
risk of fatal heart attack as such commenly recognized characteristics as
cigarette smoking, prior heart disease and higher blood pressure......
reduced work energy output is more influential than obesity, abnormal
glucose metabolism or higher blood cholesterol. This holds true after
all adjustments and allowances have been made for the other personal
characteristics".

In their most recent longshoremen study, Brand, Paffenbarger,
Sholtz and Kamperthrshowed that statistical adjustments for age, race,
cigarette smoking, systolic blood pressure, electrocardiographic abnor-
malities, glucose intolerance and body mass index failed to alter the
correlation between the level of work activity and fatal heart attack
rates, showing that work activity had a protective effect not explained
through an indirect association with one or more of these other factors.
Thus they conclude that the inverse relationship between work energy out-

put and fatal heart attack rate is either directly related, or it is an

indirect effect acting through modification of some other risk factor(s)
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not accounted for in their analysis.
To assess whether leisure-time activity has a similar protective

40 determined the risk of first heart

effect, Paffenbarger, Wing and Hyde
attack in those 16 936 male alumni who had entered Harvard between the
years 1916 and 1950. They found that alumni who expended more than
2000 Kcal per week in Tleisure-time physical activity had a significantly
reduced incidence of first heart attack, although, in contrast to the
Tongshoremen studies and the studies of the British Civil Servants, the
incidence of fatal first heart attack was not significantly influenced
by the level of leisure-time activity.

This "protective" influence against non-fatal first heart
attack was found in all subgroups of active and inactive a]ymni, compared
for their smoking incidence, body weight index, height, age, history of
parental heart attack, systolic and diastolic blood pressures, and whether
or not they had participated in sport whiist at Harvard. = Of particular
interest was the finding that only physical activity maintained during
the period after graduation protected Harvard alumni against first heart
attack; student athletes who became sedentary alumni received no protection
from first attack, whereas physically-inactive students who subsequently
became active after graduation received profection equal to that of
physically-active alumni who had also participated in sports at Harvard.
This finding argues strongly against the selection to 1ife-long physical
activity, of genetically-gifted athletes who are already at low risk of
heart attack - the concept of “the fit shall increase their fitness"33.
In the words of these authors: "if it is postulated that varsity sports
participation reflects at least in part, a selective attribute of personal
health (cardiovascular fitness), the present findings show that such

selection alone is insufficient to explain lower heart attack risk in later
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adult life".

The final argument preventing the acceptance of these stud1‘es33'40
as scientific proof that physical activity reduces the incidence and
mortality rates from coronary heart disease, centres on one aspect -
namely the personal and psychological factors that determine work selection
or choice of lejsure-time physical activity. Such ar'gumentm-43
holds that people who choose to become athletes or to work at physically-
exacting tasks differ in some way, if not constitutionally then psycho-
Togically, from those who select sedentary occupations or leisure-time
inactivity. It is postulated that these same unknown factors then shape,

in some way, subsequent events.

The conclusion from these studies is that absolute, jrrefutable

epidemiological evidence showing that regular physical activity prevents
or reduces coronary heart disease incidence or mortality, is not yet avail-
able and will only come from controlled randomized intervention studies
which exclude all possible "selective" factors. The situation has been
very succinctly summarized by Pollock, who has stated - "The evidence is
on the fence. MWhich way you interpret it depends on how important you
think exercise 1s".44

However the additional or alternate possibility that exercise
training specifically protects against sudden coronary death, should not
be overlooked. Thus, in the Tongshoreman studies reported by Paffenbarger

and his co]]eagues37'39

» high energy output at work provided greater pro-
tection against sudden death than against death occurring 6 hours or later
after the onset of symptoms. Similarly, in the British Civi] Servants

s'cud1'es33’35

» not only were overall coronary mortality rates Tower in those
reporting, than in those not reporting, vigorous leisure-time activity,

but sudden death mortality and mortality from first and subsequent heart
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attacks was also significantly lower; findings compatible with a specific
training-related protection against rapidly fatal heart attack. These

findings have led Paffenbarger45

to postulate that part of the myocardial
adaptation to training may be a "stabilization of cardiac rhythm, and perhaps
a reduced risk of suffering that chain of events proceeding from ectopic
ventricular activity to fibrillation and death". This postulate provides

the rationale for those studies undertaken in Chapter 4,

B. Experimental studies.

In view of the enormous difficulties posed in mounting major
epidemiological studies exp]oring the relationship between exercise and
coronary heart disease, a simpler experimental approach to this question,
is to study the effects of exercise training on either the extent of,
or the rate of progression of coronary atherosclerosis in either animals
with experimentally-induced atherosclerosis or in humans with the naturally-
occurring disease.

Some animal studies have indeed shown that exercise training
can reduce or prevent the development of cholesterol-induced atherosclerosis

46 ,47 48 49,50 51 52

in rabbits » cockerels s chickens™' and monkeys““. It

> Pigs
should however be noted that other studies in rabbit553 and chickens54
failed to show a protective effect of chronic exercise on cholesterol-
induced atherosclerosis, whereas McAllister, Bertsch, Jacobson and D'A]essio55
even reported that dietary-induced atherosclerosis was actually increased
in exercising dogs.

In human autopsy studies, although no relationship has been found
between occupational physical activity levels and the extent of coronary

56'58, less occlusive coronary artery disease56 and less

ischaemic myocardial fibrosis56 has been observed in the occupationally

atherosclerosis
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physically-active groups, suggesting that exercise might have a pro-
tective effect either against coronary artery occlusion, or against the
myocardial response to acute ischaemia.

Evidence for this latter hypothesis from the work of Rissanen59
who found, in a study of persons dying from coronary heart disease, that
the physically-active were less likely to die either suddenly and
unexpectedly without a previous history of clinical ischaemic heart
disease, or to die as a consequence of single or double vessel disease.
He suggested that a different myocardial response to occ]usiQe coronary
artery disease may exist in physically-active men, and that this would
explain why overall, active men were under-represented in his separate
series of sudden cardiac deaths.

In patients with known coronary artery disease preliminary
studies suggest that although exercise training may not cause regression
of established coronary atherosclerosis measured angiographica11y60—67,
it may reduce the rates of atherosclerotic progression in the femora168

and coronary arterieng. Additional studies are clearly indicated.

cC. The "Bassler hypothesis".

In 1972, a Tetter written by an American pathologist Dr. Tom
Bassler, appeared in the Lancet proclaiming that "a search of the literature
by the American Medical Joggers Association failed to document a single
death due to coronary atherosclerosis amongst marathon finishers"70. In
the 5 years following this initial publication, a further 24 letters
appeared in a variety of international medical journals, concluding that

. .k
this absence of documented cases of "fatal coronary atherosclerosis"

*Footnote: The meaning of this term has never been exactly defined.
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in marathon runners indicated that marathon running provided immunity against

70-79 80,81

coronary atherosclerosis , ischaemic heart disease , fatal myo-

82-84, "Joafer's heart'® and coronary heart diseaseZ0™%

cardial infarction

The "Bassler hypothesis" as it subsequently became known96’97,
raises a number of interesting possibilities. First, it is in line with
those experimental studies reviewed in the previous section, showing that
at least in the animal model, exercise training can prevent experimentally-
induced atherosclerosis. Second,it is compatible with the concept that
only exercise above a certain "threshold" intensity protects against

coronary artery disease33’36’40:

the implication of the Bassler hypothesis
being that marathon running exceeds this threshold by so much, that it
provides absolute,not partial,protection from this disease. Third, the
alternate possibi]ity is that if marathon runners truly are immune to
death from coronary artery disease but are not absolutely protected from
coronary atherosclerosis, then one possibility (ignoring for the moment
the obvious possibility of "selective" factors) is that exercise training
increases myocardial resistance to those factors promoting 1ife-threatening
- ventricular arrhythmias as discﬁssed in the previous section.

My studies which have helped differentiate between these
possibilities and have disentangled the “cardiomythology" of marathon

running4], are described in Chapter 3.



24

2.3 MYOCARDIAL ADAPTATIONS TO EXERCISE TRAINING,

The models used in the study of the effects of exercise training
on the heart can be broadly grouped into those in which the heart or a
part of it is isolated and studied in vitro, or those in which the heart
is studied whilst it remains in vivo in its anatomically correct position
(Table 2.7).

In reviewing these studies, I have not tried to integrate all
the results into a unifying concept of how the heart adapts to exercise
training.  Where some degree of consensus exists I have alluded to this,
but in most instances due to the different experimental models and
the conflicting results, this has not been possible. Rather have I tried
to bring together all the relevant literature in a logical manner, so that

the discrepancies as well as the consistencies will be apparent.
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TABLE 2.1

EXPERIMENTAL MODELS USED TO STUDY MYOCARDIAL ADAPTATIONS TO TRAINING:

ISOLATED TISSUE STUDIED IN VITRO

Structure Typical parameters
studied measured
Whole heart Heart weight, bjochemistry,
extent of coronary vessels

Tissue slices Histology and ultrastructure
Mitochondria Mitochondrial function
Sarcoplasmic Calcium uptake

reticulum
Papillary muscle Contractile function
Isolated rat atrium Intrinsic heart rate
Isolated rat heart Function and metabolism

HEART STUDIED IN VIVO

Non-invasive studies.

Chest radiography Heart size
Echocardiography Heart size and function
Respiratory gas analysis Cardiac output during exercise

Invasive studies.

Chronically-instrumented Left ventricular function
animal during exercise

Coronary sinus intubation Metabolism and coronary flow

Coronary angiography and left Coronary anatomy and heart
ventriculography. function

Radionuclide cine- Heart function during exercise

angiography
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A. Structural and ultrastructural adaptations.

Heart weight.
98

As reviewed by Grande and Taylor” ", the evidence is that the
weight of hearts from wild animals is greater than that of their domestic
relatives. Thus wild ducks, greyhounds and hares have heavier hearts
than do respectively, tame ducks, other dogs and rabbits. Thoroughbred
racehorses also have larger hearts than do ordinary hacks and the 1afgest
hearts have been found in the most successful racehorsesgg. A similar
finding has been reported in greyhounds; the dog with the most successful
track record - "Victorious Red" - also had the largest heart]oo.

The assumption has been made that the greater heart weights of
these wild animals and of animals bred for racing, result from their
greater physical activity. However, such cross-sectional studies do not
exclude the possibility that inherited characteristics explain these
differences. Helr*mann]00 considered this when he found that even young,
untrained greyhounds had greater heart weight to body weight ratios than
did other dogs. He suggested that "“the greyhound, by virtue of generations
of strenuous exercise of coursing, or as a result of selection, is endowed
with a proportionately large heart at birth and that this heart responds
to schooling and training by hypertrophying to an unusual degree".

For obvious reasons, there are few reports of the heart weight
of athletes measured whilst they were in strenuous training. As cited

by Grande and Tay]or98

» Reindell and his colleagues collected heart weight
data from the autopsies of 40 German athletes. The majority of these
hearts weighed less than 450 gm with only 3 weighing more than 500 gm.

The heaviest heart, that of a famous mountain climber who died in cardiac
" failure, weighed 840 gm - a value that could almost certainly have

resulted only from a pathological process. At his death, the heart of
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Clarence de Mar, the famous American marathon runner, weighed 340 gm]O].
As de Mar died from carcinoma of the rectum one year after his last

running r‘ace]02

» it is Tikely that his heart had undergone some terminal
atrophy. These data, scanty as they are, suggest that in man, any
training-induced increase in heart weight is Tikely to be quite small.
Longitudinal studies of the effects of physical training on
heart weight in Taboratory animals have been reviewed by both Grande and

98 ]03. The latter authors make three

Taylor”™™ and by Scheuer and Tipton
critical observations:
1) that an increase in the heart weight to body weight ratio after
training is not an acceptable criterion for ventricular hyper-
trophy because, especially in young male rats, regular exercise
retards the rate at which body weight increases during the
growing period. Thus the heart weight to body weight ratio
will be increased in growing, trained, male animals whether or
not true ventricular hypertrophy has also occurred;
2) that an increase in absolute heart weight is not a universal
finding in all studies in which laboratory animals have been
trained either by swimming or by running; and
3) that certain myocardial adaptations to training may be present
even in the absence of cardiac hypertrophy.
These authors conclude that the final resolution of this question will
come from histological studies that define the normal myocardial cell size
relative to the sex, wéight and nutritional status of the animal, and the
effects of exercise thereon.

Dowell, Tipton and Tomanek104 have been the first to undertake

such a study. They found that whereas both aortic constriction and

desoxycorticosterone acetate injections increased both left ventricular
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weights and myocardial fibre sizes indicating true left ventricular
hypertrophy, 80 to 90 days of treadmill running-training had no such
effect. As expected, the body weight of the trained animals was less
than that of the controls. These authors concluded that treadmill-
training in male rats produces relative left ventricular enlargements by
allowing myocardial masses to increase at normal rates whilst simul-
taneously reducing the overall growth rates of the animals. Under these
conditions, normal rates of heart growth would cause relative cardiac
enlargements which would therefore be achieved without absolute increases
in either myocardial fibre sizes or rates of protein synthesis.

In a somewhat contradictory study Hickson, Hammons and HoHoszy]05
found that rats exposed to a constant (rather than a gradually-increasing)
swimming workload developed absolute increases in heart weights within
14 days training. The increased heart weights were associated with
parallel increases in total protein contents and significantly increased
total RNA contents. These changes rapidly regressed when training ceased.

Studies relevant to the question of exercise-induced cardiac
hypertrophy in humans are reviewed in Section 2.3E - Echocardiographic

evaluation of cardiac structural adaptations to exercise training.

Myocardial fibre size, fibre count and sarcoplasmic mass..

As discussed by Scheuer and Tipton]03, an exercise-induced
increase in myocardial fibre size would provide strong evidence that
exercise training does indeed produce true cardiac hypertrophy.

In rats trained with either treadmi]]-running]O4’]06 or

swimming]O7, no change in myocardial fibre size has been found. On the

other hand, increased myocardial fibre diameters have been reported in

108 109 110

running-trained guinea-pigs and dogs Bloor, Pasyk and Leon R
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11 reported that hearts from young, male, swimming-

and Leon and Bloor
trained rats had increased absolute heart weights due to both a 26%
increase in myocardial fibre counts and increased sarcoplasmic mass per
fibre.  The increase in sarcoplasmic mass was found only in rats who

had swum for 1 hour a day, 5 days a week. With de-training these adap-
tations regressed, but the myocardial hyperplasia could be maintained by
a single hour-long exercise session every week. An age effect for these
adaptations was also apparent, because in older rats, training caused

decreased heart weights due to decreases in both myocardial fibre counts

and sarcoplasmic masses.

Myocardial mitochondrial mass, volume, number and size

distributions.

Using precise morphometric analysis, Paniagua, Vasquez and Lopez-

107

Moratalla found no increase in either mitochondrial volume or mass in

hearts from rats that had swum for up to 2 hours a day for 6 weeks. On

the other hand, Arcos, Sohal, Sun et al'l2

reported increased myocardial
mitochondrial masses estimated to be due to increased numbers of mito-
chondria,in hearts of rats who had swum for a total of between 140 and

180 hours. However hearts from rats that had swum for longer total periods
(361 to 490 hours) failed to show these increases. In a study reviewed

by WO11enberger]]3

, Bozner and Meerson reported that myocardial mito-
chondrial to myofibrillar volume ratios increased rapidly after 4 training
sessions in which rats swam 6 hours daily, but were returning towards
control values after 40 training sessijons. In Wollenberger's own studies,
rats that had swum for between 60-90 minutes daily for 4 months, had

moderate myocardial hypertrophy and slightly increased mitochondrial to

myofibrillar volume ratios. Wollenberger concludes that at the cellular
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level, the myocardial response to training is not a uniform process, as
the mitochondria apparently respond earlier to increased workloads than
do the myofibrils.

Using the same technique as that of Arcos and his co11eagues]]2,
Aldinger and Soha]”4 “thought" they observed increased numbers of mito-
chondria and increased mitochondrial to myofibril ratios in hearts from
swimming-trained rats. - These authors also noted degenerative changes in
many mitochondria, changes which were not present in the mitochondria of
 similarly-trained rats who had received digitoxin during the training
programme. (The significance of these "degenerative" mitochondrial changes
found in rats exercised for prolonged periods has subsequently been

studied by Tomanek and Banm'ste\r‘”5 116

» and Gale "=, all of whom found that
such changes are almost certainly post-mortem staining artefacts and can
be prevented either by rapid fixation of the heart, or by fixation in a
cacodylate buffered glutaraldehyde solution. Other workers have not
found degenerative mitochondrial changes after acute, exhaustive exercise
1]7,118.)

Edington and his co]]eagues1]9-]2]

have studied the effects of
training on mitochondrial size distributions. They found that although
training has no effect on total mitochondrial protein contents (section 2.3B),
trained hearts had greater proportions of small mitochondria, particularly

120

in the myofibrillar region'“”, an adaptation which these authors considered

to be of potential physiological significance because it would cause
121

increased mitochondrial surface to volume ratios. In a subsequent study
these authors found that training prevented an age-related increase in the
percentage of large mitochondria found at the cell borders and in the myo-
fibrillar regions of the heart. They concluded that training maintained

myocardial mitochondrial distributions that more closely resembled or
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exceeded those found in young animals.

A final topic that has been studied is whether a single exercise
bout increases either myocardial mitochondrial masses or volumes.
Laguens and his colleagues concluded that a single bout of exercise in

122 123 could increase mitochondrial masses, a conclusion

dogs and rats
which is in keeping with the finding of increased protein incorporation
into mitochondria of rats swum to exhaustion in a single session124.
Terjung, Klinkerfuss, Baldwin et a11]7 have however questioned these
conclusions because they found that a single bout of exhaustive exercise
failed to increase either myocardial mitochondrial protein qontents, or
myocardial metabolic capacities.,measured as the maximum rates of pyruvate
oxidation,by either whole heart homogenates or by mitochondrial fractions.
| When all the studies reported in this section are reviewed, it
becomes difficult to decide whether or not exercise training definitely

- alters myocardial mitochondrial masses, numbers or volumes. Biochemical

studies that supply further information on this topic are reviewed in

sections 2.3B and 2.3C.

Myocardial intercalated discs.

Sohal, Sun, Colcolough and Burch'?® and Aldinger and Sohall 14

studied the myocardial intercalated discs of swimming-trained rats. They
reported that both the convolutions in the intercalated discs and the
intercellular gaps appeared to be increased in hearts from trained animals.
They suggested that if these electronmicroscopic appearances reflected
true structural hypertrophy and if ionic transfer occurs in the region of
the intercellular gaps, then there could be increased efficiencies of

electrical excitation in hearts of trained animals.
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Coronary blood vessels.

Four principal techniques have been used to study the effects
of exercise training on coronary blood vessels:

1)  the microscopic determination of coronary artery sijzes,
capillary concentrations and the myocardial capillary/fibre
ratios;

2)  the incorporation of radioactively labelled 3H—thymidine into
capillary nuclei;

3) corrosion cast techniques in which a resistant polymer solution
such as vinyl acetate in acetone is injected in vivo into the
aorta of the experimental animal, whose heart is subsequently
excised. The polymer is allowed to set before the heart
is placed in a potassium hydroxide solution which digests the
myocardial tissues leaving the intact cast of the coronary
vessels; and

4) coronary angiography.

It is important to appreciate that these studies indicate the
anatomical extent of the coronary blood vessels but provide no information
about possible training-induced changes in either rates or distributions
of coronary blood flow. Studies relevant to these latter questions are

reviewed in section 2.3F.

1) Microscopic studies. '

The earliest microscopic studies reporting the effects of exercise
training on the myocardial vasculature are in conflict, because although
Petren and his colleagues, and Thorner found increased capillary concen-
trations in hearts of running-trained gu1’nea—p1’gs]26’]27 and dogs]09

128 108

respectively, both Frank and Hakkila reported decreased myocardial



33

capillary concentrations in running-trained guinea-pigs. Furthermore
the capillary counts in Hakkila's study were much greater than those
reported by Petren's group and were verified by 3 different counting
techniques.

Leon and B]oor‘]29

reported that the capillary/fibre ratios,

the left and right coronary artety sizes (0,5 mm from their respective
origins) and the cross-sectional areas of the extra-coronary collateral
arteries (these are vessels that result from anastomoses between the
internal mammary or less commonly the subclavian arteries, with atrial
branches of the coronary arteries) were all significantly increased in
hearts from young male swimming-trained rats. Coronary artery diameters
were however increased only in that group of rats that also developed
myocardial hypertrophy - a findihg that is consistent with the known
correlation between coronary artery diameter and heart weight]3o-]32.

Subsequent studies'10»111,133, 134

confirmed these findings. In
addition they showed that the increased capillary/fibre ratios in older
exercising rats were due to a loss of myocardial fibres rather than to
increased capillary concentrations.

These authors have also studied the extent to which reduced
training loads maintained these adaptations. They found that 30 minutes'
exercise twice-weekly was required to maintain the increased capillary
concentrations whereas a 1-hour training session once a week maintained
the enlargement of the extra-coronary arteries. Myocardial hypertrophy
and the associated increased coronary artery diameters, was maintained
only by 5 one-hour exercise sessions per week, but after 4 weeks' total
inactivity these adaptations had completely regressed. The increased
capillary/fibre ratios were still present after 4 weeks' detraining but

after a further 6 weeks these too had regfessed.
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Bell and Rasmussen]35 and McElroy, Gissen and Fishbein

136

have also reported increased myocardial capillary/fibre ratios in hearts
from swimming-trained rats. In addition, Bell and Rasmussen found that
capillary/fibre ratios increased normally with age, and that this increase
was enhanced by training either before or during puberty. In running-

106 121 found

trained rats, Tomanek and Welch, Manfredi and Edington
increased myocardial capillary/fibre ratios but the magnitude of the
increase (8,5%) in the former study was less than that reported in

)]29. Tomanek also observed that the extent

swimming-trained rats (43%
to which exercise influenced myocardial capillary concentrations decreased
with age and was significant only for the rats that commenced training
whilst still young.

Wyatt and Mitche11]37

performed serial ventricular septal
biopsies in running-trained dogs and reported small but not statistically-
significant increases in myocardial capillary densities and capillary
perimeters with decreases in basement membrane thicknesses. With de-
training these adaptations regressed. The authors noted that the

6% increase in myocardial capillary densities measured by them is
comparable to values found in other adult animals, and that larger
increases have been reported only when young animals have.been studied
(vide supra).

Ljungqvist and Unge]38 injected radio-opaque dye into the coronary
arteries of swimming-trained and control rats immediately before death. The
hearts were then removed and fixed in formalin, whereafter 4-5 mm transverse
sections were cut through the ventricles and exposed on a photographic
emulsion.  These "micro-angiograms" were then studied with a special
stereoscopic microscope, after which the tissue slices were re~-cut,

stained in the conventional way and analysed under the Tight microscope.
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It was found that on the micro-angiograms, the capillary network appeared
to be denser whereas when compared to hypertrophy produced by either
aortic stenosis or renal hypertension, the light microscopic capillary
architectural appearance in trained hearts was different because neither
segmental filling defects nor spirallization of the vessels was noted.
After 2 months de-training, these changes had not completely regressed.
The influence of maternal exercise during pregnancy on the

capillary/fibre ratios in the hearts of their offspring has also been

139,140

studied. Whereas Parizkova reported that maternal exercise

141 failed to find this

increased this parameter, Wilson and Gisolfi
adaptation. These latter authors discussed some of the methodological
differences that might explain these contrasting results.

Finally, it is of interest to note that the myocardial capillary/
fibre ratios are greater in wild animals (hare or wild rat) than in their

domesticated relatives (tame rabbit or rat)142. However, a genetic

explanation for this cannot be excluded (section 2.3A).

2) - The incorporation of radioactively labelled 3H—thymidine

into capillary nuclei.

In this technique developed by Ljungqvist and his co]]eagues]43-]47
radioactively labelled 3H—thymidine is injected intraperitoneally into
swimming-trained and control rats one day before sacrifice. As thymidine
is taken up selectively by DNA-synthesizing cells, the degree to which
a particular tissue incorporates 3H-thymidine may be taken as a measure of
that tissue's proliferative activity.

After sacrifice, the hearts are fixed in formalin, and transverse
ventricular sections placed on glass slides to which photographic film has

been attached. Capillary cells that are actively dividing and have there-
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fore taken up radioactive Tabel will expose the photographic film and can
therefore be counted.

These authors found highly significant increases in total
labelling indices in the capillaries only of hearts hypertrophied by
swimming.  Other methods for producing left ventricular hypertrophy
(renal hypertension and aortic stenosis) did not cause increased 3H-
thymidine incorporation into myocardial capillaries. The authors con-
cluded that the formation of additional myocardial blood vessels occurred
only in physiologic forms of myocardial hypertrophy, such as that produced
by swimming training. Three additional observations were made by these
authors :

(1) that after 2 months de-training, thymidine incorporation into the
capillaries had returned to control levels;

(11) that hearts from rats with experimentally-produced aortic
stenosis who had also undertaken the swimming training programme,

did not show new capillary formation
(i11) that the skeletal muscles of swimming-trained animals did not
develop new capillaries.

Using the electron microscope, Mandache, Unge and Ljungqvist]46
attempted to locate the cellular basis for this training-induced new
capillary formation. They noted increased numbers of mitotic figures in
relation to the capillary walls. Growing capillaries appeared first as
'solid cords composed of pericyte-like cells surrounding endothelial-1ike
cells.  When these cords established contact with the original capillary
Tumen, they enlarged to form a continuation of that Tumen. These indicators
of new capillary growth were already present after 2 weeks training.

147

In a final study » these authors combined both the above

techniques (electron microscopy and 3H-thymidine labelling) and showed
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that 3H—thymidine was taken up mainly by endothelial cells, but labelled
capillary pericytes were also observed. As previously shown, no such
uptake was seen in hypertrophied hearts from animals with aortic stenosis.
This study therefore confirms that the increased capillary 3H-thymidine
labelling seen in their previous studies was in fact due to endothelial

cell replication.

3) Corosion cast techniques.

Using this technique Tepperman and Peav'lman]48

prepared casts
of the coronary vessels of running-trained rats and showed that cast
weights were significantly increased in trained animals. Similarly,

Stevenson, Feleki, Rechnitzer and Beaton]49

showed that both cast weights
and cast weight/heart weight ratios were significantly increased in rats
trained with either swimming or running. Surprisingly, the most inten-
sivé-running or swimming programmes did not cause increased cast weights.

Denenber‘g]50

also reported increased cast weight/heart weight ratios in
running-trained adult rats exercised 3-5 times a week and in adolescent
rats exercised 5 times a week.

This latter author discussed some of the technical problems
associated with the corrosion cast technique. These include non-randomi-
zation of the "blind" infusions, the need for strict control of the pressure
used to perfuse the polymer and the need to compare results obtained by
this technique with parallel histological studies. A further criticism

137

voiced by Wyatt and Mitchell is that vinyl acetate perfuses only

arterial vessels with a diameter greater than 40-50 um and thus gives
no information on the dimensions of the capillary bed. Thus changes

in cast weights with training may simply indicate increased coronary

130-132

artery sizes concomitant with increased heart weights although
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in 2 of the studies reviewed in this section, heart weights were not

149,150 148

increased in trained animals The other study fails to mentijon

heart weights.

4) Coronary angiography .

Using magnified projections of the antero-posterior views
obtained during coronary angiography, Wyatt and Mitche11]37 calculated
that the resting cross-sectional areas of the circumflex coronary arteries
were significantly increased in running-trained dogs.  With de-training

circumflex coronary artery areas returned to normal values.

B. Myocardial biochemical changes with exercise training.

Myocardial levels of ATP, ADP, AMP, PCr, adenosine, inosine,

hypoxanthine, phosphate, creatine and creatinine.

151-153

Three studies have not found any change in either myocardial

ATP or PCr levels after training. Others have reported significantly

154,155

decreased ATP and significantly increased PCr 1eve1s]56 in hearts

from trained rats. Similarly, ADP and AMP levels have been reportedly

154,155 151

increased and unchanged following swimming training in rats.

155 155

195 » hypoxanthine

156

Myocardial levels of adenosine R ckeatine s

156

, inosine

151

creatinine and inorganic phosphate were unchanged in hearts from

trained rats.

Myocardial glycogen, lactate, cholesterol and triglyceride levels.

As recently reviewed by Sege1]57, studies to determine whether
training alters myocardial glycogen levels have produced conflicting

results, which may possibly be explained on the basis of a training-induced
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increase in myocardial glycogen synthetic capacity during fasting. This

151,158-160 have all found significantly higher

would explain why 4 studies
myocardial glycogen levels in hearts from fasted, trained rats than from
similarly-fasted, control rats. When animals were killed without a period

158

or prior fasting, Chelley, Code and Visscher reported no difference in

myocardial glycogen levels in hearts from trained and control animals.

151 observed that a 24-hour

Similarly, Scheuer, Kapner, Stringfellow et al
period of fasting prior to sacrifice "yielded more consistent differences
in glycogen values between sedentary and conditioned animals". Other
investigators who have studied fed animals have not reported training-
induced differences in mybcardia] glycogen 1eve1s153’]6]-]64.

Myocardial lactate levels were not different between trained
and control animals, whereas myocardial triglyceride levels have been

151,165 166

reportedly decreased or unchanged by training' ~~. Myocardial

cholesterol levels were also unchanged in the latter study]66.

Myocardial glycolytic and related enzymes.

162,167 168

The activities of pyruvate kinase
107,169-171

, hexokinase , lactate

dehydrogenase 162

including the M subunit of LDH, have all been
reported to be increased in hearts from trained animals. Some authors

did not find any change in myocardial LDH”Z’]73 or hexokinase activities]64.
The activity of phosphofructokinase, an important glycolytic regulator, has
not been shown to increase in response to exercise training]62’]68’]74.
Myocardial aldolase activities have been reported to be 1'nc1r‘eased]75 or

unchanged]76

by the same authors. Myocardial glycerol-1-phosphate
dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase and cytoplasmic
creatine kinase activities were unchanged in hearts of swimming-trained

rats, whereas cytoplasmic adenylkinase activities were 1ncreased]7].
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Myocardial glycogenolytic and glycogen synthetic enzymes.

163 found no difference in myocardial synthase I

Segel and Mason
(glucose 6-phosphate-independent activity), synthase D (glucose 6-phosphate-
dependent-activity), 1 + D activities or synthase activation states

[E/(]+Dz] measured in hearts from trained and control rats after a
period of rest.

These authors algo studied the effects of prior exercise on the
extent of myocardial glycogen resynthesis in trained and contro] animals.
They showed that whereas mild exercise caused synthase activation and
glycogen supercompensation in hearts from the contro] group, only
strenuous exercise caused synthase activation and glycogen supercompensation
in the trained group. They concluded that exercise training alters the
pattern of glycogen supercompensation following a given bout of exercise.

Clearly, the conflicting results regarding the effects of exercise
training on myocardial glycogen contents couTd be resolved if studies

similar to that of Segel and Mason]63 were used to compare glycogen

metabolism in hearts from trained and control animals during fasting.

Myocardial enzymes associated with aerobic metabolism.

The majority of studies have shown that exercise training does
not increase the enzymes typical of aerobic metabolism in heart muscle.

Thus no change has been found in succinate dehydrogenase]]3’]53’]73’]77"181
174,181

)

citrate synthase , cytochrome oxidase107’]6]’]76’]79']82, mi to-

chondrial malate dehydrogenase107’]7]’]8], succinate-cytochrome C

176, glutamate oxalate transaminase]71, isocitrate dehydrogenase]7],

reductase
glutamate dehydrogenase]7], 3 hydroxy acyl CoA dehydrogenase]71, mi to-

chondrial adenyl kinase]7] or mitochondrial creatine kinase}71.
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Mitochondrial ATPase activities]07’152’]82 and the levels of cytochrome C
have also been found not to be increased by training]04-106’ 179-181,183

In contrast to these studies, some authors found increased

]68’]84’]85, mitochondrial glycerol-P

168

activities of succinate dehydrogenase

168

dehydrogenase]ss, malate dehydrogenase ", citrate synthase and 3

hydroxy acyl CoA dehydrogenase]53.

168

It should be noted that in the study

by Harri and Valtola ", cold acclimatization (4°C) also increased the

activities of myocardial succinate dehydrogenase, malate dehydrogenase
and citrate synthase. Furthermore, in that study, the water temperature
in which the rats swam was 30°C, a temperature which is considered sub-
optima1]86. It is possible that‘the water temperature used in that
study influenced the myocardial respiratory enzyme adaptations.

In summary, the weight of evidence is that the activities of
the myocardial enzymes associated with aerobic metabolism do not increase
in response to exercise training. From this it has been concluded that
the untrained heart has a sufficiently great aerobic reserve capacity to
be able to cope with the additional stress of exercise without the need
for additional mitochondrial enzyme synthesis. The final resolution of
this question is most Tikely to come from metabolic studies performed in

the intact animal during maximum exercise.

Myocardial cytoplasmic and mitochondrial protein contents, and

myocardial RNA, DNA and hydroxyproline levels.

In the study reported by Walpurger and Angeﬂ7], training caused
a 15% decrease in myocardial cytoplasmic protein contents. The

majority of workers have not found any change in either myocardial protein

contents104,105,168,187-190 or mitochondrial protein concentrations °/:119>

]78,184’ or in myocardial DNA6’]83’]9]’]94, RNA]O4,119,178,188,191’
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104,188,192,193 194

hydroxyproline or collagen levels

In contrast, Penpargkul, Schwartz and Scheuer‘]82

reported a 52%
increase in absolute mitochondrial protein contents of hearts from swimming-
trained rats. They suggest that the technique whereby mitochondria are
isolated may cause a significant number of mitochondria to be lost so

that the "mitochondrial yield", used by some authors as an index of in

vivo myocardial mitochondrial content may be an underestimation. Hickson,

Hammons and HoHoszy]05

reported that myocardial RNA concentrations of
rats exposed to a constant swimming programme (section 2.3A) increased
rapidly in the first few days of training,being significantly elevated
in the first 3 training days. Thereafter these values fell but after
28 training sessions, total RNA contents still remained significantly
higher than control values. Both DNA and hydroxyproline concentrations
fell progressively during training but total ventricular DNA and hydroxy-
proline contents were nevertheless significantly increased by training.
Total cytochrome C and total protein contents,but not their concen-
trations,also increased with training. During detraining, with the
exception of the increased total hydroxyproline content which remained
elevated, all other changes reverted to normal.

Beecher, Puente and Dohm]95 have reported that endurance training

increased the myocardial levels of only the basic amino-acids, arginine

and lysine.

Other myocardial enzymes .

Myocardial lipoprotein lipase is not increased by traininglgs.

Sarcolemmal Ca’™- and Mg++-ATPase activities were significantly increased

197

. N . + e
in swimming-trained hearts , whereas Na’-K* ATPase activities were
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]97’]98. Sarcoplasmic reticulum catt- and Mg++-

199-201

unaltered by training

activated ATPases were also unaltered by training

Actomyosin and myosin ATPase actjvities.

Studies of the effects of training on actomyosin and myosin
ATPase activities have produced conflicting results which can probably be

explained on the basis of the type of exercise studied. Thus swimming

training has consistently been shown to increase myocardia]zoz,

193,203-206 193,206-210

myosin and actomyosin ATPase activities. These

swimming-induced changes in myosin ATPase activities have been explained

on the basis of altered reactivity of the sulphydryl group of myosinZ]].

206

Medugorac found an increased light chain 1 component (slow moving)

of myosin associated with increased myosin and actomyosin ATPase activities.

In contrast, with the exception of one study showing small changes

201 212-216

» endurance running training does not alter actomyosin ATPase

174,215-217 213,218,219

myofibrillar ATPase or myosin ATPase activities Nor

does running-training induce changes in the subunits of cardiac myosin2]3’2]9.
When rats undergo sprint training however, increased myocardial myofibrillar

ATPase aétivities have been reported174.

164 investigated changes in Mg*?-

Pierce, Belcastro and Bonen
activated cardiac myofibrillar ATPase activities during the initial training
period.  They found increased enzyme activities after 3-5 training sessions
but after 10 training sessions, myofibrillar ATPase activities in trained

animals had returned to control values.
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Myocardial electrolyte and water contents.

Myocardial potassium contents have been reportedly increased in

hearts from both sw1'mm1'ng-]98 and running-trained ratszzo. Swimming

training did not alter myocardial levels of sodium, calcium, zinc and

198 182

copper ", nor mitochondrial calcium contents A number of studies

have reported no change in myocardial water contents in trained hearts
180,189,190,195,198

Myocardial levels of catecholamines, acetylcholine, and

the activities of choline acetyltransferase, adenylcyclase

and phosphodiesterase.

Catecholamines

De Schryver and his coﬂeagueszm‘223

have reported that

running training decreased rat myocardial catecholamine levels but that
these values had returned to control levels within a few days detraining.
The greatest reduction in myocardial catecholamine levels occurred in

those rats which had trained the most intensively. Furthermore, myo-
cardial catecholamine Tevels in control animals which refused to run freely
in the exercising drums but which chose to slide passively as the drums
rotated, showed no réduction in catecholamine levels. Thus stimuli

other than exercise, such as daily handling or exposure to the running
drums could not explain the reduced myocardial catecholamine levels in

the trained animals. Amsterdam, Choquet, Segel et a1224

225,226

and Wollenberger
and his colleagues have also reported Tower myocardial catecholamine
levels in swimming-trained rats.

In contrast, others have reported that running training did not

reduce myocardial noradrenaline levels in either guinea-p195227 or rat5228,229,
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whereas swimming training was associated with unchanged230 and

significantly 1'ncreased231

myocardial noradrenaline levels. A

criticism of the study by Leon, Horst, Spirt et a1230 has been that

hearts were frozen only some considerable time after removal. Thus

prior to freezing, some noradrenaline may have been metaboljzed by the

myocardial enzymes, monoamine oxidase and catecho]—O—methy1transferase]57.
However, evaluation of tissue catecholamine levels gives

little definitive information of their functional significance. For

example, despite significantly higher resting myocardial noradreha]ine

levels, the rates of noradrenaline turnover measured both at rest and

during exercise in hearts from swimming-trained rats were half those

of untrained anima15231.

Furthermore, rates of urinary catecholamine
excretion during exercise were significantly less in the trained animals
whereas after very prolonged exercise (8 hours’ swimming), myocardial
noradrenaline levels were significantly reduced only in hearts from
untrained anima1523].

Salzman, Hirsch, Hellerstein et §1232 studied the in vitro
uptake of radioactively-labelled 3H-epinephrine by myocardial homogenates
from running-trained mice. They found that when expressed per milligram
of tissue, 3H-epinephrine uptakes were 26% lower in hearts from trained
animals.  However, when expressed relative to total ventricular weights
this difference was lost, because the hearts of trained animals were
correspondingly larger. They concluded that concurrent with the develop-
ment of exercise-induced cardiac hypertrophy, there was dilution of
cardiac epinephrine binding sites. The authors also reported a sex

difference in their findings, because hearts from both trained and control

female mice had, relative to left ventricular weights, 15% greater
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epinephrine uptakes than did hearts from the corresponding male groups.
These findings in particular those of Ostman, SjBstrand and
Swedin23] suggest that, regardless of its effect on total tissue cate-
cholamine levels, prolonged physical training produces a functional
myocardial adaptation characterized by reduced myocardial catecholamine
activation both at rest and during exercise. This is a parallel to

the training-induced reduction in overall sympathetic tone in human5234'236.

Acetylcholine and choline acetyltransferase activity.

237

Both Herrlich, Raab and Gigee
238

and De Schryver and Mertens-

Strythagen found significantly increased acetylcholine levels, localized

in the former study to the atria, in hearts from trained rats. Tipton,

229

Mathes, Tcheng et al also reported increased, though not statistically

significant, acetylcholine concentrations in both atrial and ventricular
tissue of trained rats. On the other hand, Stone239 did not find any
change in either acetylcholine or choline concentrations in right atrial
tissue from running-trained dogs.

Increased activities of the acetylcholine synthetic enzyme
choline acetyltransferase have been reported in atria, but not ventricles,

of running-trained rat524o. Acetylcholinesterase activities were

unchanged in running-trained rat524]’242

running-trained dogsZ39.

and significantly decreased in

Adenylcyclase and phosphodiesterase activity.
24

Dohm, Pennington and Barakat 3 found that hearts from running-
trained rats had reduced basal and epinephrine-stimulated adenylcyclase
activities with unchanged myocardial phosphodiesterase activities.

Fluoride-stimulated myocardial adenylcyclase activities were not different
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between trained and control animals, indicating that the training-induced
reduction in adenylcyclase activities were due either to alterations in
the control properties of the enzyme or to the presence of endogenous
effectors, rather than to changes in enzyme concentrations. They
concluded that physical training alters the capacity of the myocardium to
respond to hormonal stimulation.

In contrast, Wyatt, Chuck, Rabinowitz et a1244 found that
control or fluoride-stimulated adenylcyclase activities were not different
in swimming-trained and control rat hearts. In response to eijther
isoproterenol or noradrenaline stimulation, the maximum increases in
adenylcyclase activities were significantly greater in trained than
in control hearts.

Additional work will be required to determine whether these
, conflicting results are due to the different training methods (swimming

versus running) used by the 2 groups of investigators.

C. Myocardial metabolic adaptations to exercise training.

Five principal models - myocardial homogenates, jsolated
myocardial mitochondria, isolated sarcoplasmic reticulum, isolated perfused
rat hearts and intact animals - have been used to study the effects of exercise

training on myocardial metabolism.

Myocardial homogenates
160

Poland and Blount reported that myocardial homogenates from
running-trained rats had slightly Tower oxygen consumption rates during
a 2-hour incubation period than did similar homogenates from untrained
rats.  Lactate production rates during a 40-minute incubation period

were also lower in homogenates from trained rats.
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187 found that training increased, but not

Askew, Huston and Dohm
significantly, the rate at which glycerol-3-phosphate was incorporated
into the myocardial glycerolipids; this incorporation occurring principally
in the neutral lipids (di- and triglycerides). The myocardial uptake of
a-]4C-amino isobuturic acid was reportedly decreased by running training]gs.

The effects of exercise training on the uptake of 3H-epinephrine by

myocardial homogenates has also been studied232 (previous section).

Isolated myocardial mitochondria

112 found that, although rats which had

Arcos, Sohal, Sun et al
undertaken between 140 and 180 hours of swimming training had a 52%
increase in mitochondrial mass, when incubated with a-ketoglutarate,
succinate or pyruvate as substrates, the oxygen consumption rates of
isolated myocardial mitochondria from trained rats were not greater
than those of mitochondria from control animals. With glutamate as
substrate, there were slight but insignificantly greater oxygen consum-
ption rates by mitochondria from trained animals and the respiratory
control ratios in these mitochondria were also reported to be "consistently
greater".  However myocardial mitochondria isolated from hearts of rats
that had trained for between 361 and 490 hours - hearts which did not
have increased myocardial mitochondrial masses (section 2.3A) - did
not have increased oxygen consumption rates or greater respiratory
control ratios when incubated with any of these substrates.

Dohm, Huston and Askew et a]245 found unchanged mitochondrial
ADP/0 ratios and oxygen uptake (with pyruvate-malate or succinate as
substrates) or palmitate oxidation by isolated myocardial mitochondria
from running-trained rats. Mitochondria isolated from the skeletal

muscles of trained animals had significantly increased values.
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These authors also reported that exhaustive exercise decreased the
oxygen uptake rates of trained heart mitochondria, but increased these
rates in mitochondria from untrained animals. Thus after exhaustive
exercise, oxygen uptake rates by myocardial mitochondria from untrajned
rats were significantly greater than those of trained animals.

Amsterdam, Choquet, Segel et a]224 also found that mitochondria
from swimming-trained rats exhibited unchanged mitochondrial respiratory
control ratios, respiratory quotients and ADP/0 ratios with a-keto-glutarate
or glutamate as substrates.

Sordahl, Asimakis, Dowell and Stone]88 reported essentially
similar findings because ADP/0 ratios, the tightness of respiratory
coupling (RCI), and the rates of respiration during active phosphory-
lation (State 3 QOZ) with either succinate, glutamate/malate or pyruvate/
malate as substrates, were unchanged in myocardial mitochondria from
running-trained dogs. Studies of myocardial mitochondrial calcium
uptake kinetics did however show that mitochondria from trained animals
exhibited altered function because they failed to take up calcium from
the incubation medium to the same extent as did mitochondria from untrained
dogs.  Furthermore,mitochondria from only trained animals released some
of the exogenous calcium back into the incubation medium.  The authors
concluded that there may be fewer calcium-binding or transport sites in
the mitochondrial membranes of hearts from trained animals.

To investigate this, Asimak15246 first used ruthenium red, a
selective inhibitor of energy-supported calcium transport into mitochondria,
and found half-maximum inhibition of calcium uptake occurred at lower
concentrations of this agent, in myocardial mitochondria isolated from
trained as compared to control dogs. His interpretation was that this

indicated that trained hearts had fewer calcium transport sites but those
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that were present were used more efficiently. To explain the inability
of trained mitochondria to maintain high levels of endogenous calcium,
Asimakis suggested that this could be due either to structural alterations
in the inner mitochondrial membranes or to reduced levels of intra-
mitochondrial adenine nucleotides. His preliminary studies suggest

that mitochondria from running~trained dogs do indeed have reduced

levels of intramitochondrial adenine nucleotides, partfcu]arly ATP;

Penpargkul, Schwartz and Scheuer‘]82

also found that swimming-
training did not alter mitochondrial ADP/O ratios, RCI or 002 (state 4)
with glutamate/malate or succinate as substrates. Although QO2 (state 3)
was significantly lower in mitochondria from trained animals, as the
mitochondrial protein content of these hearts was increased (section 2.3B),
these authors concluded that absolute State 3 oxygen uptake rates were
probably not decreased in mitochondria from trained animals. No
differences were observed in the rates of ejther energy-independent
calcium binding or respiratory-supported calcium uptake either in the
absence of ATP, or at low concentrations of ATP or ADP. In contrast

to the 2 studies reviewed above 58246

these authors did not find that
mitochondria from trained animals were unable to retain endogenous calcium.
They suggested that this discrepancy might be explained on the basis of
differences in either the animal species or the severity, or type of
training (swimming versus running) used in the respective studies.

In the final study using this model, Carey, Tipton and Lund]52
isolated mitochondria from hearts of trained and control animals after
they had been exposed to between 90 and 150 minutes hypoxia in vivo. No

differences between trained and control hearts were found in oxygen uptake

rates, RCI, ADP/0 ratios or mitochondrial ATPase activities (section 2.3B).
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Isolated myocardial sarcoplasmic reticulum.

Penpargkul and his colleagues found that cardiac microsomes
enriched in fragmented sarcoplasmic reticulum jsolated from swimming-trained

247 and fema]e]99

male rats had significantly greater capacities for both
calcium storage and calcium uptake than did microsomes from untrained
rats. In female rats, cyclic AMP and protein kinase stimulated calcium
uptake to the same degree in both trained and control animals, between
which groups there were also no differences in sarcop]ashic reticulum
ca™- and Mg++-act1vated ATPases (section 2.3B). In contrast, other
authors have not found that sarcoplasmic reticulum isolated from hearts

188 or rats200.248

of either running-trained dogs has increased capacities
for calcium uptake, and the most recent studies by Penpargkul and his
co]]eaguesZO] seem to be 1n'agreement with these findings. Mg++/Ca++—
activated sarcoplasmic reticulum ATPase activities were also unaltered
in the running-trained ratszoo’ZOI.

Sordahl and his coHeagues]88 did however find that the rates
of release of the previously bound calcium were significantly less in
microsomes from trained hearts and that when the experiments were terminated,
microsomes from trained dogs had not yet released all their bound calcium.
They concluded that training had altered sarcoplasmic reticulum function,
but the way in which these changes influence the regulation of bound

calcium remain uncertain.
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Isolated perfused rat heart model.

This model which is discussed in detail in Chapter 5, has been
used in relatively few studies of myocardial metabolism.

Using potassium-arrested isolated perfused hearts from trained and
control animals, Scheuer, Penpargkul and Bhan249 reported that there were
no differences in myocardial uptake rates of glucose or palmitate, or
in carbon dioxide production rates during perfusions with either of these
substrates. After palmitate perfusions,however, myocardial triglyceride
levels were significantly lower and incorporation of the radiocactive label
into triglyceride significantly higher in trained hearts, suggesting
increased myocardial turnover rates in the triglyceride pool in hearts
from trained animals.

Moreau, Guilland, Athias et a]ZSO found increased rates of
endogenous triglyceride and exogenous free fatty acid utilization in
isolated perfused hearts from swimming-trained rats. Unlike the study
reported by Scheuer, Penpargku] and Bhan249, in this study heart work
was not controlled and was significantly greater in hearts from trained
animals.

Under conditions of acute global ischaemia, Bersohn and Scheuer25]
found increased rates of lactate release from hearts of swimming-trained
rats suggesting that glycolytic rates had been increased by training.
During hypoxic perfusions, rates of lactate production, myocardial NADH
fluorescence, residual high-energy phosphate stores and myocardial
glycogen levels were not different between hearts from trained and control

anima]szsz.
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Intact animals.

This model has also been used rather infrequently for metabolic
studies.

Injection of isoproterenol into rats in vivo]S] caused a
greater decrease in myocardial glycogen levels in hearts, removed 30
minutes later, from swimming-trained than control rats, thereby suggesting
increased myocardial sensitivity to the glycogenolytic action of cate-
cholamines.

Studies of noradrenaline turnover by the intact myocardium
have been reviewed (section 2.3B). Wollenberger and his co]]eagueszzs’226
found that in response to acute, total myocardial ischaemia, cyclic AMP
accumulation was less in hearts from swimming-trained rats than it was in
control hearts. Carey, Tipton and Lund]S? reported no differences 1in
ATP, PCr or Tactate Tevels in hearts removed from trained and control
animals after periods of hypoxia and ischaemia in vivo. Mitochondrial
function under these conditions was also not influenced by prior training
(section 2.3C). In contrast, Degenring, Rubio and Ber‘ne]55 found Tower
ATP and higher AMP, adenosine, inosine and hypoxanthine levels in hearts
from swimming-trained rats exposed to 5 minutes ischaemia in vivo.

253 found that the myocardial uptake of

Parizkova and Poledne
injected radioactfve]y-]abe]]ed palmitate in vivo was increased in
running-trained rats. In untrained animals, more palmitate was deposited
in adipose tissue.

Very few metabolic studies using human subjects have been
reported.  Using the technique of coronary sinus intubation, Keu]254
studied arterial-venous substrate differences during and after bicycle

exercise in 6 trained cyclists. These results were compared to those

measured in 27 untrained, age-matched individuals. There were no
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differences between trained and control individuals in ejther oxygen
extraction rates, or rates of glucose or free fatty acid uptake either
at rest or during exercise. However, rates of lactate extraction were
increased in trained cyclists.

Heiss, Barmeyer, Wink et a]255

also found insignificantly
greater coronary arterial-venous lactate differences during exercise in
trained athletes. No differences in the rates of myocardial glucose or
free fatty acid extraction were observed. A major limitation to this
study was that the trained group was studied in the fed state, whereas

the control group had fasted.

Summarx

It is clear from the studies reviewed in this section, that the
myocardial metabolic adaptations to exercise training have been poorly
investigated. In part this may be explained by the major difficulties
posed by any studies measuring heart metabolism in vivo during exercise,

and the relative neglect of isolated preparations for these studies.

D. Myocardial functional adaptations to exercise training studied

in isolated tissue preparations.

Isolated papillary muscles.

Isolated papillary muscles contracting either isotonically or
isometrically have been used by several investigators to study myocardial
function after exercise trainingzss. In this model, ventricular papillary
muscles are excised and mounted by their two ends in a muscle bath; one

muscje-end being attached to a force transducer. Electrical depolari-
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zation of the cell stimulates the muscle to contract and the following
measurements are conventionally recorded:

peak developed tensions (PDT), the maximum rates of tension development
(Max +ve dT/dt), the maximum rates of relaxation (Max -ve dT/dt), times
from the onset of contraction to peak developed tension (TDT) and the
time for tension to fall from its peak to one-half peak developed

tension (3RT). These parameters can be measured either from an initial
muscle length that induces the optimum sarcomere length (L max) or, if

a tension/length curve is to be studied, at a series of djfferent muscle
lengths up to and exceeding L max. Force/velocity curves are generated
when the muscle contracts isotonically against different loads. The
idealized maximum shortening velocity (V max) is obtained by either
graphical or mathematicai extrapolation of the force-velocity curve to
zero load, whereas the maximum developed force (Po) is that maximum force
developed isometrically whén_the muscle contracts without shortening.
When this model has been used to study the myocardial functional adaptations
to exercise training, decreased256, unchanged]90’224’257’258 and

189,193,194,216 ,244 ,259

increased muscle contractility have all been

reported.

256 found tHat both papillary muscles and

Thus, Nutter and Fuller
left atrial appendages from hearts of running-trained rats had lower peak
developed tensions (PDT) and lower maximum rates of pressure development
when contracting isometrically at L max. Contractile dose-response
curves to either calcium or norepinephrine were not different between

trained and control papillary muscles, nor were their respective functional

responses to hypoxia. With detraining, these functional differences were

lost.
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190 257

Grimm, Kubota and Whithorn , Williams and Potter and

228,258 pave al reported unchanged papillary

Amsterdam and his colleagues
muscle function from the heartsof respectively, running-trained rats, cats,
and swimming-trained rats. In contrast to the findings of Nutter and FuHer256

the latter authors224

reported that papillary muscle function was better
maintained in trained hearts during hypoxic perfusions.

In contrast to these studies, others have reported enhanced
papillary muscle function after training. Whitehorn and Gm'mmenga]89
reported that isolated columna carnae from swimming-trained rats developed
greater tensions at any given diastolic lengths and that their "total

194 found

work capacity was elevated". Steil, Hansis, Hepp et al
significantly increased peak developed tensions and maximum rates of
tension deve]opmeht in trabecular muscle from swimming-trained rats
whereas Kammereit, Medugorac, Stell and Jacob]93 also reported signi-
ficantly greater peak developed tensions, maximum isometric forces and
maximum instantaneous powers in trabecular muscles from swimming-trained

rats. Tibbits, Koziol, Roberts et a]2'®

found increased maximum isometric
forces in isolated papillary muscles from running-trained rats. In
addition,when exposed to 0,5 mM lanthanum, a substance that displaces
calcium from the basement membrane and inhibits calcium influx, the time
“course for developed tension to fall to half Po was significantly prolonged
in the trained hearts. These authors postulated that either

(1) there was more intracellular calcium in the trained hearts, or

(1) there was more calcium to displace from the extracellular anionic
sites or (iii) diffdsiona] barriers reduced the binding of lanthanum to

the basement membranes of papillary muscles from trained rats.

Wyatt, Chuck, Rabinowitz et a1244 reported that under control

conditions the only difference in contractile function between papillary
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muscles from trained and control rats, was that the former developed
significantly greater peak forces when contracting isometrically at L max.
In response to isoproterenol infusions, the increases in isometric stress
and in the rate of rise of stress, and the decreases in time-to-peak force,
were all significantly greater in the trained group. Under these
experimental conditions adenyl cyclase activity was, as reviewed in

the previous section, significantly greater in papillary muscles from

257 did not find that noradrenaline infusions

trained rats. Others
magnified mechanical differences between trained and control papillary
muscles.

Mo]e259

reported that peak developed tensions at L max, maximum
shortening velocities and maximum jsometric tensions were significantly
greater in papillary muscles from swimming-trained rats. Isoproterenol
increased the maximum rates of tension development in both groups, but

the increase was significantly greater in the trained group. Mole contends
that the failure of other workers to find significant training-induced
changes in papillary muscle functidn may be because these differences are
small and require large numbers of hearts and careful tethniques if they

are to be statistically-proven.

In none of the studies reviewed above, was there evidence of

changes in the passive properties of the isolated papillary muscles.

Isolated retrograde (Langendorff) perfused rat hearts.

In this preparation first described by Langendorff in 1895
(Chapter 4) the aorta of the isolated heart is mounted on a single cannula
and the heart is perfused retrogradely via the aorta. Although the heart

beats spontaneously the left ventricle does not eject fluid and its
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metabolic rate is therefore low.

For a number of reasons, but principally because the working rat
heart model (see below) offers far greater scope for the study of myocardial
training adaptations, the Langendorff perfusion system has been intensively
used only to study the bradycardia of traim’ng229 (section 2.3G). The
only study in which this model has been used to study the effects of
exercise training on myocardial function is that of Scheuer and Stezoskizsz,
who investigated the effects of swimming-training on the myocardial
metabolic (section 2.3C) and mechanical responses to hypoxia. They
found that both during and immediately following hypoxia, rates of
coronary flow and of 1eft ventricular pressure development were signi-
ficantly greater and left ventricular end-diastolic pressures significantly

lower, in hearts from trained animals.

Isolated perfused working rat hearts

In this model (Chapter 4) the heart is initially mounted on an
aortic cannula. Thereafter, the left atrium is attached to a second
cannula via a pulmonary vein. In this way,the left side of the heart
is maintained in continuity with an external perfusion circuit, so that
re-circulating fluid which-enters the left atrium, passes into the left
ventricle from where it is spontaneously ejected into the external circuit.
Thus in this model the heart performs external, quantifiable work.

In 1970, Penpargkul and Scheuer260

showed that isolated working
hearts from rats trained with a moderate swimming programme developed
greater stroke volumes, calculated stroke work and maximum rates of left
ventricular pressure development in response to either rapid atrial
pacing or to increases in atrial filling pressures. Rates of myocardial

Oxygen consumption and coronary flow were also higher in hearts from
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trained rats. When the aortic tubing was briefly clamped to induce
isovolumic contractions, peak left ventricular pressures and maximum rates
of left ventricular pressure development were also significantly higher
in hearts from trained animals. These authors concluded that trained
hearts had superior pumping capacity and greater aerobic and mechanical
reserve due,at least in part,to improved mechanisms of oxygen delivery
(i.e increased coronary flow rates).

In the next study from this group, Scheuer and Stezoski252 found
that altheugh stroke volumes and coronary flow rates were not different
from control values, peak left ventricular systolic pressures and maximum
rates of left ventricular pressure development during both normal and
isovolumic beats were, as in their previous study, significantly higher
in hearts from trained animals. During hypoxic perfusions, these
differences were maintained and the cardiac outputs of trained hearts also
became significantly greater.

Subsequently these authors have shown that hearts from swimming-
trained rats have enhanced actomyosin and myosin ATPase activities
(section 2.3B). To compare the effects of deconditioning on heart function
and actomyosin ATPase activities, workers from this group209 measured
both these parameters in control rats, and in rats who had either
trained for 8 weeks, or who had undergone 2 weeks' detraining following a
similar 8-week training programme. After the initial training period,
hearts from trained rats had significantly greater cardiac outputs, rates

of coronary flow and myocardial oxygen consumption and maximum rates of

left ventricular relaxation (LVm

: . 252, Lo : .
previous studies 260, there were no significant inter-group differences

ax~ve dP/dt). In contrast to their

in either peak left ventricular systolic pressures or maximum rates of

Teft ventricular pressure development. After 2 weeks' detraining, these
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mechanical differences had disappeared with the exception that at the
highest atrial filling pressures, rates of coronary flow and myocardial
oxygen consumption remained significantly higher in trained hearts.
Actomyosin ATPase activities paralleled these differences in heart
function, being significantly higher-after the 8-week training programme
and returning to control values after 2 weeks'detraining. The temporal
relationship between these mechanical and biochemical changes was
considered suggestive of a causal relationship.

Another possible explanation for the superior function of the
trained hearts and one which was not specifically excluded by these studies,
was that ventricular dimensions had been altered by training. To

specifically study this, Bersohn and Scheuer26]

developed a dye-dilution
technique to measure end-diastolic volumes in isolated perfused hearts.
When used in conjunction with an electromagnetic flow. probe built into the
aortic cannula, it was possible to calculate left ventricular volumes,
ejection fractions, and the velocities and extents of muscle fibre shorten-
ing.

When hearts from trained and control animals were compared
using this technique, it was found that at atrial filling pressures up to
15 cm H20, end-diastolic volumes were not different between groups.
However, mechanical function measured as stroke volumes, ejection fractions,
peak left ventricular pressures, peak aortic flows, durations of contractile
element shortening and the extents and maximum velocities of circumferential
fibre shortening were superior in trained hearts at these atrial filling
pressures, indicating enhanced intrinsic myocardial contractility independent
of increased left ventricular dimensions (Frank-Starling mechanism). At
atrial filling pressures of 20 cm H20, end-diastolic volumes were slightly

greater in trained hearts and the intergroup differences in mechanical
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function were further amplified.

More recently Schaible and Scheuer262

have used this apparatus
to compare myocardial functional adaptations that result from either
swimming- or running-training. They found that although the adaptations
to either training method were similar, there were certain quantitative
and qualitative differences. Thus although the maximum rates of left
ventricular relaxation were higher in hearts from swimming-trained than
from control rats, there was no difference when values from running-
trained and control rats were compared. Thus swimming training may have
a specific effect on myocardial relaxation, which is not produced by
running.

Despite this difference, stroke work, maximum powers, ejection
fractions, maximum velocities and extents of circumferential fibre shorten-
ing were significantly increased in hearts from anima]; trained by either
exercise mode. Myocardial efficiencies at atrial filling pressures of
15 and 20 cm H,0 were also significantly greater in hearts from either
training group. Despite greater stroke volumes and rates of fibre short-
ening, maximum rates of left ventricular pressure development were not
significantly greater in either trained group than they were in control
hearts. The authors considered that this could be explained if the
most important mechanical adaptations to training relate to fibre shortening
phenomena rather than to changes in rates of pressure development.  Thus
they suggested that indices of isovolumic contraction might be insensitive
measures of training-induced myocardial adaptations.

Bersohn and Scheuer251

have also compared the effects of global
ischaemia on myocardial performance in swimming-trained and control animals.
Global myocardial ischaemia was produced by placing in the aortic line,

a one-way valve which prevents diastolic coronary flow. During global
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ischaemia, hearts from trained animals maintained significantly greater
stroke volumes, peak left ventricular systolic pressures and rates of
left ventricular relaxation. End-diastolic pressures were also signif-
icantly lower in trained hearts. When the obstruction to diastolic
coronary flow was removed, rates of coronary flow and myocardial oxygen
consumption were significantly greater in hearts from trained animals.

Moreau, Guilland, Athias et al%°2

have also reported significantly
greater cardiac outputs, left ventricular systolic pressures and coronary

flow rates in isolated working hearts from swimming-trained rats.

E. Myocardial functional adaptations to exercise training studied

by non-invasijve evaluation of the "in situ" heart.

The non-invasive eva]uatfon of the intact heart in trained sub-
jects has largely been limited to humans. The principle study methods
have been heart rate measurements by palpation or electrocardiography;
auscultation combined with phonocardiography to evaluate cardiac murmurs
and additional heart sounds; radiography to assess heart sizes; echo-
cardiography to determine heart sizes and resting and exercising cardiac
function; phonocardiography and electrocardiograph to determine systolic
time intervals; and respiratory gas analysis during "rébreathing" for the

measurement of cardiac outputs (indirect Fick principle).

Clinical examination .

Heart rate .

That highly trained endurance athletes have slow resting heart

rates has been realized at least since 1927.263

264

In 1929, Bramwell and
ETTis reported that resting heart rates of Olympic marathon runners were

15-20 beats/min slower than those of Olympic wrestlers. Similar



63

5 266

observations were made by Hoogerwerf26 and in 1942, White reported

heart rates below 40 beats/min in 3 long distance runners. The Towest
documented heart rate in a healthy endurance athlete is 28 beats/m1n267.
The mechanisms that are believed to underlie this training bradycardia are

discussed in section 2.G.

Cardiac murmurs and added heart sounds.

The frequency with which highly-trained endurance athletes
exhibit cardiac murmurs and added cardiac sounds has unfortunately not
always been appreciated. The famous American marathoner Clarence de Mar
("Mr. DeMarathon") was prevented from competing in marathon races for 9

years because he had a cardiac murmur268. Phonocardiographic evaluation

subsequently revealed the presence of an early diastolic 3rd heart sound]O].

At autopsy]O]

,» there were no cardiac abnormalities that would explain this
added sound which was considered to be due to ventricular filling.  (When
he chose to ignore his doctor's advice and returned to marathon running,
winning a still unequalled 7 Boston Marathons, De Mar remarked that "I
think that the doc must have been Tistening to his own heart")268.

A review of the literature reveals that abnormal cardiéc sounds

263

are extremely common in endurance athletes. Deutsch and Kauf noted

this, and in 1931 Bramwell and E11is26°

reported a “curious prolongation of
the first heart sound, not unlike the crescendo murmur of mitral stenosis"
in 12 Olympic athletes, 9 of whom were endurance athletes (3 marathon
runners, 3 long distance runners and 3 cyclists). Two marathon runners
had a "definite reduplication of the first heart sound at the apex" - a
finding not noted in any other athletes. In several other marathoners

the first heart sound was reported to be "definitely prolonged".

Gott, Roselle and Crampton270 reported the presence of a



64

systolic ejection murmur in a champion oarsman and referred to an American
study showing that 40% of young athletes have systolic murmurs. Singh,

Crampton and Horgan27]

found that 8 (80%) of 10 high performance athletes
referred for the clinical evaluation of possible heart disease had grade
1-2/6 ejection systolic murmurs and third heart sounds, whilst 5 (50%) had
fourth heart sounds. Cardiac disease was not present in any of these
athletes. Crampton and Lavine272 reported that 11 (73%) of a 15-member
champion lacrosse team had systolic heart murmurs and third heart sounds

at rest. One athlete also had an early diastolic mitral murmur. Parker,

Londeree, Cupp and Dubie]273

reported that in a group of 12 long distance
runners, all had third heart sounds and 7 (58%) also had fourth heart
sounds. In addition, 6 runners (50%) had grade 1-2/6 systolic murmurs

in the pulmonary area. Double apex beats were also palpated fn 7 runners
(58%).

Ikaheimo, Palatsi and Takkunen274

also studied 12 long distance
runners and reported third heart sounds in 8 (75%) and fourth heart sounds
in 5 (41%). Of ten spfinters also studied by these authors, 6 (60%) had
third and 5 (50%) fourth heart sounds. These authors noted that fourth
heart sounds were found only in those athletes who also had electrocardio-
graphic evidence of left atrial hypertrophy.

Using phonocardiography, Roeske, 0'Rourke, Klein et a1275
reported that 96% of a group of American professional basketball players
had third, and 56% fourth heart sounds. In 12 marathon runners, Zoneraich,

Rhee, Zoneraich et a1276

found 2 (16%) with third hearts sounds, and

3 (25%) with apical systolic murmurs confirmed phonocardiographically.
Sixteen (66%) of 24 male and female professional ballet dancers277 had
third, and 5 (20%) had fourth heart sounds. Seven (29%) dancers also had

grade 1-2/6 early- to mid-systolic murmurs.
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Electrocardiography.

Besides resting bradycardia, there is no specific electrocardio-
graphic finding that typifies the heart of the athlete. Rather, the
athletels electrocardiogram has aroused interest because it may frequently
contain patterns that closely mimic those seen in ischaemic and other
forms of heart disease. These changes are discussed in detail in 2

recent review5278’279

and fall beyond the scope of this review.

Although some have suggested that changes in the size of the
S wave during exercise may indicate alterations in heart function and
therefore potentially distinguish the effects of training on the heart280,
others have found no correlation between electrocardiographic changes during

exercise and changes in heart function as measured by radionuclide cineangio-

graphyzg].

Radiograghx.

A number of studies have commented on the radiographic appearance

263,282-284 These studies have re-

of the hearts of trained sportsmen
ported on either diastolic heart sizes (as determined by measurements of the
cardiothoracic ratio) or diastolic volumes (measured as the area of the

heart shadow taken from postero-anterior and lateral views) in trained

persons, usually endurance athletes. With few exceptions these studies
have reported increases in both heart size and diastolic volumes. In
263

their manuscript Deutsch and Kauf noted that the principal factors
determining heart size in athletes were the type of sport, the age of
the athlete, and the number of years in active training. Rowers,
swimmers , skiers, runners and soccer players had the largest hearts, but
even in these athletes, Deutsch and Kauf considered that the degree of

enlargement was not great, nor was it dangerous. They concluded that
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this cardiac enlargement was due to ventricular dilatation, because
forceful apical thrusts, a sign suggestive of left ventricular hyper-
trophy, were seldom found in these athletes. Reindell, Roskamm and

Steim285

also concluded that these radiographic changes indicated
ventricular dilatation rather than hypertrophy, an interpretation, the
correctness of which has recently been confirmed in a number of echo-
cardiographic studies (see following section).

284

Medved and Medved also noted a relationship between body

weight and heart volume in athletes - the heaviest athletes had the largest

radiographic heart volumes, whilst View19286

has described a family, 3 of
whose members had prominent radiographic left ventricular “hypertrophy"
without their ever participating in particularly vigorous endurance exercise.
He suggested that there may be a familial predisposition to left ventric-
ular “hypertrophy" occurring in response to even quite mild physical

activity.

Echocardiography.

Echocardiographic evaluation of cardiac structural adaptations

to exercise training.

The recent introduction of echocardiography has permitted the
detailed non-invasive evaluation of the structural cardiac changes that
result from exercise training.

Morganrott and his co]1eague5283’287

were the first to report
echocardiographic studies of the hearts of athletes proficient in either
dynamic (running, swimming) or static (shot putting, wrestling) exercises.
They found that the hearts of athletes who trained with dynamic exercises
had increased left ventricular masses and left ventricular end-diastolic

volumes but without increases in left ventricular wall thicknesses. In
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contrast, the hearts of athletes trained with static exercises had increased
left ventricular masses and increaéed left ventricular wall thickness but
without any changes in left ventricular end-diastolic volumes. These
authors concluded that training with dynamic exercises produces cardiac
changes similar to those found in pathological conditions associated with
chronic volume overloads, whereas the cardiac changes produced by static
exercises are compatible with those found in conditions of chronic pressure

273,274,276 ,288-292 have con=-

firmed these findings in both long distance runners and weight 11fter5292.

overload. A number of subsequent reports

Echocardiography has also been used to study the hearts of

Olympic cross-country Skier5293 204

275

, childhood swimmers
295,296

, professional

basketball players , professional cyclists

277

, male and female

and female hockey p]ayer5297. A1l these

professional ballet dancers
studies confirm that the principal effect of dynamic exercise training is
to increase left ventricular internal dimensions. Left atrial enlarge-
ments, larger relative diameters of the aortic roots and greater diameters
of the left ventricular outflow tracts have also been reported in long

274,276,289 274

distance runners As Ikaheimo, Palatsi and Takkunen found

an apparent correlation between left atrial diameter and left ventricular

wall mass, they postulated that the left atrial dilatation was caused by

reduced left ventricular compliance resulting from left ventricular

hypertrophy. Underwood and Schwade have expressed a similar opinionzgg.
Longitudinal echocardiographic studies have also been performed

to determine how rapidly these training-induced myocardial structural changes

appear and alternatively disappear when training is stopped. DeMaria,

298

Neumann, Lee et al showed that a walking/jogging programme performed

at 70% of maximum oxygen consumption, 4 hours a week for 11 weeks, caused
increased left ventricular end-diastolic dimensions and calculated left

ventricular masses. Ehsani, Hagberg and Hickson299 reported that a
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maximum increase in left ventricular end-diastolic dimensions had already
resulted after a single week of intensive swimming training and that no
further increases occurred during an additional 2 months' training. In
contrast, left ventricular posterior wall thicknesses did not increase
until the fifth training week but increased no further during the remainder
of the training programme. Detraining studies were also performed in a
group of 6 distance runners. After 3 weeks without exercise, left
ventricular internal dimensions, left ventricular posterior wall thick-
nesses, and estimated left ventricular masses had all decreased signifi-
cantly.

In a cross-sectional study which has relevance to these longi-

tudinal studies, Nishimura, Yamada and Kawai296

compared the echocardio-
graphic and electrocardiographic findings in 3 successive age-groups of
professional Japanese cyclists. All 3 groups had enlarged left ventri-
cular end-diastolic dimensions but only the oldest group of cyclists

(40 - 49 year olds who had trained intensively since ages 18-20) had
significantly increased interventricular septal and left ventricular
sosterior wall thicknesses. Electrocardiographic abnormalities were also
more common in this group as was the incidence of significantly depressed
resting left ventricular function. Thus high intensity dynamic exercise
maintained through middlie-age may cause additional structural adaptations

not apparent in short-term longitudinal studies, or in cross-sectional

studies of younger athletes.

Echocardiographic evaluation of cardiac function at rest

and during exercise.

From the resting echocardiogram, ejection fraction and rates of

fibre shortening can be calculated. In trained athletes, ejection
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fractions or rates of myocardial fibre shortening have been reported

273,288,296 ,298,300 272-275,289,301,302

increased » normal or slightly

decreasedzgo’zg]’zgs.

Resting stroke volumes were found to be significantly greater

289 273’276, in distance

» in professional basketball p]ayer5275, in

298,301-303

in elite distance runners , in marathon runners

. 2
runners and swimmers 87

296 277

cyclists™ ", in joggers and in proféssiona] ballet dancers
than in non-athletic controls.
In longitudinal studies, Wolfe, Cunningham, Rechnitzer and

302 found that 3 to 6 months of mild jogging (13 km/week) caused

Nicol
significant increases in resting stroke volumes, due to increased end-
diastolic volumes without there being any change in the velocities of
circumferential fibre shortening. Fourteen weeks' interval training
also increased resting stroke vo]umes303.

Recently, dynamic exercise echocardiography has been developed

304 305

to evaluate heart function during either supine or semi-supine

exercise, but this technique has not as yet been used to study athletes.
Sugishita and Koseki304 repdrted an excellent correlation between cardijac
outputs measured echocardiographically and those measured by the conven-
tional dye-dilution technique. Furthermore, changes in mean velocities
of left ventricular circumferential fibre shortening during exercise
discriminated between both young and older healthy men, and between those
with and without mild or severe left ventricular dysfunction.

Weiss, Weisfeldt, Mason et a1305

used this technique to study
healthy volunteers during semi-supine exercise and showed that at increasing
workloads and heart rates, the mean velocity of myocardial circumferential
fibre shortening increased. End-diastolic volumes increased only when

heart rates exceeded 110 beats/min, indicating that only at higher heart
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rates does the heart utilize the Frank-Starling mechanism to increase

stroke volume.

Phonocardiographic/electrocardiographic evaluation of

systolic time intervals.

Simultaneous measurement of the electrocardiogram, the carotid
pulse and the phonocardiogram allows the calculation of systolic time
intervals (STIs) which have been used by a number of investigators as a
non-invasive method for evaluating left ventricular function in trained
and control individua1s306.

The systolic time intervals most commonly measured are the
duration of electromechanical systole (Q-Sz), left ventricular ejection
time (LVET), pre-ejection phase (PEP) and diastole (D). The Q-S2 duration
is taken as the time from the onset of ventricular depolarization on the
electrocardiogram to the end of contraction as represented by the aortic
component of the second heart sound on the phonocardiogram. Left
ventricular ejection time is measured from the onset of the-carotid up-
stroke to the nadir of the pulse wave and is taken to represent the period
durfng which blood is ejected from the left ventricle. The duration of
the pre-ejection phase (PEP) represents the time from ventricular depolari-
zation to the onset of ejection and is calculated as the difference between
total electromechanical systole and left ventricular ejection time.
Diastole lasts from the conclusion of ventricular contraction, indicated
by the aortic component of the second heart sound, to the onset of the
ventricular depolarization in the next complex (SZ—Q).

Most306 276,289

but not all studies have shown that at rest,
those who participate in regular physical activity have increased durations

of electromechanical systole, and Tonger left ventricular ejection times
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and pre-ejection phases. Prolongation of these intervals has been related
to the bradycardia of training and is believed to reflect either improved
myocardial function or efficiency.

A number of studies have also measured systolic time intervals
either during or immediately after exercise in trained and control subjects.
A1l these studies are however open to the criticism that heart rates during
exercise were not equal in the two groups, thus the data from each group
are not really comparable. To overcome this criticism Wolfe, Cunningham,

Davis and Rosenfe]d306

studied both the systolic time intervals and cardiac
outputs (measured non-invasively using the CO2 rebreathing technique
described in the following section) at the same heart rates in groups
classified as average, moderate and high-fitness. They found that at the
same exercising heart rates, the high-fitness group had slightly shorter
pre-ejection periods, longer left ventricular ejection times, larger stroke
volumes and faster mean systolic ejection rates than did the less-fit
subjects.  They concluded (i) that the duration of the pre-ejection phase
is a poor index of cardiovascular fitness because it differs only slightly
in groups showing greatly different cardiovascular fitnesses, (ii) that

the longer left ventricular ejection times in the high-fitness group
reflected mainly their greater stroke volumes, for which enhanced myocardial
performance (calculated as mean ejection rates)* partially compensated as
these rates were higher at all heart rates in the high-fitness group, and
(i11) that the inter-group differences in systolic time intervals were too
small to make them useful indicators of differences in cardiovascular
function.

*Footnote: Mean ejection rates were calculated as stroke volumes divided

by Tleft ventricular ejection times. .
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Rebreathing technique for the measurement of cardiac

outputs during exercise (indirect Fick principle).

307

In 1870, Adolph Fick made the observation that blood flow

could be calculated according to the equation

F o= 0

A -V

where, for example, F equals Tung blood flow per unit time, 0, the oxygen
consumption per unit time, and A and V the oxygen contents of arterial
and venous blood respectively. The same formula applies if a foreign
substance is introduced into the blood stream either by injection or
inhalation, or if.a substance is either removed or added to the bloodstream,
at a known rate by, for example, the liver or the kidney. In each case,
the blood flow to that organ can be calculated from the relation between
the rate of its removal or addition, and the difference between the amount
of that substance contained in units of arterial and venous blood.

In 1903, Loewy and von Schrbtter308

realized that the lungs
could be used as an aerotonometer to measure the oxygen or carbon dioxide
tensions of arterial and mixed venous blood so that cardiac output could
be measured non-invasively. For both physiological and technical reasons
however, most attention has been directed to calculations involving carbon
dioxide tensions309. Thus arterial partial carbon dioxide pressure (PCOZ)
can be calculated from respiratory end-tidal PC02, whilst mixed venous PCO2
is calculated from the exponential rise in the CO2 content of expired air,
during the first few seconds of rebreathing a C02:02 mixture.

Using the rebreathing technique, Andrew, Guzman and Beck]ake310
and Douglas and Beck]ake3]] reported that after 4 months' hockey training,

12 subjects had reduced heart rates and cardiac outputs at equivalent
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submaximum workloads. As oxygen consumption rates were unchanged, arterjal-
venous oxygen differences during exercise must have increased with training.v
The latter group also found that during maximum effort, cardiac outputs

were unchanged after training. In a group of 10 male cardiac patients,

Woodhouse, Hathirat, Jensen et a1312

reported decreased cardiac outputs

and increased arterial-venous oxygen differences during submaximum exercise
after 8 weeks'training. In cardiac patients enrolled in the Ontario
Exercise-Heart Collaborative study Paterson, Shephard, Cunningham et a1313
found that stroke volumes during submaximum exercise increased only after

6 months' high intensity exercise training.

F. Myocardial functional adaptations to exercise training

studied by invasive evaluation of the intact heart.

The unanaesthetized chronically-instrumented animal.
215,239,314

Stone and his colleagues have been the principal
investigators to use this model. Their experimental techniques were

as follows: prior to the commencement of training, thoracotomies were
performed and electromagnetic flow probes positioned around the ascending
aortas of dogs. Polyvinyl catheters were passed through the left atrial
appendages into the left atria and solid-state pressure transducers were
positioned in the left ventricular chambers through incisions in the apices
of the dogs' hearts. The catheters and transducer leads were exteriorized
and the dogs allowed to recover for 4 weeks before treadmill-training
commenced. Heart function was studied in the dogs at rest, and during
exercise, when they were untrained, partially- and fully trained.

The principal findings of these studies were as follows:

(1) In the trained state, with the dogs 1xﬁng quietly on the




(1)

(ii1)

- has subsequently been re-confirmed
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laboratory table, peak left ventricular pressures and maximum
rates of left ventricular pressure development were signi-
ficantly reduced, resting heart rates unchanged, and cardiac
outputs and stroke volumes significantly 1ncreased314.

In the trained state, with the dogs standing immediately prior
to the treadmill exercise test, heart rates were significantly
Tower, peak left ventricular pressures unchanged, and cardiac
outputs and maximum rates of Teft ventricular pressure develop-
ment were significantly 1ncreased3]4.

In the trained state during submaximum treadmill exercise,

peak Teft ventricular systolic pressures and maximum rates of
left ventricular pressure development, were significantly higher,
and heart rates significantly lower. Furthermore, whereas in
both the untrained- and the partial-trained states there had

been Tinear relationships between exercising heart rates and
maximum rates of left ventricular pressure development, when

the fully-trained dogs exercised at heart rates above 180 beats/
min, there was a sharp non-linear increase in the maximum rates

of left ventricular pressure deve]opment:”4

215

» & finding which
Cardiac outputs and
stroke volumes were also higher at equivalent workloads in the
trained state, but of these)on]y one cardiac output value was
statistically significant.

Ventricular function curves were obtained by rapid volume loading
with a warm Tyrode's solution infused through an additional
catheter positioned in the right atrium by percutaneous puncture
of the right external jugular vein. In response to volume

loading, ventricular function was depressed in the training
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state because,at all mean left atrial pressures above 9 mmHg,
heart rates and cardiac outputs rose significantly less in the
trained state. Stroke volumes were insignificantly Tower in the
trained state during volume loading.

Cardiac responses to g-stimulation with four different doses of
isoproterenol were also studied in a group of dogs in whom
additional flow probes had been placed around their left circum-
flex coronary_arter1e5239. Although there were no differences
in the heart rate résponses to isoproterenol infusion, cardiac
outputs, stroke volumes, circumflex coronary artery flows and
maximum rates of left ventricular pressure development were all
significantly greater in the trained state.

In érder to measure heart sizes, radio-opaque dye was jnjected
into unanaesthetized dogs, through the indwelling left atrial
catheterssunder conditions of controlled heart rates. It was
found that after 4 weeks'training, ventricular volumes had
increased by 30% but there was 1ittle change in calculated left
ventricular masses. Over the next 4 weeks, left ventricular
volumes increased a further 12%, while left ventricular wall
thicknesses increased 28%. (A similar pattern of structural
changes has also been reported in longitudinal echocardiographic

studies299

- Section 2.3E).

Rates of coronary flow were also studied at rest, during
exercise, and during atrial pacing. It was found that after
between 22 and 34 days treadmill-training, atrial pacing caused
significantly greater coronary flow rates particularly at the

higher heart rates, than had been present in the untrained state.

However after a similar training period coronary flow rates
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during exercise, were lower at any given workload than they had been
in the untrained state. But after a further 4 weeks training,
coronary flow rates during exercise were the same as they had been

in the untrained state.

The conclusions from these studies may therefore be re-summarised

Cardiac reserve was increased in the trained state - as shown by
the greater peak cardiac outputs and stroke volumes after
training, .

Myocardial contractility, measured as increased maximum rates
of left ventricular pressure development and peak left ventric-
ular pressures, 1in trained dogs during maximum exercise was

also increased. Stone239

postulates that this may be due to

a selective increase in the autonomic inotropic influence on

the myocardium. The evidence for a selective increase in
inotropism was the sudden non-linear increase in maximum rates
of left ventricular pressure development at heart rates above

180 beats/min in the trained state. Stone suggests that this
could be due to changes in central nervous system command and
concludes that the overall effect would be to reduce the energy
requirements of the heart during maximum exercise. However as
left ventricular end-diastolic volumes were not reported, the
alternate possibility that at high heart rates only trained hearts
are able to activate the Frank-Starling mechanism (section 2.3F -
Radionuclide cineangiography) cannot be excluded.

The reflex response to volume loading was also altered by

training because in the trained state, heart rates remained

essentially unchanged during volume loading. Although the
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exact neural pathways subserving this reflex are unknown, the
efferent pathways are believed to run either via the vagi or
sympathetic nerves.  Stone suggests that increased vagal
activity might explain the reduced heart rate response to

volume loading in the trained state.

Other studies using the chronically-instrumented dog model
have not been as complete as those of Stone and his colleagues, but they
are mentioned here for the sake of completeness.

Using this model, Barnard and his co]]eagueszm’315 have
presented preliminary data showing increased maximum cardiac outputs, stroke
volumes, and maximum rates of left ventricular pressure development during
treadmill exercise in trained dogs. Maximum coronary flow rates were
however not increased by training but both at rest, and during submaximum
exercise, coronary flows were lower after training.

In a report which does not include an adequate control group,

Carew and Coveﬂ:ﬂ6

studied resting heart function in greyhounds who had
recently “retired" from racing. During thoracotomies, high fidelity
micromanometers were placed in the left ventricle and two ultrasonic
crystals were placed on the endocardial surfaces of the minor axis of each
left ventricle. Left ventricular function was studied 7 to 50 days later,
at rest and in response to volume loading with infused dextran. When

these results were compared to values previously obtained in that laboratory
in untrained non-greyhound dogs, there were essentially no differences in
either maximum rates of left ventricular pressure development or mean rates
of circumferential fibre shortening either at rest or during volume loading.
In response to volume loading, heart rates increased significantly more in

the greyhounds than had previously been observed in other dogs studied in

that laboratory. Left ventricular diastolic stiffnesses plotted as the
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relationship between volumes and pressures during dextran loading, were not

different between the groups.

The open- or closed-chested anaesthetized animal preparation.

Studies of left ventricular function.

A number of workers have used this model to study the effects
‘of exercise training on the heart.

Crews and A1d1'nge1r'3]7

studied Teft ventricular function using

a strain gauge attached to the left ventricle, and showed that developed
isometric tensions were not different under control conditions between
hearts from swimming-trained and control rats. But in response to
increased end-diastolic tension, trained hearts developed greater isometric
tensions indicating to the authors that "the physiologically hypertrophied
rat heart is capable of a greater work performance than the normal heart".
However, in response to adrenaline or isoprenaline infusions, trained
hearts developed less isometric tension than did control hearts.

Carey, Tipton and Lund152

did not find any differences in the
resting rates of left ventricular pressure development measured by an
interventricular catheter inserted into hearts of swimming-trained and
control rats under conditions of either normal oxygenation, or in response
to myocardial ischaemia induced by surgjcal lTigation of the anterior
descending coronary artery. In response to hypoxia, hearts from trained
rats showed a less rapid decline in myocardial performance because they
maintained higher heart rates, peak left ventricular systolic pressures
and maximum rates of left ventricular pressure development. The heart

rate/left ventricular pressure products were also significantly higher in

trained hearts at most times during hypoxia. During ischaemia this pattern
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was reversed because the mechanical performance of the trained hearts was
significantly worse than that of the untrained hearts. Biochemical studies
reviewed in section 2.3C were also performed but could not explain the
observed functional differences.

Dowell, Cutiletta, Rudnik and Sodt]83 also found no differences
in resting myocardial function measured as heart rates, left ventricular
systolic pressures, left ventricular end-diastolic pressures, contractility
indexes (dP/dt)P'] or cardiac or stroke indexes between hearts from
swimming-trained and control female rats. In response to sustained
increases in aortic pressures produced by aortic banding for from 1 to 3
days, trained animals maintained or increased myocardial contractility,
whereas contractile function was uniformly depressed in hearts from control
animals. In response to acute aortic constrictions of short duration
(1 - 3 minutes), there were also no inter-group functional differences but
when the aortic constrictions were relieved, trained hearés rapidly regained
normal cardiac outputs whereas cardiac outputs remained approximately 10%
below control values in hearts from control rats.

Cutiletta, Edmiston and Dowe]]lg] have also studied left
ventricular function under conditions of changing pre- and after-loads and
during anoxia in running-trained and control female rats. Pre-loads were
altered either by infusing or withdrawing blood equivalent to 10% of
estimated blood volumes, whereas afterloads were increased by snares placed
around the ascending aortas distal to an electromagnetic flow probe. Anoxia
was produced by ventilating the animals for one minute with a mixture of 95%
N,:5% COZ'

In confirmation of their previous study]83, heart function was
not different between trained and control animals under conditions of acute

increases in afterloads, but when the aortic snares were released, cardiac
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indexes returned rapidly to normal in the trained animals but remained
depressed in control animals. In response to increased preloads, cardiac
indexes and peak flow velocities were insignificantly greater in trained
animals, whereas in response to reduced preloads, these 2 parameters were
significantly less in control animals. During recovery from anoxia,
cardiac indexes increased significant}y in the trained animals, due to
increased stroke volumes, but were depressed in the control animals.

Thus these authors found superior cardiac responses to a variety of
interventions in both swimming- and running-trained female rats.

318 likewise found no differences

Codini, Yipintsoi and Scheuer
in either peak left ventricular systolic pressures or maximum rates of
left ventricular pressure development between hearts from swimming-trained
and control animals at rest.  When isovolumic contractions were induced
by complete aortic constrictions, hearts from trained rats had signi-
ficantly greater peak left ventricular systolic pressures and maximum rates
of left ventricular pressure development. During atrial pacing at heart
rates above 400 beats/min, cardiac function was less impaired in hearts
from trained rats.

In the most recent study from this groupZ]O, trained and control
rats had similar cardiac outputs, stroke volumes, coronary blood flows and
myocardial blood flow distributions under control conditions, during hypoxia
- and during acute volume Toading - findings which contrast markedly with
their findings in isolated perfused, working rat hearts (section 2.3D).

Sembrowich, Knudson and Go]]nick]53 compared resting left
ventricular function in hearts from both running-trained and control,
normal and myopathic rats. Resting myocardial contractility expressed as
contractility index (dP/dt.P"] at dP/dt max), was not different between

trained and control normal rats, but in the myopathic group, the trained
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rats had less impaired myocardial contractility than did the untrained
myopathic rats.

Pfeffer, Ferrell, Pfeffer et a1319

compared the effects of
swimming-training on myocardial function at rest and during volume loading
with rapid intravenous infusions of Tyrode solution in groups of both
normal and spontaneously-hypertensive rats. Under both resting conditions
and during volume loading particularly after bilateral vagotomy and with
g-receptor antagonism produced by timolol, hearts from trained rats
developed significantly greater peak stroke volumes.

320 4id not find differences

Bove, Hultgren, Ritzer and Carey
in the stroke volume response to acute pressure or volume loading in
running-trained and control, close-chested, anaesthetized dogs. They
did however observe that left étria] compliance increased after training
because left atrial pressures increased less in trained animals in response
to equal volume loads, indicating to the authors that "equivalent left
atrial pressure changes do not reflect similar states of volume loading
in trained and non-trained animals".

Kaplinsky, Hood, McCarthy et a132]

produced acute myocardial
infarctions in a group of dogs, some of whom then undertook a running
training programme (following section). Cardiac indexes during submaximum
exercise were lower in the trained group.

Riedhammer, Rufflenbeul, Weihe and Krayenbhh]322 compared left
ventricular function during anaesthesia in running-trained and control dogs
using 4 different experimental protocols during which hearts were either
unpaced, paced, paced in the presence of cardiac autonomic blockade produced
by bilateral vagotomy and propranalol administration, and during acute

pressure loading produced by methoxamine infusions. No significant

differences were found in any directly measured parameters of left ventri-
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cular function, with the exception that during acute pressure loading,
end-diastolic pressures increased significantly only in the control dogs.
Thus during pressure loading, trained dogs achieved levels of cardiac
function equal to those in untrained dogs, without apparently encroaching
on the Frank-Starling mechanism, suggesting that the hearts of the trained
dogs were functioning at higher levels of contractility.

Cohen, Yipintsoi, Malhotra et a121z studied resting haemodynamics
in trained and control dogs immediately before coronary artery ligation.
Although trained dogs had significantly greater resting cardiac outputs,
after coronary artery ligation, cardiac outputs were similar in both groups
of dogs.

Two additional studies have been performed in which heart
function has been assessed either with cinefluorography or cineangiography.

Ritzer, Bove and Lynch323

used biplane cineangiography to study
resting heart function in dogs before and after 10 week¢ running training.
They found that after training, resting stroke volumes, peak stroke powers,
left ventricular masses and left ventricular end-diastolic volumes all
increased but ejection fractions were unchanged. Percentage. shortening
of the left ventricular walls was significantly increased at rest but not
during atrial pacing, whereas velocities of fibre shortening were unchanged
both ét rest and during pacing.

Wyatt and Mitchell S/

attached radiopaque beads to the endocardia
and titanium clips to the epicardia of dogs who subsequently underwent 12
weeks'treadmill running training. After the training period, biplane
cinefluorography showed small but significant increases in left ventri-
cular end-diastolic wall thicknesses and left ventricular masses without

significant changes in left ventricular end-diastolic volumes. It is not

clear why this is the only study that has not reported increased left
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ventricular internal dimensions in response to running training (section
2.3E).

One explanation for the failure of most of these studies to
show training-induced alterations in heart function - changes which have
been clearly documented in the isolated perfused rat heart model, and in
the exercising, chronically-instrumented dog preparation - is that in
these studies, the hearts have been studied under resting conditions.
The possibility that training-induced myocardial adaptations only become
apparent when the heart is maximally stressed, provides the rationale

for my studies reported in Chapter 5 of this thesis.

Studies of the effects of exercise training on coronary

flow and coronary collateral development.

Studies falling under this heading may be subgrouped into those
in which the animals were trained after an initial intervention such as
coronary artery ligation, and those in which the experimental animals were
first trained after which rates of coronary flow were measured either under
control conditions or in response to various interventions.

These two different experimental protocols have been chosen to approximate
the 2 clinical situations in which it is postulated that exercise training
may have a beneficial effect on the coronary circulation - the first
providing a model of the effects of physical training in persons with

known coronary artery disease, the second, the influence of prior physical
training on the coronary blood flow responses to an acute myocardial insult,

such as acute myocardial ischaemia.
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(M Studies in which the exercise training commenced after the

initial intervention.

Eckstein324

produced varying degrees of surgical constriction
in the circumflex coronary arteries of 96 dogs, who were then divided into
control and treadmill-running groups. Two months later, a second thora-
cotomy was performed and the circumflex coronary arteries were divided
immediately distal to the site of prior surgical constriction. Under
controlled conditions of aortic pressure, the flow rates through both the
constricted and the distal normal arterial ends were measured; the flow
rates through the constricted ends were considered to be inversely related
to the degree of surgical constriction, whereas flows through the distal
normal ends were taken as a measure of the extent of the collateral supply.
When both values for each dog were plotted graphically it was found that
(1) the greater the degree of surgically-induced circumflex coronary artery
narrowing, the greater were the retrograde (collateral) flows and

(i1) at any level of surgically-induced arterial constriction, exercised
‘dogs developed greater collateral flows. These authors concluded that
moderate and severe arterial narrowing by itself caused increased coronary
collateral development proportional to the degree of narrowing, but that
exercise training after arterial constriction induced even greater col-
Tateralization.

Kaplinsky, Hood, McCarthy32] produced acute myocardial infarctions
in a group of dogs, by surgically occluding their anterior descending
coronary arteries. These dogs were then divided into control and treadmil]-
running groups.  After 5 weeks, all dogs undertook an exercise test during
which cardiac function was measured (previous section). Immediately

thereafter, the dogs were sacrificed and post-mortem coronary angiograms
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were performed. There were no differences in either myocardial infarct
sizes or in the post-mortem coronary angiographic appearances,suggesting
that coronary collateralization had not been increased by short-term
training which commenced after a total occlusion had already occurred

in a major coronary vessel.

325,326 | ve studied the effects of

Sanders and his colleagues
running training on coronary collateral flows in miniature swine. They
found that exercise training did not alter coronary collateral flows
either at rest or in response to acute occlusions of the circumflex coronary
arteries325. However, in response to acute occlusions of the anterior
descending coronary arteries which followed a period of exercise training
that commenced after a previous more distal (2 cms from its origin) partial
left anterior descending occlusion » coronary collateral flow rates in-
creased in both control and trained hearts but were significantly greater
in hearts from trained pigs326. Thus an acute occlusion whiéh followed
an old occlusion by itself increased collateral flow, but when exercise
training had been undertaken in the period between the two occlusions,
collateral flow increased significantly more in response to the second
occlusion.

Heaton, Marr, Capurro et a1327

produced complete occlusions of

the anterior descending coronary arteries and partial (60-90%) occlusions

of the circumflex coronary arteries in a group of foxhounds, all of whom

then underwent studies to determine control values for resting and exercising
coronary flow rates. The dogs were then divided into control and tread-
mill-running groups, and 6 weeks later, coronary flow rates were re-

measured during exercise immediately after which the dogs were sacrificed

and their hearts excised. It was found that trained dogs had a 39%

increase in myocardial blood flows to the collateral flow dependent areas
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of the endocardium whereas flows to these areas were unchanged in untrained
dogs. Transmural and epicardial blood flows to the collateral-dependent
areas were not altered by training. The authors concluded that their
results would indicate either training-induced enlargement or proliferation
of those collateral channels supplying the endocardium.

Neill and Oxendine328

produced gradual occlusions of the left
circumflex coronary arteries of 33 dogs who were then randomly assigned to
either treadmill-running or control groups. Five to 8 weeks later, trained
dogs had increased epicardial collateral connections to the occluded left
circumflex coronary arteries as judged by higher retrograde blood flows

from the distal left circumflex coronary arteries (technique of Eckstein324

).
However, hearts from trained animals were no better able to prevent the
development of subendocardial ischaemia in the collateral-dependent areas
of the occluded left circumflex arteries during pacing-induced tachycardia.
The authors concluded that exercise training may indeed increase coronary
collateral development but that such collaterals may be unable to increase
coronary flows if,under these conditions, the distal coronary microcirculation
is the factor limiting these flows.

It is of interest that angiographically-apparent coronary
collaterals in physically-untrained humans with coronary artery disease,
do not appear to decrease the manifestations of exercise-induced myocardial
1schaemia329. Patients with multivessel coronary artery disease and partial
collateralization have greater limitations in exercise tolerance than those
without such vessels, presumably because in the presence of coronary artery
disease, coronary collaterals develop in response to myocardial ischaemia
produced by disease progression. The point of Neill and Oxendine's
study is that even if coronary collaterals are found to develop after a

period of training as reported in the studies of Eckstein324 and Heaton,
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327

Marr, Capurro et al , their functional significance may be open to question.

(2) Studies of the coronary flow responses of trained animals

to different interventions.

Response to acute coronary artery occlusions.

Burt and Jackson330

used the technique of Eckstein and found

that exercise training in dogs did not increase coronary collateral flows in
response to single acute occlusions of the circumflex coronary arteries and
concluded therefore that the normal circumflex coronary arteries carry
sufficient reserve to meet the additional flow requirements imposed by
exercise. As discussed in the previous section, Sanders, White, Peterson

325

and Bloor drew a similar conclusion from their studies in miniature swine.

In a third study to produce similar results, Cohen, Yipintsoi, Malhotra et

217 reported that after acute occlusions of the left anterior descending

al
coronary arteries of running-trained and control dogs, there were no
inter-group differences in either collateral flow rates or in the endo-
cardial to epicardial flow ratios.

Laughlin, Diana and Tipton33]

measured coronary flow rates in

the Teft anterior descending coronary arteries of running-trained and control
dog hearts at rest, in response to isoproterenol infusions and during the
hyperaemic response to short duration (10 sec) coronary artery occlusions.

At rest, rates of coronary flow to the left and right ventricles and to the
interventricular septa were significantly greater in trained hearts. In
response to short duration coronary artery occlusions, peak hyperaemic flows
were also significantly greater in hearts from trained dogs. Furthermore,

during isoproterenol infusions, trained hearts maintained significantly

greater endocardial to epicardial blood flow ratios in both left and right
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ventricles. The authors concluded that trained dogs have increased

coronary flow reserves.

Response to hypoxia or pressure or volume loading.

Spear, Koerner and Ter‘jung332

studied coronary flow rates in
running-trained and control rat hearts at rest and during hypoxia. Although
resting coronary flow rates were not different between the groups, in response
to either hypoxia alone or during hypoxia with mean aortic pressures ele-
vated by methoxamine infusion, coronary flow rates and coronary conductances
were significantly greater in hearts from trained animals. These authors
suggested that the increased coronary flow rates measured under hypoxic
conditions in the trained animals might explain their superior mechanical
performance during hypoxia, as reported by Carey, Tipton and Lund]sz.

In direct contrast, Yipintsoi, Rosenkrantz, Codini and Scheuer210
found that coronary flow rates and myocardial blood flow distribution under
control conditions and in response to either hypoxia or volume loading,
were not different in swimming-trained and control animals studied in the
open-chested rat preparation. One possible explanation for the discrepancy
between these 2 studies is that different training methods were used
(swimming vs running).

In contrast to the study of Laughlin, Diana and Tipton33], Bove,
Hultgren, Ritzer and Carey320 reported that left ventricular blood flow
rates were less in running-trained than in control dogs. In response to
vo]ume’or pressure loading, total left ventricular flows were the same in
both groups. Thus only trained hearts increased myocardial flows in
response to volume or pressure loading. Absolute endocardial flow rates

were also greater in the trained hearts under these conditions.



89

Invasive studies in humans.

Coronary sinus intubation,

The myocardial metabolic studies performed by Keul on trained
cyclists have been described in section 2.3C.

Heiss, Barmeyer, Winke et a]255 measured coronary flow rates
with the argon technique, and reported that at rest and even more so
during exercise at equivalent relative workloads (65% of maximum oxygen
consumption - VOZ max), trained athletes had Tower myocardial oxygen
consumption rates and lower myocardial blood flows than did untrained
controls.  The lower coronary flow rates in the trained subjects could
not be explained by differences in either diastolic perfusion pressures
or in cardiac indices, but were associated with significantly Tower heart
rate/pressure products. Coronary arterial-venous oxygen differences and
myocardial efficiencies were not different between groups.

These authors also compared the coronary blood flow response
to dipyridamole, a coronary vasodilator. They found that even at higher
doses than those used in the control group, dipyridamole caused a signif-
icantly smaller increase in coronary flow rates in the trained group. The
authors were unable to explain this finding.

This study shows some of the beneficial haemodynamic adaptation
to exercise training. For the same levels of cardiac output either at
rest or during exercise, both myocardial oxygen demands and coronary flow

rates are reduced in the trained state.

Cardiac output measured invasively.

Submaximum exercise.

233,234

As reviewed by Clausen invasive studies of cardiac output
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during exercise have generally shown that at any given level of oxygen
uptake, cardiac outputs measured directly either by the Fick method or

by the dye-dilution technique are not altered by training in normal sub-

333-338

jects , whereas they tend to be reduced in persons with clinically-

apparent coronary artery disease, who have been physica]]y-trainedso’339-34].

However other studies 42-344

have reported that cardiac outputs during
submaximum exercise were reduced after training in persons without heart

disease and conversely were unchanged in physically-trained cardiac patients
345,346

Maximum exercise .

Training-induced increases in maximum cardiac outputs have been

335-338,342

reported in virtually all studies of normal persons In well-

trained athletes, maximum cardiac outputs are greater than they are in

347 348

sedentary individuals whereas amongst athletes, Ekblom and Hermansen
recorded higher cardiac outputs in the good than in the less-good athletes.
The highest cardiac output recorded by these investigators was 42,3 litres/
min and that for stroke volume waé 212 m1.  In the famous American marathoner
Clarence De Mar (section 2.3A and 2.3E), Bock,Vancaulert, Dill et a1349
recorded a peak stroke volume of 217 ml. For comparison, peak stroke volumes
measured in Drs. David Dill and A.V. Bock were 150 and 128 ml respectively.
Reference to other studies in which cardiac outputs have been measured

during exercise in trained athletes and sedentary individuals may be found

in the paper by Hanson and Tabakin350.

Adaptations in persons with coronary artery disease.

That the cardiovascular adaptations to exercise training may

differ between those with and those without heart disease,specifically
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coronary artery disease, is suggested by those studies showing reduced
cardiac outputs at given submaximum oxygen uptakes in cardiac patients
after training (see previous section). However it is now clear that in
persons with coronary artery disease who have suffered acute myocardial
infarction, overall cardiovascular function continually alters in response
to changes in the disease state, and that such changes may mask less-
marked adaptations that result from training. Thus Rousseau, Dergé,
Messin et a]346 reported that in the first 6 months after acute myocardial
infarction, stroke volumes during submaximum exercise increased in un-
trained control patients to the same extent as they did in subjects under-
going a training programme. This indicates that an early increase in
submaximum cardiac output is part of the spontaneous evolution of cardiac
function after acute myocardial infarction.

Bruce, Kusumi and Frederick35] have extended these observations.
They compared two groups of post-myocardial infarction patients who had
participated in a training programme; the one group included those subjects
whose age-related fall in maximum oxygen consumption was less than predicted,
the second group comprising those subjects who showed a more rapid decline
in Vbz max than would have been expected purely due to aging. During
progressive treadmill exercise after varying periods of training, the
former group showed increases in arterial oxygen content and arterial-
venous oxygen differences and small reductions in heart rates, cardiac out-
puts and  pulmonary artery pressures. However in the Tatter group, during
submaximum exercise after “training", there were much larger (11%) decreases
in cardiac outputs, due entirely to reduced stroke volumes and much greater
(14%) increases in arterial-venous oxygen differences. This study there-
fore indicates that when reduced stroke volumes and increased arterial-

venous oxygen differences are measured in "trained" cardiac patients during
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adaptation (increased peripheral oxygen extraction) to disease progression

causing reduced exercising stroke volumes.

Peripheral factors and training-induced alterations in cardiac output

during exercise.

The question may be asked whether a training-induced increase
in maximum cardiac output indicates that the heart itself has increased its

233,234 were the first

functional capacity. Clausen and his colleagues
to develop an experimental protocol that directly evaluates this question.
In their studies, two different groups of subjects were trained
to exercise on bicycle-ergometers using either their legs or their arms.
After the training programme had been completed, their cardiovascular
responses measured during exercise involving either the "trained" or the
"untrained" limbs were compared to those measured prior to training. It
was reasoned that if training induces adaptations only in the heart, then
any training-induced changes in the cardiovascular response to exercise
must be independent of which 1imbs are tested after the training programme.
In contrast, if the altered cardiovascular responses to exercise after
training were dependent on peripheral (non-cardiac) adaptations, then
exercise with either the "trained" or "untrained" limbs would elicit
different responses. If this were true, after training,the cardiovascular
responses to exercise with the limbs that had not participated in the
training programme, would be the same as that recorded for those limbs in
the initial pre-training test. During exercise with the "untrained"
Timbs therefore, the heart would react as if it too, was untrained. The

results of these studies show that training-induced increases in maximum

cardiac outputs cannot be accepted as prima facie evidence for enhanced
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myocardial performance, if the re-testing was performed on the limbs that
were actively trained.

The authors found that when measured during exercise after
training, maximum cardiac outputs and maximum whole body oxygen consump-
tion rates were increased regardless of whether the "trained" or "untrained"
limbs were tested, but these increases resulted from fundamentally-
different mechanisms.

During exercise with "trained" legs, the increased cardiac out-

puts occurred in association with eijther unchanged or reduced total peri-
pheral resistances.v Therefore it was not possible to state that the
increased cardiac outputs measured during exercise with the "trained"
1imbs indicates improved myocardial function because, after training, the
heart may be pumping against a reduced pressure load. However, when the
“untrained" arms were re-tested during exercise after the legs had been
trained, it was found that maximum cardiac output increased, despite
increased peripheral resistance. This, according to Clausen, may be
clearest evidence so far available for a training-induced improvement in
human‘myocardial function.

There is however, additional evidence suggesting enhanced myo-
cardial function even when the trained limbs are tested. This follows
from the observation that when, during a training programme, each leg is
exercised separately on a bicycle ergometer (i.e. although both legs perform
the same amount of exercise and are therefore equally trained, they are always
exercised in sequence and never simultaneously), the absolute training-
induced increase in Véz max is less if both legs are tested together, than
if each leg is tested separately. The explanation offered by Clausen, is
that even maximum exercise with a single leg does not exceed the inherent

pumping capacity of the "untrained" heart. Therefore during training with
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a single leg there is insufficient cardiac stress to improve myocardial
function. The result is that when both legs are exercised simultaneously,
the "untrained" heart is unable to fully utilize, in each leg at the same
time, the locally-created potential for increased muscle blood flow and
oxygen uptake.

Clausen concludes that for there to be absolute increases in
maximum cardiac outputs during exercise with the trained muscles, myocardial
function must be sufficiently increased to take advantage of the peripherally-
Tocated potential for increased muscle blood flows. Failure of adequate
myocardial adaptation will cause a centrally-mediated sympathetic vaso-
constrictor restraint to override this peripheral vasodilator potentia],
thereby ensuring that during maximum exercise, the pumping capacity of the
heart is not exceedéd, so that arterial blood pressure and central haemo-
dynamics are maintained at the expense of increased blood flows to the

active muscles.

Left ventricular function, coronary artery anatomy and coronary blood flows

measured by ventriculography, coronary angiography and coronary sinus

intubation in physically-trained persons with coronary artery disease.

Studies using coronary angiography and left ventriculography

have failed to show that exercise training increases myocardial function

61,62,352-353 or during exercise62 or increases coronary

60-67

either at rest
collateral development in persons with coronary artery disease
In addition to these studies, several investigators have used
both direct and indifect methods in an attempt to determine whether exercise
training can reduce the extent of exercise-induced myocardial ischaemia

in persons with coronary artery disease. By comparing the double or triple
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products (heart rate x systolic arterial blood pressure x ejection time -
used as indirect measures of myocardial oxygen consumption rates) with the
extent of exertional ST-segment depression and the subjective feeling of
ischaemic chest pain (the angina threshold) before and after exercise
training, various authors have tried to determine whether exercise training
reduces either the degree of ST segment depression or prevents the develop-
ment of angina at given levels of myocardial oxygen consumption. Detry

354 61

and Bruce™ ", Nolewajka, Kostuk, Rechnitzer and Cunningham

55

and Costill,
Branam, Moore et a13 all found that the relationship between the double
product and the degree of ST-segment depression was not altered by training
indicating that the extent of myocardial ischaemia had not been reduced

by training. In fact, after training,the patients developed greater ST-
segment depressions at the point at which they first reported chest pain,
indicating that exercise training had increased their angina thresholds.

Likewise, Sim and Neil3® 357

and Redwood, Rosing and Epstein have reported
increased double or triple products at the angina thresholds after training,
but their electrocardiographic data were inadequate to evaluate whether
these were associated with either increased or decreased ST-segment changes.
More recently, Ehsani, Heath, Hagberg and HoHoszy358 and Raffo, Luksic,

Kappagoda et a1359

have presented data showing increased rate/pressure
products at 0,1 mV ST-segment depression after training.
Two studies have directly measured coronary flows after training

in persons with coronary artery disease. Sim and Nei]356

studied coronary
flows during pacing-induced angina, before and after 11-15 weeks' training.
They found that pacing-induced angina thresholds were not altered by training
nor, at subanginal pacing levels, were the coronary flow rates, directly
‘measured myocardial oxygen consumption rates, or coronary arterial-venous

oxygen differences.  Furthermore, patients in whom pacing had caused myo-
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cardial Tactate release before training, also showed this abnormality
after training.

The authors concluded that exercise conditioning had probably
not altered myocardial oxygenation, at least during pacing-induced angina.
These studies were unfortunately not repeated during exercise. Therefore,
there are 3 possible reasons why, in their study, exercise training
increased the triple product at the angina threshold - ejther there was
increased myocardial oxygenation only during exercise but not during
atrial pacing,or after training there was an altered relationship between
the externally-measured and true myocardial oxygen consumption rates, or
the perception of angina was reduced so that after training only more severe
myocardial ischaemia was perceived as angina.

Recently Ferguson, CSté, Gauthier and Bourassa360 have performed
precise quantitative studies of coronary sinus blood flows and myocardial
oxygen consumption rates at rest and during submaximum exercise in cardiac
patients before and after training. At rest after training, there were
significant reductions only in heart rates, but during submaximum exercise,
as would be expected, there were reductions in heart rates and in systolic,
diastolic and mean arterial blood pressures. Systolic ejection times were
significantly increased. Because of the reduced rate/pressure products
and therefore the lower myocardial oxygen consumption rates, coronary sinus
blood flows were reduced and coronary vascular resistances increased after
training. But at either the same heart rates or at the maximum symptom-
Timited work loads, coronary sinus blood flows, myocardial oxygen consump-
tions, rate/pressure products and coronary arterial-venous oxygen differences
were not significantly altered by training.

These authors therefore conclude that the training-induced

increase in exercise tolerance of patients with angina pectoris does not
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necessarily depend on augmented myocardial oxygenation, but is related

to reduced coronary flow requirements for any absolute external work load.
They stressed however that the thermodilution technique used by them does
not measure regional blood flows. Thus,the findings of reduced total
coronary blood flows during submaximum exercise after training does not
necessarily indicate reduced flows to the ischaemic zone.

Radionuclide cineangiograghx?61’362.

The first studies using this technique to evaluate the athlete's
heart or the effects of exercise training on heart function have recently
been reported.

Rerych, Scholz, Sabiston and Jones363 reported that maximum
heart rates and ejection fractions were unaltered by 6 months' swimming
training, but maximum cardiac outputs increased due to increased end-
diastolic volumes. The highest cardiac output measured in this study
was 56,6 litres/min in an Olympic silver medallist, a value considerably
greater than those recorded by Ekblom and Hermansen using dye-dilution
techniques348.

Although resting heart rates and ejection fractions were
reduced, cardiac outputs were maintained by increased end-diastolic volumes.
Thus training improved overall heart function, in part through greater
activation of the Frank-Starling mechanism during exercise.

364 found

In direct contrast, Bar-Shlomo, Morch, Feiglin et al
that both trained athletes and untrained individuals increased ejection
fractions to the same extent during exercise, but each group achieved
this by different mechanisms. Whereas the untrained group increased end-

diastolic volumes during exercise, thereby utilizing the Frank-Starling
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mechanism to increase ejection fractions, the athletes' hearts increased
their exercising ejection fractions through decreased end-systolic volumes.

365,366 have shown that

Preliminary studies in cardiac patients
exercise training may be associated with impairment, normalization or
improvement of ejection fractions measured during exercise. Exercise-

induced wall motion abnormalities remained unchanged after training366.

G. Studies to elucidate the mechanisms underlying the bradycardia

of training.

That physically-trained persons exhibit resting bradycardia, is
a fundamental observation (section 2.3E), yet an adequate explanation for
this adaptation remains e]usive103. A number of possible mechanisms have
been proposed and these are:
(1) that the bradycardia is genetically-determined,
(i) that it results from a change in the intrinsic sino-atrial
discharge frequency,
(ii1) that it is due to an alteration in the balance between the
sympathetic and parasympathetic neural outflows to the heart,
(iv) that it results from changes in autonomic receptor sensitivities

or their intramyocardial messengers, or

(v) that it is due to changes in the action potential.

The scientific evidence for each viewpoint will be discussed separately.

The genetic explanation for the bradycardia of trajning.

Although there may be some genetic component to the bradycardia
found in superior athletes, there are now sufficient studies confirming

that bradycardia is a biological adaptation resulting from chronic exercise
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training]03. Thus reductions in resting and submaximum exercising heart

rates are 2 of the most well-defined indicators of a training effect.

For reasons that are not clear, sleeping heart rates are not

367,368

reduced by training It is also of interest that neonatal heart

cells isolated from the offspring of exercised pregnant rats exhibit

369

slower beating rates than heart cells cultured from mothers who were

inactive during pregnancy.

Changes in the intrinsic sino-atrial discharge frequencies.

The intrinsic discharge frequency of the sino-atrial node can
be measured either in isolated preparations, such as isolated right atria
or isolated perfused rat hearts, or in intact mammals by autonomic
nervous system blockade produced by the simultaneous administration of

adequate doses of atropine and propranolol.

Isolated right atrial preparations.

220 370

Hughson, Sutton, Fitzgerald and Jones and Smit and ET-Hage
have reported reduced intrinsic sino-atrial frequencies of isolated atria
from running-trained rats. Furthermore, exercised rats which also received
atropine medication during training, had even lower intrinsic sino-atrial
frequencies than did rats which exercised without such medication. As
atropine blocks the effects of the parasympathetic nervous system on the
heart, this finding indicates that the training-induced reduction in
intrinsic sino-atrial frequencies is not dependent on increased para-
sympathetic activity resulting from training. Furthermore, carbachol,

a stimulator of parasympathetic activity, not only failed by itself to

reduce intrinsic sino-atrial activities in atria from control rats, but



100

it also prevented the expected training-induced reduction in intrinsic
sino-atrial frequencies.

In common with others (section 2.3B) these authors also found
increased myocardial potassium concentrations in hearts from trained rats.
They hypothesized that if sino-atrial node potassium concentrations were
also increased, this would cause wider transmembrane potassium gradients
in the trained hearts, since serum potassium levels in these animals were
not different from controls. Increased transmembrane potassium gradients
would theoretically cause greater negative resting potentials which in turn
would cause slower intrinsic sino-atrial frequencies. This would however
not explain reduced intrinsic sino-atrial frequencies in other groups

of their rats in which myocardial potassium levels were not increased.

[solated perfused rat heart model.

In vitro intrinsic heart rates measured in isolated perfused
hearts from trained rats which had significant resting bradycardias in vivo,
were not different from those of control ratszzg. The reasons why
isolated rat atria from trained animals should show reduced heart rates,
whereas isolated perfused hearts also from trained animals do not, is not
known.  This may possibly be related to residual catecholamine activity

known to be present in isolated perfused hearts371.

Intact animals with blockade of the autonomic nervous system.
372,373 374,375

In both man and rats , intrinsic heart rates

measured in vivo by double pharmacological blockade of the parasympathetic
and sympathetic nervous systems are reduced by training. Highly-trained
athletes also have lower heart rates during autonomic blockade than do

untrained subjects376. In contrast, Lewis, Thompson, Areskog et a1368
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did not find that training reduced intrinsic heart rates.

377 measured intrinsic heart

Sigvardsson, Svanfeldt and Kilbom
rates in trained and control rats which were pithed, sympathectomized'and
vagotomized immediately prior to the heart rate measurements. One group
of trained rats was also chemically-sympathectomized during the training
programme. [t was found that sympathectomy prevented the fall in
intrinsic heart rates that occurred in trained normal rats. Thus,

during the training period, an intact adrenergic but not a cholinergic

s_ystem220 is necessary for there to be a fall in the intrinsic heart rate.

Alterations in the balance between the sympathetic and

parasympathetic neural outflows to the heart.

Studies to determine changes in the balance between the
sympathetic and parasympathetic nervous influences on the heart can

obviously only be performed in intact animals.

Parasympathetic system.

Such studiés have shown that after submaximum doses of atropine,

241,242,378,379

trained animals develop less cardiac acceleration at rest

than do control animals. When maximum doses of atropine are used, no
significant differences in resting heart rates between trained and control

rats380 381

and dogs were found.  Scheuer and Tipton103 interpret these
results to indicate that training has either increased myocardial acetyl-
choline levels (section 2.3B) or reduced myocardial sensitivity to sub-
maximum doses of atropine. In response to injections with cholinesterase-
inhibitors such as neostigmine, trained rats had significantly lower

241,242

resting heart rates than did untrained rats , a finding which is

compatible with increased resting parasympathetic tone in the trained state.
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382

. . . . 383
During submaximum exercise in rats™

and humans » atropine injections
increased heart rates less after training, indicating that increased
parasympathetic tone alone cannot explain the training-induced reductions

in exercising heart rates.

Sympathetic system.

Many studies indicate that training alters resting sympathetic

384

tone. Dowell and Tipton found that propranolol caused greater

reductions in resting heart rates in control than in trained rats, suggesting

higher resting sympathetic tones in the untrained animals. Similarly

374

Lin and Horvath calculated that resting sympathetic tone was 15% greater

in untrained rats.
In addition, during exercise, g-receptor blockade with propranolol

has less effect on submaximum exercising heart rates after training in both

rats382 and humans383. As increased sympathetic drive is the major

385

factor increasing exercising heart rates™ -, this finding suggests ejther

that sympathetic tone during exercise is reduced or that parasympathetic

tone is increased (see above), or that adrenergic receptor sensitivities

235 236

have been reduced. Reduced serum and coronary sinus catecholamine

levels after training would be compatible with the former possibility.

On the other hand, in the presence of complete autonomic

368,373,383 382

blockade, heart rates in humans and rats are reduced at

all levels of exercise after training. Indeed,in a group of athletes,

autonomic blockade had essentially no effect on exercising heart rates376.

Furthermore ,after chemical sympathectomy produced by 6-hydroxy-dopamine,
the Tower exercising heart rates of the trained rats persisted382. Thus

368 382

Lewis, Thompson, Areskog et al and Ekblom, Kilbom, Malmfors et al

concluded that changes in neither the sympathetic nor parasympathetic
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system, nor the adrenergic nerves, nor the circulating catecholamines can

adequately explain the reduced exercising heart rates after training.

Changes in autonomic receptor sensitivities or their intra-

myocardial messengers.

Isolated adrenergic receptors.

386

Williams found no differences between swimming-trained and
control rats in either myocardial g-adrenergic or muscarinic cholinergic
receptor numbers or affinities, and concluded that altered release of
neurotransmitters (section 2.3B) in the heart, rather than altered
responsiveness of the sinus node cells, was the more likely explanation

for the bradycardia of training.

Isolated right atrial tissue.

Hughson, Sutton, Fitzgerald and Jones220

reported that the
beating rate responses to both acetylcholine and norepinephrine infusions
were the same in atria isolated from trained and control rats. However,
because atria from trained rats had lower intrinsic beating frequencies,
the maximum beating responses to norepinephrine were reduced in the atria
from trained rats. Furthermore, there was a correlatijon between peak
beating rates achieved during norepinephrine infusions, and the intrinsic
sino-atrial frequencies. Thus,atria with Tower intrinsic sino-atrial
frequencies had Tower maximum responses to norepinephrine stimulation.
The authors concluded that those intra-cellular electrophysiological |
factors which determine the intrinsic sino-atrial frequencies also limit
their maximum beating frequencies.

3

Smith and El-Hage 70 found that the chronotropic responses
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to atropine were greatly increased in atria from trained rats, and
suggested that training-induced increases in atrial acetylcholine levels

would explain this finding.

Isolated perfused rat heart model.

Using this model, Tipton, Matthes, Tcheng et a1229 found that
isolated hearts from trained aﬁima]s exhibited significantly less cardiac
acceleration with submaximum doses of atropine whereas ,when perfused with
either neostigmine (an inhibitor of acetylcholinesterase and cholinesterase),
acetylcholine or propranolol, the reduction in heart rates was the same
in hearts from either group. Isoproterenol infusion caused significantly
greater heart rate increases in hearts isolated from trained animals.

From these findings,the authors concluded that the bradycardia
of training is the result of increased acetylcholine and decreased norepi-
nephrine concentrations at the cardiac receptor sites. Training had

also apparently increased myocardial B-receptor sensitivities.

Intact animals.

384 387

Dowell and Tipton and Harri and Narvola have reported
that isoproterenol infusions caused siénificantly greater increases in
heart rates in trained animals. In response to noradrenaline infusions,
blood pressures rose more in trajned anima1s387. Interestingly, in this
latter study, chronic g-receptor blockade, 1ike chemical sympathectomy377,
prevented the development of both the resting bradycardia and the cardiac
hypertrophy produced by training.

388

Pavlik, Hegyi and Frenk]l performed similar studies in

trained rats. In agreement with the 2 previous studies they found that
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the chronotropic response to isoproterenol was significantly greater in

hearts from trained animals but that g-receptor blockade abolished this

difference. Furthermore, in response to alpha-receptor stimulation,
trained animals showed significantly smaller blood pressure rises whereas
the o-antagonist, phenoxybenzamine, caused significantly greater blood
pressures falls in trained animals. Also, during a-receptor blockade,
the magnitude of the blood pressure response to noradrenaline was reduced
in trained animals so that,at higher drug concentrations, the intergroup
difference in the blood pressure response were lost. Thus, a-receptor
blockade abolished the enhanced pressor response to a-stimulation and

B-receptor blockade, the enhanced chronotropic response to g-stimulation

in trained rats.

These authors therefore concluded that those reactions brought
about by o-adrenergic stimulation were reduced, whereas those caused by
B-stimulation were increased in trained animals. Similarly, sensitivity
to a-receptor antagonism was increased and that to g-receptor antagonism
reduced in trained animals. For 3 reasons, they did not beljeve that
these differences could be explained on the basis of altered receptor
sensitivities because:

(1) The alpha- and beta-receptor responsivenesses altered in
different directions.

(2) The direction of altered responsiveness to either stimulation
or inhibition were in opposite directions. Had the receptors
altered their sensitivities, one would have expected reduced
réactivity to alpha-stimulation to have been associated with
reduced sensitivity to alpha-blockade.

(3) There were no differences in the amount of antagonist required

to produce complete receptor blockade in either group.
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These authors postulated that after training, the setting of
the autonomic nervous system is altered in the direction of reduced
sympathetic activity. Thus, g-receptor blockade after training cannot
further reduce the resting heart rate, but the possible range for the
heart rate response to isoproterenol is increased. An opposite response
affected the a-receptors; at rest a-receptor activities were increased
after training so that although trained rats were less responsive to
a-stimulation, they exhibited increased responsiveness to a-blockade.

In conflict with this interpretation are the findings of Harri and Narvo]a387
and Le Blanc, Boulay, Dulac et a]389, that norepinephrine infusions caused
greater absolute blood pressure increased in trained rats and humans
respectively.

The complexity of these studies is shown by the in vivo findings
that the hormonal changes to histamine and various stress-invoking pro-
cedures are different in control and trained anima1s390. Thus when studies
were performed in "pithed" animals, the heart rate and blood pressure

responses to noradrenaline were the same in trained and control rats377.

Changes in the action potential.

Although the action potential has not been measured in the
in situ heart, the monophasic action potential provides some relevant

information. Brorson, Conradson, Olsson and Varnauskas39]

measured
right atrial effective refractory periods and monophasic action potentials
in 8 volunteers before and after 6 weeks' training. They found that

the duration of the monophasic action potential at 50% and 90% of
repolarization increased in 5 subjects both during spontaneous sinus

rhythm and during pacing at the same rates studied before training. The
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relative repolarization rate during phase 5 decreased in 5 of 7 subjects.
The authors suggested that an increased rate of depolarization

in phase 0 of the atrial action potential and a longer action potential

duration might be explained on the basis of increased intracellular

potassium Tevels.

Tibbits, Roberts and Barnar'd392

measured the resting membrane
potentials and the action potential durations in isolated left ventricular
fibres of trained animals. When perfused with Hank's solution containing
a normal calcium concentration, there were no intergroup differences in
either of these parameters. However, at high perfusate calcium concen-
trations (3 mM), the plateau phase of the action potential was signif-
icantly prolonged in the trained rats. Since the plateau phase is
partially a result of the inward calcium current, they postulated that
this finding was compatible with enhanced calcium influx to the myo-

filaments, as suggested by their previous findingsZ]6.

SUMMARY AND CLINICAL RELEVANCE.

It is clear that, at present, there is no single explanation
for the bradycardia of training. Rather, there is evidence to suggest
that exercise training reduces the sino-atrial discharge frequency, it
alters the balance between the sympathetic and parasympathetic neural
outflows to the heart, and it alters the concentrations of intra-myocardial
neurotransmitters.

The clinical relevance of this condition is that extreme training
bradycardia can induce a sick sinus-1ike syndrome with hypotensive episodes393.
By reducing the athlete's training load and prescribing atropine, these

symptoms can be effectively eliminated.
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H. OVERALL SUMMARY AND CONCLUSIONS.

The studies reviewed in section 2.3 of this chapter show that
there is Tittle absolute consensus about the effects of exercise training
on the heart.

It is clear that, in laboratory animals, absolute heart weights
may or may not increase in respohse to training, and that even in highly-
trained humans, heart weights are not greatly increased. However, there
is firm echocardiographic eyidence that the hearts of endurance-trained
athletes show increased internal dimensions and that there may also be
increased aortic root and left ventricular outflow tract diameters. The
histological changes that accompany these adaptations are poorly understood,
in particular, because of conflicting results from animal studies.

From studies in both the isolated perfused working rat heart model
and in the chronically-instrumented dog preparation, there is good evidence
that, when maximally-stressed, the trained animal heart has superior
mechanical performance. When studied at rest, however, these changes are
usually not apparent.

Due largely to the extreme technical difficulties posed by
performing similar studies in humans, and therefore the resulting lack of
convincing data, it can not yet be stated with absolute conviction that
the heart of the physically-trained human also has superior mechanical
performance.  Thus, although maximum cardiac outputs are increased by
exercise training and reach very high values in superior human athletes,
there are also peripheral changes, in particular a reduced peripheral
vascular resistance, which may be the more important factor explaining increased
cardiac outputs of trained humans. Another possibility is that venous
return to the heart limits cardiac output and that the greater cardiac

outputs in trained humans reflects theijr ability to maintain higher rates
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of venous return during maximum exercise. Whether radionuclide cine-
angiography or other novel non-invasive techniques will provide final
answers to these questions remains to be seen.

The myocardial metabolic and biochemical adaptations to exercise
training are, if anything, even less well understood than are the mechanical
adaptations. There is a general consensus that exercise training does
not increase the myocardial capacity for aerobic metabolism, although it
may increase myocardial glycolytic capacity. Increased activities of the
myocardial contractile protein ATP hydrolyzing enzymes, and increased
rates of calcium uptake by isolated sarcoplasmic reticulum have been
reported in hearts of animals subjected to swimming but not to running
training. There is also a considerable body of evidence suggesting that
myocardial metabolism of catecholamines and acetylcholine is altered by
training. Only two studies have, compared the myocardial metabolism of
trained and untrained humans and neither~were able to show training-induced
adaptations.

Although animal studies have suggested that training may increase
the extent of the coronary vascular bed in both normal hearts and in those
with experimental coronary artery occlusions, no human studies have yet
shown that exercise training increases either coronary collateral develop-
ment or coronary flow rates.either in the absence or in the presence of
coronary atherosclerosis. Whether or not exercise training can reduce
the rate of progression of established coronary atherosclerosis remains
to be established.

Finally, the precise explanation for the resting bradycardia of

training remains to be established.
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CHAPTER 3.

EXERCISE AND CORONARY ATHEROSCLEROSIS.

STUDIES OF HEART DISEASE IN MARATHON RUNNERS.

Unforeseeing one:  Yes he fought on the Marathon day:

so, when Persia was dust, all cried "To Akropolis!

Run Pheidippides, one race more! The meed is thy due!"

"Athens is saved, thank Pan", go shout!

He flung down his shield, and Athens was stubble again,

a field which a fire runs through,

Till in he broke "Rejoice, we conquer!". Like wine through clay,

Joy in his blood bursting his heart, he died - the bliss!

“Pheidippides"

Robert Browning, 1879.
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3.1 INTRODUCTION.

The epidemiological and experimental evidence that exercise might
play a role in preventing coronary atherosclerosis or its lethal sequelae
was reviewed in Chapter 2 (section 2.2). It was shown that there is
some evidence for either postulate. Thus, exercise may prevent or retard
the development of coronary atherosclerosis. Alternatively, it may. act
to protect the myocardium against the development of lethal arrhythmias.

The "Bassler hypothesis" provided an initial test of these different
possibilities.

The "Bassler hypothesis" first formulated in 1972 (section 2.2C),
proposes that marathon running may be an effective way of preventing death
from coronary atherosclerosis because "a search of the literature has failed
to document a single death due to coronary atherosclerosis amongst marathoners

of any age71“.

So stated, the hypothesis does not differentiate between
a protective effect of exercise training either on coronary atherosclerosis
or on the myocardium.

However, a major weakness of this hypothesis was that its validity
rested on a negative supposition, namely on the absence of evidence that
could disprove it. Because the hypothesis argued that, as coronary
atherosclerosis had never been documented in marathon runners, then that
group of sportsmen must be immune to the disease. But an equally plausible
explanation for this apparent lack of coronary atherosclerosis in marathon
runners could be that no previous research had studied this specific
question in sufficient depth. I therefore set out to determine whether
heart disease could be found in South African marathon (42 km) and ultra-

marathon (> 42 km) runners.

Accordingly, beginning in 1975, circulars were sent to South
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African marathon runners informing them of my interest in this subject.
This established a groundswell of interest and resulted in a number of
referrals and consultations with runners who have cardiac disease. In
addition, any cases of sudden exercise-related deaths in marathon runners
reported in the media (Figure 3.1) were immediately investigated. In
this way, full clinical details on each case were collected and, where
possible, the hearts of deceased runners were subjected to meticulous
autopsy examinations by Professor Alan Rose (Department of Pathology,
University of Cape Town).

At the time of writing, 4 cases of sudden death and 5 of acute
myocardial infarction in marathon runners have been thoroughly researched.
In 5 other cases of sudden death in marathon runners, no autopsies were
performed and the data are therefore incomplete. Much of this material

96 ,394-398

has already been published » but is published here in greater

detail for posterity.
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3.1 ACUTE MYOCARDIAL INFARCTION IN MARATHON RUNNERS .

A. Cases with clinical diagnoses but without coronary

angiographic evidence.

CASE 1. (Case 5 in Reference 96).

A white male,37 years old in 1976, who was a nonsmoker and who
had no family history of heart disease, began jogging regularly in 1967
in order to improve his health and to lose weight. A routine medical
examination performed in 1972 for insurance purposes revealed T-wave
inversions in the inferior electrocardiographic leads (2, 3 & AVF). The
patient was told that he had the billowing mitral leaflet syndrome
(Barlow's Syndrome) and he feceived insurance only at a loaded premium.

Despite this, the patient became a serious long-distance runner
and in 1973 and 1974 completed the 90 km Comrades Marathon (Fig. 3.2) in
7 hr 17 min and 7 hr 20 min respectively. His best standard (42 km) mara-
thon time during that period was 2 hr 51 min. For both those years he
ran approximately 3200 km in training. He trained even harder for the
1975 Comrades Marathon and.during that race, he passed the 45 km halfway
mark in the good time of 3 hr 19 min. However,after he had run a further
10 km, he suddenly felt very tired, nauseous and noted that he began to
sweat profusely. After walking for 20 minutes he was again able to run.
This sequence recurred 3 times, but the patient did not have chest pain
nor did he vomit.

He completed the race in 7 hr 33 min but,as he continued to
feel 111 after the race, he was referred for admission to a local hospital.
Overnight he was treated with intravenous fluids and the following morn{ng

was found to be grossly oedematous with a jugular venous pressure raised
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comrades marathon
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Figure 3.2

Profile of the course on which the 90 km Comrades
Marathon is run.

The race, run in opposite directions in alternate years, was
established in 1921 so that future “ members of the Com-
rades Association should for one day suffer in memory

for their Comrades (of the Great War) who did not return”

The Comrades Marathon Story.
Morris Alexander, 1976.
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8 cm above the manubrium sterni, a third heart sound, dullness to percussion
at both Tung bases, and a 3-cm hepatomegaly with gross abdominal ascites.

An electrocardiogram performed at that time showed an acute inferior myo-
cardial infarction and serial enzyme changes were compatible with that
diagnosis. The patient responded well to conservative therapy and was
discharged from hospital 11 days later.

He was seen at Groote Schuur Hospital in December 1976, 19 months
after his initial hospitalization,by which time he was jogging up to 32 km
a week. He no longer competed in marathon races. The clinical exami-
nation was entirely normal, there being no stigmata of hyperlipidemia,
the patient's blood pressure was 130/90 mmHg ., the heart sounds were normal
and all pulses were present. The chest Xray was normal, and the electro-
cardiogram showed an old transmural inferior myocardial infarction (Fig.3.3).
Echocardiography revealed all the heart chambers to be of normal size; the
movement of the mitral valve was also considered to be normal and not
compatible with a diagnosis of Barlow's Syndrome. During an exercise
stress test, segmental ST depression first appeared at a heart rate of
160 beats/min and became progressively more severe in the V5 lead up to a
heart rate of 190 beats/min. Immediately after exercise, ST segment
depression was present in leads V4, V5 and V6. The patient declined to
have coronary angiography performed.

The possibility that this patient had mitral valve prolapse
rather than coronary aftery disease has been raised399. In the absence
of coronary angiographic evidence, the issue cannot be finally resolved.

It should,however,be noted that the echocardiogram was normal, whereas the
exercise stress test revealed electrocardiographic ST segment depression in

the lateral leads, but in the absence of chest pain.
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Figure 3.3

Case 1. Resting electrocardiogram showing
Q waves in leads 2, 3 and AVF.
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CASE 2.

A 41 year old white male was hospitalized with an acute trans-
mural inferior myocardial infarction in November 1978. He had been
running long distance races for 2 years, during which time he had run 7
standard (42 km) marathons (best time 3 hours 46 min) and in May 1978,
the 90 km Comrades Marathon in 10 hours 29 min. During that period he had
trained on most days, covering distances between 8 and 20 km and had run
as much as 150 km/week before the Comrades Marathon.

There was a strong family history of heart disease: the
patient's father had died at age 57 after suffering a number of heart
attacks, the first at age 40 years. In addition, two paternal unciles
had also died from acute myocardial infarctions. Thebpatient had smoked
about 25 cigarettes a day for 20 years but had stopped in 1975,shortly
before taking up running. There were no other significant features in
the medical history.

On 18th November 1978, whilst on a normal training run, the
patieﬁt experienced severe nausea which forced him to stop running and to
walk home. On the following day,whilst at work, the patient experienced
typical ischaemic chest pain and was admitted to a local hospital. The
electrocardiogram showed a normal sinus rhythm with a heart rate of 70 beats/
minute and there were pathological Q waves with ST segment elevation in
leads 2, 3 and AVF. Serum enzymes were elevated on that and the following
day with SGOT 115 U/L (normal values up to 42), LDH 865 U/L (normal values
up to 560) and CPK 217 U/L (normal values up to 100). Fésting blood
cholesterol was normal (222 mg/100m1 - normal up to 250) ,whereas tri-
glycerides were elevated (168 mg/100 ml - normal up to 150). The blood

sugar was normal (82 mg/100 ml),but the serum uric acid Tevel was elevated
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at 7,3 mg/100 m1 (normal up to 6,5).

The hospital course was uneventful, and the patient was dis-
charged on propranalol 40 mg 8-hourly. Eight weeks later, submaximum
exercise stress test up to a heart rate of 136 beats/min showed a normal
blood pressure response to exercise, and there were neither electro-
cardiographic ST segment changes nor arrhythmias. The resting 9 lead
electrocardiogram recorded prior to that test shows transmural inferior
myocardial infarction (Fig. 3.4). The patient was admitted to a cardiac
exercise rehabilitation programme and progressed to the point whereihe was
again able to run 42 km in training._

In March 1980, however,he suffered a further myocardial infarction

from which he has recovered well and continues to jog.

B. Cases with clinical diagnoses and with coronary angiographic

evidence.

CASE 3. (Case 3 in reference 96).

A white male,48 years old in 1976, had been physically active
throughout his Tife and was a nonsmoker. There was a family history
of heart disease, his father had died suddenly at the age of 60 and a
paternal uncle had died of "heart failure".

There was no past history of significance. He had been a
long distance runner for 10 years and during this period had completed
seven 90 km Comrades Marathons and more than 32 000 km in training. After
completing the 1975 Comrades Marathon in 9% hours, he maintained a heavy
training schedule until the end of October 1975 when he travelled to
Greece to run the "Sacred Marathon" - on the course over which the legendary

marathon (see poem "Pheidippides™ by Robert Browning) was run. For 6 weeks
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Figure 3.4

Case 2. Resting 9 lead electrocardiogram
showing Q waves in leads 2,3 and AVF
Each tracing in this electrocardiogram has
been enhanced.
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prior to this event he had been training 128-144 km a week, including
42 km runs at weekends. He had never previously trained this intensively.

The Sacred Marathon was run in adverse environmental conditions,
it being dry and hot, with the race only starting at 1 p.m. Facilities
to supply the runners with fluid replacement were inadequate and,in
contrast to his usual practice, the patient was forced to drink very
Tittle fluid during the first 32 km of the race. At about this point
he began to feel nauseous and was aware of a dull pain in the epigastrium.
The pain forced him to walk and he soon began to vomit. There was no
chest pain and,espite the discomfort and regular episodes of vomiting,
the patient insisted on completing the last 10 km of the course, which he
did in 2 hours.

After the race the patient returned to his hotel where he
continued to vomit and was unable to eat or drink. Four hours after
finishing the marathon, the patient was pain free and was seen by a
marathon-running physician who prescribed an antiemetic to control the
vomiting and advised the patient to drink fluids as he was dehydrated.
During the night the patient passed urine but remained unwell. For the
next 24 hours his condition remained unchanged, but on the evening of the
following day the epigastric pain radiated up both sides of the chest and
into the back. A cardiologist was called and a diagnosis of acute myo-
cardial infarction was made. The patient was admitted to hospital where
the electrocardiogram showed acute anteroseptal myocardial infarction.

The patient was given 2 litres of intravenous fluid rapidly as he was
dehydrated and anuric. This treatment relieved both the epigastric and
the chest pains. His further course was uncomplicated and 4 days later

he flew back to South Africa where on arrival he was admitted to hospital

for a further 8 days.
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Four days later he began walking 6-8 km a day, and 3 weeks later
he recommenced jogging. In January 1976 he was running 42 km a week and
by the beginning of March he had doubled this.

In August 1976, he was admitted to Groote Schuur Hospital for
cardiac evaluation. Systemic interrogation did not reveal any additional
features.  On physical examination there were no stigmata of hyper-
lipidemia. The patient's somatotype was endomesomorphic (4:53:2 - Heath
Carter) and he had 22,5% body fat estimated by skinfold measurements.

The resting pulse rate was 52 beats/minute and the blood pressure 130/90 mmHg.
While the apex beat was not displaced, there was a palpable fourth heart
sound and,on auscultation at the apex in the lateral decubitus position,

a systolic click and a late systolic murmur were audible. Phonocardio-
graphy at the mitral area showed third and fourth heart sounds and an
intermittent nonejection click. No definite systolic murmur was recorded.

The electrocardiogram showed the pattern of an old transmural
anterior myocardial infarction with lateral T wave abnormality (Fig. 3.5).
The chest %ray showed mild cardiomegaly with a cardiothoracic ratio of 52%.
The lung fields were clear. A glucose tolerance test was within normal
Timits. The fasting 1ipogram showed normal values for cholesterol
(268 mg/100 m1) and triglycerides (107 mg/100ml). Echocardiography showed
that the left ventricular internal diameter was increased, the percentage
of fractional shortening was normal and there was no increased thickening
of the posterior left ventricular wall.

At cardiac catheterization, the resting left ventricular end-
diastolic pressure was markedly elevated (30 mmHg). Coronary angiography
showed a 2 cm area of 50% - 75% narrowing in the mid-portion of the left
anterior descending artery, but with good filling of the normal distal

vessel (Fig. 3.6), the mainstem and circumflex vessels were free of disease
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Case 3. Resting electrocardiogram showing
Q waves and loss of R amplitude in V
leads, and lateral T wave abnormality.
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and the right coronary artery was unobstructed, dominant, and of large
calibre. The left ventricular angiogram showed an enlarged left ventricle
with an extensive akinetic area involving the apical, anterolateral and
inferior surfaces.

In the 4 years since these investigations, the patient has
returned to full training and has again run the Comrades Marathon. He

is presently asymptomatic.

CASE 4. (Case'6 in reference 96)

A 46 year old white male athlete was first seen in 1972 with a
complaint of pain developing in the left groin during running. He was
fully examined, including an electrocardiogram (Fig. 3.7) and no cardio-
vascular abnormality was reported.

The patient was next seen in December 1974 with the complaint
that ,while running 5 days previously, he had developed severe anterior
chest pain. Despite the chest pain, he had refused to stop running and
had run on 3 of the following 4 days, including a 16 km time trial. On
each occasion he had experienced chest pain. An electrocardiogram at
that time showed changes of anteroseptal myocardial infarction (Fig. 3.7).
The patient refused hospitalization. He was allowed to rest at home
but persisted in physical activity, including one period in which he mowed
his lawn for 5 hours with severe chest pain.

In February 1975, an exercise electrocardiogram, a glucose
tolerance test, a fasting lipogram, and serum uric acid estimation were
all normal. The patient was allowed to start careful jogging but was
advised against any future competitive running. However,in September
1975, he completed a 27 km road race without difficulty and in April 1976

he ran 150 km during a 3-day race.
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Figure 3.7

Case 4. Resting electrocardiograms taken
2 years apart. The 1972 tracing shows dim-
inished R waves in V4 and Vo and narrow
Q waves in V3 suggestive of old anterior
infarction. The more recent tracing, taken 4
days after the onset of chest pain, shows
Q waves with loss of R waves in Vo - Vjy.
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In December 1976, 2 years after the original diagnosis of acute
myocardial infarction, the patient was admitted to Groote Schuur Hospital
for cardiac evaluation as he wished to run another Comrades Marathon.

Special interrogation revealed that the patient was known to
have retinitis pigmentosa, leaving him with moderately impaired vision.
There was a family history of heart disease, his father dying suddenly
from a heart attack at the age of 51. His mother had died at the age
of 53 from diabetes and was a carrier of an X-linked gene for retinitis
pigmentosa. The patient was a teetotaler and had never smoked. He
had always been extremely physically active, representing his Province at
swimming whilst still a schoolboy. Failing vision forced him to turn to
rowing, and in 1958 he was selected to represent South Africé as an
oarsman at the Empire Games. In 1960 he took up long distance running
and between 1961 and 1974 had completed 14 consecutive Comrades Marathons
and had run more than 42 000 km in training.

Systemic interrogation revealed only that the patient frequently

developed exertional chest pain, particularly when running uphill or before

he had "warmed up". When on the flat he was able to "run through" his
chest pain, but was often reduced to a walk on the uphill. On physical
examination, there were no stigmata of hyperlipidemia. The pulse rate

was 65 beats/min with the occasional irregular beat, and the blood pressure
was 130/90 mmHg. The cardiac apex was impalpable and there were no
abnormal auscultatory findings. A11 peripheral pulses,except the dorsalis
pedis on both sides,were present and there were no arterial bruits.

The chest X-ray was normal and the resting ECG was unchanged
from that shown in Fig. 3.7. An effort electrocardiogram was unchanged
up to a heart rate of 174 beats/min.

Left heart catheterization showed all the pressures to be normal.
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Coronary angiography revealed a dominant right coronary artery with mild
proximal disease and a 70% area of narrowing in the posterior descending
artery (Fig. 3.8). The distal left anterior descending coronary artery
was seen to fill retrogradely.

The mainstem left coronary artery was free of disease but the
circumflex artery had mild, diffuse disease (Fig. 3.9). The left anterior
descending artery was narrowed by approximately 80% in at least three areas
of its proximal and midportions with the distal vessel fi]]ing late
(Figf 3.9). A large diagonal branch, supplying a significant area of
myocardium, was present (Fig. 3.9). The left ventricular angiogram
showed a large akinetic area involving the antero-lateral, apical and
diaphragmatic segments with good contraction of the inferobasal and antero-
basal segments (Fig. 3.10a and 10b).

In view of the extensive nature of the coronary artery disease,
the Targe ventricular dyskinetic area and the presence of angina, the
patient was discouraged from continuing to run long distance races.

Despite this advice, he completed numerous distance races, including the
1978 and 1979 Comrades Marathons both in 103 hours.

The patient remained well and was without additional cardiac
symptoms until August 1979 when, 1 week after completing a standard 42 km
marathon in 3 hrs 57 min, he began to experience severe angina particularly
when competing in a weekly 16 km time trial. He was initially treated
with isosorbide dinitrate 5 mg sublingually. However after one such race,
the patient reported that he had had extreme chest pain and had nearly
lost consciousness. Because of this, and in view of his insistence to
keep running, he was admitted to Wentworth Hospital, Durban for further
cardiological investigations. On clinical examination, there were no

significant cardiovascular findings. The patient was not in cardiac
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failure, and the chest X-ray was normal. The electrocardiogram (Fig. 3.11)
showed the old anteroseptal infarction but, in addition, there were
persistent ST segment elevations in the anterolateral leads and Q waves

in leads 2, 3 and AVF, indicating that an inferior transmural myocardial
infarction had occurred since the last electrocardiogram was recorded in
December 1976.

Cardiac catheterization revealed the following: the main stem
of the left coronary artery, which in 1976 had been free of disease, now
showed significant stenosis involving the origins of both the circumflex
and left anterior descending coronary arteries; the circumflex coronary
artery which previously had only mild diffuse disease now also showed a
significant proximal stenosis, whilst the left anterior descending coronary
artery was totally occluded (progression from 80% occlusion in at least
three areas in 1976), but filled from distal collaterals; the large
diagonal brancﬁ, shown to be disease-free in 1976, now had a significant
stenosis at its origin; the right coronary artery which, in 1976 showed
a /0% area of narrowing in the posterior descending branch, now was totally
occluded distal to its ventricular branch; and left ventricular wall motion,
as assessed by ventriculography, was unchanged from 1976.

In view of the patient's severe disability and the favourable
cpndition of the distal coronary arteries, the patient was referred in
January 1980 for coronary bypass grafting to the four diseased coronary
vessels. There were no operative or post-operative complications and the
patient was discharged home 7 days after surgery. However, 4 days after
hospital discharge, the patient developed severe palpitations and on re-
admission to hospital was found to be in atrial fibrillation with a
ventricular response of 150 beats/min.  Sinus rhythm was restored with

direct current synchronized conversion and the patient was maintained on
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Figure 3.11

Case 4. Resting electrocardiogram taken in
November 1979, showing Q waves inleads 2,
3 and AVF and ST-segment elevations in
V1-V4, changes that were not previously
present (Figure 3.7) Certain tracings in this
electrocardiogram have been enhanced.
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digoxin 0,25 mg daily and verapamil 80 mg 8-hourly, on which medication
normal sinus rhythm was maintained. Four days later, the patient was
discharged and the verapamil discontinued.

During the 10-month period since his discharge from hospital,
the patient has recommenced jogging up to 160 km a month and is on no
medication. He is currently asymptomatic, has completed a 28 km race,

and plans to run the 1981 Comrades Marathon.

CASE 5.

When first seen in December 1978, this patient aged 55 years
had been running for 20 years. During this period he had completed thirteen
90 km Comrades Marathons in times ranging between 9 and 11 hours, more than
100 standard 42 km marathons, and had run in total an estimated 80 000 km.

He had first become aware of symptoms in the 1978 Comrades
Marathon, during the first 16 km of which he had experienced mild central
chest pain and inappropriate dyspnoea when running uphill.  After walking
for 3 km he had again been able to run without symptoms and had completed
the race "feeling fine". After the race he chose to rest for 2 months
before recommencing regular training. Subsequently, during the first
kilometer of each run he experienced constricting central chest pain,
associated with dyspnoea. Despite this, he was able to run 40 km a
week in training.

At the end of November 1978, he entered a 16 km race but half-
way through the race, he developed severe, crushing anterior chest pain.
He tried unsuccessfully to "run through the pain" but had been forced
to walk to the finish line, where he collapsed. Later he consulted a
general practitioner, who diagnozed that he had angina pectoris and

" ordered him to rest. However, in the following week, he developed marked
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dyspnoea progressing to orthopnea, pleuritic left-sided chest pain and a
non-productive cough which was worse at night. The patient was referred

to a physician who found that on clinical examination the heart rate was

40 beats/min, the blood pressure 120/80 mmHg and the jugular venous pressure
was raised 8-10 cm above the manubrium sterni. Auscultation of the heart
revealed no abnormality but there were crepitations at both lung bases.

The electrocardiogram showed Q waves in Leads I, II, AVL, V4, V5 and V6

with T wave inversions in Leads 2, 3 and AVF, V4, V5 and V6. Poor R wave
progression was also noted across the anterior chest leads. Figure 3.12

is a representative electrocardiogram taken 3 months later.

The patient was hospitalized and treated with digitalis and a
diuretic. The clinical signs of congestive cardiac failure improved, but
on the 10th day in hospital the patient developed pleuritic chest pain
and haemoptysis, but without radiological changes in the chest. This was
diagnosed clinically as a pulmonary infarction. The patient was discharged
on the 30th day after admission.

For 3 months after discharge, the patient experienced dyspnoea
even on minimal exertion, associated not with classical angina but with a
feeling of “fullness" in the chest. In view of the severe degree of the
patient's disability, he was referred, in May 1979, to Wentworth Hospital,
Durban for cardiac evaluation.

The relevant features of the patient's past medical history were
that 7 years previously he had been diagnosed as a "mild" hypertensive and
had since that time been treated with Brinerdin, 1 tablet daily. This
treatment had controlled his blood pressure at values between 120 and 140 mmHg
systolic. It should be noted that the patient received normal 1ife
insurance at age 22 years, indicating that his hypertension was of more

recent origin.  The patient's father had died from a heart attack at the
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Case 5. Resting electrocardiogram showing
Q waves in leads 1, 2, V5 and Vg, and poor

R wave progression in the anterior chest
leads.
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age of 55 and his brother suffered an acute myocardial infarction at 58,
but had recovered and is at present well. The patient had been a moderate
smoker (30 cigarettes a day) from ages 21 to 36 but had stopped completely
when he started running. He drinks approximately 3 ounces of alcohol
per week.

On cardiovascular examination, the heart rate was 64 beats/min
with occasional irregular beats, and the blood pressure was 180/110 mmHg.
The jugular venous pressure was not raised and there were no abnormal
cardiac sounds. The lung fields were clear and,on ophthalmoscopy, the
retinal blood vessels appeared normal. The electrocardiogram was unchanged
from that shown in Fig. 3.12 and was considered compatible with old
anterolateral myocardial infarction with apical aneurysm formation. The
chest Xray showed a pseudo boot-shaped heart with an increased cardio-
thoracic ratio of 55%.

Special investigations showed normal haematological, serum
electrolyte and serum enzyme patterns. However,serum uric acid was
elevated at 0,61 mmol/L (normal values 0,15-0,42). Serum cholesterol
was 6,6 mmol/L (normal values 3,9 - 6,5 mmol/L) with an HDL of 1,11 mmol/L,
giving a total cholesterol:HDL cholesterol ratio of 5:9. The serum
triglyceride level was 1,68 mmol/L (normal values 0,30-1,81 mmol/L) and
no chylomicrons were observed in the fasting serum.

Prior to coronary angiography, the patient's blood pressure was
stabilized at 140/85 mmHg on furosemide 40 mg daily, prazosin 2 mg 6-hourly,
and supplemental potassium.

Coronary angiography showed a 50% narrbwing in the Teft mainstem
coronary artery immediately proximal to its bifurcation (Fig. 3.13). The
left anterior descending coronary artery was significantly narrowed in three

areas, whereas the circumflex coronary artery showed complete occlusion of
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its proximal branch, the ramus medialis, and the distal artery was small
and diffusely narrowed. The right coronary artery was totally occluded
in its proximal third and the distal vessel filled from the dominant left
coronary artery (Fig. 3.14).  Ventriculography showed a dilated left
ventricle with an anterolateral aneurysm and a hypokinetically-contracting
inferior surface (Fig. 3.15a and b). Because of the poor state of the
patient's distal coronary arteries, coronary bypass surgery was not
considered to be feasible, and the patient was discharged from hospital

on medication to participate in a mild exercise rehabilitation programme.

C. Relevance of these cases to the "“Bassler Hypothesis".

The cases described above indicate that myocardial infarction,
and angiographically-proven coronary artery disease, indistinguishable from
coronary a£herosélerosis, can occur in marathon runners. furthermore,
despite their being marathon runners, each for at least 10 years, cases
3, 4 and 5 all had coronary artery disease which, in the latter 2 cases,
was incapacitating. Nor were any of these 3 runners smokers, nor did
they have abnormal blood 1lipid levels or Tong-standing hypertension.

Thus, these cases show that marathon running cannot guarantee
absolute protection against either myocardial infarction or angio-
graphically proven coronary atherosclerosis, even in the absence of the
3 major risk factors - smoking, hypertension and hypercholesterolaemia.

Further points arising from these cases are reviewed in the

concluding summary of this chapter.
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3.3 SUDDEN DEATH IN MARATHON RUNNERS.

A. Cases in which coronary atherosclerosis was shown at autopsy.

CASE 6. (Reference 96 and 394)

A white male aged 39 in 1976, participated in rugby football
and amateur boxing in which he was nationally ranked until the age of 18,
after which he became physically inactive. Apart from occasional
acute attacks of gout from 1963 onwards, for which he took allopurinol, he
had no cause to seek medical attention. In January 1974 he took up long
distance running and in the course of the following 27 months completed two
90 km Comrades Marathons, a number of standard marathons, and had run
6 480 km in training. By the end of March 1976, he was in full training
for that year's Comrades Marathon and was running more miles at a faster
pace than at any previous time in his 1ife. However, having completed his
usual Sunday morning run of 42 km uneventfully, he became aware of a sharp
stabbing pain in his right elbow shortly after commencing a training run the
following Monday, March 28. The pain persisted and after a further 3 km
was followed by the onset of moderately severe, cramping, anterior chest
pain. These pains became progressively worse until he was forced to walk.
Within a minute of walking the chest pain disappeared only to reappear
immediately he started jogging. The patient returned home and although
he felt sluggish he had no further chest pains. On the following 2 days
the patient walked and ran a total of 30 km and was again troubled by the
same pains. But on Thursday morning, he was awakened by severe, crushing

precordial chest pain radiating to the right elbow and associated with
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sweating and nausea.

He went immediately to hospital where the electrocardiogram
showed a hyperacute inferolateral myocardial infarction with marked ST-
segment elevation in leads 2, 3, AVF, V5 and V6 with pathological Q waves in
3, AVF and V6.  On admission to the Intensive Coronary Care Unit, the
only abnormal findings were a jugular venous pressure raised 2 cm above
the manubrium sterni and a third heart sound. He was treated with
digoxin, furosemide, and supplemental potassium for mild right ventricular
failure.

Cardiac enzymes were elevated the day after admission (creatine
phosphokinase-510 units/m1, normal up to 50; lactate dehydrogenase -

283 units/ml, normal up to 90),but returned to normal values within 4 days.
The patient was discharged‘from hospital on propranolol 40 mg 8-hourly, and
on sulphinpyrazone. On the day of his hospital discharge he walked half

a mile without chest pain and returned to work the following morning, 12 days
after acute myocardial infarction.

Over the next 3 weeks he increased his daily walking distance
to 3 km,at which stage he resumed jogging. For a period he developed elbow
and chest pain when jogging, but always walked immediately when any chest
pain started. By the end of June he was Jjogging without symptoms up to a
distance of 6 km, and in mid-July 1976 he was admitted to Groote Schuur
Hospital for assessment of his cardiovascular status.

There was no family history of heart disease or hypertension,
but one maternal aunt had died from diabetes in her forties. The patient
did not drink alcohol but had smoked three pipefuls of tobacco and 2 to 3
cigarettes a day, from the age of 18, until one month after his myocardial

infarction.

The patient was small (5'6"), muscular white male (somatotype
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2:6%:1 Heath-Carter) with 13,6% body fat estimated from skinfold measure-
ments. There were no stigmata of hyperlipidemia. The patient's blood
pressure was normal ( 110/70 mmHg ) and the resting heart rate was 50 beats/
min. The apex beat was not displaced, there were no abnormal ausculatory
findings, and all the peripheral pulses were present. Other features,
including urine and blood count,were normal and the ESR was 5 mm/hr
(Westergren).  The glucose tolerance test was normal, serum uric acid was
elevated ( > 12 mg/100 ml ) and the fasting lipogram was classified as a
type IIb hyperlipidemia with cholesterol 265 mg/100 m1, triglycerides

235 mg/100 m1 (normal up to 150), chylomicrons 16 mg/100m1 (normal up

to 12), pre-g-Tipoproteins 177 mg/100 m1 (normal up to 150), and g-Tipo-
proteins 513 mg/100 m1 (normal up to 48).

The chest Xray was nérma] and a resting electrocardiogram showed
an old inferior myocardial infarction (Fig. 3.16). The effort electro-
cardiogram did not reveal any symptoms, arrhythmias or ST segment changes
up to a heart rate of 130 beats/min while on propranolol 40 mg twice daily.
The echocardiogram showed normal sizes and movement of heart chambers,and
there was no thickening of the posterior ventricular wall. The patient
was Holter-monitored during a 30-minute jog, during which time no arrhythmias
were recorded.

Left heart catheterization showed an increased left ventricular
end-diastolic pressure (20 mmHg). Angiography revealed complete occlusion
of the distal circumflex coronary artery just after the origin of the obtuse
marginal branch (Fig. 3.17), with a small segment of the more distal vessel
filling later by means of bridge collateral. The left anterior descending
coronary artery had minor luminal irregularities (Fig. 3.17).  There was a
50% narrowing of the right coronary artery, which involved the origin of the

right ventricular branch. The rest of the vessel was of good calibre with
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Case 6. Resting electrocardiogram showing

Q waves in leads 2, 3 and AVF. The tall T

waves in Vo and V3 are normal for athletes.
(References 278, 279, 288).
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some Tuminal irregularities (Fig. 3.18). Cineangiography of the left
ventricle showed good contraction except for an area of inferior and
infero-basal hypokinesia (Fig. 3.19).

The patient was treated with propranolol 40 mg twice daily and
clofibrate. For exercise rehabilitation, he was advised to continue jogging
but not to participate in marathon races.

Despite this advice, he gradually increased his training and on
5 March 1977, approximately one year after myocardial infarction, he com-
pleted a 50 km race in 5 hours 36 min, and 2 weeks later a 42 km marathon
in 4 hours 45 min. He ran additional 42 km marathons in April and
September 1977, and August 1978, the latter in a time of 4 hours 5 min. In
the 28-month period between his myocardial infarction and this latter race,
he had run 3624 km and completed 5 marathons as documented in his running
logbook subsequently made available to us. The logbook also records
numerous episodes of pain in the chest or jaws or left arm, during training
runs, but he did not seek medical advice for these complaints.

In September 1978 he was re-admitted to hospital with a history
of two attacks of constricting central chest pain lasting for 30 and 45
minutes, radiating to the jaw and to both elbows and not responding to nitro-
glycerin.  His pulse rate was 56 beats/min and blood pressure 150/80 mmHg.
Serum creatine kinase was slightly elevated (114 iu/L; normal up to 70)
and the only electrocardiographic change was transient T wavevflattening
in leads 1 and V4 and V6. The patient was treated for unstable angina
with propranolol 40 mg 8:hour1y and isosorbide dinitrate 10 mg 2:hour1y.

The chest pain settled and he was discharged 6 days later.

However, on the following day,he again developed chest pain
lasting a few hours for which he was re-admitted to hospital. There were
no fresh electrocardiographic changes but the serum creatine kinase was

again mildly elevated (133 iu/L). As the pulmonary wedge pressure measured









150

by a Swan-Ganz catheter was normal (8 mmHg), the dose of propranolol was
increased to 60 mg 8&hourly. He was discharged from hospital 1 week later.

In October 1978 a repeat coronary angiogram showed complete
occlusion of the circumflex coronary artery (as noted before), total
occlusion of the right coronary artery (progression from a 50% lesion
found in 1976) and greater than 80% stenosis of the anterior descending
coronary artery (progression from winor luminal irregularities found in
1976).

On 14 October, whilst working in his garden, he developed severe
chest pain and was re-admitted to hospital. Serum creatine kinase was
normal (27 iu/L) and the electrocardiogram had only T wave abnormalities
in V4 and V6. But on the evening of 17 October, whilst awaiting coronary
bypass surgery, he began to have severe chest pain and electrocardiography
revealed acute anterolateral ST-segment elevation with increasing size
of the Q waves in V5 and V6 (Fig. 3.20). Despite therapy, the heart
stopped within 1% hours and resuscitation failed. Consent was given for
only a partial post-mortem examination undertaken 58 hours after death.

The heart weighed 344 grams. Drill-biopsy specimens were taken
from the macroscopically normal left ventricular free wall and septum for

the analysis of potassium/sodium ratios4oo.

The three major epicardial
coronary arteries were sectioned transversely at 3 mm intervals throughout
their length and all the transverse sections so obtained were processed and
examined microscopically. The degree of luminal narrowing in these vessels
is indicated in graph form (Fig. 3.21). The mainstem of the left coronary
artery was free of significant disease,but its anterior descending branch
showed up to Grade 4 (75-100%) narrowing. Total occlusion by a fresh
thrombus superimposed on grade 4 atherosclerotic luminal narrowing was seen

50 mm from its origin (Fig. 3.22). In the left circumflex artery there was

up to Grade 4 narrowing, and at 40 mm from its origin the vessel was totally
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Figure 3.20

Case 6. Resting electrocardiograms taken

1 day apart. The latter tracing taken shortly
after the onset of chest pain shows antero-
lateral ST-segment elevation and increasing
size of the Q waves in Vg and Vg.
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Figure 3.21

Case 6. Graph showing percentage luminal
narrowing of three major epicardial coronary
arteries obtained by histological examination of
repetitive transverse sections 3mm apart. Each
artery is total occluded in at least one site.






154

occluded by long-standing organized thrombus. In the right coronary
artery there also was up to Grade 4 narrowing,and 23 mm from its origin
the vessel was totally occluded for 6 mm by a recently organized thrombus.
The healed infarct of the left ventricular inferior wall was
composed of mature, hypocellular fibrous tissue. Multiple dilated thin-
walled blood vessels were present,but there were no inflammatory cells.
These appearances were in keeping with a healed infarction of over 2 years
duration.  Incubation of a transverse slice of the heart through both

ventricles with nitroblue tetrazo]ium40]

showed deficient enzyme activity
only in the scarred wall of the left ventricle. Although there were
neither histologic nor enzymatic changes of fresh infarction, acute myo-
cardial infarction was strongly suggested by the clinical features, the

402 found in

recent thrombus, and by the depressed potassium/sodium ratios
the left ventricular free wall and septum (0,96 + 0,08; mean + SEM for
9 biopsies). Biopsies were taken by the drill biopsy technique of Pool,

403

Norris, Lewis and Covell  “and analyzed for myocardial potassium/sodium

ratios by the method of Jennings, Crout and Smetters40%

The sino-atrial node was not present in the heart specimen
submi tted. The atrioventricular node showed mild interstitial fibrosis
but the bundle of His was normal. The descending thoracic aorta showed

moderate atherosclerosis, and lung section revealed acute oedema.

CASE 7.

A 44 year old man had been running long-distance events for 14
months.  During this period he completed eight standard 42 km marathons,
a 56 km race in 5 hours 59 minutes, and, on May 31 1978, the 90 km Comrades
Marathon in 10 hours 10 minutes. In craining, he ran from 48 to 80 km per

week. He was a nonsmoker and a social drinker, and there was no relevant
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history of serious disease. In 1970 he received 1ife insurance from two
companies at a normal premium, indicating the absence of any apparent
cardiovascular abnormality.

In July 1978, he ran a 50 km race in 4 hours 59 minutes, and on
August 13, 1978, a standard 42 km marathon in 4 hours 2 minutes. At
about this time, he visited a general practitioner and complained of a
non-specific lack of energy. There were no symptoms or signs of ischaemic
heart disease. The blood pressure was described as normotensive, although
the actual value was not recorded. The fasting serum cholesterol level
was 7,65 mmol per litre (296 mg/100 ml), the high-density 1ipoprotein
fraction 0,43 gram per Titre (43 mg/100 m1), and the triglyceride level
1,63 mmol per litre (145 mg/100 m1). The blood count and erythrocyte
sedimentation rate were normal. Electrocardiography was not performed.

On September 16, 1978, the athlete competed in the 24 km Simba
road race in Johannesburg. He was running without distress at the 19 km
mark , when he stopped to adjust a loose shoelace. Bending down, he
suddenly Tost consciousness and fell to the ground. The first runner to
reach him noted that he was immobile and pulseless and that facial pallor
rapidly developed. A1l attempts at resuscitation fajled.

At autopsy 48 hours after death, there were not extracardiac '
findings to explain the cause of death. The heart and some skeletal muscle
were removed from the body, placed in ice and flown directly to Cape Town
for further analysis. Fifty six hours after death, drill biopsy specimens
were taken from the macroscopically normal left ventricular epicardium and
from the skeletal muscle for analysis of potassium/sodium ratios.

The heart weighed 357 grams and showed extensive anteroseptal
infarction (Fig. 3.23). Tais healed infarction appeared to be of at least
3 to 6 months duration and consisted of a mature scar deyoid of inflammatory

cells.  Sections for microscopical examination were taken at 10 mm intervals
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along the course of the 3 coronary arteries for assessment of luminal
narrowing (Fig. 3.24). About 5 mm from its origin the anterior descending
branch of the left coronary artery showed Grade 4 (75 to 100%) athero-
sclerotic narrowing of the lumen (Fig. 3.25) and 15 mm from its orfgin the
artery was occluded by a completely organized thrombus, in which some
recanalization had occurred. The extent of atherosclerosis in the circum-
flex coronary artery is also shown in Fig. 3.25. Light microscopy revealed
fibrosis of the papillary muscles. There was no evidence of coagulative
necrosis, but in the subendocardium of the left ventricular posterior wall

400,405,406 as well as local fibrosis were

cytoplasmic contraction bands
observed.  In this portion of subendocardium no enzyme activity was detected
with nitroblue tetrazolium (Fig. 3.23). Contraction bands were also present
in the posterior wall of the right ventricle, which likewise showed no
dehydrogenase enzyme activity. The atrioventricular node and the bundle

of His were microscopically normal. The sinoatrial node was not included
with the heart received for examination.

In biopsy specimens from the macroscopically normal epicardial
left ventricular wall, the potassium-sodium ratios were much reduced
(0,63 + 0,06, mean + SEM 1in 6 specimens) whereas values in the skeletal
muscle were normal (2,40 + 0,19 in 8 specimens) - a combination found in

sudden cardiac death402.

CASE 8.

A 36 year old man began serious Tong-distance running in January
1971 and in the 7 years before his death had run approximately 80 km a week.
Each year he had competed in 4 or more standard marathon or longer races,
including three 90 km Comrades Marathons and a 160 km track race. For the

9 years up to 1969, he had smoked approximately 10 cigarettes a day, but had
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Case 7. Graph showing percentage reduction of
luminal cross - sectional area in the 3 major
coronary arteries obtained by histological exam-
ination of repetitive transverse sections 10 mm
apart. There was extensive (70 to 80°0) nar-
rowing extending for about 60 mm of the cir-
cumflex and left anterior descending coronary
arteries, and one site of total occlusion of

the latter artery.
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not smoked again after that date. In February 1976, a routine medical
examination revealed no symptoms or signs of cardiovascular disease. His
blood pressure was 130/80 mmHg and the resting and submaximum-effort
electrocardiograms (to a heart rate of 150 beats/min) were both normal.
On April 30, 1978, while on a long training run in preparation for the
1978 Comrades Marathon, he and two other runners (one of whom is Case 9)
were instantly killed by an automobile. Forensic autopsies were performéd.
The heart weighed 360 grams and the myocardium was normal. The
anterior descending branch of the left coronary artery (Fig. 3.26) and one
of its large diagonal branches (Fig. 3.27) showed advanced luminal narrowing
by concentric atherosclerosis of the intima. The left circumflex branch
and the right coronary artery showed milder atherosclerotic narrowing.
The small coronary vessels were normal. Histologic study of the ventri-
cular myocardium showed no evidence of infarction or fibrosis.  The only
additional abnormality detected was a localized area of fibrous thickening

on the contact area of the anterior mitral leaflet.

CASE 9.

A 27 year old man had been an active athlete at schoo] and had
excelled at rugby football and middle-distance running. In February 1977
he began long-distance running and in the following 14 months he completed
three 42 km standard marathon or Tonger races. One week before his
accidental death he completed a 56 km marathon in 5 hours 34 minutes. There
was no significant medical history. For the previous three years he had
smoked an average of 10 cigarettes per day. At autopsy, the heart weighed
350 grams and there was evidence of subendocardia] interstitial fibrosis
in the left ventricle. The right ventricle showed adipose infiltration

and scanty subendocardial myofibrillar degeneration. The left anterior
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descending branch of the left coronary artery showed 25 to 50% athero-
sclerotic narrowing. The circumflex branch, the mainstem of the Teft

coronary artery and the right coronary artery had no appreciable narrowing.

CASE 10.  (Case still under review)

A 29 year old runner,who was known to be hypertensive and who
completed the 1980 Comrades Marathon, died suddenly whilst on a training
run. For some months he had been troubled by exercise-induced chest
pain, the nature of which had not been established.

At autopsy, fhe heart weighed 420 grams and there was -a total
occlusion of the anterior descending coronary artery about 2,5 cm from its
origin (Fig. 3.28). The distal vessel and the circumflex coronary artery
were free of atherosclerosis, but the right coronary artery showed areas
of Grade 1-2 (25-50%) atherosclerotic narrowing.

The left ventricle showed concentric hypertrophy. Histology
showed an area of healed myocardial infarction involving the inner 2/3rds
of the antero-septal wall of the left ventricle. Additional sections taken
from the left ventricular septum and free wall showed widespread areas of
myofibre disarray sufficient to warrant a diagnosis of hypertrophic cardio-
myopathy407.

A case of hypertrophic cardiomyopathy associated with sudden
death during marathon racing has previously been described by us397.
Other authors have also reported that hypertrophic cardiomyopathy is an

important cause of sudden death in young ath]etes408.
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B. Relevance of these cases to the "Bassler Hypothesis".

These cases confirm that autopsy-proved coronary atherosclerosis

can occur in marathon runners, and that such disease may prove fatal.

41

They thus disprove’  the "Bassler hypothesis" as it was originally stated.

C. Cases in which autopsies were not performed.

CASE 11.

A 35 year old man had been running for at least 10 years before
his death in February 1974. His athletic achievements included a best
standard marathon time of 2 hours 33 minutes in April 1973 and a time of
3 hours 24 minutes for a 53 km race in April 1972. In May 1971 he
finished the Comrades Marathon in 45th position out of 925 competitors in
a time of 6 hours 51 minutes. During 1972 and 1973 he ran a total of
7 653 km,

His running logbook records that he went running on 11 occasions
during the first 3 weeks of January 1974. On 6 of these runs reference is
made to the presence of chest pain or pain between the shoulder blades, or
both.  This was severe enough to force him to stop running on a number of
occasions. During one 7 km time trial, at which his wife was present, she
recalls that he was forced to stop running 5 or 6 times. A friend advised
him to see a doctor but he declined attributing his problems to "unfitness".
In this period he ran 44 and 64 km training runs. During this longer run
he had severe chest pain that frequently forced him to stop.

On the day of his death, he went to work as usual but telephoned
home at 4 o'clock in the afternoon to say he was going surfing. However,

he arrived home 50 minutes later saying that he was "too breathless" to
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surf properly. He went inside the house and 20 minutes later asked his
wife to take him to the doctor immediately as he had severe chest pain.
His wife recalled that he looked pale but was not sweating and did not
complain of nausea. During the car ride to the doctor he requested his
wife to drive faster as the chest pain was getting worse and that it was
now present in his Teft hand, which felt paralyzed.

He was seen by a general practitioner who gave him an injection
and informed his wife that he had had a heart attack. The patient was
driven to hospital immediately where he was admitted to the Intensive Care
Unit. A diagnosis of acute myocardial infarction was made on the clinical
features and the absence of signs of rupture of an aortic aneurysm or
massive pulmonary embolus or other causes of acute severe chest pain.

The patient died at 6.40 p.m. and the diaénosis on the death

certificate was coronary thrombosis. No autopsy was performed and an

409 410

incorrect report in a letter was discounted on further investigation .
An electrocardiogram was taken on admission to hospital (Fig.3.29)
and later reported as showing changes of acute inferior subendocardial

411

ischaemia.  Scaff has claimed that the patient died of heatstroke with

which diagnosis the electrocardiogram was considered to be compatible.

This interpretation has been repeatedly re-stated4]2'4]4

but can however

be readily discounted because the patient had not been running on the day

of his death, and the symptoms were quite incompatible with heatstroke4]5’416.

In view of the strong Tikelihood that this patient came from a

family with a genetic predisposition for coronary artery disease, members

of his family were subsequently investigated. Of his 4 brothers, 2

have subsequently died suddenly within a period of 10 days of each other.

In addition, it was found that his daughter has a type 2B hyperlipidaemia

(cholesterol 375 mg/100 ml and triglycerides 271 mg/100 ml). Thus, it seems
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Figure 3. 29

Case 11. Resting electrocardiogram taken
shortly before death showing ST segment
depression in leads 2, 3 and AVF.
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that the deceased does indeed come from a family with a genetic hyper-
lipidaemia and that marathon running could not protect against the

fatal consequences of that disease,

CASE 12.

In October 1970, 16 months after completing the 1969 Comrades
Marathon in 10 hours 33 minutes, a 47 year old athlete collapsed and died
80 metresshort of the finish line of the 13 km Harrismith Mountain Race.
He was immediately attended to by a physician who applied cardiopulmonary
resuscitation, without success. The patient was declared dead on arrival
at the nearest hospfta].

There was no family history of heart disease .and the patient
had never complained of cardiac symptoms. Six months prior to his death,
during a routine medical examination,a grade 3-4/6 systolic murmur was heard
in the aortic area. The blood pressure was normal (140/90 mmHg). The
chest ¥ray was reported as showing left ventricular hypertrophy but the
electrocardiogram was within normal limits. Serum cholesterol 252 mg/
100m1 (normal 135-250), triglycerides 136 mg/100 m1 (normal 60-150) and
uric acid 6,5 mg/100 m1 (normal 2-6,5), were all normal. The cause of the

aortic murmur was never clinically established, and no autopsy was performed.

CASE 13.

A 58 year old man,who had already completed 6 Comrades Marathons,
felt unwell during the 1978 Comrades Marathon . and visited a physician
shortly thereafter. The electrocardiogram,which was subsequently mis-
placed, was reported to be compatible with a non-transmural myocardial
infarction. The patient declined an offer to come to Cape Town for

cardiological evaluation, and continued to train for and to run marathons.
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In February 1979 he was found dead in his bed, 36 hours after completing

a 42 km marathon. No autopsy was performed.

CASE 14.

A 53 year old male started running in 1975, and completed a
number of standard and ultra-marathon races, including 2 Comrades Marathons.

In May 1980, a few hours after completing an uneventful 42 km
training run as part of a 160 km training week, he died suddenly whilst
resting on his bed. No autopsy was performed.

Other runners, who had seen this athlete running immediately
prior to his death, reported that he lTooked well. He had not complained
of any abnormalities either to these runners or to his wife after he

had returned home.
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3.4 SUMMARY AND CONCLUSIONS

These studies show that coronary atherosclerosis and sudden
cardiac death do occur in trained marathon runners. This finding has

been confirmed by 2 more recent studies4]7’4]8.

They also show that
such deaths occur not infrequently (a minimum of 5 cases in the past
2 years in South Africa) and that, at least in this country, unless
special interest is shown in the Ease, most marathon deaths will be
inadequately autopsied. It should be noted that, despite "worldwide

419

surveillance", in ten years, Dr. Bassler was able to collect only

4 such autopsy cases in North American marathoners. This suggests

that prior to the more recent interest4]7’4]8

, a similar problem
regarding adequate autopsies in marathon runners also existed in the
United States. This would be one explanation why the “Bassler
hypothesis" went unchallenged for as long as it did.

It must be emphasized that although these studies disprove the
extreme hypothesis that exercise training can provide absolute protection
against coronary atherosclerosis or sudden cardiac death, they provide
no information for a more general thesis that marathon running or other

prolonged exercise might provide partial protection against this disease.

Such a possibility deserves ongoing epidemiological attention.
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A number of additional features, not directly relevant to the
specific topic investigated by this thesis, became apparent during these
studies. They are reviewed here as they relate to the general topic of

exercise and the heart.

The presence of warning symptoms prior to myocardial

infarction or sudden death.

The majority of athletes had continued training, or indeed
racing, despite warning symptoms. Two athletes (Cases1 and 3) completed
marathon races with symptoms, one of these athletes (Case 1) running
more than 30 km after the onset of exertional discomfort to complete the
90 km Comrades Marathon. When told that he had suffered a heart attack,
Case 4 refused to be hospitalized and went home and mowed his lawn for
5 hours with severe chest pain. Case 5 "ran through" chest pain and
dyspnoea to complete the Comrades Marathon. Five months later despite
severe chest pain, he continued to run a 16 km race and collapsed at the
finish. Case 6 persisted in walking/jogging even when he had unstable
angina.  One month before his subsequent death during a 24 km road race,
Case 7 visited his physician complaining of a lack of energy. Case 10
continued to run with chest pain after a medical practitioner had fajled
to establish the cause of this pain. Case 11, who died shortly after
the onset of severe chest pain, had continued training for 3 weeks ,
including a 64 km run with chest pain which he ascribed to "unfitness".
Case 13 continued to train and run marathons with chest pain, and declined
to undergo medical evaluation.  Another marathon runner with hypertrophic
cardiomyopathy (not reported here), who die& during a marathon race, had
suffered previous attacks of chest pain and had remarked that he felt unwell

and wished to quit during the fatal race397’416.
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Denial of premonitory symptoms has since been noted by other

authors.  Thompson, Stern, Willjams et a14]7

reported that 6 of 13 runners
with coronary heart disease, who died suddenly during or shortly after
exercise, had premonitory symptoms. In none was there chest pain, but

3 runners had been troubled by abdominal discomfort. Two of our runners
who developed myocardial infarction during marathon racing (Cases 1 and 3)
also presented with abdominal symptoms. Thompson and his co]]éagues

point out that failure to appreciate gastric pain as being of possible
cardiac origin may postpone diagnostic evaluation, as occurred in both

our cases.

Co]t420

has also described 2 marathon runners who continued to
train and race despite symptoms, one athlete continued to run for 6 km
with chest pain before collapsing in the 1978 New York City Marathon with
extensive anteroseptal myocardial infarction. Another runner, who had
previously lost consciousness after a training run, died one month before
the same New York marathon. One week before his death, this runner had
put the following words on his T shirt: "You haven't really run a good
marathon until you drop dead at the finish line - Pheidippides". An
American congressman, who had completed the Boston Marathon 7 times and who
died after a 19 km training run, had been advised by a cardiologist to
stop running, pending further cardiovascular evaluation for angina pectoris
and an abnormal exercise electrocardiogram. The congressman who was aware
of the "Bassler hypothesis" apparently believed that his accomplishments
as a marathon runner immunized him against heart disease.

In a study of sudden death in 29 young ath]etes408, 19 of whom had
either hypertrophic cardiomyopathy or idiopathic concentric left ventricular
hypertrophy, and only 3 of whom had coronary artery disease, premonitory

symptoms were uncommon, being present in only 8 cases. Thus, although
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our study suggests that premonitory symptoms are likely to be present

in older athletes at risk of sudden death, most of whom will have
coronary atherosclerosis, the study o% Maron and his colleagues suggests
that, in younger athletes, premonitory symptoms may be less likely,
possibly ‘because hypertrophic cardiomyopathy, the more common fatal
cardiac disease in that age group, may not cause obvious premonitory

symptoms.

The role of overtraining and marathon racing.

Another feature that needs to be considered is whether over-
training or alternatively marathon racing had contributed to the
subsequent sudden deaths or heart attacks of these marathoners. Cases
T, 3 and 6 had all been undergoing periods of particularly intensive
training before their heart attacks. In the week leading up to his
death, Case 14 had run 160 km, a training "mileage" quite incompatible
with his modest athletic ability. It should be noted that Case 4
developed severe angina pectoris one week after completing a standard
marathon. Cases-5 and 10 developed significant angina pectoris in
the period immediately following the Comrades Marathon, Case 6 developed
unstable angina one month after completing a standard marathon, and Case 13
died within 36 hours of completing a marathon.

Further studies are indicated to determine whether these events
were purely coincidental or whether marathon racing might actually be

detrimental for some persons with advanced coronary artery disease.
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High Tevels of physical fitness do not guarantee the

absence of significant cardiovascular disease.

Despite subsequently documented severe coronary artery disease,
many of these athletes were able to successfully complete marathon or
Tonger races. Cases 4, 5 and 7 all completed the Comrades Marathon
within months of being shown to have advanced triple vessel coronary
artery disease. At autopsy, one month after he had completed a
marathon, the heart of Case 6 showed complete occlusions of all 3 major
epicardial coronary arteries.

A disturbing feature was the rapidity with which severe cardiac
symptoms developed in some athletes. Thus, cases 4, 5 and 6 all developed

severe, incapacitating angina pectoris of rapid onset.

Practical implications

These studies have 4 practical implications for both runners
and physicians.

First, runners shou]dlnot assume that attaining the marathon
distance will ensure total immunity from coronary heart disease nor that
attaining that distance after myocardial infarction will necessarily
prevent progression of the disease.

Second, runners should seek medical advice and not force them-
selves when exertional symptoms develop, as occurred in the majority of
our cases.

Third, when consulted by symptomatic marathon runners, physicians
should not exclude the possibility of coronary heart disease simply
because the athlete is "physically-fit". Cases 6 and 10 provide good

examples of this. Shortly before their deaths, both consulted medjcal
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practitioners with vague (Case 6) and specific (Case 10) cardiac
symptoms, but in neither was the correct diagnosis established prior
to death. It would seem that symptoms sufficiently severe to interfere
with the athlete's running performance definitely warrant a complete
cardiac evaluation, including a maximum exercise stress test, echo-
cardiography and even possibly ventriculography with provocative testing
to define the non-obstructive form, if hypertrophic cardiomyopathy is
considered a diagnostic possibility.

Fourth, in order that the preventable aspects of sudden death
in athletes be better understood, it is essential that, in all such

cases, more thorough autopsies should be performed.
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CHAPTER 4.

EXERCISE TRAINING AND MYOCARDIAL
RESISTANCE TO VENTRICULAR FIBRILLATION.

STUDIES IN THE ISOLATED
PERFUSED RAT HEART MODEL.



177

4.1 INTRODUCTION

The studies reported in the previous chapter have established
that even the high levels of regular exercise maintained by marathon
runners cannot absolutely protect them against either coronary athero-
sclerosis or sudden cardiac death. However, the 1ikelihood that any
such extreme medical hypothesis will ultimately turn out to be true,
must always be extremely remote. Thus the "unequivocal destructijon" of

ol should not be allowed to detract from the more

the Bassler hypothesis
realistic possibility that exercise training might indeed provide

partial protection against ejther coronary atherosclerosis or sudden
cardiac death, or both. But the further study of these specific
questions will require additional epidemiological studies that must
circumvent the problems detailed in section 2.2A - studies to which, at
present, I have no access.

Therefore, to further my own studies of this topic, I chose an
animal model to investigate the effects of exercise training on myocardial
electrical stability during experimental interventions that are beljeved
to mimic conditions present during heart attack. Currently, there are
2 such animal models:

(i) The in vivo dog model¥22

in which bipolar stimulating electrodes
are introduced into the left ventricular myocardium during thoracotomy.
When the animal has fully recovered from the operation, its ventricular
fibrillation threshold (VFT) may be measured by stimulating the ventricular
electrodes at a current, measured in milliamperes, sufficient to produce
ventricular fibrillation.

(i1)  The isolated perfused rat heart mode]*23.

[ chose the Tatter in vitro model to compare the ventricular

fibrillation thresholds of isolated hearts from running-trained rats with
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those of hearts from control animals during control perfusions, and under
conditions of hypoxia and acute regional myocardial ischaemia, to
determine whether exercise training could increase myocardial electrical

stability under these experimental conditions.
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4.2 MATERIALS AND METHODS.

Three weeks after weaning, young male Wistar-Weissman rats were
randomly assigned to either an exercising or a control group and were
housed and fed under identical conditions. Rats assigned to the exercising
group completed the training programme described in Appendix 1.A.

Beginning after 9 weeks' training, rats from either the control
or trained group were anaesthetized with ether in a vacuum bowl and
when asleep, 10 ul of heparin (Pu]arin(R), Glaxo-Allenburys (SA) Pty Ltd.,
Wadeville, 1000 u/ml) was injected into the femoral vein. The thoracic
cavity was opened, the heart exposed and gently lifted between thumb and
forefinger. Parts of the Tungs and the great arteries were then cut,
the heart rapidly excised and immediately placed in jce-cold (4°C) Krebs-
Henseleit buffer. As soon as the heart had stopped beating, it was
removed from the buffer, the aorta was incised immediately proximal to the
aortic arch, and the opened aorta was slipped onto the aortic cannula of
the isolated heart perfusion system (for more details see next chapter).
Extreme care was taken to insure that there were no bubbles in the aorta
when it was mounted on the cannula. Hearts from trained and control rats
were perfused alternative1y~so that an equal number of hearts from each
group were studied on each experimental day. The perfusate used was a
modified Krebs-Henseleit buffer solution (Appendix 1.B) with a CaC]2
concentration of 1,1 mM, aerated with either 95% 02:5% CO2 or with 95%
room air and 5% CO2 during studies of hypoxia. The perfusate substrate
was 11,1 mM D(+) glucose (Merck, Darmstadt, West Germany) plus insulin
(NUSO Neutral Insu]in(R), Wellcome Foundation) at a concentration of
2 u/litre. The perfusion pressure was 100 cm H,0.  In those experiments

in which myocardial glycolytic rates were measured 3H-g]ucose (100 ul/litre
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perfusate) was added to the perfusion fluid, and the coronary effluent
analyzed for its 3H20 content according to the techniques described in

Appendix 1.C.

A. Ventricular fibrillation threshold measurements during control

perfusions.

The technique for measuring the ventricular fibrillation
threshold in the isolated perfused rat heart has been described in detail
by workers in this 1aboratory423. Following mounting of the heart on
the aortic cannula of the isolated perfusion system, thin platinum electrodes
were inserted into the apex and base of the left ventricle with the anode
at the apex, for the delivery of square wave stimuli of 2 msec duration
(Grass S88 physiologic stimulus generator). For hearts used in the studies
of regional ischaemia, a 5-0 silk suture with an atraumatic needle was
passed deep to the left main coronary artery within 2 mm of where the artery
emerges adjacent to the left atrium, according to the technique described
by Kannengiesser,Lubbe -and 0pie424. The ventricular fibrillation threshold
was measured by applying a single train of 10 stimuli of 200 msec duration
across the T wave starting 10 msec after the onset of the R wave. The
heart was stimulated every 30 seconds unless ventricular fibrillation
occurred, in which case the next stimuli was applied only after 60 seconds.
The current strength was increased by increments of 2,5 milliamperes (mA)
until ventricular fibrillation,consisting of 6 or more repetitive ectopic
cycles with irregular form, developed. The ventricular fibrillation
threshold was defined as the lowest current which produced ventricular
fibrillation on 3 occasions, and which did not produce fibrillation at a

current of 0,5 mA Tower.
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The hearts were allowed a period of 15 minutes for stabilization
before measurement of heart rate, from the oscilloscope, and coronary flow
rate, by collection in a graduated measuring cylinder a timed sample of
coronary effluent from the heated chamber below the heart. The ventri-
cular fibrillation threshold was then measured, and this was taken to

represent the value for the control perfusion.

B. Ventricular fibrillation threshold measurements during acute

regional ischaemia.

After the ventricular fibrillation threshold had been measured
under control conditions, hearts from 12 trained and 14 control rats were
exposed to acute regional ischaemia by abrupt tightening of the ligature
surrounding the anterior descending coronary artery. Beginning 5 minutes
after ligation, ventricular fibrillation thresholds were measured every
30 seconds for a further 10 minutes in hearts from 6 trained and 7 control
rats, and for 15 minutes in another 6 trained and 7 control rat hearts.

In the group perfused for a total of 20 minutes regional ischaemia,
the experiments were terminated by removal of hearts from the aortic cannula
following injection of disulphan blue dye into the perfusate through the
aortic cannula. This technique differentiates the ischaemic from the

425. The ischaemic zone was then

non-ischaemic zone of the left ventricle
dissected out, weighed, and recorded as a percentage of the total left
ventricular wet weight.

In the group of hearts perfused for a total of 15 minutes
regional ischaemia, the experiments were terminated by freeze-clamping the

hearts in Wollenberger tongs426

precooled in liquid nitrogen. Hearts were
then individually stored in liquid nitrogen awaiting biochemical analysis

by methods described in Appendix 1.D.
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C. Ventricular fibrillation threshold measurements during

hypoxia and during hypoxia with catecholamine stimulation.

After measurement of the control ventricular fibrillation
thresholds, a further series of hearts from 8 trained and 8 control rats
were exposed to 15 minutes hypoxic perfusions during which the ventricular
fibrillation thresholds were measured every 30 seconds.

8y

After the initial 15 minutes'hypoxic perfusions, 1 x 10~
isoproterenol (Isuprel(R) - Winthrop Laboratories) was infused for a
further 15 minutes during which hypoxia was maintained. Ventricular
fibrillation thresholds were again measured during this period, and the
experiments were terminated by freeze-clamping the hearts in pre-cooled
Wollenberger tongs.

In these experiments, coronary effluent was samples every 5

3
minutes and its HZO content measured for calculation of glycolytic rates

as described in Appendix 1.C.

D. Biochemical measurements.

The tissue contents of adenosine triphosphate (ATP), phospho-
creatine (PCr), glycogen, lactate and 3',5' cyclic adenosine monophosphate
(cyclic AMP) were measured in freeze-clamped hearts homogenized under
liquid nitrogen by methods described in Appendix 1.D.  Glycolytic rates

were calculated according to the formulae described in Appendix 1.F.
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4.3 EXPERIMENTAL RESULTS.
A. Ventricular fibrillation thresholds during acute regional
ischaemia.

Fig. 4.1 shows the ventficula( fibrillation thresholds in trained
and control hearts before and after coronary artery ligation. It will be
seen that at all times after coronary artery ligation, the ventricular
fibrillation thresholds are significantly higher in hearts from trained
rats (p < 0,05).

Table 4.1 Tists additional observations made in these experiments.
There were no differences in heart rates or coronary flow rates either
before or after coronary artery ligation, and the infarct sizes expressed
as a percentage of total left ventricular wet weights were similar in '
both groups. However, ventricular fibrillation thresholds fell signi-
ficantly sooner after coronary artery ligation in control, than in trained
hearts.

Table 4.2 Tists the tissue levels of ATP, PCr, glycogen, lactate
and cyclic AMP in trained and control hearts clamped after 15 minutes
regional ischaemia. The only significant difference was that tissue
cyclic AMP levels were significantly lower in the ischaemic left

ventricular zone of hearts from trained amimaTs (p < 0,02).

B. Ventricular fibrillation thresholds during hypoxia, and during

hypoxia with catecholamine stimulation.

In this series of experiments, the ventricular fibrillation

thresholds were significantly higher in hearts from trained animals during
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Effects of coronary artery ligation on ventricular
fibrillation thresholds of hearts from trained and
control rats.

Note that at all times after coronary artery
ligation, ventricular fibrillation thresholds are
higher in trained hearts.



TABLE 4.1

HEART RATES, CORONARY FLOW RATES, TIMES TO FALL IN

VENTRICULAR FIBRILLATION THRESHOLDS (VFT) AND INFARCT SIZES

OF HEARTS FROM TRAINED AND CONTROL RATS EXPOSED TO ACUTE REGIONAL ISCHAEMIA.

HEART RATES CORONARY FLOW
. AFTER 20 MIN CONTROL RATES AFTER
TIME TO FALL CONTROL REGIONAL CORONARY 20 MIN REGIONAL INFARCT
IN VFT HEART RATES ISCHAEMIA FLOW RATES ISCHAEMIA SIZES
(min) (beats/min) (beats/min) (mT/min) (ml/min) (%)
Trained rats 11,5 185,3 172,5 7,9 5,3 36,9
+1,0 +5,6 +8,4 0,4 0,4 +1,8
(12) (12) (12) (12) (12) (12)
Control rats 8,4 180,6 172.,4 8,4 5,1 39,3
+0,8 6,1 6,1 +0,6 +0,5 2,3
(14) (14) (14) (14) (14) (14)
P value <0,05 NS NS NS NS NS

Note that the heart rates, coronary fiow rates and infarct sizes are not different between trained and control
hearts, but that the mean time to the initial fall in VFT is significantly longer in trained hearts.

Values are Mean #+ SEM (number of measurements). ,
Weights of rats used in these studies ranged between 230 and 330 gms.

Fresh weights of perfused hearts were in the range 0.5 to 0.6 gms.

a8l



TABLE 4.2

TISSUE ATP, PCr, GLYCOGEN, LACTATE AND cAMP LEVELS
IN NORMAL AND ISCHAEMIC ZONES OF HEARTS FROM TRAINED AND CONTROL RATS
AFTER 15 MINUTES REGIONAL ISCHAEMIA,

NORMAL TISSUE

ATP PCr GLYCOGEN LACTATE cAMP

umoT/g umol/g pumoT gTucose umol/g nmo1/g
equiv/g
Trained rats 4,0 5,8 - 21,0 1,4 0,36
0,1 +0,4 +]1,1 +0,5 +0,1
(6) (6) (6) (6) (6)
Control rats 4,3 6,1 20,2 2,1 0,41
+0,5 +0,8 +1,2 +0,5 +0,1
(6) (6) (6) (6) (6)
P value NS NS NS NS NS
ISCHAEMIC TISSUE
Trained rats 2,9 2,5 18,1 15,1 0,38
0,2 0,5 1,5 +2,0 +0,1
(6) (6) (6) (6) (6)
Control rats 3,5 2,7 17,4 16,6 0,48
0,3 +0,6 1,7 +3,2 +0,1
(6) (6) (6) (6) (6)
P value NS NS NS NS <0,02

Note that cyclic AMP levels are significantly lower in the ischaemic left ventricular zone of trained hearts.
Values are Mean * SEM (number of measurements).

981
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the control perfusions, during hypoxia, and during hypoxia combined
with isoproterenol infusion (fig. 4.2).

Table 4.3 Tists the additional observations made during these
experiments. It shows that there were no significant differences between
trained and control animals, in heart rates or coronary flow rates during
either the control perfusions, or during hypoxia or during hypoxia combined
with isoproterenol infusion. There were also no significant dijfferences
in any metabolic measurements between hearts from trained and control rats
(Table 4.4). Glycolytic rates of both trained and control hearts
increased progressively during hypoxic perfusions, and were higher, but
not significantly, in hearts of trained rats (Fig. 4.3).

One explanation for the significantly higher ventricular fibril-
lation thresholds in trained hearts during control perfusions in this,
but not in the first experimental series (Fig. 4.1) is a training duration
effect. Thus, the rats used in this series of experiments had been
trained for between 12 and 16 weeks whereas, in the first study, the
rats had trained only for between 9 and 12 weeks. When all the ventric-
ular fibrillation thresholds during control perfusions are combined,
the value for the trained hearts is 13,72 + 1,09 mA (20 experiments)
and for the control hearts 9,57 + 0,57 mA (22 experiments). This

difference is statistically significant (p < 0,005).

4.4 DISCUSSION AND CONCLUSIONS

These studies are the first to show that ventricular fibrillation
thresholds aré increased in hearts from trained animals during control
perfusions, during hypoxia and during acute regional ischaemia. The only
previous report that has relevance to this study is that of Ammann,

427

Meesmann, Schley et al » who reported that in response to acute circumflex
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Effects of hypoxia, and of hypoxia combined
with isoproterenol infusion on ventricular fib-
rillation thresholds of trained and control
hearts.

Note that at all times, ventricular fibrillation
thresholds are higher in trained hearts.



TABLE 4.3

HEART RATES AND CORONARY FLOW RATES OF HEARTS

FROM TRAINED AND CONTROL RATS DURING CONTROL PERFUSIONS

AND DURING HYPOXIA,

CORONARY
HEART RATES FLOW RATES
DURING DURING
HEART RATES HYPOXIA PLUS CONTROL CORONARY FLOW HYPOXIA PLUS
CONTROL HEART DURING ISOPROTERENOL CORONARY RATES DURING ISOPROTERENOL
RATES HYPOXIA INFUSTON FLOW RATES HYPOXIA INFUSTON
(beats/min)  (beats/min) (beats/min) (ml/min) {(m1/min) {m1/min)
Trained rats 187,4 198,3 274,8 7,5 15,7 21,7
6,9 12,4 17,7 0,5 +0,8 0,8
(8) (7) (8) (8) (8) (8)
Control rats 198,8 184,8 - 252 .,4 8,4 16,0 21,1
8,5 +11,3 +11,3 0,5 1,7 1,2
(8) (8) (7) (8) (8) (7)
P value NS - NS NS NS NS NS

Values are Mean + SEM (number of measurements).
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TABLE 4.4

TISSUE ATP, PCr, GLYCOGEN AND cAMP LEVELS IN HEARTS FROM

TRAINED AND CONTROL RATS AFTER HYPOXIC PERFUSIONS,

ATP PCr GLYCOGEN
umoT/g umol/g umoT glucose
' equiv/g
Trained rats . 3,1 4,7 | 16,0
+0,2 +0,3 +0,6
(8) (8) (8)
Control rats 3,3 4,7 14,3
0,1 +1,4 +0,7
(7) (7) (7)
P value ' NS NS NS

Values are Mean + SEM (number of measurements)

NS

06l
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Effects of hypoxia, and of hypoxia combined
with isoproterenol infusion on glycolytic rates
of trained and control hearts.

Note that glycolytic rates are not different bet-
ween trained and control hearts, and that
glycolytic rates are increasing as ventricular
fibrillation threshold are falling (Fig 4. 2).
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coronary artery 11gatioh, 8 of 8 untrained dogs developed ventricular
fibrillation, whereas only 8 of 16 trained dogs developed this fatal
arrhythmia.

In this study, the increased thresholds in trained hearts during
acute regional ischaemia could not be explained on the basis of differences
in heart rates, in coronary flow rates, or in tissue levels of high
energy phosphates, glycogen or lactate. There was also no evidence
that, in this model, exercise training had caused reduced infarct sizes
in response to coronary artery ligation as found by McElroy, Gissen and

136

Fishbein Cyclic AMP accumulation in the ischaemic left ventricular

zone was however significantly less in trained hearts, a finding which
is in agreement with the work of Kleitke, Wollenberger, Krause et a1226
who reported that, in response to acute global ischaemia, hearts from
swimming-trained rats had significantly lower cyclic AMP levels than did
control rats. In view of the hypothesis 1linking myocardial cyclic AMP
levels and reduced ventricular fibrillation thresholds in this mode]423,
the lower cyclic AMP levels in the ischaemic left ventricular zones of
hearts from trained rats could explain their higher ventricular fibril-
Tation thresholds during regional ischaemia. However, the magnitude

of the cyclic AMP difference is quite small.

The higher ventricular fibrillation thresholds in trained hearts
during hypoxia and during hypoxia with catecholamine stimulation could also
not be explained on the basis of differences in heart rates, tissue
metabolite levels or glycolytic rates. There was also no evidence that,
in this model, training increases coronary flow responses to hypoxia, as
found by Spear, Koerner and Terjung332.

The finding that, in this model, exercise training increases

myocardial resistance to ventricular fibrillation, is not necessarily directly

applicable to the human situation, in which ventricular fibrillation occurs
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spontaneously and not in response to an exogenous electrical stimulus
as used in these studies. Indeed, the evidence that exercise training
alters myocardial electrical stability in humans, is conflicting.

Thus, Blackburn, Taylor, Hamrell et a1428

provide suggestive
evidence that after an 18-month exercise training programme in humans,
the exercise threshold for premature ventricular contractions increased,
whereas the proportioh of men with ventricular ectopic activity, and the
frequency of premature ventricular complexes per man, both decreased.

423 have feported that healthy,

Similarly Viitasalo, Kala, Eisalo and Halonen
physically-active men had lower rates of premature ventricular contractions
during both exercise testing and jogging, than did either sedentary healthy
men or men with previous myocardial infarctions. The authors discussed
the potential selective factors and the different psychological stresses
that could have been present during exercise in the different groups, and
concluded that their study was not absolute proof that exercise training
reduced ventricular ectopy. In a longitudinal study that avoided these

problems, Ekblom, Hartley and Day430

found that regular physical activity
was not a factor reducing premature ventricular contractions either at rest
or during exercise.

In summary, the studies reported in this chapter are compatible
with the epidemiological evidence which suggests that exercise training
increases resistance to sudden coronary death. Furthermore, they give
added impetus for research to clarify the paradox described by Viitasalo,

Kala, Eisalo and Ha]onen429:

“We are in a most unhappy situation, where
ventricular premature beats of similar outlook might be both an indication
and a contraindication for prescribing physical exercise, because differen-
tiation between non-life threatening and life-threatening ventricular pre-

mature beats has not been satisfactorily clarified". Thus, there is a need
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for additional human research that will identify which group or premature
ventricular contractions are life-threatening, and whether such ventricular
ectopy can be reduced by appropriate exercise training. In the animal
model, further research should attempt to identify the biochemical basis

of this training-induced increase in ventricular fibrillation threshold and,
in particular, should evaluate the role of the altered myocardial calcium

transport that results from exercise training (Chapter 6).
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CHAPTER 5,
MYOCARDIAL ADAPTATIONS TO EXERCISE TRAINING - PART 1.

METHODOLOGY AND RESULTS OF PRELIMINARY STUDIES
IN THE ISOLATED PERFUSED WORKING RAT HEART MODEL.



196

5.1 INTRODUCTION

The studies described in the previous chapter show that the
rat heart undergoes training-induced adaptations that increase its
resistance to electrically-induced ventricular fibrillation. The exact
biochemical explanation for these changes was not established. Given
the current uncertainty surrounding the biochemical basis of ventricular

fFibrillation?!

, I did not feel that a direct continuation of this
work would necessarily provide additional relevant information. I
therefore chose to continue this research by studying the myocardial
functional and metabolic adaptations to exercise training.

In the conclusion to Chapter 2, it was shown that the only
studies which have consistently shown that exercise training improves
the mechanical pefformance of the heart are those which have been
performed with the heart working at, or near, its maximum. When hearts
have been studied under resting conditions, adaptations have not
usually been apparent. Thus, the model used to study the cardiac
adaptations to exercise training must allow measurements to be made when
the heart is under maximum load.

The isolated perfused working rat heart model is one experimental

model that fulfills this criterion. The particular advantages of this model

are that cardiac function and metabolism can be studied
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simultaneously under tightly controlled experimental conditions, in which
the heart functions free of neurohumoral control and is perfused through
its own vascular bed. However, as yet, no previous study has systemati-
cally determined what perfusion conditions are necessary to elicit
maximum mechanical performance in this model. In particular, little
attention has been paid to the effects that different perfusion substrates
have on the function of the maximally-working perfused rat heart.

In the studies reported in this chapter, I therefore set out
to determine what perfusion conditions are necessary to insure that the
isolated perfused rat heart is working at its maximum. Thereafter, I
performed additional studies to explain what factors 1imit maximum
mechanical performance in this model. This additional information was
incorporated into the model for the studies of the myocardial adaptations

to exercise training reported in Chapter 6.
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5.2 THE ISOLATED PERFUSED WORKING RAT HEART MODEL.
A. Historical development of the model.
Langendor‘ff432 in 1895 described the first model in which rat

hearts were perfused in an isolated system. In the perfusion technique
that now bears his name, the heart is removed from the donor rat and
mounted on a single aortic cannula. The coronary arteries are then
perfused retrogradely from a reservoir, the fluid level of which is
usually maintained at between 65 and 100 cm above the aortic valve. The
pressure exerted by this fluid keeps the aortic valve closed during left
ventricular contraction.  Thus, the heart contracts isovolumically and
does not eject fluid, the so-called non-working, Langendorff preparation.

433 advanced

In 1967 Neely, Liebermeister, ?attersby and Morgan
this technique to include cannulation of the Teft atrium. After the aorta
had been mounted by the Langendorff technique, the left atrium was attached
to a second cannula. Fluid that enters the left atrium via this cannula
crosses the mitral valve into the left ventricle, which spontaneously
ejects the fluid into the aortic column, from the top of which the fluid
drips into an oxygenated reservoir. Re-oxygenated fluid is then re-
circulated by a peristaltic pump to the left atrium. Therefore, in

contrast to the Langendorff preparation, in this model the left ventricle

ejects a cardiac output, the so-called working heart preparation.
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B. Factors controlling heart function in the model - left

atrial filling pressure, heart rate, aortic column height

and perfusion substrates.

The amount of work performed by the isolated rat heart is
principally determined by 3 factors - the left atrial filling pressure,
the resistance produced by the aortic column, and the heart rate. No
previous investigator has clearly defined that combination of these 3
factors which, in this model, elicits maximum heart function. |

In Neely, Liebermeister, Battersby and Morgan's original

paper433, the highest workloads were achieved with atrial filling pressures

434

of 20 cmH,0. In Tater studies , heart work at this atrial filling

2
pressure was further increased by reducing the calibre of the aortic
column,thereby increasing the resistance to aortic flow. In this way
peak left ventricular pressures of 160 mmHg were achieved.

In their studies using this model to quantify the effects of
exercise training on myocardial performance, Scheuer and his colleagues
(Section 2.3D) have routinely used a maximum atrial filling pressure of

20 cmHZO, an aortic column height of 85 cm and heart rates of 330 beats/min.

Under these conditions, peak left ventricular pressures are lower than

434 435

those reported by Neely and his colleagues More recently, Miller
has perfused hearts from diabetic and control rats at left atrial filling
pressures up to 30 cmH20 with an aortic column height of 60 cm.

These values for heart rate (330 beats/min), aortic column
height (85 cm) and atrial filling pressure (up to 30 cmHZO) were therefore
used in my initial studies to determine those perfusion conditions likely

to produce maximum heart function (section 5.3).

The effects of different substrates or their combinations on
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heart function in this and other models, has been incompletely studied
by previous workers. Thus ,although Scheuer and his colleagues have
quantified the mechanical function of the isolated heart in considerable
detail (section 2.3D), they have used only glucose, or glucose with

added insulin, as their perfusion substrates. On the other hand, Neely

434 ,436-440 441-443

and his colleagues » and others have detailed the

myocardial metabolic preferences and metabolic interactions during increased
heart work, but have not related these biochemical events to myocardial
mechanical function.

There is however some evidence that certain aspects of myo-
cardial function are indeed substrate-dependent.  Thus,myocardial oxygen

consumption rates are greater in hearts perfused with free fatty acids

434 444,445 446,447

than with glucose ™", and in this model ,» in intact animals

448,449 myocardial oxygen consumption rates increase as the free

fatty acid concentration is increased. Lactate450, pyruvate45], aceto-

451 451

and in man

acetate and g-hydroxybutyrate also increase myocardial oxygen con-

sumption rates. In contrast, others have reported that free fatty acids452

450

and free fatty acid mixture do not cause increased myocardial oxygen

consumption rates. The higher myocardial oxygen consumption rates in

446 447 and in man449

dogs » in swine following elevation of circulating
free fatty acid Tevels, and in isolated hearts perfused with free fatty
acids444,are not due to increased heart work, suggesting that high Tevels
of circulating free fatty acids impair myocardial efficiency thereby causing
"oxygen wastage".

Myocardial mechanical performance has also been shown to be
substrate-dependent.  Thus,in the isolated papillary muscle preparation

453

(section 2.3D) Henderson, Most, Parmley et al found that,during fully

oxygenated perfusions (normoxia),mechanical function measured as peak
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developed force was not different between muscles perfused with ejther
glucose, linoleic acid or with a combination of both substrates. However,
during hypoxia or anoxia, glucose-perfused muscles showed a less rapid
decline in peak developed force and a lesser rise in diastolic tensions
than did muscles perfused with either glucose and linoleic acid, or with
linoleic acid alone. Changes in peak developed force paralleled changes
in the rates of force development, and generally reflected the perfusate
fatty acid concentrations. During re-oxygenation, the extent of recovery
was related to the severity of the mechanical depression that had occurred
during anoxia or hypoxia, so that glucose-perfused muscles recovered better
than did those perfused with free fatty acids.

Snow454

has recently compared the effects of the perfusate
substrates, butyrate and g]ucdse on papillary muscle function during
normoxia, hypoxia and during re-oxygenation. During normoxia, maximum
developed tensions were slightly greater and times to peak tension slightly
Tonger in butyrate-perfused muscles, but the rates of tension development
were not different between groups. However, during hypoxia and subsequent
re-oxygenation, mechanical function was, in agreement with the findings of
Henderson and his colleagues, superior in glucose-perfused muscles.

In the isolated, non-working Langendorff preparation, hearts
contracting isovolumically around a left ventricular balloon catheter had
significantly greater diastolic pressures and significantly lower peak left
ventricular pressures and rates of pressure development when perfused with
high concentrations of free fatty acids (linoleic or octanoic acid) than
with dextrose445. In direct contrast, Willebrands and van der Veen450
reported that, during fully oxygenated perfusions, amplitudes of contraction

(and coronary flow rates) were greatest in non-working hearts perfused with

free fatty acid mixture; they were less in hearts perfused with either
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lactate or pyruvate, and were lowest in glucose-perfused hearts. Also

444

in this model, Challoner and Steinberg found higher coronary flow rates

in hearts perfused with free fatty acids than with glucose. Similarly,

in isolated working rat hearts, Neely, Whitmer and Mochizuki434

reported
that hearts perfused with free fatty acids (palmitate) maintained higher
heart rates and greater left ventricular pressures for longer periods,
than did glucose~-perfused hearts.

In intact animals, similarly conflicting results have been
reported. Thus Mj¢s446 found that increased rates of myocardial free
fatty acid uptake were not associated with changes in left ventricular
pressures, in the maximum rates of left ventricular pressure development,
in cardiac outputs or in heart rates. In contrast, Liedtke, Nellis

447 found that when circulating free fatty acid levels were

and Neely
increased by intralipid infusions, intact pig hearts developed signif-
icant reductions in aortic pressures, in left ventricular systolic
pressures, and in calculated left ventricular work during both normoxia
and during acute experimental ischaemia. But, in contrast to findings
in isolated preparations and in the intact animal, increased levels of
circulating free fatty acids have not been associated with increased
coronary flow rates446’447’449’452.

From this literature survey it is clear that neither the
perfusion conditions nor the optimum substrate combinations to elicit
maximum heart function in the isolated perfused working rat heart

model have been established. I therefore undertook the studies

described in this chapter.
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C. The perfusion and recording apparatus.

The isolated perfused working rat heart model originally

433

described by Neely, Liebermeister, Battersby and Morgan and modified

442 was used in all experiments. Figure 5.1

by Opie, Mansford and Owen
is a diagrammatic representation of the apparatus.

In this model, the left side of the heart is perfused via a
cannula in the left atrium and the infused fluid traverses the mitral valve,
thereby entering the left ventricle. Spontaneous or pacing-induced ven-
tricular contractions then eject the fluid past the aortic valve via an
aortic bubble trap into the aortic column. The bubble trap adds elastic
compliance to the aortic column, the so-called Winkessel effect. During
the period of Langendorff retrograde pre-perfusion (see below), this bubble
trap also prevents bubbles contained in the perfusion fluid from entering
the heart. The aortic column has a fixed diameter and height, thereby
ensuring a constant aortic flow resistance.

The fluid leaving the left ventricle during contraction passes
either into the aortic column, from where its overflow (the aortic output)
can be measured in a calibrated chamber, or it passes into the coronary
arteries thereby perfusing the coronary bed. Coronary arterial flow
returns via the coronary sinus to the right atrium and thence to the right
ventricle from where it is ejected through the pulmonary artery. As the
right side of the heart is not cannulated in this preparation, the fluid
ejected from the pulmonary artery drips over the apex of the heart into
the heart perfusion jacket from where it may be collected and measured as
the coronary flow rate. The sum of the rates of aortic output and

coronary flow thus measured, equals the cardiac output corrected to either
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ml/min or ml/g left ventricular dry weight/min.

When coronary effluent is not being measured, it is recirculated
by a pump (Marlow-Watson Limited, Falmouth, Cornwall) to the main
perfusion reservoir where it is continually gassed with 95% oxygen and
5% carbon dioxide. The aortic overflow also enters this reservoir
by dripping down the inside of the glassware that supports the aortic
column and acts as the "lung".

Fully oxygenated fluid from this reservoir is continually
pumped by the same Watson-Marlow pump through an Inline-47 Millipore
filter unit (Millipore Corporation, Bedford, Méssachusetts) containing
two Millipore disc filters (pore sizes 5,0 and 0,8 um) to the left atrial
reservoir from where the fluid either enters the heart via the left
atrial cannula or is returned to the main perfusion reservoir by an
overflow escape mechanism. The temperature of the perfusion fluid is
maintained at 37°C by water heated and continually re-circu]aéed in the
outer jacket of the perfusion glassware, by a Thermomix pump (B. Braun,
Melsungen, West Germany).

To ensure that differences in heart rates are not a factor
influencing differences in mechanical performance, all hearts, except for
those reported under section 5.3A, were paced for the entire duration of
the experiments via a silver wire attached to the right atria. The
pacing stimulus came from either a Grass S88 stimulator (Grass Instruments,
Quincy, Massachusetts) or a custom-built model, both of which produced
square pulse waves of 4 milliseconds duration at 4 millivolts.

In some experiments, aortic and left ventricular pressures
were also measured. Aortic pressures were obtained from a side-arm of

the aortic cannula located 4 cm above the aortic valve and connected to a
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Statham P23 pressure transducer (Statham Instruments Company, Hato Hey,
Puerto Rico). Recordings were obtained at 100 mm/sec on a Grass
polygraph pen recorder, Model 79D (Grass Instruments, Quincy, Massa-
chusetts). Left ventricular pressures were obtained from a 4 cm length
PE-60 polyethylene catheter (Clay Adams, New York) which was connected
through a wide bore adaptor to a similar transducer-recording system.
The calibration procedures for the pressure recording apparatus are
described in Appendix 1.E.

In those experiments described in section 6.5, the
apparatus was modified to allow on-line computer analysis of aortic flows
and Teft ventricular and aortic pressures.

Aortic and left ventricular pressures were measured through
dual-channel electronic pressure transducers (LX0603 series Monolithic
Pressure transducers - National Semiconductor Corporation, Santa Clara,
California), the electronic circuitory of which was designed by Drs.
Hughes and North of the Department of Biomedical Engineering, University
of Cape Town. The output from the transducers provided 8 volts at a
maximum pressure of 210 mmHg.

Aortic flows were measured with an electromagnetic flow probe
(Statham Instruments, Oxnard, California) built into the aortic cannula
2 cm distal to the pressure side-arm. The probe diameter was 1,78 mm
with a cross-sectional area of 249 mm2. The flow preamplifier was made
by EMI (Homebush, Australia).

The left ventricular and aortic pressures, and aortic flows
were samples in real-time by a Data General MicroNova minicomputer and
transmitted to a Data General Eclipse $130 mini-computer for further
processing. The sampling rate was 233,4 Hz per channel, corresponding

to 4,28msec between samples. Since the highest meaningful frequency of
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the cardiac waveforms is 50 - 60 Hz, this sampling rate met the Nyquist
criterion. The MicroNova 12-bit analogue to digital converter has a
resolution of 1 part in 4096. However, less than half the converter's
full range was used. Instantaneous pressures were measured approximately
to the nearest 0,25 mmHg and aortic flows to the nearest 0,6 ml/min.
As this is within the reproducibility characteristics of the probes, the
accuracy of these measurements was limited by the sampling technique.

The procedures by which the aortic and left ventricular pressures,

and aortic flows were calibrated,are described in Appendix 1.E.

D. Mounting the isolated rat heart.

Hearts from male Wistar-Weissman albino rats weighing between
230 and 280 grams were used in all experiments. Prior to removal of
their hearts, each animal was weighed on a laboratory scale (Ohaus Scale
Corporation, New Jersey).

Extreme care was taken to ensure that,when the heart was
mounted onto the cannula, there were no bubbles in the aorta. Immediately
the aorta had been cannulated, the heart was held in position with a small
arterial clamp, and retrograde Langendorff perfusion was immediately
commenced. During this retrograde perfusion, the perfusion pressure
was maintained at 65 cmHZO and the hearts were perfused with Krebs-
Henseleit buffer (Appendix 1.B) containing 11,1 mM D glucose alone, gassed
with 95% 02:5% C02. Spontaneous cardiac activity resumed almost
immediately this perfusion commenced.

The aorta was next secured to the cannula with surgical thread,
care being taken to ensure that the tip of the aortic cannula neither

penetrated the aortic valve, nor that a large area of aorta was left
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between the tip of the aortic cannula and the aortic valve. This latter
precaution was necessary to prevent aneurysmal dilatation of the aorta
occurring during the perfusion period. Empirically it was also noted that
aneurysmal aortic dilatation was more likely to occur if the aorta had been
stretched by over-vigorous manipulation of the heart as it was excised from
the chest.

After the aorta had been secured to its cannula, the tissues
behind the heart were dissected off to expose the pulmonary veins, through
one of which'the atrial perfusion cannula was passed. At least 2 surgical
ties were used to secure the left atrium to its cannula, and care was taken
to ensure that all the pulmonary veins had been included in these ligatures.
This was necessary to prevent left atrial "leaks" - that is left atrial
fluid escaping through an unattached pulmonary vein, thereby falsely in-
creasing the rate of measured coronary flow. Immediately prior to the
cannulation of the pulmonary vein, the left atrial cannula was flushed of
any air bubbles that might have been present.

In those experiments in which left ventricular pressures were
to be measured, the tip of a 4 cm long left ventricular catheter was intro-
duced, according to the technique described by Penpargkul and Scheuer260,
through the pulmonary vein into the left atrium from where it was carefully
directed through the mitral valve, to pierce the apex of the heart. Left
atrial cannulation was then completed in the conventional manner, and the
left ventricular catheter was attached through a wide-bore adaptor to the
pressure transducer. A flange produced at the proximal end of the ventri-
cular catheter by holding it over the end of a hot matchstick, prevented
the catheter from slipping through the left ventricular wall.

Complete mounting of the heart together with left ventricular

catheterization was usually completed within 10 minutes. Five minutes
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later, that is approximately 15 minutes after removal of the heart from the

rat, this pre-perfusion period ended, and working heart perfusion was com-

menced by allowing fluid to flow into the left atrium. The tap on the
tubing leading from the Langendorff perfusion column was then closed, and

the tap on the aortic column opened.

E. The perfusion fluid.

The perfusion fluid used in all experiments was a modified
Krebs-Henseleit buffer to which a variety of substrates, hormones, or
the drug isoproterenol (Isuprel(R) - Winthrop Laboratories) were added
when appropriate for the particular experimental protocol. These

details are described in Appendix 1.B.

F. Perfusion fluid analyses.

In those experiments in which myocardial metabolism was studied,
the perfusion fluid was analyzed, according to the methods described in
Appendix 1.C, for some or all of the following: perfusate glucose,
lactate, pyruvate, free fatty acid, 3H-sorbito] and free calcium concen-

3

trations, oxygen tensions, and coronary effluent HZO contents.

G. Tissue biochemical analyses.

In those experiments which were terminated by clamping the hearts
in pre-cooled Wollenberger tongs, the hearts were stored and later analyzed,
for some or all of the following: ATP, PCr, glycogen, citrate, lactate,
cyclic AMP and cyclic GMP concentrations and dry heart weights, according

to the methods described in Appendix 1.D.
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The decision to express all data relative to left ventricular,
not whole heart weight, was taken because it was felt that correction of,
particularly, heart performance data (cardiac output and stroke volume) to
whole heart weight would underestimate the true contribution of the left
ventricle. Errors produced by this method of data presentation are that
myocardial oxygen consumption rates, tissue metabolite levels and rates of
myocardial glycolysis are probably overestimated if only the left ventricle
is considered to be metabolically-active or to contain metabolites. It
was felt that this error would be quite small as even though right ventricular
weights may be as much as 25% of left ventricular weight, during working,
left atrial perfusion, the contribution of the right ventricle to overall
metabolism is Tikely to be quite small.

At the termination of each of those experiments studying the
effects of exercise training on actomyosin and myosin ATPase activities,
and on the extent of troponin-1 and myosin P light chain phosphorylation
(section 6.6B), hearts were rapidly removed from fhe perfusion apparatus,
homogenized and prepared for analysis according to the methods also described
in Appendix 1.D.

H. Calculation and expression of results and statistical methods.

These are fully described in Appendix 1.F.
5.3 STUDIES OF MAXIMUM HEART WORK IN THE ISOLATED PERFUSED RAT HEART MODEL.

A. Comparison of mechanical function of hearts perfused with

either 11,1 mM D(+)~-glucose or with 11,1 mM D(+)-glucose

plus 10 mM DL B-OH butyrate under conditions of increasing

atrial filling pressure.

This initial study was designed principally as a screening
procedure to establish roughly those conditions of preload (atrial filling
pressure) and aortic column height (pressure head) that elicited maximum
heart function in this model, and to determine whether the perfusion sub-

strate content influenced this maximum.
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Experimental protocol.

Unpaced, isolated working rat hearts were perfused with either
11,1 mM D(+)-glucose or 11,1 mM D(+)-glucose plus 10 mM DL g-OH butyrate
for 20 minutes at each of the following atrial filling pressures: 10, 15,
20 and 25 cmH20 against an aortic column height of 790 cm; these conditions
approximating those originally used by Penpargkul and Scheuer260.

Rates of coronary flow and aortic outputs were measured every
5 minutes by collecting timed samples of perfusate in a graduated cylinder
and correcting the result to give the value in ml/min. Cardiac outputs
were calculated as the sum of aortic outputs and coronary flow rates
corrected for left ventricular dry weight. Heart rates were determined
from the aortic pressure traceé, and stroke volumes were calculated as
cardiac outputs divided by heart rate. Perfusate oxygen tensions were

measured every 20 minutes, from which data rates of myocardial oxygen con-

sumption were calculated (Appendix 1.F).

Results and discussion.

The results of this group of experiments are depicted in
Figure 5.2.

It can be seen that,at atrial filling pressures of 20 and 25
cmHZO,cardiac outputs were significantly greater in hearts perfused with
11,1 wM glucose plus 10 mM g-OH butyrate than they were in hearts perfused
with 11,1 mM glucose alone. Furthermore, in hearts perfused with glucose
plus g-OH butyrate, cardiac outputs, heart rates and rates of myocardial
oxygen consumption were all highest at atrial filling pressures of

25 cmHZO implying that,in the presence of adequate substrate, peak mechanical
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Comparison of mechanical function of hearts
perfused with either glucose or with glucose
plus B-OH butyrate under conditions of in-
creasing atrial filling pressure.

Note thal hearts perfused with glucose plus

B -OH butyrate have higher cardiac outputs,
heart rates and myocardial oxygen consump-
tion rates at the higher atrial filling pressures.
For abbreviations please turn over.
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Abbreviations:

CO - Cardiac output

SV - Stroke volume

HR - Heart rate

MVO, - Myocardial oxygen consumption
CF - Coronary flow rate

Each point on the graph indicates Mean SEM
for 11 measurements.
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function in the isolated perfused rat heart model is not elicited by
atrial filling pressures below 25 cmHZO.

Stroke volumes and coronary flow rates were not significantly
different between hearts perfused with either substrate combination. Thus,
the significantly greater cardiac outputs of hearts perfused with the
glucose/g-0H butyrate combination resulted from their ability to increase
heart rates whilst maintaining constant stroke volumes at the higher

atrial filling pressures.

B. Studies to determine which substrate combination produces

maximum heart work, and the metabolic and mechanical

reasons therefor.

Effects of different substrate combinations on overall

heart function.

Experimental protocol.

The results of the previous preliminary study clearly showed
that maximum cardiac output, and therefore peak heart function, were not
achieved in jsolated hearts perfused at atrial filling pressures below
25 cmHZO. Thus, in the series of experiments reported in this séction,

hearts were perfused at a constant atrial filling pressure of 25 cmH.0 for

2
the entire duration of the experiments. To increase further the workload
on the heart, the aortic column height was empirically increased to 1,2
metres.  As will be shown in the studies reported in subsequent sections
of this chapter, these perfusion conditions fortuitously elicited peak
heart function, judged as maximum cardiac outputs and calculated heart

work, because further elevation of the atrial filling pressure to 30 cmH,0

2
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caused either a fall or no further increase in either of these parameters.
For these experiments the perfusion protocol was as follows:
After an initial 15-minute Langendorff pre-perfusion period, working
hearts paced at 330 beats/min were perfused for 65 minutes at an atrial
filling pressure of 25 cmHZO with the aortic column height constant at
1,2 metres. Measurements of aortic outputs, rates of both coronary flow
and myocardial oxygen consumptionvwere taken every 10 minutes and con-
sidered to be representative of heart function during that 10-minute period.
After 65 minutes' left atrial perfusion, the experiments were terminated
either by clamping the hearts in Wollenberger tongs or by preparing the
hearts for the determination of left ventricular dry weights. Frozen
hearts were then prepared and extracted for biochemical analysis according
to methods described in Appendix 1.D. To estimate the left ventricular
fresh and dry weights and right ventricular dry weights of those hearté
clamped for biochemical studies, and which could therefore not be weighed,
the following Tinear regression equations were generated from 36 experiments
in which body weights, left ventricular dry and fresh weights, and right
ventricular dry weights were measured:

L.V. fresh weight (g) ’

0,002 (body weight g) + 0,01, where r 0,83.

0,0003 (body weight g) + 0,03 where re

0,00007 (body weight g) + 0,01 where r2 = 0,67.

L.V. dry weight (g)

0,95.
R.V. dry weight (g)

Hearts were perfused with a wide variety of perfusion substrates
made up essentially of different combinations and concentrations of glucose,
lactate, pyruvate, 8-OH butyrate, palmitate/albumin, to some of which

insulin had been added.

Results and discussion

Tables 5.1 to 5.3 record the mean cardiac outputs and mean rates

of coronary flow and myocardial oxygen consumption after 30 minutes' left
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TABLE 5.1

STROKE VOLUMES AND RATES OF CORONARY FLOW AND
MYOCARDIAL OXYGEN CONSUMPTION AFTER 30 MINUTES
STEADY STATE PERFUSIONS WITH DIFFERENT SUBSTRATE COMBINATIONS.

PART 1: COMPARISON AMONGST HEARTS PERFUSED WITH DIFFERENT
COMBINATIONS AND CONCENTRATIONS OF GLUCOSE, LACTATE,
PYRUVATE AND INSULIN.

SUBSTRATE MYOCARDIAL OXYGEN  CORONARY FLOW
COMBINATION STROKE VOLUMES CONSUMPTION RATES RATES
ml/g ul 02/g/min mi/g/min
11,1 mM Glucose 2,1 2065,1 196,0
0,1 +72,5 8,6
(6) (6) (6)
10 mM Lactate 2,3 2467,6 229.,4
+0,1 +110,5 5,7
(6) (6) (6)
11,1 mM Glucose 2,2 2467,0 208,2
10 mM Lactate 0,1 +74,2 +5,8
(6) (6) (6)
11,1 mM Glucose 2,1 2401,7 204,6
4,5 mM Lactate 0,1 +129,8 +8,9
Insulin 2 U/L (6) (6) (6)
11,1 mM Glucose 2,1 2363,5 197,8
6,6 mM Lactate 0,1 ¥111,7 5,7
Insulin-2 U/L (6) (6) (6)
11,1 mM Glucose 2,2 2472,6 222,1
13,2 MM Lactate 0,1 +70,8 +4,4
Insulin 2 U/L (6) (6) (6)
11,1 mM Glucose 2,1 2091,1 194,1
10 mM Pyruvate 0,1 +73,7 9,4
Insulin 2 U/L (6) (6) (6)
11,1 mM Glucose 2,5 2846,2 222,7
10 mM Lactate 0,1 +99,8 6,7
Insulin 2 U/L (6) (6) (6)
11,1 mM Glucose 2,6 2493,2 230,6
Insulin 2 U/L +0,1 +143,5 +8,7
(6) (6) (6)

Note that stroke volumes and coronary flow rates are highest in hearts perfused
with either 11,1 mM glucose plus insulin or with 11,1 mM glucose plus

10 mM Tactate plus insulin. Higher or Tower lactate concentrations caused
reduced stroke volumes.

Values are Mean + SEM (number of measurements).



TABLE 5.2

STROKE VOLUMES AND RATES OF CORONARY FLOW AND
MYOCARDIAL OXYGEN CONSUMPTION AFTER 30 MINUTES
STEADY STATE PERFUSIONS WITH DIFFERENT SUBSTRATE COMBINATIONS.

PART 2.  EFFECTS OF ADDING GLUCOSE-INSULIN TO PALMITATE, AND OF INCREASING THE PERFUSATE
FREE FATTY ACID CONCENTRATION.

SUBSTRATE MYOCARDIAL OXYGEN CORONARY FLOW
COMBINATION STROKE VOLUMES CONSUMPTION RATES RATES
ml/g u/02/9/min ml/g/min

1 mM Palmitate (3% Albumin) 1,8 2170,0 204,7
+0,1 +134,7 +8,4

(6) (6) (6)

1 mM Palmitate (3% Albumin) 2,1 2301,1 224 ,4
11,1 mM Glucose 10,1 +139,6 11,1
Insulin 2 U/L (6) (6) (6)
1,5 mM Palmitate (1,5% Albumin) 1,5 2016,0 219,0
11,1 mM Glucose 0,1 +156,8 +8,3
Insulin 2 U/L (6) (6) (6)

Note that the addition of glucose-insulin to palmitate increases stroke volumes, but that increasing the
perfusate free fatty acid concentration beyond 1 mM and reducing the perfusate albumin concentration, causes
stroke volumes to fall.

Values are Mean + SEM (number of measurements).

L12



TABLE 5.3 |
STROKE VOLUMES AND RATES OF CORONARY FLOW AND

MYOCARDIAL OXYGEN CONSUMPTION AFTER 30 MINUTES

STEADY STATE PERFUSIONS WITH DIFFERENT SUBSTRATE COMBINATIONS.

PART 3. EFFECTS OF ADDITION OF KETONE BODIES

SUBSTRATE RATES OF MYOCARDIAL CORONARY FLOW
COMBINATION STROKE VOLUMES OXYGEN CONSUMPTION RATES
mi/g ] u/0o/g/min ml/g/min
11,1 mM Glucose 2,2 2292,2 214,6
10 mM B-OH Butyrate 0,1 110,3 4,0
(6) (6) (6) r
o
11,1 mM Glucose 2,3 2130,9 212,7
10 mM B-OH Butyrate 0,1 71,1 4,6
Insulin 2 U/L (6) (6) (6)
11,1 mM Glucose 2,0 2189,4 191,1
10 mM Lactate 0,1 152,5 8,7
10 mM B-OH Butyrate (6) (6) (6)

Insulin 2 U/L

Note that the addition of 10 mM B-OH Butyrate to the optimum 11,1 mM glucose-10 mM lactate-insulin

combination (Table 5.1) caused stroke volume to fall.

Values are Mean + SEM (number of measurements).
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atrial perfusion, for hearts perfused with the different substrate combi-
nations.  Only the 30-minute values are reported, as they were repre-
sentative of the findings for the entire perfusion period. By tabulating
only the data collected at that time, interpretation is greatly simplified.
There were 3 essential findings from these experiments. First,
stroke volumes were greatest in hearts perfused with either 11,1 mM
glucose plus insulin or with 11,1 mM glucose and 10 mM lactate plus insulin
(Table 5.1).  Higher (13,5 mM) or Tower (6,6 or 4,5 mM) lactate concen-
trations were associated with Tower stroke volumes when combined with
glucose/insulin.  Similarly, increasing the free fatty acid concentration
to 1,5 mM and reducing the albumin concentration, thereby further increasing
the FFA/albumin molar ratio (Table 5.2), or adding 10 mM g-0H butyrate to
the optimum glucose/lactate/insulin solution, resulted in reduced stroke
volumes (Table 5.3). Thus, it is clear that the addition of excess sub-
strate to the perfusate reduces, rather than increases, stroke volumes.
‘Second, hearts perfused with fatty acid solutions had uniformly
lTower stroke volumes than did hearts perfused with non-fatty acid substrates.
But the third and probably the most striking finding is presented
in graphical form in Figure 5.3. This graph shows that stroke»volumes
were not different in hearts perfused with either 11,1 mM glucose or with
11,1 mM glucose and 10 mM pyruvate plus insulin at 2 units/litre, whereas
hearts perfused with 11,1 mM glucose plus insulin had significantly increased
stroke volumes and coronary flow rates. Thus, whereas the addition to
the perfusate of insulin (or lactate plus insulin - Table 5.1) to glucose,
significantly increased stroke volumes and coronary flow rates, the addition
of 10 mM pyruvate with insulin to glucose, failed to increase either stroke
volumes, or rates of coronary flow.

To study these findings further, I next chose to compare the
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Abbreviations.

SV - Stroke volume
CF - Coronary flow rate
MVOo - Myocardial oxygen consumption

Each point represents Mean ¥ SEM for 6
observations.
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metabolism of hearts perfused with these different substrate combi-
nations, and the effects of these substrate combinations on left

ventricular function.

Effects of different substrate combinations on

myocardial metabolism.

Experimental protocols.

To compare the effects of the different substrate combinations
on myocardial metabolism, isolated hearts were mounted on the perfusion
apparatus in the conventional manner, and after an initial 15-minute
non-working,Langendorff perfusion, left atrial perfusion commenced.
Hearts were then perfused in a recirculating system for a further 70
minutes at a constant atrial filling pressure of 25 cmHZO, at a heart rate
of 330 beats/min and with a constant aortic column height of 120 cm. In
all experiments, the volume of recirculating fluid was approximately 100 ml.
Following an initial 5-minute working heart equilibration
period, 5 mi aliquots of perfusion fluid were samples for the initial
concentrations of perfusion substrate (35), the background sorbitol
concentrations (HS) and, in experiments in which lactate was not a perfusion
substrate, the initial lactate concentration§ (LS). The system was now
considered "closed" and every effort was made to prevent the loss of fluid
from the system.
After 35 minutes' perfusion, 50 ul of H3-sorbito1 diluted 1:1
in distilled water was added for the subsequent calculation of the circu-
lating volume as described in Appendix 1.F. Sixty five minutes after
left atrial perfusion had commenced, additional 5 m] aliquots of perfusion

fluid were samples for the measurement of the final substrate (565),
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sorbitol (H65) and lactate (L65) concentrations. Five minutes thereafter,
hearts were clamped in pre-cooled Wollenberger tongs and prepared and
stored for later determination of myocardial ATP, PCr, glycogen and citrate
levels, according to the methods described in Appendix 1.D. Perfusion
fluids were analysed within 24 hours according to the methods described

in Appendix 1.C.

The perfusate substrate combinations used in these experiments
~were similar to those used in the experiments reported in the previous
section and are listed in Tables 5.4 and 5.6. One series of 9 hearts was
perfused without any substrate being added to the perfusion fluid. These
hearts were unable to maintain aortic outputs for more than 15 minutes left
atrial perfusion, at which time these experiments were terminated.

Another series of 6 hearts was clamped with Wollenberger tongs
after the initial 15 minutes Langendorff pre-perfusion, and the tissue
extracted for the determination of myocardial ATP, PCr, glycogen, citrate
and cyclic AMP Tlevels. The mean glycogen value measured in these hearts
was taken as the initial (Go) glycogen level present in all hearts immediately
left atrial perfusion commenced, and was used in the calculation of rates
of glycogenolysis and glycolysis (Appendix 1.F).

The data from these experiments were used to calculate the
following for each substrate combination, according to the methods described
in Appendices 1.D and 1.F:

substrate uptake rates (umol/g/min),

rates of glycolytic flux (umol glucose equiv./q/min),

rates of glycolytic ATP production (umol/g/min)

rates of lactate release (umol/g/min) ,and

rates of C6 oxidation (umol/g/min).
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Results and discussion.

Myocardial ATP, PCr, giycogen and citrate levels after

70 minutes left atrial perfusion with the different

substrate combinations.

Myocardial levels of ATP, PCr, glycogen and citrate after
70 minutes' Teft atrial perfusion with the different substrates are listed
in Table 5.4. ‘

Tissue ATP levels were highest in hearts perfused with glucose-
insulin, in which group myocardial ATP levels were not different from values
measured in hearts after 15 minutes yangendorff non-working heart perfusions
(Table 5.5). These values were higher than values for hearts perfused
with either glucose, lactate, palmitate or palmitate-glucose-insulin but
are not significantly different from values for hearts perfused with either
glucose-pyruvate-insulin or glucose-lactate-insulin. Therefore, the
addition of glucose-insulin to all perfusion substrates, except palmitate,
increased tissue ATP Tevels measured after 70 minutes Jeft atrial perfusion.

PCr values were highest in hearts perfused with the non-glucose
substrates (lactate, pyruvate, palmitate) but all values were lower than
those measured in hearts perfused for 15 minutes in the Langendorff mode.
The addition of glucose-insulin to all perfusion substrates increased tissue
PCr levels, which were highest in pyruvate-glucose-insulin hearts.

The addition of insulin to glucose and of glucose-insulin to
lactate and palmitate increased terminal glycogen levels, which were highest
in pyruvate-glucose-insulin perfused hearts. The lowest glycogen values
occurred in hearts perfused without substrate for 15 minutes Teft atrial

perfusion.



225

TABLE 5.4

MYOCARDIAL LEVELS OF ATP, PCr, GLYCOGEN AND CITRATE

AFTER 70 MINUTES’ LEFT ATRIAL PERFUSION

WITH DIFFERENT SUBSTRATE COMBINATIONS.

SUBSTRATE ATP PC GLYCOGEN CITRATE
COMBINATION r
- umol/g umo1/g umol glucose umol/g
equiv/g
A. 1 mM Palmitate 2,42 4,78 9,60 0,57
(3% Albumin) +0,22 +0,52 +0,60 +0,05
(13) (13) (13) (13)
B. 10 mM Lactate 2,87 4,54 9.07 0,36
+0,26 +0,40 +0,55 0,03
(15) (15) (15) (15)
C. 10 mM Pyruvate 3,48 4,98* 14,03 1,32%*
11,1 mM Glucose .. 0,11 +0,16 +1,13 +0,06
Insulin 2 U/L (11) (11) (11) (11)
D. 1 mM Palmitate 2,80 4,49 12,54 0,64
(3% Albumin) _ +0,18 0,24 +1,26 +0,05
11,1 mM Glucose (14) (14) (14) (14)
Insulin 2 U/L
E. 11,1 mM Glucose 2,84 3,83 7,75 0,19
+0,10 +0,31 0,94 +0,04
(19) (18) (20) (16)
F. 10 mM Lactate 3,32 4,76 12,35 0,64
11,1 mM Glucose +0,18 +0,18 +1,22 +0,06
Insulin 2 U/L (12) (12) (12) (12)
G. 11,1 mM Glucose 3,64 4,13 10,93% 0,28™
Insulin 2 U/L +0,11 0,27 +1,5 0,03
(12) (12) (13) (13)
H. No substrate 3,23 3,76 6,21 0,09
+0,25 0,65 +0,59 +0,01
(9) (9) (9) (6)

Values are Mean = SEM (number of measurements).

* P<0,02 for comparison between C and G.

** P< 0,05 x 10~/ for comparison between C and G.
+ P< 0,01 for comparison between G and H.

+ P< 0,05 x 10-3 for comparison between G and H.



TABLE 5.5

MYOCARDIAL LEVELS OF ATP, PCr, GLYCOGEN, CITRATE AND CYCLIC AMP AFTER 15

MINUTES’ LANGENDORFF PERFUSION, AFTER AN ADDITIONAL 15 MINUTES’ LEFT ATRIAL

PERFUSION, AND AFTER A FURTHER 25 MINUTES’ LEFT ATRIAL PERFUSION DURING

WHICH 6,5 x 10'7M ISOPROTERENOL WAS INFUSED,
PERFUSION
CONDITIONS ATP PCr GLYCOGEN CITRATE cAMP
umol/g umol/g umol glucose umo1/g nmol/g
equiv/g

A. 15 min Langendorff 3,61 6,06 18,18 0,21

perfusion 0,25 +0,30 +1,69 +0,02 -
(9) (8) (9) (4)

B. 15 min subsequent 3,53 3,64*%* 14,37 0,33* 0,48
left atrial +0,20 +0,25 0,57 +0,03 +0,06
perfusion (6) (6) (7) (6) (7)

C. 25 min subsequent 3,16 4,21 7,17++ 0,13+ 0,84+
left atrial perfusion 0,17 0,21 0,57 +0,02 0,04
with isoproterenol (7) (7) (8) (7) (8)

Note that PCr levels fall significantly during working heart perfusions, and that isoproterenol infusion
causes tissue glycogen and citrate levels to fall, and cyclic AMP levels to rise significantly. A1l values
are Mean + SEM (number of measurements). The perfusion substrate supplied to Langendorff-perfused hearts was
11,1 mM D(+) glucose. All other hearts were perfused with 11,1 mM D(+) glucose plus insulin at 2 U/litre.
6,5 x 10-/M isoproterenol was added at a constant infusion rate for 25 minutes, following 15 minutes control
left atrial perfusions (section 5.3B).

* p<0,02 for comparison between B and A. + p< 0,0002 for comparison between C and B.
** p<0,0001 for comparison between B and A. ++ p< 0,05 x 10-3 for comparison between C and B.

9¢¢
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Myocardial citrate levels were higher in hearts perfused with
non-glucose than with glucose substrates, and the addition of glucose-
insulin to paimitate- or lactate-perfused hearts further increased
these levels. Citrate levels were lowest in hearts perfused without
substrate and were highest in hearts perfused with pyruvate-glucose-
insulin, data which are in accord with the findings of Neely and his
co]1eagues434’44o.

Thus, differences in tissue ATP, PCr, glycogen and citrate
Tevels could not easily explain differences in mechanical function between
hearts perfused with either glucose-insulin or glucose-pyruvate-insulin
because, although ATP and glycogen levels were not different, both PCr
and citrate levels were significantly Tower in hearts perfused with glucose-
insulin, in which hearts mechanical function was significantly better
(Fig. 5.3).

It should also be noted that ATP and PC} levels were not
different between hearts perfused either without substrate or with glucose-
insulin.  Thus, the inability of the former groups of hearts to maintain
cardiac outputs for more than 15 minutes left atrial perfusion cannot be
explained on the basis of the tissue high energy phosphate levels nor
tissue glycogen levels which were similar to values measured in glucose-
perfused hearts. It should be noted, however, that tissue citrate Tevels

were very low in these hearts (Table 5.4)

Substrate metabolism of hearts perfused with the

different substrate combinations.

Table 5.6 lists the myocardial rates of substrate uptake, of
glycogenolysis, of glycolytic flux, of glycolytic ATP production, of
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TABLE 5.6
SU3STRATE METABCLISH OF HEARTS PERFUSED WITH THE DOIFFERENT SUBSTRATE COMBINATIONS-'
GLYCOLYTIC
SUBSTRATE SUBSTRATE GLYCOGEN GLYCOLYTIC LACTATE C6 ATP
COMBINATION UPTAKE UTILIZATION FLUX RELEASE OXIDATION PRODUCT ION
umol/g/min umol glucose umol glucose pmol/g/min umoT/g/min umoT/g/min
equiv/g/min equiv/g/min
1 mM Palmitate 0,86 0,12 0,12 0,65 -0,21 0,36
(3% Albumin) +0,01 +0,01 +0,01 +0,12 +0,07 0,04
(8) (7) (7) (6) (5) (7)
10 mM Lactate 7,72 0.16 0,16 - 0,16 0,48
+0,62 +0,01 0,01 +0,01 +0,03
(7 (9) (9) {9) (9)
10 mM Pyruvate Pyruvate 0,06 1,75 3,04 0,23 3,58
11,1 mM Glucose 13,25 * 1,13 +0,02 £0,21 +0,37 +0,22 +0,42
Insulin 2 U/L (6) (6) (6) (6) {6) (6)
Glucose
1,69 £ 0,21
(6)
1 mM Palmitate Palmitate 0,11 3,00 0,89 2,12 6,12
(3% Albumin) 0,89 + 0,10 +0,03 +0,53 +0,10 +0,56 +1,07
11,1 mM Glucose (9) (8) (8) (9) (3) (8)
Insulin 2 U/L Glucose
2,90 + 0,51
(8)
11,1 mM Glucose 4,47 0,19 4,66 0,82 4,25 9,52
: +0,67 +0,01 +0,66 +0,11 +0,63 +1,31
(7) (7) (7) (7 (7) {7)
10.mM Lactate Lactate
11,1 mM Glucose 6,16 + 0,58 0,07 4,66 - 4,66 9,38
Insulin 2 U/L (7) +0,03 +0,63 +0,63 1,25
) Glucose (6) (6) (7} (6)
4,35 £ 0,56
(7)
11,1 oM Glucose 6,24 0,14 6,36 2,20 5,37 12,86
Insulin 2 U/L +0,40 +0,04 +0,51 +0,38 +0,57 +1,02
(9) (7) {7) 9 (7 (7

Hearts were perfused with the different
min, atrial filling pressure 25 cm HZO’ aortic co]umn height 120 cms).

Note the effects of the different substrates on rates of glycolytic ATP product1on

found in hearts with the highest stroke volumes (Tables 5.1 and 5.2).

It is not clear why palmitate perfused hearts had negative Cg oxidation rates.

series of similar experiments (Table 6.3).

Values are mean *+ SEM (number of measurements).

In general,

substrate(s) for 70 minutes under steady state conditions (heart rates 330 beats/

the highest rates are

This was also found in a subsequent
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lactate release and of C6 oxidation during steady state perfusions with

the different substrate combinations.
It will be seen that the addition of glucose-insulin to the

basic perfusion substrates had 5 principal metabolic effects:

(1) It increased rates of myocardial oxygen consumption,expli-
cable on the basis of either increased heart work (Table
5.1) or of increaséd myocardial efficiency..

(i1) It decreased the rates of myocardial glycogen utilization,

(iii) It increased the rates of glucose uptake, glycolytic ATP
production and C6 oxidation. .

(iv) [t increased the rates of myocardial lactate release.

(v) It did not alter the rates of uptake of the other substrate

(Tactate or palmitate) present in the perfusion medium.

This Tatter finding,that Tactate or palmitate uptakes were
not different between hearts perfused with either lactate or lactate-
glucose-insulin or with palmitate or palmitate-glucose-insulin, is
particularly significant because it indicates that the greater stroke
volumes in the Tatter groups must be due to a specific "glucose-insulin"
effect. However,in the presence of pyruvate,this "glucose-insulin" effect
on stroke volume does not appear to be particularly effective because,
as shown in Figure 5.3,stroke volumes were significantly lower in hearts
perfused with glucose-pyruvate-insulin than they were in either glucose-
insulin or glucose-lactate-insulin perfused hearts (Table 5.1) and they
were not different from values in glucose-perfused hearts. No series
of hearts was perfused with pyruvate alone because such a series would not
have added to the argument that follows .

This "glucose-insulin" effect can theoretically be explained

only on the basis of increased production of components or products of
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glycolysis, because the only common metabolic pathway activated by the
addition of glucose-insulin to the primary substrate combination is
glycolysis (Fig. 5.4). Thus, it should be noted in Table 5.6 that rates
of glycolytic ATP production are, in general, highest in those hearts

with the highest stroke volumes (Tables 5.1 and 5.2).

Effects of different substrate combinations on left

ventricular function.

In order to understand why the different substrate combinations
had such markedly different effects on stroke volume, I considered it
essential that left ventricular function should be measured in hearts
perfused with a selected group of those substrate combinations studied
in the previous section. To do this, it was necessary to introduce a
catheter into the left ventricle as described in section 5.2D.

The perfusion protocol used in these studies was as follows:
After a 15-minute Langendorff pre-perfusion, left atrial perfusion
commenced.  Hearts were perfused for 6 minutes at each of the following
8 combinations of atfia] filling pressures and heart rates:

(1) Heart rates constant at 330 beats/min with successive atrial
filling pressures of 15, 20 and 25 cmHZO.
(i) Atrial filling pressure constant at 25 cmH20 with successive
heart rates of 300, 360 and 390 beats/min.
(iii) Heart rates and atrial filling pressures constant at
‘ 330 beats/min and 30 cmH20 respectively.

At each successive workload, aortic outputs and rates of both

coronary flow and myocardial oxygen consumption were measured, and high-

speed pressure trace recordings were made according to the methods des-
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cribed in section 5.2C. To measure left ventricular pressure changes
during isovolumic contractions, pressure trace recordings were made at each
workload, whilst the aortic tubing was clamped with surgical forceps for
between 4-6 consecutive heart beats. Each new experimental condition was
maintained for 3 minutes before data were collected.

At the end of the experiment, Teft ventricular dry weights were
calculated, the left ventricular pressure traces analysed and cardiac output,
stroke volume, heart work, myocardial efficiency and rates of both coronary
flow and myocardial oxygen consumption were calculated according to the
methods described in Appendix 1.F.

The complete results of all these studies are contained in
Appendices 2.1 - 2.10. Table 5.7 presents this data in a more digestible
form, as data from the particular perfusion condition producing peak heart
function (heart rate 330 beats/min; atrial filling pressure 25 cmHZO) are
compared for the different substrate combinations.

The principal findings of these studies will be discussed in
detail under the following headings:

(1) Effects on left ventricular function of the addition of
insulin and glucose to the primary substrates - lactate,
pyruvate, glucose and palmitate.

(i) Comparison of left ventricular function in hearts perfused

with either glucose, glucose-insulin, or glucose-pyruvate-insulin.
(i) Evidence that the perfusion conditions used in section 5.38

produced maximum heart function.

There were 3 additional findings made during these studjes.

Although they do not have direct bearing on the main subject

of this thesis, they are nevertheless included here, as they

are relevant to the working rat heart model. These findings



LIFLCTS OF  THL DIFFCRCNT  SURSTRATE COMBINATIONS ON LEFT VENTRICULAR FUNCTION

AT_ATRIAL_TILLING PRESSURLS OF 25 CM_Ip0 AND NEART RATES OF 330 BLATS/MIN.

MYOCARDIAL L.V, L.V,
SUBSTRATE STRONE  CORONARY OXYGEN L.V, MAX #VE  MAX -V[  RELAXATION  END-DIASTOLIC
COMBINATION VOLUME _ FLOW _  CONSUMPTION PRESSURE _dP/dt _dP/dt_ _ TIME PRESSURE HEART WORK  EFFICILNCY
mifg wI7g/min d2/g7min g nmig/sec mHg/sec msec T Mg /g JouTes/ml 07

11,1 mM Glucose 1.7 203,6 2035 172,1 3573 2800 80,8 15,6 154,2 4,6

(3% Albumin) 001 5.0 £107 5.5 +87 197 1.9 2.0 14,0 £0,4

(7 n (7) (6} (6) {6) (6} (6) (7) (7)

1 mM Palmitate 1,5 212,8 2221 155,9 - 3500 2610 84,8 16,5 141,6 4,0

(3% Albumin) +0,1 39,4 +153 *3,5 +45 +108 £2,0 0,7 +15,6 +0,4

(8) (8) (8) - (8) (8) (8) (8) (8) (8) (8)

10 mM Lactate 1,8 214,8 2340 151,2 3474 2571 87,0 15,4 161,3 4,2

+0,1 +5,5 +75 +4.3 +60 +111 2,3 +1,4 +8,8 0,3

(7) (7} (6) (7) (7} (7) (7 (7) (6) (6)

10 mM Pyruvate 1,9 206,7 2198 175,8 3907 2747 91,7 19,7 206,5 5,6

11,1 mM Glucose +0,1 £10,5 *129 45,1 48 +35 *2,2 0,7 +16,6 +0,3

Insulin 2 U/L (6) (6) (6) (6) (6) (6) (6) (6) (6) (6)

1 mM Palmitate 2,0 253,3 2498 195,7 3653 2720 80,0 . 17,8 191,1 4,6

(3% Albumin) 0,1 +8,3 £122 +4.9 £27 t174 +1,4 0,7 +7,1 +0,1

11,1 mM Glucose - (6) (6) (6) : (6) (6) (6) (6) (6) (6) (6)
Insulin 2 U/L

11,1 mM Glucose 1,9 211,7 2101 169,5 3500 2896 80,2 15,2 180,1 5,1

+0,1 +6,0 69 26,3 +45 +72 £1,8 +0,9 +9,7 +0,3

(10} (10) (8) (8) (8} (8) (8) (10) (10) (8)

10 aM Lactate 2,2 226,6 2424 172,4 3737 2983 80,4 15,4 23252 5,8

11,1 @M Glucose =0,1 9,2 *76 +2,2 +29 67 9,9 1,0 :12,1 +0,3

Insulin 2 U/L {7 (7) (7) (7) - (7) (7) (7) (7) (7) (7)

11,1 mM Glucose 2,2 226,0 2410 177,2 3623 3074 81,4 14,7 225,6 5,6

Insulin 2 U/L : =0,1 6,2 +80 £4,0 +23 +30 +1,1 +1,0 £7,1 0,2

(7) (7) (7) (7) ) (7) (7) (7) (7) (7)

Note that, in general, strcke volumes increase in parallel with increases in LV max -ve dP/dt values.

Values are Mean = SEM (number of measurements).
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relate to:
(iv) Effects of perfusate albumin on heart function.
(v) Effects of different substrate combinations on calculated

myocardial efficiency.

(vi) Effect of the left ventricular catheter on heart function.

(i) Effects on left ventricular function of the addition of

insulin and glucose to the primary substrates - lactate,

pyruvate, glucose and palmitate.

The addition of insulin to glucose and glucose plus insulin to
lactate or palmitate increased stroke volumes, calculated heart work, and
rates of both coronary flow and myocardial okygen consumption (Table 5.7).
Peak left ventricular pressures and the maximum rates of left ventricular
pressure rise (L.V max +ve dP/dt) and fall (L.V. max -ve dP/dt) also
increased. Calculated myocardial efficiencies were improved when glucose
plus insulin was added to hearts perfused with lactate and palmitate, but
the addition of insulin to glucose did not improve calculated myocardial
efficiencies.

The addition of glucose and insulin to lactate and palmitate-
perfused hearts reduced left ventricular relaxation times,whereas relaxa-
tion times were similar in hearts perfused with either glucose or glucose
plus insulin. End-diastolic pressures were unaffected by the addition
of glucose plus insulin to the primary perfusion substrates, but this
pressure was higher in hearts perfused with non-glucose (lactate, pyruvate,
palmitate) than with glucose as substrate.

Thus,insulin is required in the perfusion fluid if peak myo-

cardial mechanical function is to be achieved during perfusions with any
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primary substrate. Its addition improves myocardial efficiency and increases

parameters of both myocardial contractility and myocardial relaxation.

(ii) Comparison of left ventricular function in hearts

perfused with either glucose, glucose plus insulin, or

glucose plus pyruvate and insulin.

Figure 5.5 compares left ventricular function of hearts per-
fused with either glucose, glucose-insulin or glucose-pyruvate-insulin
at different atrial filling pressures and heart rates. The striking
finding was that.despite significantly greater end-diastolic pressures
and greater rates of left ventricular pressure development, stroke volumes
and calculated heart work were at the higher atrial filling pressures,
significantly lower in glucose-pyruvate-insulin than in glucose-insulin
perfused hearts. Thué,the significantly smaller stroke volumes in
glucose-pyruvate-insulin perfused hearts cannot be explained on the basis
of their significantly higher rates of left ventricular pressure develop-
ment or end-diastolic pressures, both of which would have been expected
to increase stroke volumes.

One is therefore left to conclude that the significantly greater
rates of left ventricular relaxation and the shorter relaxation times in
the glucose-insulin perfused hearts must be the factor explaining their
greater stroke volumes. This suggests that stroke volume in the isolated
perfused working rat heart may be limited by factors occurring during
diastole.  Thus,the smaller stroke volumes in glucose-pyruvate-insulin
perfused hearts would be partially explained by reduced diastolic filling
due to their slower rates of myocardial relaxation. The significantly
higher end-diastolic pressures measured in these hearts would also impair
diastolic filling. This Tatter finding also indicates that myocardial

compliance is altered by the nature of substrates supplied to the heart,
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glucose - pyruvate -insulin but lower stroke
volumes and L.V. max -ve dp/dt.

Abbreviations:

CF - Coronary flow

MVOs -  Myocardial oxygen consumption

SV - Stroke volume

PLVSP - Peak left ventricular systolic
pressure

EDP - End diastolic pressure

Each point represents Mean * SEM for at least
6 measurements.
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and is reduced in non-glucose perfused hearts.

Peak Teft ventricular systolic pressures were not significantly
different between glucose-insulin and glucose-pyruvate-insulin perfused
hearts, whereas myocardial efficiencies, rates of coronary flow and myo-
cardial oxygen consumption were greater in glucose-insulin perfused hearts.
However, these latter differences achieved statistical significance only

at isolated points.

(ii1) Evidence that the perfusion conditions used in section 5.3B

produced maximum heart function.

Figure 5.5 shows that left ventricular power outputs are highest
in hearts perfused with glucose-insulin at atrial filling pressures of
25 cmH20 and at heart rates of between 330 and 390 beats/min.  Stroke
volumes and power outputs did not increase further when atrial filling

pressures were increased to 30 c¢cmH,0. From this it is concluded that

2
the perfusion conditions used in those studies reported in section 5.3B
did indeed elicit peak left ventricular function. Thus, the conditions
most likely to demonstrate differences in heart function between trained
and control animals have been established by these studies, and these
conditions were used to study the effects of exercise training on myocardial
function and metabolism (Chapter 6).

Another feature demonstrated in Figure 5.5 is that stroke volumes,
peak left ventricular systolic pressures and end-diastolic pressures all

fall as heart rates are increased at atrial filling pressures of 25 cmH,0.

2
These findings are identical to those reported in the open-chested

anaesthetized dog model, by Ilebekk and his co]]eagues456’457.

They
reported that as heart rates were artificially increased by atrial pacing,
stroke volumes and end-diastolic myocardial cord Tengths fell. They

therefore concluded that the pacing-induced reduction in stroke volume
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could be entirely explained on the basis of reduced activation of the
Frank-Starling mechanism because, as heart rate increases,diastolic
filling is reduced and end-diastolic pressure and myocardial sarcomere
length falls.

Although left ventricular end-diastolic fibre lengths were not
measured in this study, the similarity between these findings and those
of I11ebekk and his colleagues suggest that in the isolated perfused rét
heart ﬁode], as heart rate increases, mechanical function is limited by

reduced activation of the Frank-Starling mechanism.

(iv) Effects of perfusate albumin on heart function.

An important difference between hearts perfused with fatty acids
(palmitate or palmitate-glucose-insulin) and those perfused with the other
substrates, is that in the former the fatty acid is carried in combination
with albumin. ft is not known how this albumin affects either left
ventricular pressure changes or cardiac outputs and calculated heart work.
Theoretically, if the albumin significantly increases perfusion fluid
viscosity, it will increase the resistance to flow of both the fluid enter-
ing, and being ejected from the left ventricle. The results would be:

(a) Reduced diastolic left ventricular filling, and therefore reduced

stroke volume if, in this model, stroke volume is principally limited by

diastolic filling.

(b)  An apparent reduction in heart work for a given amount of actual mechanical
work performed by the heart. This undercalculation is inherent in the formula
used for the calculation of heart work, because the formula is an approximation
which does not take account of perfusion fluid viscosity458. Therefore, calculated

heart work will, when compared to hearts perfused with control solutions,
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be underestimated in hearts perfused with solutions of increased viscosity,
because such hearts will, in ejecting the more viscous fluid, expend more
energy than is calculated. |
c) The addition of albumin reduces the perfusate ionized calcium concentration
by up to 30-50% and could therefore influence left ventricular performance.

Table 5.7 and figure 5.6 show that, when compared to glucose-
perfused hearts, hearts perfused with glucose-albumin have significantly
lower stroke volumes, they apparently perform less work, and have impaired
myocardial efficiency. These occur despite there being no significant
differences in either rates of coronary flow or myocardial oxygen con-
sumption, in left ventricular max +ve or max -ve dP/dts, in peak left
ventricular pressures, in left ventricular relaxation times, or in left
ventricular end-diastolic pressures. This suggests that the perfusate
albumin concentration used, did not produce functionally-significant changes
in the perfusate jonized calcium concentration.

Thus, the addition of albumin to the perfusate reduced stroke
volumes, heart work and myocardial efficiencies, none of which changes
could be explained on the basis of a deleterious effect of albumin on
left ventricular contractility. One must therefore conclude that the
apparently deleterious effect albumin exerts on myocardial function
results from the increased viscosity of the albumin-containing fluid
which either impairs left ventricular filling or increases resistance to
flow in the aortic column.

Evidence that reduced atrial filling may not be the principal
factor is the finding that, at the highest heart rates (390 beats/min),
stroke volumes were not different between glucose and glucose-albumin
perfused hearts (Appehdix 2.1 and Figure 5.6), whereas at low heart
rates, stroke volumes were significantly lower in glucose-albumin
perfused hearts. Thus, when diastolic filling times were reduced by
increasing heart rates, stroke volumes fell more in hearts perfused

with glucose than in those perfused with glucose-albumin, suggesting that
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even at low heart rates, stroke volumes in glucose-albumin perfused

hearts are limited principally by the increased resistance to aortic flow.

(iv) Effects of different substrate combinations on

calculated myocardial efficiency.

For the same reason described above, namely that the formula
for the calculation of heart work and therefore efficiency does not
take account of perfusion fluid viscosity, myocardial efficiency will be
underestimated in hearts perfused with solutions of increased viscosity.
This would explain why calculated heart work and myocardial efficiency
was Tower in hearts perfused with glucose-albumin than with glucose,
despite there being no other differences in parameters of left ventri-
cular function, including rates of myocardial oxygen consumption.  There-
fore, at least part of the reason for the lower stroke volumes, heart work
and reduced myocardial efficiencies of hearts perfused with palmitate or
palmitate-glucose-insulin than with glucose or glucose-insulin (Table 5.7)
will be due to the presence of albumin in the former solutions. For this
reason, it is not possible to compare directly the overall heart function
of hearts perfused either with or without albumin-containing solutions.

In this study, therefore, the lower calculated efficiencies of
palmitate-perfused hearts cannot be ascribed only to the "oxygen-wastage"
effect described by previous authors (section 5.2B). Similarly, the higher
rates of myocardial oxygen consumption at similar levels of heart work that

Neely, Whitner and Mochizuki434

found in hearts perfused with palmitate-glucose
when compared to glucose-perfused hearts, may also have been caused by the
greater viscosity of the fatty acid solution, rather than by "“oxygen-

wastage". This criticism does not apply to those studies reporting an
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"oxygen wastage" effect in which either the Langendorff, non-working

444, 445, 450 446,447,449 ced.

heart or in vivo models

On the other hand, in this study, calculated myocardial
efficiency of palmitate-perfused hearts was significantly lower than that
measured for hearts perfused with glucose-albumin at an atrial filling
pressure of 25 cmHZO when heart rates were either 360 or 390 beats/min,
or at an atrial filling pressure of 30 cmH20 with heért rate 330’beéts/min
(Table 5.8). As the perfusate viscosities would have been equal, this
finding does indicate "oxygen wastage" by palmitate-perfused hearts.
Furthermore, lactate-perfused hearts were also significantly less efficient
than glucose-perfused hearts (Table 5.8),but myocardial efficiency was
similar for hearts perfused with either glucose-insulin, glucose-lactate-
insulin or glucose-pyruvate-insulin. Therefore,whatever the mechanism
underlying the "oxygen wastage" effect of lactate, it is negated by the
addition of glucose-insulin.

In summary, this study provides further evidence that there
are substrate-related differences in myocardial efficiency, and that
palmitate- and lactate-perfused hearts are less efficient than those
perfused with either glucose-albumin or glucose respectively. By itself,
the presence of albumin in the perfusion fluid reduces calculated myo-
cardial efficiency but this is due to the increased perfusion fluid viscosity

that it causes.

(vi) Effect of the left ventricular catheter on heart function.

It should be noted that under comparable perfusion conditions
(heart rates 330 beats/min, atrial filling pressures 25 cmHZO, aortic
column height 120 cm), the presence of a left ventricular catheter caused

an approximate 13% reduction in stroke volume (compare results from
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TABLE 5.8

CALCULATED MYOCARDIAL EFFICIENCIES (Joules/ml 02) OF HEARTS

PLRIUSED WITH THE DIFFERENT  SUBSTRATE  CUMBINATIONS UNDER

CONDITIONS OF CHANGING ATRIAL FILLING PRESSURES AND HEART RATES.

HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm H»0

SUBSTRATE COMBINAT 10N ATRIAL FILLING PRESSURE  (cm M20) HEART RATE (BEATS/MIN)
1 20 25 0 360 330 360 3%
A. 1 ot Palmitate 3,8 3,7 4,0 2,7 3,6 4,0 3,2 2,8
(3% Albumin) 0,4 £0,2 0,4 £0,2 30,3 0,4 +0,4 0,3
(8) (8) (8) (8) (8) (8) (8) (8)

B. 11,1 mM Glucose 4,1 4,7t 4,6 4,3* 4,4 4,6 4,6" 4,5
(3% Albumin) £0,2 +0,4 +0,4 +0,5 +0,3 +0,4 +0,3 0,3
(7) (7) (7 (7) (7) {7) (7) (7)

C. 4,7 5,1%* 5,1 4,3 5,1 5,1 4,8+ 430w
H1 o Glucose 0.3 +0.3 +0.3 20,4 £0.3 0.3 20.3 £0.3
(9) (8) (8) (8) (8) (8) (8) (8)
0. 10mM 3.4 3,7 4,2 3,8 4,1 4,2 3,6 3,5
™ Lactate +0.2 £0.2 0.3 +0.3 +0.4 +0.3 +0.3 10,3
(6) (6) (6) (6) (6) (6) (6) (6)

E. 10 mM Lactate 4,9%% 5,5%% 5,8 5.0 5,7* 5,8 5,8% 5,4%
11,1 mM Glucose 0,3 0,4 +0,3 +0,6 +0,4 0,3 +0,3 0,4
Insulin 2 U/Litre (7) (7 (7 (7) (7) (7) (7) (N
F. 10 aM Pyruvate 5,7 5,7 5,6 4,8 5,6 5.6 5,6 5,1
11,1 m# Glucose 2004 £013 20,3 0.3 202 20,3 20,2 :013
Insulin 2/Litre (6) (6) (6) (6) (6) (6) (6) (6)

8 ‘

6. 11,1 mM Glucose 4,7 5,5 5,6 5.6 5,7 5,6 5,7° 5,5°
Insulin 2 U/Litre =0,2 +0,1 0,2 0,2 +0,1 0,2 +0,1 +0,2
(7) (7) (7) (7N (7) (7) (7) (7

H. 1 M Palmitate 4,3 4,5% 4,6 4,0° 4,6 4,6 4,3 4,0*
11,1 mM Glucose 20,2 +0,1 0,1 0.5 0,2 0.1 0,1 :0.2
(3% Albumin) (6) (6) (6) (6) (6) (8) (6) (6)

Insulin 2 U/Litre

flote that at the highest heart rates, glucose-albumin and glucose perfused hearts are more efficient than are nearts perfused with
palmitate-albumin or lactate respectively, and that the addition of (glucose)-insulin to lactate, palmitate or glucose-perfused
hearts increases myocardial efficiency.

+ p<0,05 B vsA ' ++ p<0,02 Bvs A
* p<0,08 Cws D * p<0,005 CvsD
X p<0,05 gvsD xx p<0,005 EvsD
¢ p<0,05 Huvys A 8 p<0,02 Gvs C

#+ p<0,005 Hvs A

Values are Mean = SEM (number of measurements).
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Table 5.1 and 5.2 with Table 5.7). The possible reasons for this may be
either that the intraventricular space occupied by the catheter impairs
myocardial filling thereby reducing end-diastolic volume, or it may inter-
fere with normal ejection, or alternatively the passage of the catheter
through the mitral valve and the apex of the heart may cause valvular or
myocardial damage.

In more detailed studies458 not reported here, it was
found that in the absence of a left ventricular catheter, stroke volume
and heart work did not fall at the highest left atrial filling pressure
(30 cmH20) as they did in these studies. Furthermore, total heart work
at an atrial filling pressure of 25 cmH20 was approximately 36% higher
when hearts were perfused without a left ventricular catheter in situ.

Thus,it is clear that in this model, the presence of a left
ventricular catheter significantly alters heart function, and this should

be taken into account whenever such studies are performed.

Summary and implications of initial studies.

These initial studies had clearly defined the perfusion
conditions necessary for maximum function in the isolated perfused working
rat heart model. They had also provided suggestive evidence that
stroke volume in this model is limited by phenomena occurring in diastole,
because differences in rates of myocardial relaxation seemed to be the
only explanation for the finding of substrate-induced differences in
stroke volume. This possibility was in 1ine with the work of Buckley,
Sidky and Ogden459 who concluded that,in the isolated dog heart, stroke
volume is determined early in diastole by conditions which may be partly

measured in terms of mechanical impedance during left ventricular filling.
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Finally, an apparent relationship between the rates of myo-
cardial relaxation and of myocardial glycolytic ATP production was suggested
by the finding that hearts perfused with solutions allowing the highest
glycolytic ATP production rates also had the highest rates of myocardial
relaxation.

Although these observations did not at first seem to relate
directly to the specific topic of this thesis, I considered them to be of
sufficient interest to merit some additional work. Therefore,I chose to
do 2 additional series of experiments to see whether I could provide further
experimental evidence that diastolic phenomena limit heart function in this
model, and that glycolytically-produced ATP plays a special role in myo-

cardial relaxation.

Effects of isoproterenol infusion on left ventricular

function and myocardial metabolism.

Experimental protocols.

To study further the factors limiting heart function in this
model, the B-receptor agonist isoproterenol was added to a series of
hearts working under the maximum steady-state conditions defined in the
previous section. The rationale for studying myocardial function during
g-stimulation was that such stimulation is known to prolong diastolic
filling time

460 -466

(i) by reducing the duration of systole thereby increasing

the time available for left ventricular filling,

(i1) by increasing the rapidity of myocardial relaxation?02~#0% ang

(iii) reducing the ventricular impendance to fi]]ing459’467.
[f the function of the isolated working heart was indeed

limited by myocardial relaxation, then the addition of catecholamines (
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"the guardians of diasto]e463 )

to perfused hearts must cause their
function to increase. Furthermore, catecholamine should cause increased
rates of glycolytic ATP production, if such ATP production is linked to
myocardial relaxation.

The perfusion protocol used in this group of experiments was
as follows: the heart was mounted in the conventional manner, and the
left ventricular catheter introduced as described previously. After
left atrial cannulation had been completed, a 15-minute control period of
left atrial perfusion commenced, during which‘cardiac outputs and rates
of myocardial oxygen consumption were measured, and aortic and left
ventricular pressure traces taken at 5 and 15 minutes. Prior studies
not reported here, had shown that under these perfusion conditions, concen-
trationsof 6,5 x 10_4Wisoproterenol produced a maximum increase in cardiac
output and calculated heart work. Higher isoproterenol concentrations
were usually arrhythmogenic and did not further increase heart function.
This drug concentration also increased the rate of unpaced perfused hearts
to approximately 380 beats/min. Therefore, in these studies, hearts were
paced at rates of 390 beats/min both in the control and infusion périods,
to ensure that after isoproterenol infusion true catecholamine-dependent
changes in heart function could be separated from changes resulting from
increased heart rates.

After 15 minutes left atrial perfusion, isoproterenol was
infused into the perfusion fluid via side tubing connected immediately
proximal to the atrial bubble trap. The infusion was delivered by a
constant infusion pump (Braun, Melsungen, West Germany) and the syringe
and tubing leading to the perfusion apparatus were protected from Tlight
by a black plastic covering. The isoproterenol solution was prepared

immediately prior to its infusion by diluting 500 ul1 isoproterenol
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hydrochloride (Isuprel(R) - Winthrop Laboratories) into 49,5 ml distilled
water for infusion at a rate of 0,2 ml/min. At coronary flow rates of
between 25-30 mi/min, this infusion rate gave a final isoproterenol concen-
tration in the coronary circulation of approximately 6,5 x 10'7M.

As oxidized isoproterenol is known to have a cardiotoxic effect468

the perfusion apparatus was modified so that it became a non-recirculating

working heart system, from which the coronary eff]ﬁent was allowed to
escape. To maintain the volume of circulating fluid, fully oxygenated
pre-warmed fluid was constantly fed from an additional reservoir directly
into the main reservoir of the working heart system (Fig. 5.1).

The non-recirculating system was necessary for the following
reasons: (i) It allowed a constant catecholamine infusion to be used.
This is potentially important because a constant catecholamine infusion
produces a different, apparently more controlled myocardial cyclic AMP
response than does the addition of a catecholamine bolus to a non-
recirculating system46? (ii) A drip-through system was necessary for the
measurement of glycolytic rates by the 3H-g]ucose method described in
Appendix 1.C.

At time intervals of 5, 15 and 25 minutes after the commence-
ment of the isoproterenol infusion, cardiac outputs and myocardial oxygen
consumption rates were measured, and aortic and left ventricular pressure
traces were taken. Forty minutes after left atrial perfusion had commenced
hearts were clamped in Wollenberger tongs and prepared for later bijochemical
analysis as previously described.

In a separate series of experiments hearts were perfused under
identical conditions, but without a left ventricular catheter in situ, for
measurements of g]yéo]ytic ATP production rates. 3H-g]ucose (New England

Nuclear, Boston, Massachussets) was added to the perfusate, as described
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in Appendix 1.B, and coronary flow was sampled every 5 minutes. The
experiments were terminated after 40 minutes' perfusion by clamping the
hearts in pre-cooled Wollenberger tongs.

Samples of coronary flow were analyzed for their 3H20 glucose
content according to the methods described in Appendix 1.C, and the hearts
extracted and assayed for their ATP, PCr, glycogen, citrate and cyclic
AMP levels, according to the methods described in Appendix 1.D. Rates of
glycolytic ATP production were then calculated according to the equations

described in Appendix 1.F.

Results:

Figure 5.7 shows that within 5 minutes of isoproterenol
infusion, stroke volumes, end-diastolic pressures, peak left ventricular
systolic pressures, rates of left ventricular relaxation, power outputs
and rates of coronary flow and myocardial oxygen consumption héd all
increased, relaxation times and aortic ejection times had shortened
and the maximum rates of left ventricular pressure development had re-
mained unchanged. Thus, as hoped, catecholamine infusion had increased
both stroke volume and the maximum rate of myocardial relaxation.
Furthermore, as shown in Table 5.9, isoproterenol infusion increased
rates of myocardial glycolytic ATP production.

It should be noted that the rates of glycolytic ATP production
after 15 minutes steady-state left atrial perfusion were, when measured by
the 3H-g]ucose method, not different from the values calculated from
substrate uptake data during 70 minutes steady-state perfusions

(11,59 + 0,49 vs 12,86 + 1,02 (Table 5.6) umol ATP/g/min). This indicates
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TABLE 5.9

RATES OF GLYCOLYSIS, GLYCOGENOLYSIS AND GLYCOLYTIC ATP PRODUCTION
IN WORKING HEARTS PERFUSED UNDER STEADY-STATE CONDITIONS FOR
15 MINUTES WITHOUT, AND FOR AN ADDITIONAL 25 MINUTES WITH A
CONSTANT 6,5 x 10"’M ISOPROTERENOL INFUSION .

GLYCOLYTIC
GLYCOLYTIC * GLYCOGEN ** ATP
TIME RATE UTILIZATION PRODUCTION
{min) umol glucose umo[ glucqse umo1/g/min
equiv/g/min equiv/g/min
5 4,93 o - 10,61
0,27 +0,54
10 5,29 — 0,25 11,32
0,27 ' 0,54
15 5,42 ] 11,59
0,24 +0,49
20 ~ 6,21 _ 13,28
_ ' +0,26 0,53
[an]
25 = 6,94 14,74
= 0,17 +0,38
30 2 6,78 0,29 14,42
! 0,14 -~ +0,02 +0,32
L|i.'l .
35 = 7,06 14,98
S 0,12 +0,30
40 - 7,00 J 14,86
0,18 +0,40

Note that glycolytic ATP production rates increase during isoproterenol
infusion.

Data are mean *+ SEM for 8 experiments.
* Glycolytic rates were measured by the 3H-g]ucose method.

** Rates of glycogen utilization were calculated according to methods
described in the text.
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that calculation of glycolytic ATP production rates from substate uptake
data (Table 5.6) gives results which compare favourably with directly
measured values using the 3H-g]ucose method.

The effect of isoproterenol infusion on tissue high energy

phosphate and citrate levels is shown in table 5.5.

Effects of deoxyglucose on left ventricular function.

Experimental protocol.

To study further the relationship between myocardial glycolysis
and left ventricular relaxation, the effects of g]ycolytié inhibition with

deox_yg]ucose470

(2-deoxy-D-glucose - Sigma Chemical Company) were studied
in a re-circulating working heart system using the same steady state
perfusion protocol described in section 5.3B but with a Teft ventricular
catheter in situ. The perfusion substrates were either 10 mM L(+)lactate
or 10 mM L(+)lactate plus 10 mM deoxyglucose. A separate series of hearts
were perfused with 10 mM L(+)Tactate plus 20 mM deoxyglucose, but, as the
results of these experiments were not different from those measured in
hearts perfused with the lower deoxyglucose concentration, these results
are not presented.

At 5, 20, 35, 50 and 70 minutes after left atrial perfusion had
commenced, cardiac outputs were measured and aortic and left ventricular

pressure traces were taken. In addition, rates of myocardial oxygen

consumption were measured at 35 and 70 minutes.

Results:

The results of these experiments are presented graphically in
Figure 5.8. They show that 10 mM deoxyglucose had specific effects on
both myocardial relaxation and on coronary flow rates. Thus, hearts

perfused with lactate and deoxyglucose had significantly slower rates of
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left ventricular relaxation, significantly longer relaxation times, and
increased coronary flow rates.

These studies are therefore compatible with the hypothesis
that glycolytically-produced ATP may play a special role in the processes

of myocardial relaxation.

5.4 DISCUSSION AND CONCLUSIONS.

The principal conclusions from these studies can be summarized

~as follows:

(1) Peak heart function in the isolated perfused working rat
heart is achieved at an atrial filling pressure of 25 cmHZO,
at a heart rate of 330 beats/min and with an aortic
column height of 120 cms.

Additional studies not reported here458; in which heart
function was more accurately measured with the aid of a .
computer, have confirmed this conclusion.

(i) Peak heart function in the isolated perfused working rat

heart is not normally limited by the perfusate oxygen

content.

It has been suggested that oxygenation of the isolated
perfused working rat heart model is inadequate and may be
a factor limiting its maximum function%71 Three lines of
evidence provided by my studies refute this suggestion.
First, the highest myocardial oxygen consumption rates and
the greatest levels of heart work were measured in hearts

perfused with glucose-insulin to which isoproterenol had

been added (Figure 5.7). Thus,it is extremely un]iké]y
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that the mechanical performance of hearts perfused with the
other substrate combinations, and which did not achijeve such
high rates of myocardial oxygen consumption or heart work,
could have been limited by low perfusate oxygen tensions.
Second, coronary flow rates were also highest in glucose-
insulin perfused hearts to which isoproterenol had been added
(Figure 5.7). Thus “coronary flow reserve" must have been
present in hearts perfused with all the other substrate
combinations. Had hypoxia been present, one would have
expected coronary flow rates to have been maximal even before
isoproterenol was infused. Third, data presented in Table
5.4 shows that myocardial ATP levels of hearts perfused with
glucose-insulin for 70 minutes were the highest of all
substrate groups and were equal to values measured in hearts
perfused for 15 minutes in the Langendorff, non-working model.
Had the high work loads achieved by glucose-insulin perfused
hearts caused them to become hypoxic, one would have expected

tissue ATP levels to have been reduced.

These arguments do not, of course, exclude the possibility that,
after 1soprotefeno1 infusion, oxygen availability Timited myo-

cardial function in this model.

Peak heart function in the isolated perfused working rat
heart is achieved by hearts perfused with either glucose-

insulin or glucose-lactate-insulin.

This finding was quite contrary to what had been expected from

the studies of Neely, Whitmer and Mochizuki434, and Kobayashi

440 434

and Neely ™. These authors reported that working hearts

perfused only with glucose appeared to be metabolically
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“run down" as indicated by Tow tissue levels of acetyl-CoA,
citrate and isocitrate, and low NADH/NAD ratios. As myo-
cardial oxaloacetate levels were high, they suggested that
flux through the Krebs cycle was limited by the availability
of acetyl-CoA. The phosphate potential of glucose-perfused
hearts was also low, indicating a Timitation of NADH for
oxidative metabolism. Thus, they concluded that in hearts
perfused only with glucose or with glucose and insulin,
glycolysis cannot be accelerated sufficiently to provide
adequate carbon substrate for energy metabolism. In contrast,
the energy production of hearts perfused with palmitate, with
or without glucose, did not appear to be substrate-limited as
the mitochondrial NADH/NAD ratio and tissue levels of both
acetyl-CoA and citric acid cycle intermediates were all high.

Further studies by Kobayashi and Nee]y440

have compared the
metabolism of ]acfate, glucose and pyruvate by the perfused rat
heart.  They showed that, whereas at increasing levels of heart
work, substrate oxidation rates did not further increase when hearts
were perfused with either glucose or lactate at concentrations
above 15 mM or 10 mM respectively, hearts perfused with 10 mM
pyruvate continued to increase pyruvate oxidation rates even

at the highest work loads. Thus, at the highest levels of heart
work, only pyruvate-perfused hearts were able to cover all their
oxidative ATP requirements by the oxidation of exogenous sub-
strate. At high workloads, oxidation of endogenous energy
sources was required to make up the shortfall in ATP production
caused by limitations of lactate and glucose oxidation rates.

Therefore, from the metabolic data provided by these studies,
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it would have seemed logical to assume that of the 4 primary
substrates (glucose, lactate, pyruvate, palmitate),hearts
perfused with pyruvate or palmitate would have reached the

highest levels of heart work.

This study refutes that expectation, because although maximum
rates of left ventricular pressure development were highest in
pyruvate-glucose-insulin perfused hearts (Table 5.7), such

hearts had stroke volumes and calculated power outputs which were

amongst the Towest of all the groups studied.

Table 5.10 has been drawn up in an attempt to explain this
apparent discrepancy on the basis of the relevant data collected
in these studies. It lists results from hearts perfused with
the different substrate combinations, in order of increasing
rates of glycolytic ATP production. It will be seen that
whereas stroke volumes and maximum rates of left ventricular
relaxation increase, in order of increasing rates of glycolytic
ATP production, maximum rates of left ventricular pressure

development and myocardial citrate levels show no such trend.

Thus, one might propose that stroke volume in the isolated
perfused working rat heart correlates best with indices of
myocardial relaxation, which in turn may be related to rates

of glycolytic ATP production.

Evidence that glycolytically-produced ATP plays a special

role in myocardial relaxatijon.

Table 5.10 shows that stroke volumes and rates of left

ventricular relaxation increase in parallel with increasing
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TABLE 5.10

COMPARTSON OF RATES OF GLYCOLYTIC ATP PRODUCTION, STROKE VOLUMES,

LV MAX -VE AND MAX +VE dP/dt AND MYOCARDIAL CITRATE LEVELS IN

HEARTS PERFUSED WITH THE OIFFERENT SUBSTRATE COMBINATIONS

GLYCOLYTIC
SUBSTRATE ATP STROKE LY MAX -VE LV MAX +VE MYQOCARDIAL
COMBINATION PRODUCTION VOLUMES dP/dt dP/dt CITRATE
umol/g/min mi/g mmHg/sec mmHg/sec umol/g
1 mM Palmitate 0,37 1,50 2610 3500 0,57
(3% Albumin) +0,04 +0,14 +108 +45 +0,05
(7} {8) (8) (8) (13)
10 mM Lactate 0,48 1,80 2571 3474 0,36
+0,03 +0,07 111 +60 +0,03
(9) (7 (7) (7) (15)
10 mM Pyruvate 3,58 1,93 2747 3907 1,32
11,1 mM Glucose +0,42 +0,07 +35 +48 +0,06
Insulin 2 U/L (6) (6) (6) (6) (11)
1 mM Paimitate
(3% Albumin) 6,12 2,00 2720 3653 0,64
11,1 mM Glucose t1,07 0,08 +174 27 +0,08
Insulin 2 U/L (8) (6) (6) (6) (14)
11,1 mM Glucose 9,52 1,90 2896 3504 0,19
. +1,21 +0,08 +72 *+31 0,04
{7) (19) (10) (10) (16)
10 mM Lactate 9,38 2,20 2983 3737' - 0,64
11,1 mM Glucose £1,25 0,09 67 *29 +0,06
Insulin 2 U/L (6) (7) (7) (7) (12)
_ 11,1 mM Glucose 12,86 2,16 3074 3623 0,28
Insulin 2 U/L +1,02 +(,04 +80 23 *0,03

(7) (7 (7) (7 (13)

Not:?1 that stroke volumes and ratas of myocardial relaxation increase with increasing rates of glycolytic ATP
production.

Values are mean  SEM (number of measurements).
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rates of glycolytic ATP production. Other data are in accord
with these observations. Thus, isoproterenol infusion
increased stroke volumes and rates of both myocardial relax-
ation (Fig. 5.7) and glycolytic ATP production (Table 5.9).
Furthermore, when data from all these experiments were included,
a significant correlation was found between the mean rates of
glycolytic ATP production and the mean maximum rates of left
ventricular relaxation (L.V. max -ve dP/dt)(Fig. 5.9). In
addition,’the metabolic inhibitor deoxyglucose, which is believed
to exert a truly-specific metabolic inhibitory effect only on
glycolysis through its action at the level of glucose phosphate

isomerase470

,» had a specific effect only on myocardial relaxation
(Fig. 5.7). That myocardial oxygen consumption rates were
unaltered by deoxyglucose addition indicates that respiratory

ATP production rates were unaltered by this inhibitor.

The finding that even in the presence of 10 or 20 mM deoxy-
glucose, lactate-perfused hearts were still able to relax (i.e.
that they did not develop myocardial contracture) indicates
either that total glycolytic inhibition was not achieved, or
that glycolytically-produced ATP is not the sole source of the
energy required for myocardial relaxation. This Tatter
interpretation is in accord with the data in Figure 5.9, which
predicts that when glycolysis is totally-inhibited, L.V. max
-ve dP/dt is approximately 2 550 mmHg/sec. The tentative
conclusion from this work would therefore be that although
respiratory ATP is able to supply ATP for myocardial relaxation,
translocation of that ATP from the mitochondria to the sarco-

plasmic reticulum occurs too slowly for there to be maximum
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rates of left ventricular relaxation.

The hypothesis that glycolytically-produced ATP may play a
special role in myocardial relaxation is consistent with the
recently proposed concept that this ATP pool may serve a
special role in myocardial metabolism. Thus,investigations
of the effect of glucose on action potential duration have led
to the postulate that glycolytically-produced ATP is used
preferentially in the energy requiring membrane functions of

472

cardiac muscle Furthermore, biochemical studies have

established that glycogenolytic enzymes are presented in

473, and that creatine kinase

is found in the myocardial endoplasmic reticulum fraction474,

myocardial sarcoplasmic reticulum

a fraction which also probably represents sarcoplasmic reticulum.

Evidence that such enzyme localization may play a special role
in myocardial relaxation comes from a number of recent studies.

Anderson and Morris475

showed that in the isolated rat right
ventricular preparation, glucose prevented the rise in resting
tension that occurred during anoxic perfusions with either a
glucose-free medium or with one containing only 2-deoxyglucose.
As developed tensions and tissue high energy phosphate levels
were not different between groups of hearts perfused with the
different substrates, these authors concliuded that substrate-
stimulated glycolysis must have provided sufficient ATP to
maintain the required ATP Tlevel in a special ATP pool that is
used specifically to support calcium uptake by the sarcoplasmic

reticulum. In the words of these workers, these results

indicated "a preferential utilization of glycolytically
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produced ATP by the sarcoplasmic reticulum in the process of
calcium uptake".

In isolated, isovolumically contracting rat hearts, Apstein,

476 reported that total glycolytic

Deckelbaum, Hagopian and Hood
blockade with iodoacetate reduced the time required for the
development of irreversible myocardial contracture during
acute global jschaemia from 30 minutes to 30 seconds. In

as yet unpublished data that follow from their observation
that myocardial contracture in isolated hearts exposed to Tow
perfusion pressures is prevented by the addition of glucose

477, Bricknell, Daries and Opie478

to the perfusion medium
have shown that myocardial contracture in the same model occurs
concurrent with the onset of glycolytic inhibition produced by
a variety of inhibitors. In the final relevant study, Paul,

Bauer and Pease479

have established that glycolysis provides
the energy required for cellular Nat-k* transport in vascular

smooth muscle.

If the above is indeed true and if, as argued in the previous
section, the rate of myocardial relaxation 1imits stroke volume
in the isolated perfused rat heart model, then the effect of

a substrate on heart function in this model can be predicted
from its effect on glycolysis. Thus, in combination with -
glucose-insulin, pyruvate and palmitate are inferior myocardial
substrates than is lactate, because they are stronger glycolytic
inhibitors (Table 5.10).  Lactate on the other hand causes

very little glycolytic inhibition (compare ‘glycolytic rates for
glucose-insulin and glucose-lactate-insulin perfused hearts -

Table 5.10).  This could explain why, as recently shown, lactate
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1480

is the preferred myocardial fue , particularly during high-

intensity exercise481.

Substrate-induced differences in myocardial efficiencies.

These studies confirm that myocardial efficiencies are different
between substrate groups, and are reduced in hearts perfused

in the absence of glucose-insulin.

Thus, at the highest heart rates and atrial filling pressures,
lactate- and palmitate-perfused hearts were found to be less
efficient than were hearts perfused with glucose and glucose-
albumin respectively (Table 5.8). These findings are in
general agreement with the published literature. A novel
finding, however, was that the addition of insulin-(glucose) to
glucose, lactate and palmitate perfused hearts increased their

myocardial efficiencies.

It should be noted, however, that the equations457 used for

the calculation of the power output of the heart in these studies
have subsequently been shown by us458 to underestimate the

actual total power output of hearts perfused in the presence

of a left ventricular catheter by about 20% and by about 25%

in hearts perfused in the absence of such a catheter. Thus
myocardial efficiency, because it is calculated as power output

divided by oxygen consumption, will also be underestimated by

an equivalent amount.

The explanation for this is that the original equations developed
by Kannengiesser, Opie and van der Werff457 were based on an

approximation which considers that the heart works as a continuous
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flow pump. This was a necessary approximation because, until
recently, it has been possible to measure only mean pressures

and mean flow rates in this model.

However, a fundamental characteristic of the cardiovascular
system is its pulsatility, because the heart works inter-
mittently, not continuously. This pulsatile nature of
contraction requires that with each beat, the isolated heart
delivers additional kinetic power to accelerate the perfusate
through the perfusion apparatus. To quantify this kinetic
power component requires that pressures and flows be

measured instantaneously by a minicomputer. When this was

done458

, it was found that this kinetic component of the
power output of the heart may constitute as much as 25% of

its total power output.

Although it is unlikely that this kinetic component of the
power output of the heart will be greatly different between
groups of hearts perfused with the different substrate combi-
nations, for a more accurate determination of the effects of
different substrate combinations on myocardial efficiency,
additional studies will need to use minicomputer techniques

similar to those described in Chapter 6.

Relevance of these preliminary findings to studies of the

myocardial adaptations to exercise training in the same

model (Chapter 6).

These studies have shown that isolated hearts achieve maximum

levels of cardiac performance when perfused at an atrial
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filling pressure of 25 cmHZO, at heart rates of 330 beats/min
and with an aortic column height of 120 cm. Of all the sub-
strate combinations tested, the highest levels of cardiac
performance were reached by hearts perfused with either

11,1 mM D(+) glucose plus insulin at 2 units/litre or with
11,1 mM D(+) glucose and 10 mM L(+) lactate plus insulin at

2 units/litre. The addition of 6,5 x ]0-7M isoproterenol
further increased performance of hearts perfused with the
optimum glucose-insulin solution. The most Tikely explanation
for the effects of the different substrate combinations on
cardiac performance was their different effects on the rates
of myocardial relaxation resulting, it is postulated, from
the different degree to which each substrate combination

inhibited myocardial glycolysis.

On the basis of these results, it seemed logical that hearts
from trained and control rats should be perfused at the
highest workload to determine whether differences in myo-
cardial performance could be explained on the basis of
alterations in the rates of both myocardial relaxation and
of glycolytic ATP production. Furthermore, in view of the
controversy surrounding the effects of exercise training on
the myocardial contractile protein ATP hydrolysing activities
(section 2.3C) it seemed desirable that further in-depth

studies of that topic should be undertaken.



266

CHAPTER 6

MYOCARDIAL ADAPTATIONS TO EXERCISE TRAINING: PART 2.

MYOCARDIAL FUNCTIONAL AND METABOLIC ADAPTATIONS

TO RUNNING TRAINING STUDIED IN THE ISOLATED
PERFUSED WORKING RAT HEART MODEL.
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6.1 INTRODUCTION

With the information gained from the studies reported in the
previous chapter, it was possible to study, in the isolated rat heart model,
the effects of exercise training on myocardial function and metabolism
under those perfusion conditions that elicit maximum cardiac performance.

As reviewed in section 2.3D, Scheuer and his colleagues have
-used this model in their very extensive studies of the effects of exercise
training, in particular swimming-training, on myocardial mechanical per-
formance. Their studies have shown that hearts from male rats trained
with a moderately strenuous swimming programme exhibit superior mechanical

function as shown by a number of criteria: increased cardiac outputszog’

251,260-262 261,262

» increased stroke work and maximum powers , more rapid

rates of circumferential fibre shortening from equivalent end-diastolic

26]’262, more rapid rates of left ventricular re]axation209’25]’26]’

252,260

volumes

262

and left ventricular pressure development associated with

increased rates of both coronary flow and myocardial oxygen consumptionzog’
260,261.

Biochemical correlates for this superior heart function appear
to be higher actomyosin and myosin ATPase activities associated with
alterations in the sulphydryl group of myosin (section 2.3B). A more
rapid rate of calcium uptake by isolated sarcoplasmic reticulum would
explain the more rapid rates of myocardial relaxation in hearts from
swimming-trained rats]gg. Swimming-trained hearts also had increased
mitochondrial protein contents, but mitochondrial function expressed relative
to tissue weight was not different between hearts from trained and control

anima]slgz.
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In contrast to these detailed studies on the effects of swimming
training on the heart, there is only one similar study of the effects of
treadmill running training. Schaible and Scheuer262 compared myocardial
function of isolated perfused hearts from rats trained with either swimming
or running. They reported that although certain quantitative and quali-
tative differences were present, the myocardial functional adaptations to
both training protocols were similar. Thus cardiac outputs, stroke work,
maximum powers, ejection fractions and maximum velocities and extents of
circumferential fibre shortening were, when compared to values in control
hearts, all significantly higher in hearts from rats trained with either
swimming or running. However, although the maximum rates of left ventri-
cular relaxation (L.V. max -ve dP/dt) were higher in hearts from swimming-
trained than from control rats, there was no difference when values from
running-trained and control rats were compared. Thus,swimming training
may have a specific effect on myocardial relaxation which is not produced
by running training. This would be especially relevant if, as suggested
by my studiés in the previous chapter, rates of myocardial relaxation limit
heart function under maximum conditions. It should also be noted that,in
contrast to their previous reports,neither the maximum rates of left
ventricular pressure development, nor peak left ventricular systolic
pressures, nor coronary flow rates were significantly higher in hearts from
swimming-trained than from control rats.

In this latter study, Schaible and Scheuer262 did not measure
either actomyosin or myosin ATPase activities in their running-trained rat
hearts, but in a more recent paper, Penpargkul, Malhotra, Schaible and

ScheuerZO]

reported that there were only small increases in actomyosin
ATPase activities in running-trained rats. Thus,the possibility exists that

the superior myocardial function measured in hearts from running-trained
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rats resulted from adaptations other than increased actomyosin or myosin
ATPase activities. Furthermore, this finding casts doubt on the
functional relevance of the increased actomyosin and myosin ATPase
activities measured in hearts of swimming-trained animals.

In the studies reported in this chapter, I have extended these
observations of the effects of running-training on myocardial function and
metabolism. In particular, in collaboration with Ms. Thégése Resink
and Professor W. Gevers of the Department of Medical Biochemistry,
University of Cape Town, the effects of running training on cardiac
performance and myocardial actomyosin and myosin ATPase activities,
troponin-1 and myosin‘P Tight chain phosphorylation have been studied
in detail. Special attention has been paid to the role of calcium in

mediating the effects of running training on the heart.
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6.2 EXPERIMENTAL METHODOLOGY,

A. The rat exercise training programme.

This is described in Appendix 1.A.

B. Perfusion apparatus and perfusion techniques.

The perfusion apparatus and perfusion techniques used in these

experimenfs have been described in detail in the previous chapter.

C. Perfusion fluids.

The perfusion fluid used in these experiments was the-Krebs-
Henseleit buffer described in Appendix 1.B. Two groups of hearts studied
in those experiments described in section 6.5 were perfused with Krebs-
Henseleit buffer at calcium concentrations of either 1,6 or 3,6 mMM. In
these experiments, the perfusate magnesium concentration was altered in
parallel to the change in calcium concentration so that the perfusate

Ca++/Mg++ ratio remained constant.

D. Perfusion fluid analyses, tissue biochemical analyses,

calculation and expression of results, and statistical

methods.

These are described in Appendices 1.C, 1.D and 1.F.

E. Experimental protocols.

There were 3 different experimental protocols.
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1) Seventy-minute, maximum steady state perfusions (section 6.3)
in which overall mechanical performance and metabolism of
hearts from trained and control animals were compared during
perfusions with 6 different substrate combinations.

2) Experiments in which the left ventricular function of trained
and control hearts was compared under conditions of changing
atrial filling pressures and heart rates with 2 different
substrate combinations (section 6.4).

3) Experiments in which left ventricular function, metabolism,
and contractile protein ATP hydrolysing activities and
phosphorylation levels were compared in trained and control
hearts during maximum steady state perfusions with varying

periods of isoproterenol infusion (section 6.5).

6.3 MECHANICAL PERFORMANCE AND METABOLISM OF HEARTS FROM TRAINED

AND CONTROL RATS STUDIED UNDER STEADY STATE PERFUSION CONDITIONS.

Experimental protocol.

Prior to anaesthesia, all rats were weighed. In one series of
25 trained and 22 untrained rats, resting heart rates were measured on a
Beckman polygraph (Beckman Instruments, Fullerton, California) with silver
needles inserted subcutaneously, whilst the rats were lightly anaesthetized
immediately prior to thoracotomy for removal of their hearts.

The hearts were mounted in the conventional manner and left atrial
perfusion commenced after a 15-minute Langendorff pre-perfusion period.
The experimental conditions used during working heart perfusion were those
shown in the previous chapter to produce maximum cardiac performance (left

atrial pressure 25 cmHZO, heart rates 330 beats/min, aortic column height
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120 cm). One series of hearts was also paced at 390 beats/min.  Six
different substrate combinations were studied, and these were:

11,1 mM D(+) glucose
11,1 mM D(+) glucose plus insulin at 2 u/litre
10 mM L(+) Tactate

10 mM L(+) Tactate and 11,1 mM D(+) glucose plus insulin
at 2 u/litre

1 mM palmitate bound to 3% albumin

1 mM palmitate bound to 3% albumin and 11,1 mM D(+)
glucose plus insulin at 2 u/Titre.

Following an initial 5 minute working heart equilibration period,
cardiac outputs and myocardial oxygen consumption rates were measured, and
immediately thereafter 5 ml aliquots of perfusion fluid were sampled for
estimation of the initial perfusate substrate and sorbitol concentrations.
The system was now considered "closed" (section 5.3B).

Hearts were perfused for a further 65 minutes. Aortic outputs
and coronary flow rates were measured at 15, 30 and 45 minutes, and at
30 minutes a total of 1 ml perfusate was withdrawn for estimation of myo-
cardial oxygen consumptjon rates. At 35 min, 50 ul of radioactively-
labelled 3H-sorbitol solution was added to the perfusion fluids for the
calculation of the circulating volume.

Sixty five minutes after left atrial perfusion had commenced,
further 5 ml perfusion fluid aliquots. were taken for calculation of myo-
cardial metabolic data. Final measurements of aortic outputs, rates of
coronary flows and myocardial oxygen consumption were then made.

Experiments were terminated after 70 minutes' working heart
perfusions by rapidly removing the hearts from the cannulae. Left and
right ventricular tissue was then prepared for the measurement of glycogen
contents and of dry weights by the methods described in Appendix 1.D.

Data for heart metabolism during these experiments were calculated according

to the equations described in Appendix 1.F.
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In a separate series of experiments, hearts from trained and
control animals were clamped in Wollenberger tongs precooled in liquid
nitrogen after 15 minutes non-working, Langendorff perfusions. Myo-
cardial levels of ATP, PCr, glycogen, citrate, cyclic AMP and cyclic
GMP were determined by the methods described in Appendix 1.D. The
mean tissue glycogen level measured in this group of hearts, was taken

as the value for G0 in the appropriate equations in Appendix 1.F.

B. Results.

Body weights, left and right ventricular dry weights,

and resting heart rates in trained and control rats.

Left and right ventricular dry weights were not different between
trained and control rats, but trained rats had significantly lower body
weights and slower resting heart rates measured under 1ight‘anaesthesia
(Table 6.1). Table 6.1 also includes body and heart weight data from rats
studied in those experiments described in subsequent sections.

The finding that heart weights were not increased in trained rats
is compatible with those studies showing that the heart weights of male rats
subjected to a programme of treadmill running are not invariably greater
than those of control rats (section 2.3A). The reduction in heart rates
measured in trained rats under 1ight anaesthesia is compatible with the
resting bradycardia of training. The mean 35 beats/min heart rate
reduction in trained rats is of the order reported by other workers

(section 2.3G).
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TABLE 6.1

BODY WEIGHTS, HEART WEIGHTS AND RESTING

HEART RATES OF TRAINED AND CONTROL RATS.

HEART RATES
LEFT VENTRICULAR RIGHT VENTRICULAR UNDER LIGHT

BODY WEIGHTS DRY WEIGHTS DRY WEIGHTS ANAESTHE§IA

(9) (9) (9) (beats/min)
Trained 296 0,13 0,04 398
rats +3 +0,01 +0,01 +8
(107) (92) (58) (22)
Control 313 0,13 0,04 434
rats 2 +0,01 +0,01 +4
(105) (68) (42) (25)

P value P <0,01 NS NS P < 0,0005

x 10-4

Results are expressed as mean + SEM (number of measurements).

Note that both body weights and heart rates under light anaesthesia are
significantly Tower in trained rats, but heart weights are unaltered by
training.
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Myocardial contents of ATP, PCr, glycogen, citrate,

cyclic AMP and cyclic GMP measured in hearts of trained

and control rats after 15 minutes' Langendorff, non-

working heart perfusion.

Table 6.2 shows that ATP, PCr, glycogen, citrate and cyclic GMP
1eve{s were not different in hearts from trained and control rats after
15 minutes' Langendorff, non-working heart perfusion. Cyclic AMP levels
were,however,significantly lower in hearts from trained animals. |

The findings that myocardial ATP, PCr and glycogen levels were
not different between trained and control hearts is consistent with the
published literature,as is the finding that myocardial glycogen levels
were not different between trained and control animals that had not fasted
(section 2.3B). This latter finding adds further evidence to Segel's

contention]57

that training does not increase myocardial glycogen levels
per se, but that it may alter the myocardial glycogen synthetic response
to fasting. |
Lower cyclic AMP levels in hearts from trained animals are
consistent with the findings of Kleitke, Wollenberger, Krause et a1226

who reported reduced cyclic AMP levels in hearts of swimming-trained rats.

Cardiac outputs, stroke volumes, and rates of coronary

flow and myocardial oxygen consumption of hearts perfused

with the 6 different substrate combinations.

When heart rates, atrial filling pressures and aortic column
heights were kept constant at levels previously shown to produce peak heart
function, there were no differences in gross heart function, measured as

cardiac outputs, and rates of either coronary flow or myocardial oxygen
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Trained
rats

Control
rats

P Value

TABLE 6.2

MYOCARDIAL ATP, PCr, GLYCOGEN, CITRATE, CYCLIC AMP AND C€YCLIC GMP LEVELS

MEASURED IN HEARTS FROM TRAINED AND CONTROL RATS AFTER 15 MINUTES

LANGENDORFF, NON-WORKING HEART PERFUSION.

ATP PCr GLYCOGEN CITRATE CYCLIC AMP CYCLIC GMP

umoT/g pmoT/g umoT gTucose wmoT/g “nmol/g T nmol/g
equiv/g

3,89 4,47 9,13 0,20 0,21 0,03
+0,07 +0,45 +0,57 +0,04 +0,02 +0,01

(9) (9) (8) : (9) (9) (9)

3,83 5,10 9,87 0,21 0,28 0,03
0,14 +0,58 +0,92 +0,05 +0,03 +0,01

(8) (8) | (9) (8) (7) (7)

NS NS NS NS < 0,03 NS

Results are expressed as Mean + SEM (number of measurements).

Note that only cyclic AMP levels are significantly altered by training.

9.2
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consumption between hearts from trained and control animals perfused with
glucose (Fig. 6.1), glucose-insulin (Fig. 6.2), lactate (Fig. 6.3),
palmitate (Fig. 6.4) or palmitate-glucose-insulin (Fig. 6.5). Coronary
flow rates were, however, significantly lower in trained hearts perfused
with glucose-Tactate-insulin (Fig. 6.6). When heart rates were increased
to 390 beats/min there were again no significant differences in any of
these parameters between trained and control hearts perfused with glucose-
insulin (Fig. 6.7).

These data are at variance with those reported by Scheuer and
his colleagues for hearts from both swimming- and running-trained rats
(Section 2.3F). It should, however, be noted that these workers did not
use the same steady-state perfusion protocols as were used in these experi-
ments.  In their experiments, hearts were perfused under conditions of
changing atrial filling pressures and with isovolumic beats interspersed

at the different atrial filling pressures.

Substrate metabolism during steady state working heart

perfusions.

The substrate metabolism of hearts from trained and control animals

during the 1-hour steady state perfusions with the different substrate
combinations is compared in Table 6.3.  Although no significant differences
were noted, the release of lactate was lower in trained hearts perfused
with glucose, glucose-insulin and palmitate-glucose-insulin. Glucose
uptakes, calculated glycolytic fluxes and calculated glucose oxidation
rates were also higher in trained than in control hearts, when perfused
with palmitate-glucose-insulin.

As reviewed in section 2.3C, Scheuer, Penpargkul and Bhan249
also found no differences in the metabolism of radioactively-labelled

14 14

C-paimitate and ""C-glucose by potassium-arrested, isolated Langendorff

perfused non-working hearts from swimming-trained and control rats,
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Figure 6.1

Comparison of mechanical performance of
hearts from trained and control rats perfused
with glucose.

Abbreviations as for Figure 5.2
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Figure 6.‘2

Comparison of mechanical performance of
hearts from trained and control rats perfused
with glucose - insulin.
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Comparison of mechanical performance of
hearts from trained and control rats perfused
with lactate.

Abbreviations as for Figure 5.2
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Figure 6.4

Comparison of mechanical performance of
hearts from trained and control rats perfused
with palmitate.

Abbreviations as for Figure 5.2
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Comparison of mechanical performance of
hearts from trained and control rats perfused
with palmitate - glucose- insulin.

Abbreviations as for Figure 5.2



283

Glucose 1111 mM

Lactate 10 mM o Trained
7007 Insulin 2 U/ e Control
£
g
32 -
E .
450-
230
e
LL —
o g R * K% * *
- S SR SR
130~
27001
S'E
> 9 N - - *
2% S SN S S
Q * p<005
= x% p< 0005
1200 ¥ 1 L3 1
0 15 30 45 60
Minutes left atrial perfusion
Figure 6.6

Comparison of mechanical performance of
hearts from trained and control rats perfused
with glucose- lactate -insulin. Note that

coronary flow rates are significantly lower in
trained hearts.

Abbreviations as for Figure 5.2
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Comparison of mechanical performance of
hearts from trained and control rats perfused
with glucose-insulin at heart rates of 390
beats /min.

Abbreviations as for Figure 5.2
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TABLE 6.3

SUBSTRATE METABOLISM QF HEARTS FROM TRAINED AND CONTROL RATS

OURING 60 MINUTE STEADY STATE PERFUSIONS WITH DIFFERENT SUBSTRATE COMBIMNATIONS.

GLYCOLYTIC
TRAINING SUBSTRATE GLYCOGEN GLYCOLYTIC ATP LACTATE CE
JBSTRATE COMBINATION STATUS UPTAKE UTILIZATION FLUX PRODUCT 10N RELEASE OXIDATION
(No. of © wmol/g/min wmol glucose pmol gqlucase umol/g/min umol/q/ umo1/g/min
hearts) equiv/g/min equiv/g/min min
l,1 mM Glucose Trained rats 3,20 0,10 3,29 6,69 0,26 3,17
(6) +0,09 0,01 +0,09 0,19 £0,11 +0,12
Control rats 3,49 0,12 3,61 7,29 0,30 3,46
(7) *0,31 +0,01 0,31 £0,63 - £0,09 +0,34
.»1 mM Glucose Trained rats 5,04 -0,03 5,01 10,00 1,03 4,50
isulin 2 U/L (6) +0,38 +0,01 +0,38 £0,76 +0,08 0,37
Control rats 5,40 -0,01 5,40 10,50 1,39 4,70
(7) £0,26 +0,01 *0,26 +0,48 0,15 0,23
trﬂ Paimitate Trained rats 0,76 0,09 0,09 0,26 0,18 ~0,01
% Albumin) (7 +0,03 +0,01 +0,01 +0,04 20,15 +0,08
Control rats 0,73 0,07 0,09 0,22 -0,01 0,03
(7) 0,05 0,01 #0,01 0,04 +0,20 0,08
mM Palmitate Trained rats Glucose 0,001 2,72 5,45 1,15 2,15
% Albumin) (8) 2,73 0,01 +0,33 0,66 =0,15 20,33
,1 mM Glucose 0,32
sulin 2 U/L Palmitate
0,55
+0,07
Control rats Glucose 0,02 . 2,00 4,01 1,56 1,22
(7 1,98 +0,01 +0,46 £0,92 +0,15 +0,42
£0,45
Paimitate
0,61
+0,10
mM Lactate Trained rats 6,87 0,1 . 0,11 0,33 - 0,33
(6) +0,37 *0,01 +0,01 - £0,02 +0,02
Control rats 7,02 0,11 0,11 0,33 - 0,33
(7) *0,66 +0,01 x0,01 0,03 0,03

sults are expressed as mean = SEM.
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although calculated turnover rates in the triglyceride pool were higher in
trained hearts. However, Moreau, Guilland, Athias et a1250 have reported
that the oxidation rates of both radioactively-labelled palmitate and of
endogenous triglycerides were significantly higher in hearts from swimming-
trained rats, even under less severe perfusion conditions (atrial filling
pressures 10 cmHZO, aortic column height 80 cms, unpaced heart rates).
It should be noted that in that study, trained hedrts also performed more
work.

Additional evidence that will be presented below suggests that
the metabolic adaptations to exercise training may only be revealed by

these more precise radioactive techniques.

6.4 COMPARISON OF LEFT VENTRICULAR FUNCTION OF HEARTS FROM

TRAINED AND CONTROL RATS UNDER CONDITIONS OF CHANGING

HEART RATES AND ATRIAL FILLING PRESSURES.

Experimental protocol.

As the results of the above studies were at variance with the
work of Scheuer and his colleagues, I considered whether the choice of
a perfusion protocol involving only steady-state work as compared to their
changing workload protocol, could explain our different findings. There-
fore, in the series of experiments reported in this section, hearts were
perfused under those conditions described in Section 5.3B, of changing
atrial filling pressures and heart rates, with isovolumic beats interspersed

and with a left ventricular catheter in situ. Two different substrate

combinations were used, namely:
11,1 mM D(#+) glucose plus insulin at 2 u/litre; and
1 mM palmitate bound to 3% albumin and 11,1 mM D(+) glucose
plus insulin at 2 u/litre.
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Results.

The results of these experiments are presented graphically in
Figures 6.8 and 6.9.

Figure 6.8 shows that when perfused with glucose-insulin, under
conditions of changing atrial filling pressures and heart rates and with
isovolumic beats interspersed, stroke volumes and rates of both coronary
flow and myocardial oxygen consumption were significantly higher in hearts
from trained rats at all heart rates, when the atrial filling pressure
was 25 cmH20 or more. Left ventricular max +ve or max -ve dP/dt values
and left ventricular end diastolic pressures were however not different
between the 2 groups of hearts.

These data are therefore in accord with the work of Schaible and

Scheuer262

who also found that under conditions of changing atrial filling
pressures and heart rates, and with a left ventricular catheter in situ,
stroke volumes were significantly higher in running-trained than in control
hearts without there being significant differences in either LV max +ve or
max -ve dP/dt values. It should be noted that in this study, but not in
that of Schaible and Scheuer, rates of myocardial oxygen consumption and
coronary flow were also significantly higher in hearts from running-trained
rats. Peak left ventricular pressures were also much greater in this than
in the study of Schaible and Scheuer (178 vs 105 mmHg at 20 cmHZO atrial
filling pressure) due to the higher aortic column heights used in this study.
It is possible that had Schaible and Scheuer used workloads similar to

these in their study, the higher rates of coronary flow and myocardial oxygen
consumption found in hearts from running-trained rats might also have

achieved statistical significance. It is not clear how other differences

in perfusion protocols, namely the lower glucose and lower free calcium
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Comparison of left ventricular function of hearts from trained
and control rats perfused with glucose - insulin under con-
ditions of changing atrial filling pressures and heart rates.
Note that stroke volumes and rates of coronary flow and
myocardial oxygen consumption are increased in trained
hearts.

Abbreviations as for Figure 5-5
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concentrations used by Schaible and Scheuer, may have influenced the
comparison between our respective studies. In section 6.5, further
consideration is given to the role of the perfusate free calcium concen-
tration in demonstrating differences in mechanical performance of hearts
from trained and control animals.

There are 3 possible explanations why the greater stroke volumes
of hearts from trained animals were not associated with higher LV max +ve
dP/dt values either in this study or that of Schaible and Scheuer, namely:
(1) Either the recording apparatus was insensitive to small changes 1in
L.V. max +ve dP/dt, or (ii) there were differences in the mean L.V. +ve
dP/dt values which were not detected in the absence of changes in maximum
L.V. +ve dP/dt values, or (iii) the greater stroke volumes in the trained
hearts were due to greater end-diastolic volumes (Frank/Starling mechanism)
that were not detected by measurements of left ventricular pressures either
because of insensitive equipment or because training has altered the left
ventricular pressure/volume relationship (Teft ventricular compliance).
Alternatively, as suggested by Schaible and Scheuer, the increased stroke
volumes found in trained hearts may be due to alterations in fibre shorten-
ing rates (as directly computed by these workers) without there being
equivalent changes in left ventricular pressure development phenomena.

In section 6.5 evidence will be presented which shows that the
recording apparatus used in these experiments was not optimal and may have
been too insensitive to measure differences in either L.V. max +ve or
max -ve dP/dt values between the 2 groups of hearts.

When hearts from trained and control rats were perfused with
palmitate-glucose-insulin, the major difference in left ventricular function
was that the rates of relaxation were significantly greater and relaxation

times shorter in trained hearts (Fig. 6.9). The significantly higher
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myocardial oxygen consumption rates and greater power outputs of control
hearts is misleading because, in those experiments, 2 control hearts were
unable to produce cardiac outputs at the higher atrial filling pressures
and heart rates, and data from those 2 experiments were not included in
these figures.

The finding that trained hearts had greater rates of myocardial
relaxation and higher rates of myocardial glycolytic ATP production
when perfused with palmitate-glucose-insulin (Table 6.3) is in accord
with the postulated relationship between glycolysis and myocardial relaxa-
tion (section 5.3). The measurement of glycolytic ATP production rates
using the 3H-g]ucose method would be necessary to determine whether these
higher glycolytic rates in trained hearts were statistically significant.
If so, this would indicate that the norma] inhibitory action of palmitate

on myocardial glycolysis is reduced by exercise training.

6.5 COMPARISON OF LEFT VENTRICULAR FUNCTION, METABOLISM,

CONTRACTILE PROTEIN ATP HYDROLYZING ACTIVITIES AND

PHOSPHORYLATION LEVELS OF HEARTS FROM TRAINED AND

CONTROL RATS AFTER VARYING PERIODS OF ISOPROTERENOL

INFUSION.

The basic protocol used in all these studies was the same as that
described in section 5.3, with the exception that the experiments were
terminated after varying periods of isoproterenol infusion.

Two different experimental studies were performed. In the first,
the Teft ventricular function of hearts from trained and control rats was
measured with the same paper recorder system that had been used in those
studies reported in the previous chapter (section 5.3B). In these

experiments, myocardial metabolite Tevels and absolute glycolytic rates
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were also measured, the latter by the 3H—g]ucose method. In the second
group of experiments, instantaneous left ventricular pressures and aortic
flows were measured and computed on-line with a minicomputer and stored
for later analysis. The perfusion and recording apparatus used in

these experiments has been described in section 5.2C. Data reduction

was achieved by the methods described in Appendix 1.F. In these
experiments, which were performed at 3 different perfusate calcium concen-
trations, myocardial contractile protein ATP hydrolyzing activities and
 phosphorylation levels, and myocardial cyclic AMP contents were measured

at various times after the commencement of isoproterenol infusion.

A. Studies of left ventricular function, glycolytic rates

and tissue metabolite levels.

Experimental protocol.

In these experiments which were performed on Wistar-Weissman
rats, the perfusion protocol was identical to that described in section
5.3 (Fig. 5.7). Léft ventricular function was measured during 15-minute
control Teft atrial perfusions, followed by 25-minute perfusions during
which 6,5 x ]O'7M isoproterenol was infused. In a separate series of
experiments, glycolytic rates were measured by the 3H-g]ucose method
(Appendix 1.C) in hearts perfused without left ventricular catheters.
These experiments were terminated by clamping the hearts in pre-cooled
Wollenberger tongs. These hearts were then extracted and their tissue
contents of ATP, PCr, glycogen, citrate and cyclic AMP measured. In a
final series of experiments, the heart rates of unpaced hearts from
trained and control rats was measured 4 minutes after the isoprotereno]

infusion had begun. These hearts were perfused in the absence of a left

ventricular catheter.
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Results.

When steady state conditions were maintained with a left
ventricular catheter in situ, there were no differences between hearts
from trained and control animals in stroke volumes, peak left ventricular
systolic pressures or end-diastolic pressures, ejection times, L.V. max
tve and max -ve dP/dt values, relaxation times, calculated heart work ,
efficiency, and rates of coronary flow or myocardial oxygen consumption
(Fig. 6.10). However, within 5 minutes of beginning the isoproterenol
infusion, stroke volumes and L.V. max +ve and max -ve dP/dt values were
all significantly higher in the trained hearts. Peak left ventricular
pressures, calculated heart work, rates of coronary flow and myocardial
oxygen consumption weré also higher in trained hearts, but these differences
did not achieve statistical significance.

The greater L.V. max +ve dP/dt values from the same end-diastolic
pressures provide strong evidence for enhanced myocardial contractility
in hearts from trained rats during g-stimulation with isoproterenol.

This enhanced jnotropic response to B-stimulation occurred independently

of an altered chronotropic response, because the heart rate responses of
unpaced hearts (in a different series of experiments) to 6,5 x ]0'7M
isoproterenol infusion were not different between trained and control

hearts.  Four minutes after the isoproterenol infusion had begun, the

rates of hearts from trained rats had increased to 376 1+ 8 (Mean + SEM

for 20 hearts) and to 390 + 8 (Mean + SEM for 20 hearts) in untrained hearts.

Glycolytic rates were significantly higher in trained hearts both
before and during isoproterenol infusion (Fig. 6.11), whereas after 25
minutes infusion trained hearts had significantly Tower PCr and cyclic AMP

levels (Table 6.4).
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TABLE 6.4

TISSUE ATP, PCr, GLYCOGEN, CITRATE AND CYCLIC AMP LEVELS

IN HEARTS FROM TRAINED AND CONTROL RATS AFTER 25 MINUTES'

6,5 x 10" "M ISOPROTERENOL  INFUSIONS AT PERFUSATE CaCl?

CONCENTRATIONS OF 2,2 mM.

UNITS ATP PCr GLYCOGEN CITRATE CYCLIC AMP
umol/g umol/g umol-glucose umol/g nmol/g
equiv/g
Trained 3,12 2,68 8,82 0,12 0,56
rats +0,09 +0,18 +0,55 +0,01 +0,04
(7) (7) (7) (7) (7)
Control 2,96 3,75 8,89 0,12 0,75
rats +0,09 +0,14 +0,46 +0,01 +0,03
(14) (14) - (14) (13) (11)
P value NS < 0,0005 NS NS . < 0,005

Note that levels of PCr and cyclic AMP are significantly lower in trained
hearts.

Values are Mean + SEM (number of measurements).



B. Studies of left ventricular function, ATP hydrolyzing

activities, phosphorylation levels and cyclic AMP contents

after varying periods of isoproterenol infusion at 3

different perfusate calcium concentrations.

Experimental protocol.

In these experiments, which were performed on Long-Evans rats,
hearts were perfused according to the same protocol used in the previous
sections, with the exception that special attention was paid to left
ventricular performance and biochemical changes during the first 5
minutes of isoproterenol infusion. The effect of different perfusate
CaC]2 concentrations was also studied.

Left ventricular function and aortic flows were measured by the
minicomputer (section 5.2C) 5 and 15 minutes after left atrial perfusion
had commenced and at 15, 35, 60, 120, 180, 240 and 300 seconds after
commencement of 6,5 x 10‘7M isoproterenol infusion. Coronary flow rates
were measured manually by collecting 15-second samples of coronary
effluent at these time intervals.

Depending on the experimental protocol, the perfusions were
terminated at varying times either immediately before (control) or after
isoproterenol had been infused for 15, 30, 60, 120, 180 or 300 seconds.
Hearts were either clamped in Wollenberger tongs at these time intervals
and later extracted for measurement of their cyclic AMP levels, or were
manually removed from the perfusion apparatus and their contractile protein
ATP hydrolyzing activities and phosphorylation Tevels assayed according
to the methods of Resink and Gevers¥82:483 (Appendix 1.D).

A1l experiments were performed at 3 different CaC]2 concen-

_trations - 1,6, 2,2 and 3,6 mM. The perfusate calcium and magnesium
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concentrations were altered in tandem so that a constant Ca2+/Mg2+ ratio
was maintained. The free calcium levels measured, at the three CaC]2
concentrations, with the calcium electrode (Appendix 1.C) were 1,3, 1,9

and 3,3 mM respectively.

Results.

The left ventricular function of hearts from trained and control
rats perfused at the 3 different calcium concentrations is shown in
Figures 6.12 - 6.14. These studies were done principally to evaluate the
effects of training on the biochemical response of the contractile protein
ATPases to isoproterenol infusion. Thus, comp]eté left ventricular
performance data is not available for each time point at each perfusate
calcium concentration.  Nevertheless, sufficient data have been collected
to allow specific conclusions to be drawn.

In accord with the previous findings, mechanical function was not
different between trained and control hearts at any calcium concentration
prior to isoproterenol infusion. It should be noted that in both groups,
left ventricular performance, measured as cardiac output, coronary flow,
peak left ventricular systolic pressure, ejection time, power and max +ve
dP/dt, increases with increasing perfusate calcium concentration.

Figure 6.13 shows that at perfusate CaC]2 concentrations of
2,2 mM, trained hearts developed significantly greater peak left ventricular
systolic pressures, and L.V. max +ve and max -ve dP/dt, immediately after
isoproterenol infusion. Cardiac outputs, rates of coronary flow and
total power were insignificantly higher in trained hearts, whilst end-
diastolic pressures and ejection times were not different between groups.
These differences were still present after isoproterenol had been infused

for 5 minutes. It is not clear why cardiac outputs failed to rise in
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response to isoproterenol infusion, as was the case in the previous serijes
of experiments (Fig. 5.7 and 6.10). In this series, end-diastolic
pressures fell after isoproterenol infusion, whereas in the other 2 series,
end-diastolic pressures rose after isoproterenol infusion. Whether or
not this was due to the different rat species studied (Long-Evans vs
Wistar Weissman), remains to be established.

Figure 6.14 shows that when perfused at CaC]2 concentrations
of 3,6 mM, the different left ventricular responses to isoproterenol
infusion between trained and control hearts which were present at the
Tower CaC]2 concentration were abolished. Thus, the superior heart
function of trained rats was no longer apparent at the unphysiological
calcium concentration. Stated differently, trained hearts achieved
maximum left ventricular performance at physiological calcium levels
and shoWed no further increase as the calcium concentration was increased,
whereas control hearts reached equivalent maximum levels of heart function
only when the calcium concentration was raised to unphysiological levels.

It should also be noted that the maximum rates of left ventric-
ular pressure development increased in both trained and control hearts
in response to isoproterenol infusion at all perfusate calcium concen-
trations. This .indicates that the recording system used in the previous
experiments was insufficiently sensitive to record changes in L.V. max +ve
dP/dt values when control hearts were infused with isoproterenol (see
Figures 5.7 and 6.10). It is also of interest that the L.V. max +ve dP/dt
values measured in these experiments are the highest ever recorded for
working rat hearts458. It is possible that values reported by other
workers have also been 1imited by the frequency response characteristics

of their recorders.
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Actomyosin and myosin ATPase activitjes.

Table 6.5 Tists the ATPase activities of natural actomyosin
isolated from hearts of trained and control animals after 15 minutes'
left atrial perfusions at CaC]2 concentration of 1,6 mM. There were no
differences in Ca++—stimu1ated, Mg++-dependent actomyosin ATPase
activities, but myosin Ca++—ATPase activities were significantly higher
in trained hearts.

In response to isoproterenol infusion, the maximum velocity of
myos1in ca™-ATPase activity increased more rapidly and was significantly
higher in hearts from trained animals (Fig. 6.15). At the higher CaC]2
concentrations these differences between trained and control hearts were
magnified (Table 6.6).

Actomyosin Ca++/Mg++ activities decreased equally in response
to isoproterenol infusions in both trained and control hearts at all

perfusate calcium concentrations (data not shown).

Troponin-1 and myosin P light chain phosphorylation.

Isoproterenol stimulated troponin-1 phosphorylation at the same
rate and to the same extent in hearts from trained and control rats, at
all pekfusate calcium concentrations. Troponin-1 phosphorylation occurs
in response to increases in myoplasmic cyclic AMP Tevels so that the
similar extents of troponin-1 phosphorylation between trained and control
hearts are in accord with their similar initial cyclic AMP responses to
isoproterenol infusjons (Table 6.7).

In contrast, the rates and extents to which alkali-labile phos-
phate was incorporated into myosin P Tlight chains were significantly
greater in trained hearts after isoproterenol infusions (Fig. 6.16).

These differences were magnified at higher perfusate calcium concentrations
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TABLE 6.5
CONTRACTILE PROTEIN ATP-ASE ACTIVITIES OF NATURAL ACTOMYOSIN

ISOLATED FROM HEARTS OF TRAINED AND CONTROL RATS AFTER

15 MINUTE WORKING HEART PERFUSIONS*

ATP-ASE ACTIVITIES

(nmoTl/mg/min)
ACTOMYOSIN MYOSIN
(ca™t/mg*t™) (ca*t) (K*,EDTA)
Trained rats 156,4 322,5 129,6
+10,0 +2,4 +3,3
(4) (4) (4)
Control rats 162,3 279,5 135,4
+5,0 5,7 +2,8
(4) (4) (4)
P value NS < 0,0005 NS

Note that trained hearts have significantly increased cardiac myosin
++ e
Ca’ -ATPase activities.

* Data of Resink and Gevers, published here with their permission.

Values are Mean * SEM (number of measurements).
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Vmax of myosin Ca*+*- ATPase of natural
actomyosin isolated from perfused hearts
of trained and control rats after varying
periods of isoproterenol infusion.

Note that at all times ATPase activities are
significantly higher in trained hearts.

Data of Resink and Gevers, published with
permission.
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TABLE 6.6

THE EFFECTS OF RUNNING TRAINING ON Vmax OF MYOSIN

Ca**-ATPase ACTIVITIES IN RESPONSE TO INCREASING PERFUSATE ca'?

CONCENTRATIONS AND/OR TREATMENT WITH 6,5 x 10—7M ISOPROTERENOL . *

Vmax MYOSIN catt-ATPase

(nmol/mg/min)
CONTROL RATS TRAINED RATS
++ Control Isoproterenol Control Isoproterenol
Perfusate (Ca ') perfusion infusion perfusion infusion
mM (1 min) (I min)
(A) (B) (C) (D)
1,6 275 320 320* 435"
+15 *15 +15 +5
2,2 265 323 361%* 524"t
£15 +6 +9 +22
3,6 333 392 413** 550"
16 +15 14 +18

* p <0,05 Cvs A
** pn <0,01 Cvs A
++ p <0,001 D vs B

Note that myosin ca**-ATPase activities increase with increasing perfusate
calcium concentrations, but that all values are significantly higher in hearts
from trained animals.

_* Data of Resink and Gevers, published here with their permission.

Values are Mean * SEM for 4 experiments in each group.
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TABLE 6.7

(nmol/g)

OF HEARTS

FROM TRAINED AND CONTROL RATS PERFUSED AT TWO

TIME (SECONDS)

Trained rats

Control rats

Trained rats

Control rats

DIFFERENT CaCl12 CONCENTRATIONS FOR VARYING PERIODS
OF 6,5 x 10'7M ISOPROTERENOL INFUSION.
1,6 mM CaC]2
o 15 30 60 120 180
0,37 - 0,80 0,91 1,08 -
+0,04 +0,19 +0,13 +0,19
(3) (2) (2) (2)
0,36 - 0,85 0,94 1,19 -
+0,10 0,05 +0,15 +0,01
(2) (3) (2) (2)
2,2 mM CaC12
0,39 0,88 0,90 0,94 - 0,83
+0,06 +0,2 +0,05 +0,05 +0,04
(3) (3) (2) (3) (6)
0,46 0,86 0,91 0,95 - 0,91
0,03 +0,1 0,07 0,02 +0,05
(3) (3) (3) (3) (6)

Note that there are no differences in cyclic AMP levels of hearts from
trained and control rats at any time during isoproterenol infusion at

either calcium concentration.

* Time 0 indicates hearts clamped after 15 min working heart perfusion.

Results are Mean + SEM (number of measurements).
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Incorporation of alkali-labile phosphate into
myosin light chains of hearts from trained
and control rats after varying periods of
isoproterenol infusion.

Note that phosphate incorporation is signifi-
cantly higher in trained hearts.

Data of Resink and Gevers, published with
permission.
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(data not shown). When data from all the different perfusate calcium
concentrations were studied, there was a significant linear correlation
between the maximum velocities of myosin Ca’ -ATPase activities and levels

of myosin P 1ight chain phosphorylation (Fig. 6.17).

Myocardial cyclic AMP Tevels.

Myocardial cyclic AMP levels at varying times after isoprotereno]l
infusion at 2 different perfusate calcium concentrations are listed in
Table 6.7. There were no differences in these levels between trained

and control hearts at any time, or at either perfusate calcium concen-

tration.
6.6 DISCUSSIONS AND CONCLUSIONS.

There are 4 principal findings in these studies.
A. Steady state vs. changing haemodynamic conditions.

First, these studies show that the choice of the perfusion
protocol used to study the myocardial adaptations to exercise training
may influence the results obtained. When hearts were perfused under
conditions of changing atrial filling pressures and heart rates, with
isovolumic beats interspersed, there were differences in left ventricular
function (Fig. 6.8) that were absent under steady-state perfusion conditions
(Figs. 6.1 - 6.7; 6.10; 6.12 - 6.14).

This observation has not previously been made although it should
be noted that hearts from swimming-trained rats which have enhanced
mechanical function when studies in the iso]ated perfused system209’25]’252’
260-262 under conditions of changing atrial filling pressures, do not show

these adaptations when studied under more constant conditions in v1v02]0’3]8.



310

o Trained

e (Control
600-
5004
- 4004

y = 605-9x + 239-2

Vmax for myosin Ca++- ATPase (nmol/mg/min)

3007 r =094
200
:‘r:—* T ' ¥ T Y 1
0 041 02 03 04 05
mol alkali- labile phosphate /
mol myosin P light chain
Figure 6-17

A significant linear correlation between the
Vmax values for myosin Cat+-ATPase
activities and the phosphorylation levels of
myosin P light chains was found when data
from all experiments with trained and control
animals were included.

Data of Resink and Gevers, published with
permission.
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In accord with the work of Schaible & Scheuer262, under conditions
of changing atrial filling pressures, stroke volumes were significantly
higher in running-trained than in control hearts without there being
significant differences in either L.V. max +ve or max -ve dP/dt values.
Rates of coronary flow and myocardial oxygen consumption were also
significantly higher in hearts from trained rats in this study, but not
in that of Schaible and Scheuer. This difference might be explained
by the less severe perfusion conditions used by Schaible and Scheuer.

The reason why a protocol using changing workloads should be
necessary to demonstrate myocardial adaptations to training is not known,
but must presumably be related to the mechanism whereby catecholamine

stimulation also brings out these differences (sections 6.6C and 6.6D).

B. Effect on training on myocardial glycolytic rates.

Second, these studies have established that glycolytic rates
are significantly higher in hearts from trained rats perfused with
glucose/insulin under steady-state conditions both before and after
B-stimulation with isoproterenol (Fig. 6.11).

Kobayashi and Nee]y440

have shown that maximum glycolytic rates

of isolated working rat hearts perfused aerobically with glucose/insulin
may be limited by the accumulation of cytoplasmic NADH which inhibits the
enzyme, glyceraldehyde-3-P-dehydrogenase. Thus a possible explanation

for the increased glycolytic rates measured in trained hearts may be
increased capacities for hydrogen transport into the mitochondria, as
has been found in trained skeletal musc]es484. The Tower rates of lactate
release from trained hearts perfused with glucose/insulin (Table 6.3)

provide supportive evidence for this interpretation, because lactate

release is an jmportant alternative mechanism for cytoplasmic NAD regener-
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ation from NADH+, when the rate of glycolytic NADHT production exceeds
hydrogen ion transport capacity into the mitochondria via either the
malate/aspartate or the a-glycerophosphate shuttles. Although Kraus

185

and Kirsten found mitochondrial a~glycerophosphate dehydrogenase to

be increased in hearts from swimming trained rats, others have failed

to find this adaptation]7].

Increased concentrations of glycolytic
enzymes including LDH and pyruvate kinase have been reported in trajned
hearts (section 2.3B), but there have been no previous reports directly
measuring glycolytic rates in hearts from trained and control animals
in vitro.

The greater glycolytic capacity of trained hearts should be
beneficial under conditions of impaired myocardial oxygenation. Isolated,
perfused working hearts from swimming-trained rats have been shown to
exhibit superior cardiac performance during both hypoxia252 and ischaemiaZS].
Only during ischaemia were rates of lactate release greater in hearts
from swimming-trained rats. Hearts from running-trained rats also had
superior function measured in vivo during hypoxia,but not during acute

regional ischaemia]52.

In that study no biochemical explanation was
found for the superior myocardial function of trained hearts during hypoxia,
but glycolytic rates were not measured. |

The finding that glycolytic rates calculated from substrate uptake
data, were not significantly greater in trained hearts suggests that this
indirect method may be too insensitive to identify small, training-induced
changes in myocardial metabolism. The only previous study that has shown
training-induced changes in the metabolism of isolated perfused hearts also
used radioactive techniquesZSO.

From the arguments developed in the previous chapter, it would

have been expected that the higher rates of myocardial glycolysis measured
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in trained hearts during control perfusions (Fig. 6.11) would have been
associated with greater rates of myocardial relaxation and higher stroke
volumes under those conditions. It is possible that the measured
differences in the rates of myocardial glycolysis were too small to

influence myocardial function during fully-oxygenated perfusions.

C. Effects of g-stimulation with isoproterenol at different

perfusate CaC12 concentrations.

Third, these studies show that even under steady-state perfusion
conditions, differences in myocardial function between trained and control
hearts can be elicited by g-stimulation (Figures 6.10 and 6.13). These
functional differences (increased stroke volumes, increased peak left
ventricular systolic pressures, increased LV max +ve and max -ve dP/dt
values) were not associated with an altered chronotropic responsé to B~
stimulation.

Others have shown that g-agonists exaggerate differences in
function between hearts from trained and control hearts. Wyatt, Chuck,

244 and Mo]e259

Rabinowitz et al found that isoproterenol infusions magni-
fied differences in rates of tension development by isolated papillary
muscles frbm trained and control animals. In chronically-instrumented
unanaesthetized dogs, Stone239 reported that, in response to isoproterenol
infusions, trained dogs had greater cardiac outputs, stroke volumes,
circumflex coronary artery flows and greater increases in maximum rates

of left ventricular pressure development than had been measured in the

untrained state. In contrast, Nutter and Fu]]er256

257

and Williams and
Potter did not find any difference in the mechanical response of
isolated papillary muscles from trained and control animals to norepi-

nephrine infusions. In open-chested rats, although isometric tension
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development was greater in hearts from swimming-trained animals under
control conditions, during adrenaline or isoprenaline infusions control
hearts developed greater tension3]7. The findings that the heart rate
response to isoproterenol infusions was not different between hearts from
trained and control animals is in accord with findings in isolated right

220 239

atria and in intact dogs but at variance with findings in isolated

229 229,384,387, in all

Langendorff-perfused rat hearts and intact rats
of which studies significantly greater heart rate responses were measured
in trained animals.

The differences in mechanical function between trained and
control hearts after isoproterenol infusion were not associated with
different tissue cyclic AMP levels (Table 6.7). It should also be noted
that whereas cardiac function increases progressively in both trained and
control hearts with increasing perfusate calcium concentrations (Figures
6.12-6.14), tissue cyclic AMP levels were not different between any groups
of hearts when measured at the 2 Tower perfusate CaC]2 concentrations
(Table 6.7). No previous studies have reported the effects of exercise
training on myocardial cyclic AMP responses to g-stimulation. However,

Dohm, Pennington and Barakat243

reported that basal- and epinephrine-
stimulated myocardial adenylcyclase activities were reduced in hearts from
running-trained rats whilst myocardial phosphodiesterase activities were

unchanged.  In contrast, Wyatt, Chuck, Rabinowitz et a1244

found that
both isoprenaline and norepinephrine caused significantly greater adenyl-
cyclase activities in hearts from swimming-trained cats.

Probably the most critical observation in this chapter is that
the enhanced response of trained hearts to g-stimulation is lost when the CaC]2
concentration is increased to unphysiological levels (Fig. 6.14). This

indicates that the differences in mechanical function between hearts from
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trained and control rats after g-stimulation at physiological perfusate
Ca' levels must be calcium-mediated and are presumably due to an enhanced
capacity for trans-sarcolemmal Ca’' flux in trained hearts. The additional
biochemical evidence for this conclusion is discussed below.

Although mechanical datawere not collected at the Towest CaC]2
concentration (1,6 mM) after g-stimulation, one would expect the differences
in mechanical function between trained and control hearts to be magnified
at low perfusate calcium concentrations because,under such conditions, the
greater trans-sarcolemmal calcium transport capacity of the trained hearts
would insure greater calcium transport to the contractile proteins. In
this context it should be noted that Scheuer and his colleagues have
consistently used perfusate calcium concentrations below 2,2 mM in their
studies of heart function in trained and control rats.

A further point of interest was the finding that,in control hearts
auring g-stimulation, the rates of myocardfa] relaxation increased with
increasing perfusate calcium concentrations (compare Figures 6.13 and 6.14).
If one assumes that the higher level of myocardial function measured at
the higher perfusate calcium concentrations (in both trained and control
hearts) is due to increased levels of intracellular calcium during contraction,
then this finding suggests that the rate of calcium uptake by the sarco-
plasmic reticulum may, in part, be controlled by the level to which intra-
cellular calcium rises during contraction. Thus one might propose that
the higher rates of myocardial relaxation of trained hearts might reflect
their greater capacity for calcium transport and the resulting higher
intracellular calcium concentration. Thus running training may influence
sarcoplasmic reticulum function only in so far as it alters intracellular

calcium concentrations during myocardial contraction.
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This interpretation would be in accord with the finding that
isolated sarcoplasmic reticulum from running-trained animals do not show
increased rates of calcium uptake in vitro (section 2.3D) but would not
exclude the possibility that, in vivo, trained hearts could still have

greater rates of left ventricular relaxation.

D. Myosin and actomyosin ATPase activities, troponin 1 and

myosin P 1ight chain phosphorylation.

Fourth, in agreement with others,these studies show that rat
myocardial actomyosin ATPase activities (Table 6.5) are not altered by
treadmill running training (section 2.3D). However, in contrast to

174’2]5’2]6, we found that myosin Ca’'-ATPase activities were

others
significantly higher in hearts from running trained rats (Tables 6.5, 6.6
and Fig. 6.15), that the increased myosin Ca™™-ATP ase activities were
associated with increased myosin P light chain phosphorylation levels
(Fig. 6.16) and that there was a significant correlation between these 2
parameters (Fig. 6.17). Thus one explanation why other workers have not
found increased myosin Ca**-ATPase activities in running-trained hearts
would be that they failed to maintain in situ states of myofibrillar protein
phosphorylation because they did not include potent inhibitors of endogenous
phosphoprotein phosphatase(s) during their isolation and purification
procedures.  On the basis of these findings, it is suggested that the
increased capacity for nett phosphorylation of myosin P light chains
explains the increased myo%in ATPase activities of trained hearts484.

Myosin P light chain phosphorylation is brought about by the
action of the enzyme myosin light chain kinase, which is a Ca++—dependent

enzyme, and this jon dependence is a function of its calmodulin subunit485’486.

Increased phosphorylation rates after training could therefore occur in

several ways484:

(i) Modification of myosin P Tight chain susceptibility to phospho-
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rylation by myosin light chain kinase.

(i1) Enhanced levels of myosin light chain kinase in hearts of

trained animals.

(iii) Decreased capacity or function of myosin light chain phosphatase.
(iv) Increased availability of Ca’™ to the light chain kinase system
either through enhanced influx through the slow calcium current or via

a decrease in the Ca++—sequeétering activity of the sarcoplasmic reticulum.
Of these possibilities, no measurements of myosin 1ight chain kinase

ahd phosphatase activities have yet been reported in studies of hearts
from trained animals, and there is also no evidence to suspect that
trained hearts have a reduced capacity for ca™t accumulation by the sarco-
plasmic reticulum (section 2.3D and Fig. 6.13). On the other hand, our
mechanical data (see above) together with that of Tibbits and his colleagues
216,392 provide strong evidence for enhanced Ca®* transport from the
extracellular space to the contractile proteins, and therefore to the
light chain kinase system.

It is therefore postulated that an enhanced trans-sarcolemmal Ca'™
transport resulting from exercise training, explains both the increased
mechanical performance of trained hearts and their greater levels of
myosin P Tight chain phosphorylation and higher Ca++-ATPase activities487.
The finding that the differences in left ventricular function between
trained and control hearts were least (Fig. 6.14) when the trained hearts
reached their highest Ca*’-ATPase activities (Table 6.6) and myosin P
Tight chain phosphorylation levels (data not shown) indicates that, in
these experiments, these 2 parameters were probably not the principal
determinants of the differences in left ventricular function between

trained and control hearts.

Rather, it would seem that they reflect the higher intracellular
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calcium concentrations reached by the trained hearts. This further
suggests that, above a certain level of intracellular calcium (and
therefore a certain level of myosin P Tight chain phosphorylation and
Ca™ -ATPase activity), no further increase in left ventricular function
will occur.

The final question that needs to be discussed relates to the
role of cyclic AMP in mediating these differences, because increased
extracellular calcium concentrations can have an activating effect on

488,489 and on the calmodulin-cyclic nucleotide

489

both adenylcyclase
phosphodiesterase inhibitor such that myocardial cyclic AMP levels

are increased. However, it was found that increasing the extracellular
CaC]2 concentration from 1,6 to 2,2 mM had not effect on either myocardial
cyclic AMP levels nor on the cyclic AMP response to jsoproterenol infusion,
which was in any case not different between trained and control hearts
(Table 6.7).

These findings therefore suggest that a cyclic AMP-Tinked
mechanism is not responsible for either the biochemica] or mechanical
differences observed between hearts from trained and control rats, either
in the presence or absence of catecholamines, and that these differences
result from an increased capacity for trans-sarcolemmal calcium transport

resulting from running training.
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CHAPTER 7.

THESIS SUMMARY AND CONCLUSIONS .

DIRECTIONS FOR FUTURE RESEARCH.

“The world is round and the place which may seem like

the end may also be only the beginning".

IVY BAKER PRIEST (1958) ,
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7.1 INTRODUCTION

Each chapter of this thesis has concluded with a summary of its
most relevant findings. In this concluding chapter, the principal
findings of each chapter will be briefly restated and their relevance

to future research described.

7.2 Coronary heart disease in marathon runners.

The finding that coronary atherosclerosis and sudden cardiac
death can exist in marathon runners indicates that exercise alone is not
the complete answer to coronary heart disease. Furthermore, the fact
that some runners developed this disease in the absence of any of the
classic coronary risk factors confirms that much is still unknown about
the factors predisposing to this disease. The paper by Marmot, Rose,

Shipley and Hami]ton27

is especially relevant to this question because it
indicates the strong influence social class and employment grade have on
coronary mortality and emphasizes that only 40% of the difference in
mortality between those with Tow, and those with high, coronary mortality
rates can be explained on the basis of the "traditional" coronary risk
factors, namely blood pressure, serum cholesterol, smoking, and height.
Although it is unlikely that further studies of marathon runners
will necessarily uncover these unknown coronary risk factors, it should
be noted that, as a group, marathon runnersshould have a lTow incidence
of the traditional coronary risk factors. Thus most marathon runners

490 490,491

are of higher social class and very few smoke Furthermore

they should receive additional protection from this disease because of

higher HDL-cholesterol 1evels492’493, lower fasting insulin levels and

superior glucose to]erance494. Thus, it is possible that these others,
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as yet unknown, coronary risk factors might be more easily recognized in
the marathon population, because of their lower incidence of the classic
major, risk factors.

The findings of this study have bearing on three important

questions:
1) The role of exercise in preventing the progression of
established coronary atherosclerosis. It is clear from some cases

described in this thesis, that a "malignant" form of coronary
atherosclerosis exists, in which there is rapid disease progression
despite correction of all known coroﬁary risk factors. In persons
with such a severe form of the disease, exercise is unlikely to be of
value. On the other hand, exercise training might reduce the rate of
disease progression in persons with a less severe form of the disease,
as suggested by the initial studies of Selvester, Camp and Sanmarcong.
There is clearly a need for further studies using the same experimental
design as that of Selvester and his colleagues.

2) The opposite hypothesis, namely that in persons with advanced
coronary atherosclerosis severe exercise like marathon running might
increase the rate of disease progression, or alternatively produce
myocardial injury that hastens the course of the disease, also needs

to be considered. This unpleasant possibility is suggested by the
finding that marathon running had an apparently detrimental effect on
some of the runners reported in this study. It should be noted that a
recent paper has reported that the Tongevity of rats with genetic
hypertension and obesity was reduced by daily running495. Exercised,

diseased rats also had an jncreased incidence of focal myocardial necrosis.
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3) A question which has not been adequately studied is why the

myocardial potassium to sodium ratios are Tow in cases of sudden cardiac

death, as found in the hearts of 2 of the runners described in this study.

In experimental coronary artery occlusion, myocardial K+/Na+ ratios fall

gradually, reaching values below 1,2, only 130 minutes after the onset

of myocardial ischaemia496. As far as I am aware no one has yet considered

the possibility that Tow myocardial K*/Na* ratios may be the cause,

rather than the result,of ventricular fibrillation as is currently be]ieved402.
Finally, these studies show the need for continuing education of

medical practitioners, so that they might better appreciate the importance

of adequate'cardiac evaluation of runners with symptoms and,of runners,

so that they might realize that warning symptoms need early, comprehensive,

medical evaluation. The need for the better autopsy evaluation of all

cases of sudden death in athletes has also been emphasized.

7.3 Effects of exercise training on ventricular fibrillation

thresholds.

The encouraging results that exercise training increased ventri-
cular fibrillation thresholds in rats, should stimulate further interest
in this potentially-important protective effect of training. For example,
it is possible that the reduction in the sudden death rate in post-myocardial
infarction patients participating in intervention programmes which include

exercise training4g7’498

» may be due to increased myocardial resistance

to lethal arrhythmias. Furthermore, this adaption may not be associated
with changes in any of the conventional risk factors, nor with changes

in either coronary flow patterns or left ventricular function, changes which
have, in any case, not been convincingly demonstrated in trained cardiac

patients (section 2.3F).
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There is an urgent need for future research to identify the
serious warning arrhythmias and to determine whether exercise training
reduces their frequency. This information is likely to be more
rewarding than will be further studies of the myocardial functional
adaptations in trained cardiac patients. Alternatively, if the bio-
chemical basis for ventricular fibrillation were to be discovered, a
beneficial effect of exercise training might be assumed if exercise were
shown to beneficially alter this factor or factors.

In passing, it is of interest that calcium may be an important
factor in the genesis of ventricular arrhythmias499. Thus the evidence
that exercise training increases the rates of myocardial calcium transport
(Chapter 6) would predict increased susceptibility to ventricular fibril-
lation in trained hearts. Clearly another factor is protecting trained
hearts during those situations in which an increased calcium transport

capacity may be deleterious.

7.4 Maximum work in the isolated perfused rat heart model.

The principal finding for future research was that glycolytically-
produced ATP may be an important source of energy for myocardial relaxation.
To confirm that this relationship is causal, it will be necessary to show
that isolated sarcoplasmic reticulum has the capacity to generate ATP from
glucose, and that such ATP can be used for calcium uptake.

This relationship is of interest to the exercise situation,
because it begs the question whether during prolonged exercise, myocardial
glycogen levels can be depleted (as occurs in skeletal muscle) to the
point where myocardial glycolytic rates are critically reduced and

myocardial compliance impaired. During the course of this thesis, 4 cases
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of acute pulmonary oedema were uncovered in 2 competitors in the 1978
Comrades Marathonsoo. It was postulated that reduced myocardial
compliance occurring only during exercise which was sufficiently prolonged
to reduce rates of myocardial glycolysis, could have explained why these
athletes developed pulmonary oedema only when they ran for more than

4-5 hours.

It is of particular jnterest that the myocardium resyntheses
glycogen much more rapidly after exercise than does skeletal musc]e]63,
and that such resynthesis occurs even during fastingSO]. It would be
i1logical to think that this difference is not teleologically-significant.
Possibly it results from the need to insure that myocardial glycolytic
rates are always maintained at levels that insure adequate myocardial
compliance.

Finally, the finding that the extracellular calcium concentration
influences the rate of myocardial relaxation needs to be studied further,
as does the finding of substrate-induced differences in myocardial
efficiency. If myocardial glycolysis is indeed involved in the energetics
of myocardial relaxation, on this basis, glycolytic rates should be
responsive to intracellular calcium Jevels. The finding that the
addition of glucose-insulin to lactate- or palmitate-perfused hearts
improves myocard%al efficiency may provide a lead to the factor(s) deter-

mining substrate-induced differences in myocardial efficiency.

7.5 Myocardial adaptations to training.

The increased rates of myocardial glycolysis measured in trained
hearts should be beneficial under conditions of either myocardial ischaemia
or hypoxia.  Although swimming-trained hearts have been shown to perform

better under conditions of ischaemia and hypoxia, similar studies have not
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been performed in running-trained animals nor has the role of myocardial
glycolysis in explaining the superior function of swimming-trained rats
under these conditions been defined.

The major finding of this study was that trans-sarcolemmal
calcium transport capacity seems to be increased in trained hearts and
that this adaptation leads to increased levels of myosin P light chain
phosphorylation. On this basis it is postulated that increased calcium
transport capacity is the principal factor explaining the superior myo-
cardial performance of hearts from trained animals. It is therefore of -
interest that,during exercise, serum jonized calcium levels increase502.
If physical training were also to increase the levels to which serum
ionized calcium rises during exercise, then both adaptations would provide
a synchronized, complementary method for increasing myocardial performance
during exercise. This adaptation would then insure that the training-
induced reduction in sympathetic tone during exer‘cise233-236 does not also
reduce myocardial performance capacity.

With regard to training-induced adaptations in myocardial
metabolism, there is a need for further studies using radioactive techniques
in the isolated perfused working rat heart model, and for additional
studies in humans.

Finally, future studies should explore the possibility that
running- and swimming-training in rats produce different myocardial adaptations.
Differences that have been described are heart weights after training
(section 2.3A ), myosin and actomyosin ATPase activities (section 2.3B )
calcium uptake by jsolated sarcoplasmic reticulum ( section 2.3C ) and
the activities of myocardial adenyl cyclase and phosphodiesterase (section 2.3B ).

Swimming— and running- training represent quite different psychological
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stresses for rats, but they also produce quite different blood flow
responses to either exercise503. Ultimately, one would like to know
which exercise type reproduces those myocardial adaptations that are

likely to be found in trained humans.
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APPENDIX 1

Methodology of studies in the

isolated perfused rat heart model
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APPENDIX 1
I. METHODOLOGY OF STUDIES IN THE ISOLATED PERFUSED RAT HEART MODEL.
A. The rat exercise training programme.

Male inbred Wistar-Weissman or Long-Evans rats with an initial
body weight of 140 grams were randomly assigned to eijther a sedentary
or training group. The training programme lasted for a minimum of 8 weeks.
The animals exercised 5 days a week on a Quinton Model 42 - 15 treadmill
(Quinton Instruments, Washington) set at a 15 degree incline. On the
first and second training days, the rats ran for 15 minutes, on the third
day for 30 minutes, on the fourth day for 45 minutes and on the fifth day |
for 60 minutes. Thereafter the running time was increased by 3 minutes
daily until, at the end of tHe fifth training week, the rats were running
for 2 hours daily - the first hour at up to 0,8 miles per hour, the second
at up to 1 mile per hour. This exercise level was maintained until the
rats were sacrificed beginning after 8 weeks' training. Untrained rats
were kept at normal cage activity. A1l rats were exposed to a 12 hour

day/night cycle and were fed with rat cubes and water ad 1ibitum.

B. The perfusion fluid.

The perfusion fluid used in all experiments was a modified

Krebs-Hense]eit504

buffer gassed with 95% 02:5% CO2 at a temperature
of 37°%.  The Krebs-Henseleit buffer was made up from the following
stock solutions, added in the volumes indicated, to make up 5 Titre

solutions:
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NaC1 138,46 g/1 250 m1/51
Na HCO, 4z g/1 250 ml/52
KC1 35.4 g/1 50 ml/52
KH,PO, 16,13 g/1 50 m1/52
Mgso, 29,32 g/1 50 ml/52
CaCl . 2H,0 36,8 g/1 50 m1/57

The Krebs-Henseleit buffer was prepared from ice-cold solutions which
were gassed with 95% 02:5% CO2 for 20 min before the CaC]2 was added.
This was necessary to lower the solution pH below that at which calcium
precipitation occurs.

A variety of substrates were added to the perfusion fluid
either singly or in combination. These substrates were:
11,1 mM D(+) glucose (Merck, Darmstadt, West Germany ).
10 mM DL g8-OH butyric acid (butyrate) (Sigma Chemical Company, St. Louis,

Missouri).

10 mM L(+) Tactic acid (lactate) (ICN Pharmaceuticals, Cleveland, Ohio).
10 mM pyruvic acid (pyruvate) (Boehringer, Mannheim, West Germany).
1 mM palmitic acid (palmitate)(Sigma Chemical Company) bound to

3% albumin (Bovine Albumin Fraction V, Sigma Chemical Company)

In some experiments, insulin (NUSO Neutral Insu]in(R),
Wellcome Foundation) at a concentration of 2 u/litre or isoproterenol
(Isuprel(R) - Winthrop Laboratories) at a concentration of 6,5 x 10-7M
were used.  When radioactively labelled 3H—g]ucose (D—[:2—3H(N):] - glucose.
New England Nuclear, Boston, Massachusetts) was added to the perfusate
(see below), the ethanol in which the 3H—g]ucose is stored, was first
evaporated off by carefully directing a jet of compressed air (Medical .

Air, African Oxygen Limited) into a centrifuge tube (Eppendorff)



330

containing the appropriate volume of 3H-g]ucose solution (100 nl/litre

Krebs-Henseleit buffer).

C. Perfusion fluid analyses.

Immediately on termination of those experiments measuring
myocardial metabolosm (sections 5.2B and 6.2), perfusion fluid aliquots were
deep frozen pending analysis by the following methods :

D(+)-glucose (Method of Bergmeyer, Bernt, Schmidt et a]505 ).

Glucose was assayed by an NADP coupled system based on the

following reaction:-

Glucose + ATp o hexokinase G6P  +  ADP

¥
G6P + NADPY 4—§§Egﬂ-<; 6 phosphogluconate + NADPH + HT

The amount of glucose present is proportional to the formation
of NADPH as measured by the change in extinction at 340 nm brought about
by the addition of 10 ul of equal quantities of hexokinase (10 mg/m1)
and glucose-6-phosphate dehydrogenase (G6PDH) (1 mg/ml) to the following

reaction mixture:

Tris buffer pH 7,5 0,2M 1,0 ml
NADP 1% 0,1 ml
ATP 20 mM 0,1 ml
MgCl, M 0,1 mi
H 0 1,7 ml
sample 200 w1l

A1l glucose analyses were completed within 18 hours of completion

of the experiments.
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L(+)-Tactate (Method of Gutmann and Wahlefe]d5 ° )

Samples for the determination of lactate were de-proteinized
immediately upon collection with 6% perchloric acid in the ratio of 0,2 ml
6% perchloric acid to 1 ml of perfusion fluid.

The measurement of lactate was based on the following reaction:

L(+) lactate + NAD* T_LEE_; Pyruvate + NADH + H™
The amount of L(+) lactate present is proportional to the formation of
NADH which is measured by the change in extinction at 340 nm brought about
by the addition of 5 ul1 lactate dehydrogenase (LDH 10 mg/m1) to the

following reaction mixture:

ow
Buffer (hydrgzine-glycine-EDTA-NaOH) pH 9,5 1,5 ml
NAD 1% : 0,2 ml
HZO 1,1 ml
Sample 0,2 ml
° 507
Pyruvate (Method of Czgk and Lamprecht )

Pyruvate + NADH + H' ‘rkgﬂ—b lactate + NAD*

The oxidation of NADH is proportional to the amount of pyruvate
converted and is measured by the change in extinction at 340 nm brought
about by the addition of 5 ul lactate dehydrogenase (LDH 10 mg/ml) to
the following reaction mixture:

Tris buffer pH 7,5 0,2M 0,9 ml

NADH 0,4% 0,7 ml

Sample 2,0 ml
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Free fatty acids

Perfusate free fatty acid concentrations were determined by a
titrimetric procedure devised by Ch]ouveraki5508 and based on the method

of Do]e509 .

Following extraction of 0,6 ml of perfusate with 3 ml of
Dole's extraction mixture (isopropyl alcohol 40 parts, heptane 10 parts,
1N H2504 1 part) the system was divided into two phases by the addition
of 1,8 ml of heptane and 1,2 m1 of water. At least 10 minutes after
the two phases had separated,l ml of the upper phase was pipetted into
conical tubes to which 1 m1 of nile blue indicator (0,02% weight for
volume fn 90% volume for volume ethanol) was added. Titration was then
carried out against standardised 0,0IN NaOH with an Aglar micrometer

syringe burette under a stream of nitrogen to prevent CO2 adsorption and

to ensure proper mixing.

3H-sorbito]

To calculate the volume of fluid circulating during those
experiments studying myocardial metabolism, 50 ul of a solution of
3H-sorbito] (Amersham, Buckinghamshire) diluted 1:1 in distilled water,
was added to the perfusion fluid. At the end of the experiments, 200 ul
aliquots from the perfusate samples collected both at the beginning
(before the addition of 3H-sorbito] to the perfusate) and at the end of
the experiments (after 3H-sorbito1 addition) were each diluted in 10 m]
of scintillation fluid (Insta-Gel, Packard Instrument Company, Downers
Grove, I11inois) thoroughly mixed, wiped clean and counted in a Beckman

Liquid Scintillation Counter (Beckman Instruments, Fullerton, California).
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Coronary effluent 3H20'

Measurement of 3H20 in the coronary effluent in hearts perfused
with D-2-3H glucose allowed calculation of glycolytic rates according
to the methods of Neely, Denton, England and Rand1e439.

Ion exchange resin (Resin Dowex 1 x 4-200 - Sigma Chemical
Company) was first prepared according to instructions kindly sent to us
by Professor M.J. Rovetto of the Department of Physiology, Jefferson
Medical College of the Thomas Jefferson University, Philadelphia.

After preparation, the resin was placed over glass wool in
Pasteur pipettes to a column height of 2,5 cm. The resin was thoroughly
rinsed with distilled water before being dried with compressed air
(Medical Air, African Oxygen Limited). An 0,5 ml aliquot of coronary
effluent was then carefully washed through the resin with 3 volumes of
distilled water, 0,5 ml per passage into 10 ml of scintillation fluid
(Insta-Gel, Packard Instrument Company).

Standards and blanks were both prepared from aliquots of perfusate
that had not passed through the heart. Standards were prepared by adding
0,5 ml of perfusate plus 1,5 ml of distilled water directly to the scintil-
lation fluid without passage through the column, whereas blanks were
prepared by the passage of the perfusate aliquot through the resin columns
in the same manner as that used in the preparation of the coronary effluent
samples.

After the perfusate or coronary effluent had been washed through
the column with distilled water, the resin columns were again dried with
the passage of compressed air. The scintillation vials were then spun
to ensure complete mixing, wiped clean, and their radioactivity determined

by counting in a Beckman Liquid Scintillation Counter.
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Oxygen tensijon.

Oxygen tensions in the perfusate and coronary effluent samples
were measured by a Radiometer macroelectrode (Type PHMMI; Radiometer,
Copenhagen).  The perfusate was drawn under vacuum into a 1 ml syringe,
either from the pulmonary artery (corresponding to the venous oxygen
tension - PVOZ) or from a sidearm positioned on the left atrial cannula,

this value representing the arterial oxygen tension - PaO All

20
samples were analyzed immediately they had been taken.

Perfusate free calcium.

Perfusate free calcium concentrations were measured using a
prototype calcium sensitive electrode made by Dr. J.G. Schindler
(Marburg, West Germany) and tested in South Africa by Dr. H. Maier (De-

partment of Biomedical Engineering, University of Cape Town).

D. Tissue biochemical analyses.

At the termination of the experiments, perfused hearts were
treated in either of two ways.
1) Hearts were rapidly removed from the perfusion cannulae, the
atria excised and the right and left ventricles separated, blotted dry
and weighed separate]y. A section of each left ventricular apex was
then removed, immersed in liquid nitrogen and stored for the later
analysis of glycogen contents. The remaining portions of the left
ventricles, and the right ventricles, were then incubated separately
at 110°C for 5 days before re-weighing for the calculation of dry and
fresh heart weights.
2) In all other experiments, hearts were clamped, as described in

the text, with Wollenberger tongs precooled in Tiquid nitrogen. The
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atria together with the excess fluid at the edge of the hearts were then
chipped off, and the hearts placed in individually-labelled plastic bags,
for storage in liquid nitrogen pending later biochemical analysis.

For biochemical analyses, frozen hearts were treated in the
following way. The stored tissue samples were powdered in a metal
percussion mortar maintained at the temperature of 1iquid nitrogen until

a powder sufficiently fine for extraction, was produced.

Dry heart weights.

The first aliquot of about 200 mg frozen tissue was transferred
to a pre-weighed empty glass contajner and allowed to thaw. The glass
tube was then re-weighed immediately, care being taken to remove any
moisture that might have accumulated on the outside of the glass tube.
These tissue samples were then dried at 110°C until constant dry weights

were obtained.

Tissue glycogen.

The second aliquot of 60-70 mg tissue was transferred to a
pre-weighed centrifuge tube (Eppendorff, Hamburg, West Germany) containing
0,2 ml of cold 40% potassium hydroxide for the determination of glycogen
by a modification of the method of Good, Kramer and Somogyis]o . The
tube and tissue were then re-weighed and the tissue weight obtained.

The tube was next heated to 95°C on an Eppendorff thermostat
for 30 minutes being shaken every 10 minutes. Thereafter d,8 ml absolute
alcohol was added and the tube refrigerated overnight.

On the following day, the tube was spun for 2 minutes 1in an
Eppendorff centrifuge. The supernatant fluid was then aspirated and the

remaining pellet washed at least twice with cold absolute alcohol, and
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the supernatant fluid aspirated each time. 0,2 ml of 2N HC] was next
added to the pellet and the tube heated for 3 hours on the Eppendorff
thermostat at 95°C, after which the fluid was neutralized to a pH

between 7,5 and 7,7 using 5 ul of Universal Indicator, and added to a

mixture containing the following:

0,2 M pH 7,6 Tris buffer 1 ml

10 mM ATP 0,2 ml
™ MgC]2 0,1 mi
1% NADP 00 m
H20 1,2 ml

The fluid was then assayed according to the same method used for
perfusate glucose measurements (Appendix 1.C). 1 mM glucose standards

and blanks were also assayed.

ATP, PCr, citrate, lactate, cyclic AMP and cyclic GMP.

A third aliquot of about 300 mg was placed in a pre-weighed tube
containing 1,2 ml ice-cold 5% PCA. After re-weighing the tube to
calculate the weight of the added tissue, the contents of the tube were

TSP \\“.\S- wb
thoroughly mixed by homogenizing/with a Polytron homogenizer (Lucerne,
Switzerland). Care was taken throughout the procedure to keep the
extraction mixture ice-cold.

The homogenate was then centrifuged for 10 minutes at 5000 rpm
and at 4°C in a Beckman Model J-21 centrifuge. 1 ml of the supernatant
fluid was taken off, pipetted into an Eppendorff tube and neutralized,
as judged by a universal indicator (5 ul), to pH 7,0 with a Tris/KOH/KC1
solution consisting of 0,2 M Tris, pH 7,5 and 40% KOH saturated with KCT.

The Tris and KQH/KC1 solutions were mixed in the volume ratio of 6:4

respectively. The volume of added Tris/KOH/KCT was noted, and the
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solution allowed to precipitate for 30 minutes, after which it was re-
centrifuged in the Eppendorff centrifuge, and the resulting supernatant
decanted in fresh Eppendorff containers and stored at 0°C until assayed

for the following intermediates:

ATP (Method of Lamprecht and Trautschold®!! )

ATP + glucose  oXOKINase | gop . app

G%P + NADPT c_EﬁEQﬂ_; 6-Phosphoglucono-d-lactone

ATP was assayed by the change in extinction at 340 nm on the
addition of hexokinase (5 ul of 10 mg/ml) to a mixture of 0,2 ml of
heart extract and 2,8 ml of assay solution. The assay solution

contained the following:

MgCL, M 0,1 ml
Tris buffer 0,2M pH 7,5 1,0 ml
NADP 1% w/v 0,1 ml
Glucose 100 mM 0,05 ml
H,0 distilled 1,55 ml
G6PDH 1 mg/m1 5 ul

When the change in extinction had stabilised, 0,05 m1 10 mM ADP
was added to provide excess ADP for the subsequent assay of phosphocreatine,

and any further change in extinction was noted.

per.

Phosphocreatine + ADP creatine kinase , ATP + creatine

Phosphocreatine was then assayed by the further change in
extinction at 340 nm on addition of 10 ul creatine kinase (10 mg/m1 made
up in distilled HZO) to the reaction mixture in which the ATP assay

had been completed. 20 to 30 minutes were allowed for this reaction
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to go to completion.

Standards and blanks were run with each assay.

Citrate.
Citrate was measured using the fluorometric method of
Passonneau and Brown

The reaction mixture was made up of:

2,5 ml IM Tris buffer pH 8

50 nl 5 mM NADHZ—Na2

100 ul 1 M MgCl

50 ul 0,1M Ethylenediaminetetra-acetate
(EDTA)

100 ul MDH (0,2 mg/m1)

made up to 50 ml with distilled water.

10 ul of saﬁp]e was added to 1 ml of the reaction mixture and
the difference in extinction obtained when 10 ul of citrate lyase was
added and read after 30 minutes. A ] mM standard was used, and disti]led

water was used as the blank.

Lactate.

The assay is the same as that for perfusate lactate (described
previously).

A 10 ul sample was added to 1 ml cocktai] and the change in

extinction at 340 nm was recorded 30 minutes after the addition of § ul

LDH.
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513
Cyclic AMP. (Method of Torey, Oldham and Whelan ).

These assays were kindly performed by Miss Cecile Muller, Research
Fellow in the Heart Unit, who supplied the following assay description.

The assay is based on competition between unlabelled cAMP in the
tissue sample and a fixed quantity of tritium-labelled CAMP, for binding
to a bovine protein which has a high specificity and affinity for the
nuclide. The quantity of labelled protein-cAMP complex formed is inversely
proportional to the amount of cAMP present in the tissue sample. Measure-
ment of the protein-bound radioactivity enables the amount of unlabelled
CAMP to be calculated. A 50 ul aliquot of the tissue sample together
with 50 ul of the radioactive cAMP is incubated with the protein for 18 hours.
Activated charcoal is then added to remove the unbound fraction. After
centrifugation, the bound complex is then removed and suspended in |
scintillant fluid for counting. Each tissue sample is assayed at least
twice in duplicate, anﬁ blanks and standards are included in each run.

The kits used for the assay were the cyclic AMP RIA kit (The

Radiochemical Centre, Amersham, Buckinghamshire).

Cxc]ic GMP

These assays were also performed by Miss Cecile Muller using the
cyclic GMP RIA kit, also supplied by the Radiochemical Centre. The method

is based on the same principles underlying the cyclic AMP assay.

Activities of Ca++/Mg++ actomyosin ATPase, ca** and K+, EDTA myosin

ATPase, Troponin-1 and myosin P light chain phosphorylation.

In collaboration with Ms. Theres& Resink and Professor W. Gevers
of the Department of Medical Biochemistry, University of Cape Town, studies

were performed to determine whether differences in these parameters could
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explain differences in isolated heart function between trained and control
rats.

These studies, which were performed as part of Ms. Resink's Ph.D.
thesis, are also included in this thesis with the permission of those
workers.  The biochemical methods for these assays are described in
detail in papers by Resink and Gevers482-484’487 and are not re-produced

here as they were not performed by this author.

Efficiency of biochemical methods.

Standards and blanks were run with each assay to determine

the efficiency of each assay procedure.

E. - Calibration procedures for the pressure and flow transducers.

The Statham P23 aortic and left ventricular pressure transducers
used in sections 5.2 and 6.3 were calibrated in steps of 50 mmHg from
0 to 200 mmHg at the beginning and during the course of each experimental
day. For the dP/dt calibrations, a calibrated voltage ramp was applied
to the left ventricular pressure amplifier input. The output of this
amplifier produced a deflection on the paper recorder (channel A) and was
simultaneously fed into a differentiator channel which also produced a
deflection on the paper recorder (Channel B).  Hence a known rate of
voltage change shown on Channel A produced a square wave on the
differentiator trace (Channel B), equivalent to the rate of change of
voltage on Channel A.  Since the pressure trace was calibrated in mmHg,
the amplitude of the ramp could be interpreted in mmHg. Hence the square
wave on the differentiated trace could be read as a rate of pressure change

in mmHg/sec.
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In those experiments (section 6.4) in which aortic flows, and aortic
and left ventricular pressures were analyzed by the minicomputer, the
calibration procedures were as follows:

1) A least squares regression line was fitted to the analogue
and directly-measured values for aortic flow when the aortic flow was
zero, and for 5 forward and 2 reverse flows.

Aortic flows were measured directly by collecting 30 second
samples of the fluid passing through the flow probe. During the
calibration procedures, the aortic flow came from the Langendorff
reservoir (Fig. 5.1), the fluid level of which was maintained at a
constant height whilst the calibration was in progress.  The flows,

SO measured, ranged between =60 and +220 ml/min.

2) The National Semiconductor aortic and left ventricular pressure
transducers were calibrated simultaneously against a common pressure, in
steps of 50 mmHg from 0-200 mmHg. A least squares regression equatjon
Tine was also fitted to these data.

Both calibration procedures were performed at the peginning
and end of each day's experiments. Any drift that occurred between
calibrations, was apportioned to each experiment on the basis of when

in the day, that experiment had been performed.

F. Calculation and expression of resuylts and statistical methods.

Cardiac outputs (sum of the aortic outputs and coronary flow rates),
stroke volumes (cardiac outputs divided by heart rates), and rates of
coronary flow and myocardial OXygen consumption were all expressed relative
to left ventricular (L.V.) dry weights. Biochemical data were related
to left ventricular fresh weights. To facilitate the understanding of

how the calculatiors 1isted below fit into the experimental protocols,
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the reader is referred to the appropriate sections for which these

calculations are appropriate.

Left ventricular dry weights (g) were calculated as the:

dry weight of apex 100

Total LV wet weight x Wwet weTght of apex 1

Left ventricular fresh weights (g) were calculated as:

LV dry weight x 5 (Reference 477)

Myocardial oxygen consumption rates (uloz/g/min) were calculated as:

(PaOZ - PVOZ) x 0.031 x coronary flow (ml/min)

LV dry weight
where PaOZ equals the oxygen tension of fluid entering the left atrium,
and PVO2 equals the oxygen tension of the coronary effluent sampled
under vacuum from the pulmonary artery. The technique whereby these
samples were collected is described in the text (Appendix 1.C).
Note that myocardial oxygen consumption rates are expressed
relative to dry weight.In order to correct to rates per gram fresh weight,

the values should be divided by 5.

Substrate uptakes (uM/g/min) were calculated as:

S5 = Sgs (mM) x circulating volume (ml)

LV fresh weight (g) x perfusion time (min)
where S5 equals the initial, and 565 the final perfusate substrate concen-
trations, as described in section 5.2B. The subscripts 5 and 65
indicate that the perfusate was samples at 5 and 65 minutes respectively,

after working heart perfusion had commenced.
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Glycogen utilization rates.

In studies of substrate metabolism, glycogen utilization rates

(uM glucose equiv/g/min) were calculated as:

Gy - Gy

perfusion time (min)

where GO equals the initial and G7O the final myocardial glycogen concen-
tration. GO was taken as the mean glycogen value in a series of hearts
clamped after 15 minutes' Langendorff perfusion (Table 5.5), and G70
was the myocardial glycogen content measured in each heart after 70 minutes'
left atrial perfusion.

In studies during which 6,5 x 10_7M isoproterenol was infused

(sections 5.4 and 6.4) the mean glycogen utilization during isoprotereno]

infusion was calculated as:

G - G

15 40

25
where G]5 equalled the mean myocardial glycogen content measured in
hearts clamped after 15 minutes' left atrial perfusion, and G40 the mean
myocardial glycogen content in a separate series of working hearts

perfused for a further 25 minutes during which isoproterenol was infused.

Calculated rates of glycolytic flux (umol. glucose equiv/g/min)

were calculated from the rates of entry of C6 units into glycolysis. This

equalled the sum of the rates of glucose uptake and of glycogen utilization.
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Calculated rates of glycolytic ATP production - non-radioactive method

(uM ATP/g/min).

As each C6 unit from glucose provides 2, and each C6 unit from
glycogen, 3 molecules of glycolytic ATP, glycolytic ATP production rates
were calculated as the sum of twice the glucose uptake rates and three

times the glycogen utilization rates.

Rates of lactate release (umol/g/min) were calculated as:

Lee = Lg) x circulating volume (ml)
65 5

perfusion time (min) x LV fresh weight
where L65 equals the final, and L5 the starting perfusate lactate

concentration.

Rate of C6 oxidation (umol./g/min) were calculated as:

(2_x calculated rate of glycolytic flux) - (rate of lactate release)
2

Absolute glycolytic rates - radioactive method (umol. glucose eqiv/min)

were calculated according to the following formula provided by Professor
Rovetto (vide supra):

Absolute glycolytic rate ( umol glucose equiv/min) =

- - coronary

CPM coronary effluent sample)|- CPM(blank) x flow (ml/min)
rate

| sample size (0,5 ml)

-

[-CPM_(Standard) - CPM (blank) |x perfusate glucose concentration
Sample size (0,5 ml) (11,1 umoles/m1)
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Dividing this answer by the L.V. fresh weight gave glycolytic
rates/g.  Rates of glycolytic ATP production were then calculated from
the glycolytic rates and rates of glycogen utilization, using the

formula described previously.

Circulating volumes (ml) were calculated as:

Circulating volume (m1) = M (standard) x 100
CPM(HGS-HS) - CPM (blank)

Calculation of data from the left ventricular pressure traces.

Peak Teft ventricular and aortic pressures (mmHg) were read from the

appropriate points on the graphs.

End-diastolic pressures (mmHg) were taken as the highest left ventricular

pressures recorded immediately preceding the rapid systolic upstroke on

the left ventricular traces.

Aortic ejection times (msec) were taken as the time during which the aortic

valve was open, as indicated from the upstroke to the dicrotic notch on the

aortic pressure traces.

Left ventricular relaxation times (msec) were taken as the times from when

LV dP/dt was 0 and decreasing through its maximum negative value

(LV max -ve dP/dt) to the last point when LV dP/dt was -480 mmHg/sec and

becoming positivezs].
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Left ventricular maximum positive and maximum negative dP/dt values

were taken as the maximum positive and negative deflections on the

differentiated traces.

Heart work (mW/g LV dry wt) and efficiency (joules/ml 02) were calculated

in some experiments, according to the formulae derived by Kannengiesser,

Opie and van der Werff457.

Computer techniques.

In those experiments in which the computer was used to analyze
left ventricular function (Chapter 6), data reduction was performed by
programmes written by Dr. T.J. van der Werff (Department of Biomedical
Engineering, University of Cape Town), who supplied the following detai1s458:
A suite of computer programmes was written to reconstitute the
pressure and flow waveforms from the raw data for immediate visualisation

on a Tektronics 4025 graphics terminal and to process the data subsequently.

Cycles.
The first phase of the data reduction procedure was to identify an
integral number of cardiac cycles. The program found the first systolic

flow peak and searched forward for a further ten peaks.  Subsequent data
analyses were performed on, and averaged over, the intervening 10 complete
cycles.  From the peak systolic flow data point for each cycle, the data
were searched backwards and forwards to identify the beginning and end of
systole. The onset of flow systole was defined as the first data point
for which the aortic flow was positive. Similarly, the onset of flow
diastole was defined as the first data point for which the aortic flow
was negative after systole. The onset of pressure systole was defined

as the first data point on the systolic upstroke which exceeded its
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predecessor by 1 mmHg, corresponding to a rate of change of dP/dt greater
than 155 mmHg/sec.  The onset of Pressure diastole was defined as the
first data point after the dicrotic notch, which in turn was defined
as the local minimum pressure. Heart rate was calculated by sub-
tracting the onset time of the first systole from that of the eleventh,
dividing this into 10 (cycles), and converting into beats per minute.

The left ventricular end diastolic pressure was defined as the
last data point before a data point on the systolic upstroke exceeded
its predecessor by 1 mmHg. |

Exact calculations imply ideal measurements of aortic pressure
and left ventricular outflow. The pressure was adequately sampled and
may be considered ideal. However, the left ventricular outflow is
slightly less fhan ideal. It is composed of an adequately sampled aortic
flow and an estimated instantaneous coronary flow, because technical
Timitations allowed only mean coronary flow to be measured. The instan-
taneous coronary flow was defined as follows: (a) the coronary flow data
points during diastole were set equal to the negative of the corresponding
aortic flow data points since during diastole there is no net flow output
from the heart and the coronary flow can only come from the aortic

~ cannula:
On = Qi (1)
the subscript "n" designating the n-th data point; and (b) the coronary

flow data points during systole were set proportional to the aortic

pressure:

Qep = kP, (2)
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The constant K is set so that the total computed coronary flow matched
its measured value. The mean flow, i.e. cardiac output, and the mean

pressure were calculated from the data using

N
7 =} RRCMEN IR (3)
_1 9 ]
P = N %;] P (4)

where N is the number of data points in the ten cardiac cycles being

analysed. Typically N = 220 - 360.

Power.

The total power output is calculated by averaging the instantaneous

values of both pressure power (ﬁp) and kinetic power (ﬁk):
L4 L] 1] " N . 3 2
Wt = Wp + Wk = N %._-] (PnQn + an/ZA ). (5)

Appropriate conversion factors were included in all calculations so that

power had the units of milliwatts, pressure mmHg, and flow ml/min.

dP/dt
Numerical differentiation of the left ventricular pressure was

performed by applying the five-point approximation formu1a5]4 at each

data point:

dPi/dt = (Pi—Z - 8Pi_] + 8Pi+] - Pi+2)/]2At, (6)
where At = 6,48 msec is the time step between data points. This
approximation given an error of order (at)*, i.e. is very accurate for

the well behaved left ventricular pressures.
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Each cycle was searched to find the maximum and minimum
(maximum negative) values of dp/dt. Because dp/dt changes rapidly
we fit parabolas through the "apparentf maxima and minima to obtain
the magnitudes and times of the "truef maxima and minima. Let tn
denote the time and fm denote the magnitude of the apparent maximum

(minimum).  Define an auxiliary variable as follows:
F = (fm+] - fm-1)/(fm+1 - 2fm + fm_]). (7)

o *
Then the "true" time tm and magnitude fm are

t =t - 3Fat, (8)
* ]
= o ™ 7 (g - o) (3)

Relaxation time.

The relaxation time was defined as the time interval between

the left ventricular pressure derivative becoming zero and its minimum

*
value.  The "true" zero crossing time tk'was calculated by linear

interpolation from the first negative data point (tk) and its predecessor:

*

Y

teep + 0t Fy/(fq - f (10)

k)
The relaxation time was then simply the difference between the time of the
minimum as calculated from Equation (8) for that cycle and the zero crossing

time from Equation (10)..
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Statistical methods.

Results are expressed as mean values + standard errors of the
mean.  The Student's unpaired t test was used to compare means between
groups. A probability (P) value of less than 0,05 was considered to

indicate a significant difference between mean values.
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APPENDIX 2

Left ventricular functions of hearts perfused with the
different substrate combinations under conditions of
changing atrial filling pressures and heart rates.

Tables of results.



SUBSTRATE
COMBINATIUN

{No. of hearts)

ImM Paimitate
(3% Albumin)

(8)

11 mM Glucose
(3% Albumin)
(7

11 mM Glucose
(10)

10 mM Lactate
{7

11 mM Glucose
10 mM Lactate
Insulin 2 U/L
{7)

10 mM Pyruvate
11 mM Glucose
Insulin 2 y/L
{6)

11 mM Glucose
Insulin 2 U/L
(N

11 mM Glucose
1 mM Palmitate
Insulin 2 U/L
(3% Albumin)
(6)
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APPENDIX 2.1

STROKE  VOLUMES (ml/g)"___ OF HEARTS PERFUSED WITH DIFFERENT SUBSTRATE

COMBINATIONS UNDER CONDITIONS OF CHAMGING ATRIAL FTLLING PRESSURCS AND HEART RATES.

HEART RATE - 330 BEATS/MIN

ATRIAL FILLING PRESSURE (cm H20)

20

1,55

+0,09

5

1,50
£0,14

1,66
+0,09

ATRIAL FILLING PRESSURE - 25 cm Hp0
HEART RATE (BEATS/MIN)

300 360 390
1,49 1,20 1,07
+0,15 +0,13 +0,09
1,66 1,57 1,46
+0,11 0,12 0,12
1,94 1,72 - 1,48
+0,10 0,09 +0,09
1,99 1,61 1,48
+0,10 0,07 - 20,09
2,22 2,06 1,86
+0,13 +0,09 +0,12
1,94 1,74 1,56
+0,06 0,11 +0,13
2,32 2,06 1,91
+0,05 +0,08 =0,06
2,09 1,83 1,62
+0,06 +0,08 0,06
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APPENDIX 2.2

CORCNARY FLOW RATES (ml/g/min) OF HEARTS PERFUSED WITH THE DIFFERENT SUBSTRATE

COMBINATIONS UNDER CONDITIONS 0OF CHANGING ATRIAL FILLING PRESSURES AND HEART RATES.

SUBSTRATE HEART RATE - 330 BEATS/MIN A ATRIAL FILLING PRESSURE - 25
COMBINATION ATRIAL FILLING  PRESSURE {cm H20) HEART RATE (BEATS/MIN)
15 2 2 k() 300 360
1 mM Palmitate 205,5 218,1 212,8 206,3 212,0 205,9
(3% Albumin) 6,8 +10,0 +9,4 +5,9 7,4 +8,6

11 mM Glucose 181,7 200,3 203,6 198,4 201,5 209,0
(3% Albumin) +12,4 +8,7 +5,0 +4,5 +3,7 £3,0
11 mM Glucose 202,5 209,1 211,7 215,8 205,1 215,9
+8,3 +6,C 7,0 +9,3 +6,3 +6,9
10 mM Lactate 194,2 212,2 214,8 227,0 225,3 221,8
- £10,0 10,7 +5,5 +6,4 9,4 4,7
11 mM Glucose 216,1 226,2 226,6 225,3 220,3 225,6
10 mM Lactate 29,0 +8,6 9,2 +8,6 +9,8 *
Insulin 2 U/L
0 mM Py -uvate 185,4 205,2 206,7 198,1 199,5 99,2
11 mM Glucose +13,6 +12,2 +10,5 +15,1 +9,2 +11,0
insulin 2 U/L
1w Glucose % 204,2 209,9 220,0 229,7 220,4 5 227,8
msulin 2 U/L o +8,7 ’ +6,9 6,2 +6,8 +5,8 6,1
.1 mM Glucose 212,01 248,9 253,3 247,4 252,9 253,4
. M Palmitate +8,7 +7,0 +8,3 14,5 =8,5 12,0

asulin 2 U/L
3% Albumin)
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APPEADIX 2.3

PEAX LEFT NENTRICULAR SYSTOLIC PRESSURLS {wmHq) OF HEARTS PLRFUSELY  WITH THE

DIFCERENT  SUBSTRATE  COMBINATIONS UNDER CONDITIONS OF  CHANGING ATRIAL TILLING

PRESSURES AND HEART RATES, DURING NORMAL AND 1SOVOLUMIC BLATS.

SUBSTRATE HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm Hol
EpMulNAIXUN ATRIAL FILLING  PRESSURE {cm Hz0) HEART RATE (BEATS/MIN)
15 20 25 30 300 360 3%

T lse N T IS0 N Ise L} Iso N ] N 150 il
1 mM Palmitate 159,3 184,3 160,1 181,1 155,9 178,2 140,6 157,2 158,9 180,7 142,3 158,9 133,6
(3% Albumin) +4,7 +5,0 +4,8 +4,0 3,5 £5,6 +5,4 +7,0 4.9 +4,8 +4,3 5,1 £3,1
11 mM Glucose 160,8 194,5 169,9 195,9 172,1 199,5 166,7 195,9 166,9 205,5 166,7 194,9 161,3
(3% Albumin) +3,6 +8,0 £3,1 *7,7 +5,5 +5,6 +4.,9 +8,6 +5,9 +5,8 +4,0 +7,0 £3,2
11 mM Glucose 168,1 188,7 168,6 187,7 169,5 188,3 160,0 187,8 173,8 184,5 165,0 178,2 157,8

+5,2 +4.3 5,7 5,5 6,3 +4,9 +5,8 5,1 5,0 7,7 *+5,9 +4,6 +7,0
10 mM Lactate 146,5 186,6 151,2 181,1 151,2 174,2 152,1 175,6 154,0 181,7 148,0 168,7 143,4

5,6 14,3 +3,6 2,9 +4,3 2,3 £5,3 +3,6 +4,5 +3,1 +4,0 +4,5 +3,9
11 mM Glucose 172,8 219,8 176,0 214,8 172,4 207,0 167,7 203.2 173,7 212,4 169,1 195,4 162,2
10 mM Lactate £3,0 +3,6 £3,3 +4,4 +2,2 +3,0 +3,1 +3,9 +1,8 +3,3 +2,5 +4,0 £3,3
Insulin 2 U/L
10 mM Pyruvate 176,38 232,9 176,9 222,6 175,8 221,0 168,8 202,7 175,8 226,3 169,4 212.9 182,4
il mi4 Glucose 4,5 £7,3 5,4 9,7 +5,1 +93,0 +6,0 14,4 +3,6 =8,0 +5,6 11,0 =6,4
Insulin 2 U/L
11 mM Glucose 163,7 200,5 176,6 204,8 177,2 205,4 178,7 205,1 180,6 210,8 176,5 204,3 174,1
Insulin 2 U/L 4,0 +5,8 £3,5 +4.0 =4.0 =4,5 £3,9 +5,2 +3,8 +3,6 +3,3 24,1 =3,2
11 mM Glucose 187,5 211,4 189,56 218,0 195,7 204,7 176,9 196,5 188,9 . 214,2 179,3 206,0 178,7
1w Palmitate 6,3 6,3 4,8 +7,0 +4,9 +4,9 *9,9 =8,3 +5,1 +4.5 +5,3 =6,6 +7,2

insulin 2 U/L
(3% Albumin)

* Normal ** [sovoiumic
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APPENDIX 2.4

LEFT VENTRICULAR END-DIASTOLIC PRESSURES (mmHg) OF HEARTS PERFUSED WITH THE

DIFFERENT SUBSTRATE CCMBINATIONS UNDER CONDITIONS OF CHANGING ATRIAL FILLING

PRESSURES AND HEART RATES.

SUBSTRATE HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm Hy0
COMBINAT1ON ATRIAL FILLING PRESSURE (cm H20) HEART RATE (BEATS/MIN)

13 2 28 30 300 360 3%
L mM Palmitate 12,0 16,9 16,5 16,3 17,6 16,3 15,6
(3% Albumin) +0,9 +0,9 0,7 +1,1 +1,3 20,4 +0,5
Il mM Glucose 13,2 14,3 15,6 14,5 17,6 16,0 14,9
(3% Albumin) 1,3 1,9 2,0 1,6 +1,5 +1,5 £1,6

[1 mM Glucose 9,7 13,2 15,2 12,4 15,6 3,9 12,7
+0,4 +0,9 +0,9 +1,1 0,6 +0,8 +1,0
.0 mM Lactate 10,6 11,5 5,4 14,7 14,7 13,1 12,9
0,6 *1,0 *1,4’ +1,4 +1,0 +1,1 +1,2
.1 mM Glucose 11,1 13,6 15,4 15,5 17,2 16,1 14,3
0 mM Lactate +1,1 £1,1 +1,0 1,3 0,7 0,1 0,9
msulin 2 U/L
0 mM Pyruvate 12,9 17,5 9,7 17,1 19,6 16,7 16,7
.1 mM Glucose *£1,0 0,7 0,7 0,3 +1,1 +0,9 1,2
nsulin 2 U/L
1 mM Glucose 9,1 1,5 14,7 16,3 15,7 13,8 12,4
asulin 2 U/L =0,3 * +1,0 0,9 +0,4 +G,8 +0,9
.1 mM Glucose 11,7 16,4 17,8 20,7 19,0 16,5 15,4
. mM Palmitate +0,6 +1,1 0,8 1,0 +0,8 +0,9 0,8

nsulin 2 Y/L
3% Albumin)
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APPENDIX 2.5

CALCULATED MYOCARDIAL OXYGEN CONSUMPTION RATES (u102/g/min) OF HEARTS

PERFUSED WITH THE DIFFERENT SUBSTRATE COMBINATIONS UNDER CONDITIONS OF

CHANGING ATRIAL FILLING PRESSURES AND HEART RATES.

SUBSTRATE HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm H20
COMBINATION ATRIAL _FILLING PRESSURE  (cm Hp0) HEART RATE (BEATS/MIN)
1 20 4] 30 300 360 3%
1 mM Palmitate 2041 2344 2222 2117 2097 2158 2261
(3% Albumin) +139 +138 +153 +127 +171 +114 +152
11 mM Glucose 1671 1868 2035 1941 1896 2041 2051
(3% Albumin) 75 +110 +106 £102 +138 +151 +143
11 mM Glucose 1862 2043 2101 2092 2018 2183 2181
+98 %79 +69 +113 +89 +112 +130
10 mM Lactate 2019 2307 2340 2453 2522 2592 2653
+118 +134 +75 +113 +166 +£123 *176
11 mM Glucose 2211 - 2387 2424 2457 2322 2458 2475
10 mM Lactate 72 +89 +76 127 +109 =112 +132

Insulin 2 b/L

10 mM Pyruvate 1870 ‘ 2164 2199 2130 2022 2137 2118
11 mM Glucose +161 172 +129 +147 +51 129 +172
insulin 2 U/L .

il mM Glucose 1924 2215 2410 2380 2328 2480 2507
Insulin 2 U/L +107 +76 +80 £95 74 71 116
11 mM Glucose 2076 2399 2498 2485 2411 . 2560 2606
1 mM Palmitate 134 +78 +122 121 +121 +99 +83

Insulin 2 U/L
(3% Albumin)



SUBSTRATE
COMBINATION

mM Paimitate
3% Albumin)

1 mM Glucose
3% Albumin)

1 mM Glucose
0 mM Lactate

1 mM Glucose
0 mM Lactate
nsulin 2 U/L

0 mM Pyruvate
1 mM Glucose
nsulin 2 U/L

1 mM Glucose
nsulin 2 U/L

1 mM Glucose

mM Palmitate
nsulin 2 U/L

3% Albumin)
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APPENDIX 2.6

CALCULATED HEART WORK (mW) OF HEARTS PERFUSED WITH THE ODIFFERENT SUBSTRATE

COMBINATIONS UNDER CONDITIONS OF CHANGING ATRIAL FILLING PRESSURES AND HEART RATES,

HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm Hp0

ATRIAL _ FILLING PRESSURE  (cm H20) HEART RATE (BEATS/MIN)

1s 2 4] KL 300 360 3%
127,9 146,1 141,6 95,8 127,0 115,4 106,3
+11,6 +11,6 +15,6 +11,6 +16,2 +15,3 +11,1
114,1 129,7 154,2 142,2 139,5 156,0 154,2
+7,6 +8,4 14,0 + £13,7 16,9 t15
143,1 176,9 180,1 48,7 172,3 175,1 156,1
26,3 46,0 9,6 £12,7 +9.,4 11,1 +12,3
112,4 139,4 161,3 161,5 166,9 155,9 149,3
*5,3 +7,8 +8,8 +13 +14,3 *11,2 +14,1
180,2 215,0 232,2 211,3 218,4 35,9 233,0
+7,7 +11 +12,1 +19,8 +16,9 +16,5 +21,1
173,5 204,3 206,5 170,5 188,0 194,9 181,2
12,4 +15,0 + +17,1 +9,8 =16,1 9
150,3 202,5 225,6 220,9 223,5 235,2 231,0
7,7 +4,6 7,1 +6,6 +7,8 +8,0 +10,0
147,6 178,0 191,1 165,0 181,9 183,4 171,6
*7,5 *6,0 £7,1 +18,0 +4,5 6,7 +5,7
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APPENDIX 2.7

CALCULATED MYOCARDIAL EFFICIENCIES (Joules/ml 02) OF HEARTS

PERFUSED WITH THE DIFFERENT SUBSTRATE COMBINATIONS UNDER

CONDITIONS OF CHANGING ATRIAL FILLING PRESSURES AND HEART RATES.

These data can be found in Table 5.8.
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APPENDIX 2.8

MAXIMUM RATES OF LEFT VENTRICULAR PRESSURE DEVELOPMENT (L.V, max. tve dP/dt - swHg/sec)

OF _HEARTS PERFUSED_WITH THE DIFFERENT _SUBSTRATE COMBINATIONS _UNDER  CONDITIONS OF  CHANGING

ATRIAL FILLING PRESSURES AND HEART RATES, DURING NORMAL AND [SOVOLUMIC GEATS.

SUUSTRATE HEART RATE - 330 BEATS/MIN ATRIAL FILLING PRESSURE - 25 cm H:0
COMUINATION ATRIAL FILLING  PRESSURE {cm Ha0) HEART RATE (BEATS/MIN)
18 20 3] 2 300 360 3%
MO et N T IS0 N TS0 N T IS0 N o100 N ToIso N TIso
1 mM Palmitate 3560 3620 3530 3530 3500 3520 3280 3234 3480 3500 3350 3270 3246 3200
(3% Albumin) +37 +39 144 £51 145 +45 +102 +129 *59 +58 +58 +95 +39 +70

11 mM Glucose 3520 3680 3560 3680 3573 3653 3533 3627 3547 3699 3547 3640 3547 3547
(3% Albumin) +55 +51 £77 262 +87 x79 +78 =67 +76 =56 61 54 :45 i6l
11 mM Glucose 3568 3640 3568 3584 3504 3600 3512 3576 3528 3576 3488 3534 3464 3488

+21 +18 +21 *26 +31 *+24 £22 +21 +25 +41 +30 +40 +31 +38

10 mM Lactate 3440 3589 3554 3623 3474 3543 3486 3543 3520 3577 3474 3463 3360 3383
72 251 249 +38 160 +52 +60 +38 +58 +60 +58 +57 72 +76

11 mM Glucose 3749 3851 3749 3840 3737 3806 3726 3771 3726 3829 3703 3749 3669 3630
10 mM Lactate *27 +32 227 230 +29 224 +34 *27 +30 +27 =15 +3? 27 =35
Insulin 2 U/L

10 mM Pyruvate 3920 4064 3920 3973 3906 3947 3813 3853 3893 4013 3867 3907 3800 3787
11 nM Glucose 25 47 +29 =61 +48 =61 =82 +106 17 =38 =43 +78 =68 7€
Insulin 2 U/L

11 mM Glucase 3554 3669 3646 3703 3623 3669 3634 3680 3634 3703 3634 3680 3600 3646
Insulin 2 U/L 246 41 :16 £23 +23 £32 =24 221 +24 £23 =24 £18 £25 =34
1i mM Glucose 3653 3747 3653 3720 3653 3680 3560 3613 3653 3733 2613 3640 3560 3587
1 nM Palmitate +17 +25 £17 +18 127 21 74 +86 =17 £17 32 £27 =18 =3

Insulin 2 U/L
(3% Albumin)

* Normal ** [sovolumic



SUBSTRATE
CUMBINATION

1 mM Palmitate
(3% Albumin)

11 mM Glucose
(3% Albumin)

11 mM Glucose

10 mM Lactate

11 mM Glucose
10 mM lLactate
Insdlin 2 U/L

10 mM Pyruvate
11 =M Glucose
Insulin 2 U/L

11 mM Glucose
Insulin 2 U/L

11 mM Glucose
i mM Paimitate
Insulin 2 U/L
(3% Albumin)

* Normal

MAXIMUM RATES CF LEFT VENTRICULAR RELAXATION (L.V. max, -ve dP/dt - mmhg/sec )
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APPENDIX 2.9

ATRIAL FILLING PRCSSURES AND

HEART RATES,

DURING

NORMAL _ AND

ISOVOLUMIC

OF HEARTS PERVUSED WITH TdE DIFFERENT  SUBSTRATE COMBINATIONS UNDER CONDITIONS OF  CHAMGE

BEATS.

HEART RATE - 330 BEATS/MIN

ATRIAL  FILLING _ PRESSURE _ (cm H20)
N*TIsee N T I N T IS0 N
2880 3130 2780 3090 2610 2840 2366
67 172 164 £101 +108 £117 128
2867 3067 2880 3053 2800 3080 2613
291 +156 +83 :56 +97 +36 +116
3064 3200 3080 3136 2896 2944 2656
+92 +88 +62 =101 £72 112 266
2583 2971 2594 3061 2571 2971 2583
+143 +86 +149 *94 +111 +111 1106
2926 3497 2891 3406 2983 3234 2891
=65 +54 +37 +63 67 +107 +62
2800 3576 2867 3366 - 2747 3267 2587
72 =179 *43 +197 +35 x177 =40
2857 3257 3109 3280 3074 3166 . 2926
+119 =38 =86 =30 +80 +52 +24
2707 3253 2720 3212 2720 3120 2360
=222 =76 +184 =84 174 =85 +141

** Isovolumic

= Is0

2503
=143

2840
+68

2896
:114

2869
+105

3097
*97

3187
+215

3200
+83

2787
+73

ATRIAL FILLING PRESSURE

HEART RATE (BEATS/MIN)

25 m Hy0

N

2430
+108

2733
+108

2571
+75

2891
+64

2653
+56

3074
+107

2507
+198

10

2880
=86

3000
£96

2896
+]48

2923
+94

3211
+62

3293

=208

3200
=84

3027
=63

X
2590

2773
+92

2912
+91

2480
+145

Is0

2750
132

3027
+98

2976
+91

2823
+134

3211
+62

3253
+193

3131
=37

2987
=84

2693
+61

2792
+108

2491
129

2971
+91

~n
g
0O

2994
+65

2680
+118

2840
£113

2997
+82

2789
+133

3189
+59

o
G

WD
-

3168
+£8

2960
=88
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APPENDIX_2.10

RELAXATION TIMES (msec) OF HEARTS PERFUSED WITH THE DIFFERENT SUBSTRATE

COMBINATIONS UNDER CONDITIONS OF CHANGING ATRIAL FILLING PRESSURES AND HEART RATES.

SUBSTRATE HEART RATE - 330 BEATS/MIN ) ATRIAL FILLING PRESSURE - 25 cm H20
OMBINATION ATRIAL  FILLING PRESSURE  (cm H20) HEART RATE (BEATS/MIN)

15 P2 b EL 300 360 3%
mM Palmitate 76,4 81,4 84,8 88,6 86,3 86,9 " 84,3
¥ Albumin) +1,1 +2,3 +2,0 - +4,0 1,6 +1,7 +1,2
1 mM Glucose 80,7 79,2 80,8 83,0 85,7 81,0 82,2
3% Albumin) +1,1 2,2 +1,9 2,0 2,2 +2,0 +1,9

1 mM Glucose 72,1 76,3 80,2 80,9 80,9 79,3 77,1
+1,8 2,1 +1,8 +1,8 2,2 2,3 +1,9
) mM Lactate 82,7 81,7 87,0 90,6 88,9 86,9 85,4
2,6 2,4 2,3 +3,2 +2,5 +1,9 +2,9
| mM Glucose 72,1 75,3 80,4 82,4 81,4 79,6 78,0
) mM Lactate +0,9 0,8 +0,9 +1,0 +1,5 +0,8 +1,1
isulin 2 Y/L
) MM Pyruvate 74,6 83,5 91,7 86,0 90,8 83,? 20,3
. mM Glucose +3,4 +2,6 2,2 +1,9 *2, +2,0 22,6
sulin 2 U/L
. mM Glucose 75,0 76,9 81,4 83,1 84,1 78,7 76,3
isulin 2 U/L *1,5 +0,9 +1,1 +1,0 +0,6 +1,1 +0,9
mM Glucose 73,2 76,7 80,0 81,5 82,5 78,8 76,3
mM Palmitate *1,2 1,3 1,4 +1,3 +1,0 *1,6 +0,8
sulin 2 U/L

¥ Albumin)



10.

1.

362

REFERENCES

PLATO.
Timeaus and Cortias. Translated by H.D.P. Lee.
Penguin Books, 1971.p. 117.

CICERQ,

An old age. In: Familiar medical quotations.
Ed. M. Strauss;

Boston, Little, 1968.p. 169.

SOCRATES.

Quoted in: Endurance fitness, 2nd edition.

Ed. R.J. Shephard; University of Toronto Press,
Toronto, 1977. p. 15. ‘

KITTO, H.D.F.
The Greeks.
Penguin Books, Harmondsworth, Middlesex, 1966. p. 173.

SAWULA, L.

Quoted in: Endurance fitness, 2nd Edition.

Ed. R.J. Shephard; University of Toronto Press,
Toronto, 1977. p. 17.

PAUL .
The first epistle of Paul the Apostle to Timothy.
1 Timothy 4, 7-8.

PARK, R.A.

Strong bodies, healthful regimens, and playful recreation
as viewed by Utopian authors of the 16th and 17th centuries.
Research Quarterly, 49, 498-511, 1978.

EASTON, J.
Human longevity.
Salisbury, London, 1799.

HUMPHREY, G.M.
01d age.
Macmillan and Bowes, Cambridge, 1889.

LORAND, A.
01d age deferred.
F.A. Davis, Philadelphia, 1911.

BELLOC, N.B.
Relationship of health practices and mortality.
Preventive Medicine, 2, 67-81, 1973.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

363

McGLONE, F.B. and KICK, E.

Health habits in relation to aging.
Journal of the American Gerjatric Society,
26, 481-488, 1978.

HARTLEY, P. H-S. and LLEWELLYN, G.F.

The longevity of oarsmen. A study of those who rowed
in the Oxford and Cambridge boat race from 1829 to 1929.
British Medical Journal, 1, 657-662, 1939.

MORGAN, J.E.
University oars.
MacMillan and Co. Ltd., London, 1873.

MONTOYE, H.J.

Health and Tongevity of former athletes. In: Science and
Medicine of Exercise and Sport (2nd edition).

Eds. W.R. Johnson and E.R. Buskirk; Harper and Row,

New York, 1974. pp. 366-376.

MOORSTEIN, B.
Life expectancy of Ivy League Rowing Crews.
Journal of the American Medical Association, 205, 106, 1968.

QUIGLEY, T.B.
Life expectancy of Ivy Leagque Rowing Crews.
Journal of the American Medical Association, 205, 106, 1968.

ROOK, A.
An investigation into the longevity of Cambridge sportsmen.
British Medical Journal, 1, 773-777, 1954,

ABRAHAMS , A.

Arris and Gale lecture on the physiology of violent exercise
in relation to the possibility of strain.

Lancet, i, 429-435, 1928.

DUBLIN, L.E.

College honor men long-1ived.

Quoted by Milvy, Forbes and Brown (Reference 32).
Statistical Bulletin, 13, 5-7, 1932.

MARMOT, M.G., ADELSTEIN, A.M., ROBINSON, N. and ROSE, G.A.
Changing social-class distribution of heart disease.
British Medical Journal, 2, 1109-1112, 1978.

MARMOT, M.G., ROSE, G., SHIPLEY, M. and HAMILTON, P.J.S.
Employment grade and coronary heart disease in British

civil servants.

Journal of Epidemiology and Community Health, 32, 244-249, 1978.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

364

GARROW, J.S.
Weight penalties.
British Medical Journal, 4, 1171-1172, 1979.

COWELL, M.J. and HIRST, B.L.

Mortality differences between smokers and non-smokers.
State Mutual Life Assurance Company of America,
Worcester, Massachusetts, 1979.

PROUT, C.

Life expectancy of college oarsmen.

Journal of the American Medical Association, 220,
1709-1711, 1972.

OLSON, H.W., MONTOYE, H.J., SPRAGUE, H., STEPHENS, K. and
VAN HUSS, W.D.

The longevity and morbidity of college athletes.
Physician and Sportsmedicine, 6 , 62-65,(August) 1978.

The longevity of athletes
Ed. A.P. Polednak.
Charles C. Thomas, Springfield, I1linois, 1979.

MORRIS, J.N., HEADY, J.A., RAFFLE, P.A.B., ROBERTS, C.G., PARKS,
J.W.

Coronary heart disease and physical activity of work.

Lancet, ii, 1053-1057 and ii, 1111-1120, 1953.

MORRIS, J.N., HEADY, J.A. and RAFFLE, P.A.B.
Physique of London busmen. Epidemiology of uniforms.
Lancet,ii, 569-570, 1956.

OLIVER, R.M.

Physique and serum 1ipids of young London busmen in relation
to ischaemic heart disease.

British Journal of Industrial Medicine,24, 181-186, 1967.

FOX, S.M., NAUGHTON, J.P. and HASKELL, W.L.
Physical activity and the prevention of coronary heart disease.
Annals of Clinical Research, 3, 404-412, 1971.

MILVY, P., FORBES, W.F. and BROWN, K.S.
A critical review of epidemiological studies of physical activity.
Annals of the New York Academy of Sciences, 301, 519-549, 1977.

MORRIS, J.N., CHAVE, S.P.W., ADAM, C., SIREY, C., EPSTEIN, L.
and SHEEHAN, D.J.

Vigorous exercise in leisure-time and the incidence of. coronary
heart disease.

Lancet,i, 333-339, 1973.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

365

EPSTEIN, L., MILLER, G.J., STITT, F.W. and MORRIS, J.N.
Vigorous exercise in leisure time, coronary risk factors,
and resting electrocardiogram in middle-aged male civil
servants.

British Heart Journal, 38, 403-409, 1976.

CHAVE, S.P.W., MORRIS, J.N., MOSS, S. and SEMMENCE, A.M.
Vigorous exercise in leisure time and the death rate:

a study of male civil servants.

Journal of Epidemiology and Community Health, 32,
239-243, 1978.

PAFFENBARGER, R.S. and HALE, W.E.
Work activity and coronary heart mortality.
New England Journal of Medicine, 292, 545-550, 1975.

PAFFENBARGER, R.S., HALE, W.E., BRAND, R.J. and HYDE, R.T.
Work-energy level, personal characteristics, and fatal
heart attacks: a birth-cohort effect.

American Journal of Epidemiology, 105, 200-213, 1977.

PAFFENBARGER, R.S.

Physical activity and fatal heart attack: protection or
selection? In: Exercise in cardiovascular health and disease.
Eds. E.A. Amsterdam, J.H. Wilmore, A.N. DeMaria.

Yorke Medical Books, New York, 1977. Chapter 3, pp. 35-49.

BRAND, R.J., PAFFENBARGER, R.S., SHOLTZ, R.I. and KAMPERT, J.B.
Work activity and fatal heart attack studied by multiple
logistic risk analysis.

American Journal of Epidemiology, 110, 52-62, 1979.

PAFFENBARGER, R.S., WING, A.L. and HYDE, R.T.

Physical activity as an index of heart attack risk in college
alumni.

American Journal of Epidemiology, 108, 161-175, 1978.

RENNIE, D. and HOLLENBERG, N.K.
Cardiomythology and marathons.
New England Journal of Medicine, 301, 103-104, 1979.

SIEGEL, A.J., HENNEKENS, C.H., ROSNER, B. and KARLSON, L.K.
Paternal history of coronary-heart disease reported by
marathon runners.

New England Journal of Medicine, 301, 90-91, 1979.

HICKEY, N., MULCAHY, R., BOURKE, G.J., GRAHAM, I. and WILSON-
DAVIS, K.

Study of coronary risk factors related to physical activity
in 15 171 men.

British Medical Journal, 3, 507-509, 1975.



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

366

POLLOCK, M.L.

Quoted in: "“Combating the No. 1 Killer". The science report
on heart research.

Eds. J.L. Marx and G.B. Kolata;

American Association for the Advancement of Science,
Washington D.C., 1978, p. 57.

PAFFENBARGER, R.S.

In: Round Table Discussion: Exercise and the Cardiovascular
Sys tem.

Physician and Sportsmedicine, 7, 55-71, (September), 1979.

KOBERNICK, S.D., NIWAYAMA, G. and ZUCHLEWSKI, A.C.
Effect of physical activity on cholesterol atherosclerosis
in rabbits.

- Proceedings of the Society of Experimental Biology and

Medicine, 96, 623-628, 1957.

MYASNIKOV, A.L.

Influence of some factors on development of experimental
cholesterol atherosclerosis.

Circulation, 17, 99-112, 1958.

LINK, R.P., PEDERSOLI, W.M. and SATANIE, A.H.

Effect of exercise on development of atherosclerosis
in swine.

Atherosclerosis, 15, 107-122, 1972.

ORMA, E.J.

Effect of physical activity on atherogenesis: an
experimental study in cockerels.

Acta Physiologica Scandinavica, 41, suppl. 142, 1-75, 1957.

WONG, H.Y.C., DAVID, S.N., ORIMILIKWE, S.0. and JOHNSON, F.B.
The effects of physical exercise in reversing experimental
atherosclerosis.

Advances in Experimental Medicine and Biology, 60, 33-56, 1975.

WARNOCK, N.H., CLARKSON, T.B. and STEVENSON, R.

Effect of exercise on blood coagulation time and atherosclerosis
of cholesterol-fed cockerels.

Circulation Research, 5, 478-480, 1957.

KRAMSCH, D.M., ASPEN, A.J., ABRAMOWITZ, B.M., ABELL, M.A.

and HOOD, W.B.

Cardiovascular effects of exercise in primate atherosclerosis.
Circulation, Vols. 59 and 60, Suppl. II, II-167, 1979.

BROWN, C.E., HUANG, T.C., BORTZ, E.L. and McCAY, C.M.
Observations on blood vessels and exercise.
Journal of Gerontology, 11, 292-297, 1956.



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

367

WEISS, H.S., BROWN, F.D., GRIMINGER, P. and FISHER, H.
Physical activity and atherosclerosis in the adult chicken.
Journal of Atherosclerosis Research, 6, 407-414, 1966.

McALLISTER, F.F., BERTSCH, R., JACOBSON, J. and D'ALESSIO, G.
The accelerating effect of muscular exercise on experimental
atherosclerosis.

Archives of Surgery, 80, 54-57, 1959.

MORRIS, J.N. and CRAWFORD, M.D.

Coronary heart disease and physical activity of work:
evidence of a national necropsy survey.

British Medical Journal, 2, 1485-1496, 1958.

MORRIS, J.N.
Uses of epidemiology.
Churchill Livingstone, London, 3rd Edition. 1975, pp. 110-111.

SPAIN, D.M., and BRADESS, V.A.

Occupational physical activity and the degree of
coronary atheroscierosis in "normal" men.
Circulation, 22, 239-242, 1960.

RISSANEN, V.

Occupational physical activity and coronary artery disease.
A clinicopathologic appraisal. In: Physical activity
and coronary heart disease. Eds. V. Manninen and

P.I. Halonen. Advances in Cardiology, Karger, Basel,
1976.  Volume 18, pp. 113-121.

VARNAUSKAS, E., BERGMAN, H., HOUK, P. and BJORNTORP, P.
Haemodynamic effects of physical training in coronary patients.
Lancet, ii, 8-12, 1966.

NOLEWAJKA, A.J., KOSTUK, W.J., RECHNITZER, P.A. and
CUNNINGHAM, D.A.

Exercise and human collateralization: an angiographic and
scintigraphic assessment.

Circulation, 60, 114-121, 1979.

KENNEDY, C.C., SPIEKERMAN, R.E., LINDSAY, M.I., MANKIN, H.T.,
FRYE, R.L., and McCALLISTER, B.D.

One-year graduated exercise program for men with angina
pectoris.  Evaluation by physiologic studies and coronary
arteriography.

Mayo Clinic Proceedings, 51, 231-236, 1976.

HELLERSTEIN, H.K.

Panel V: Acceleration of collaterals due to physical activity -
dogma or fact. A misguided goal or unrealized objective? --
Introduction.

Bibliotheca Cardiologica, 36, 125-135, 1976.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

368

HELLERSTEIN, H.K., HORNSTEN, T.R., GOLDBARG, A., BURLANDO, A.G.,
FRIEDMAN, E.H., HIRSCH, E.Z. and MARIS, S.

The influence of active conditioning upon subjects with

coronary artery disease: cardiorespiratory changes during
training in 67 patients.

Canadian Medical Association Journal, 96, 758-759, 1967.

KATTUS, A.A. and GROLLMAN, J.

Patterns of coronary collateral circulation in angina
pectoris: relation to exercise training.

In: Changing concepts in cardiovascular disease.
Eds. H. Russek and B. Zahman; Williams and Wilkins,
Baltimore, 1972. p. 352.

FERGUSON, R.J., PETITCLERC, R., CHOQUETTE, G., CHANICTIS, L.,
GAUTHIER, P., HUOT, R., ALLARD, C., JANKOWSKI, L. and

CAMPEAU, L. _
Effect of physical training on treadmill exercise capacity,
collateral circulation and progression of coronary disease.
American Journal of Cardiology, 34, 764-769, 1974.

CONNER, J.F., La CAMERA, F., SWANICK, E.J., OLDHAM, M.J.,
HOLZAEPFEL, D.W. and LYCZKOWSKY, O.

Effects of exercise on coronary collateralization -
angiographic studies of six patients in a supervised
exercise programme.

Medicine and Science in Sports, 8, 145-151, 1976.

BLANKENHORN, D.H.
Studies of regression/progression of atherosclerosis in man.
Advances in experimental Medicine and Biology, 82, 453-458, 1977.

SELVESTER, R., CAMP, J., and SANMARCO, M.

Effects of exercise training on progression of documented
arteriosclerosis in men.

Annals of the New York Academy of Science, 301, 495-508, 1977.

BASSLER, T.J.
Athletic activity and longevity.
Lancet, ii, 712-713, 1972.

BASSLER, T.J.
Jogging deaths.
New England Journal of Medicine, 287, 1100, 1972.

BASSLER, T.J., and SCAFF, J.H.
Mileage preferable to medication.
New England Journal of Medicine, 291, 1192, 1974.

BASSLER, T.J. and SCAFF, J.H.

Immunity to atherosclerosis in the marathon runner:
exercise and dietary factors.

Artery, 1, 188, 1975.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

369

BASSLER, T. and SCAFF, J.
Impending heart-attacks.
Lancet, i, 544-545, 1976.

BASSLER, T.J. and CARDELLO, F.P.
Fiber-feeding and atherosclerosis.

Journal of American Medical Association, 235, 1841-1842, 1976.

BASSLER, T.J.
Marathon racing and myocardial infarction.
Annals of Internal Medicine, 85, 389, 1976.

BASSLER, T.J.
Is atheroma a reversibie lesion?
Atherosclerosis, 25, 141, 1976.

BASSLER, T.J.
Risk factors and coronary heart disease.
American Heart Journal, 92, 266, 1976.

BASSLER, T.Jd.
Heart disease and athletics.
Physician and Sportsmedicine, 4, 11, (October), 1976.

BASSLER, T.J. and SCAFF, J.H.
Exercise running and the heart.
New England Journal of Medicine, 292, 302, 1975.

BASSLER, T.J. and SCAFF, J.H.
Marathon running after myocardial infarction.

Journal of the American Medjcal Association, 233, 511, 1975.

BASSLER, T.J.
Coronary heart disease prevention.
Circulation, 49, 594-595, 1974.

BASSLER, T.J.
Cardiac rehabilitation.

Journal of the American Medical Association, 226, 790, 1973.

SCAFF, J.H. and BASSLER, T.J.
Inputs into coronary care.
Annals of Internal Medicine, 81, 862, 1974.

BASSLER, T.J.
Quality of life.
Western Journal of Medicine, 124, 343, 1976,

BASSLER, T.dJ.
Marathon running and immunity to heart disease.
Physician and Sportsmedicine, 3, 77-80, (April), 1975.



87.
88.
89.
90.
on.
92.
93.
94.
95.

96.

97.

98.

99.

370

BASSLER, T.J.
Physician deaths.
Journal of American Medical Association, 223, 1391, 1973.

BASSLER, T.J.
Long-distance runners.
Science, 182, 113, 1973.

BASSLER, T.d.
Prevention of coronary heart disease.
Journal of the American Medical Association, 228, 565, 1974.

BASSLER, T.Jd.
Prevention of heart disease.
Lancet, i, 626, 1974.

BASSLER, T.J. and SCAFF, J.H.
Can I avoid heart-attack?
Lancet, i, 863-864, 1974.

BASSLER, T.J.
Prevention of coronary heart disease.
Lancet, i, 1106-1107, 1974.

BASSLER, T.J.
Marathoning.
Science, 183, 256-257, 1974.

BASSLER, T.J. and CARDELLO, F.P.
Jogging and health.
Journal of the American Medical Association, 231, 23, 1975.

BASSLER, T.J.
Life expectancy and marathon running.
American Journal of Cardiology, 36, 410-411, 1975.

NOAKES, T., OPIE, L., BECK, W., McKECHNIE, J., BENCHIMOL, A.
and DESSER, K.

Coronary heart disease in marathon runners.

Annals of the New York Academy of Sciences, 301, 593-619, 1977.

SIEGEL, A.J.
The Bassler Hypothesis: a Eulogy.
Physician and Sportsmedicine, 6, 37-39, (May), 1978.

GRANDE, F. and TAYLOR, H.L.

Adaptive changes in the heart, vessels, and patterns

of control under chronically high loads.

In: Handbook of Physiology - Circulation III.

Eds. W.F. Hamilton and P. Dow. American Physiological
Society, Washington D.C., 1965. Chapter 74, pp. 2615-2677.

COOPER, E.L., O'SULLIVAN, J., and HUGHES, E.
Athletics and the heart: an electrocardiographic and
radiological study of the response of the healthy

and diseased heart to exercise.

Medical Journal of Australia, 1, 569-579, 1937.



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

371

HERMANN, G.

The heart of the racing greyhound. Hypertrophy of the heart.
Proceedings of the Society of Experimental Biology and Medicine,
23, 856-857, 1926.

CURRENS, J.H. and WHITE, P.D.

Half a century of running: clinical, physiologic and
autopsy findings in the case of Clarence De Mar ("Mr. Marathon").
New England Journal of Medicine, 265, 988-993, 1961.

DILL, D.B.
Marathoner DeMar: physiological studies.
Journal of the National Cancer Institute, 35, 185-191, 1965.

SCHEUER, J. and TIPTON, C.M.
Cardiovascular adaptations to physical training.
Annual Review of Physiology, 39, 221-251, 1977.

DOWELL, R.T., TIPTON, C.M. and TOMANEK, R.J.

Cardiac enlargement mechanisms with exercise training and
pressure overload.

Journal of Molecular and Cellular Cardiology, 8, 407-418, 1976.

HICKSON, R.C., HAMMONS, G.T. ‘and HOLLOSZY, J.0.
Development and regression of exercise-induced cardiac
hypertrophy in rats.

American Journal of Physiology, 236, H 268-H272, 1979.

TOMANEK, R.J.

Effects of age and exercise on the extent of the myocardial
capillary bed.

Anatomy Records, 167, 55-62, 1970.

PANIAGUA, R., VAZQUEZ, J.J. and LOPEZ-MORATALLA, N.

Effects of physical training on rat myocardium. An enzymatic
and ultrastructural morphometric study.

Revista Espanola de Fisiologica, 33, 273-282, 1977.

HAKKILA, J.

Studies on the myocardial capillary concentration in cardiac
hypertrophy due to training.

Annales Medicinae Experimentalis et Biologiae Fenniae,

33 (suppl. 10), 1-82, 1955.

THORNER, W.

Trainingsversuche an Hunden III Histogische Beobachtungen an
Hertzund Skeletmuskein.

Arbeitsphysiologie, 8, 359-370, 1935.

BLOOR, C.M., PASYK, S., and LEON, A.S.

Interaction of age and exercise on organ and cellular
development.

American Journal of Pathology, 58, 185-199, 1970.



111.

112.

113.

114,

115.

116.

117.

118.

119.

372

LEON, A.S. and BLOOR, C.M.

The effect of complete and partial deconditioning on
exercise-induced cardiovascular changes in the rat.
In: Physical activity and coronary heart disease.
Eds. V. Manninen and P.I. Halonen; Karger, Basel,
1976.  Advances 1in Cardiology, 18, pp. 81-92.

ARCOS, J.C., SOHAL, R.S., SUN, S-C., ARGUS, M.F.

and BURCH, G.E.

Changes in ultrastructure and respiratory control in
mitochondria of rat heart hypertrophied by exercise.
Experimental and Molecular Pathology, 8, 49-65, 1968.

WOLLENBERGER, A.

Responses of the heart mitochondria to chronic

cardiac overload and physical exercise.

In: Recent Advances in Studies on Cardiac Structure

and Metabolism. Eds. E. Bajusz and G. Rona: University
Park Press, Baltimore, 1972. Volume 1, pp. 213-222.

ALDINGER, E.A. and SOHAL, R.S.

Effects of digitoxin on the ultrastructural myocardial
changes in the rat subjected to chronic exercise.
American Journal of Cardiotogy, 26, 369-374, 1970.

TOMANEK, R.J., and BANISTER, E.W.

Myocardial ultrastructure after acute exercise stress with
special reference to transverse tubules and intercalated discs.
Cardiovascular Research, 6, 671-679, 1972.

GALE, J.B.

Mitochondrial swelling associated with exercise and method
of fixation.

Medicine and Science in Sports, 6, 182-187, 1974,

TERJUNG, R.J., KLINKERFUSS, G.H., BALDWIN, K.M., WINDER, W.W.
and HOLLOSZY, J.0.

Effect of exhaustive exercise on rat heart mitochondria.
American Journal of Physiology, 225, 300-305, 1973.

MAHER, J.T., GOODMAN, A.L., FRANCESCONI, R., BOWERS, W.D.,
HARTLEY, L.H. and ANGELAKOS, E.T.

Responses of rat myocardium to exhaustive exercise.
American Journal of Physiology, 222, 207-212, 1972.

EDINGTON, D.W. and COSMAS, A.C.

Effect of maturation and training on mitochondrial size
distributions in rat hearts.

Journal of Applied Physiology, 33, 715-718, 1972.



373

120. COSMAS, A.C. and EDINGTON, D.W.
Mitochondrial distributions in hearts of male rats
as a function of long-term physical training.
In: Metabolic adaptation to prolonged physical exercise;
Eds. H. Howald and J.R. Poortmans; Birkh4user Verlag,
Basel, 1975. pp. 390-396.

121. WELCH, M.J., MANFREDI, T.G. and EDINGTON, D.W.
Morphological changes in the rat myocardium as a
function of Tong term physical training.
Medicine and Science in Sports, 10, 57, 1978.

122. LAGUENS, R.P., LAZADA, B.B., GOMEZ-DUMM, C.L. and BERAMENDT, A.R.
Effect of acute and exhaustive exercise upon the fine
structure of heart mitochondria.
Experientia, 22, 224-226, 1966.

123. LAGUENS, R.P. and GOMEZ-DUMM, C.L.A.
Fine structure of myocardial mitochondria in rats after
exercise for one-half to two hours.
Circulation Research, 21, 271-279, 1967.

124, HAMBERGER, A., GREGSON, N. and LEHNINGER, A.
The effect of exercise on amino acid incorporation into
mitochondria of rabbit tissues.
Biochimica Biophysica Acta, 186, 373-383, 1969.

125. SOHAL, R.S., SUN, S.C., COLCOLOUGH, H. and BURCH, G.E.
Ultrastructural changes of the intercalated disc in
exercised rat hearts.

Laboratory Investigation, 18, 49-53, 1968.

126. PETREN, T., SJUSTRAND, T. and SYLVEN, B.
Der Einflub des Trainings auf die H4ufigkeit der Capillaren
in Herz- und Skeletmuskulatur.
Arbeitsphysiologie, 9, 376-386, 1936.

127. PETREN, T. and SYLVEN, B.
Weitere Untersuchungen Uber den Einflub des Trainings auf
die Kapillarisierung der Herzmuskulatur.
Morphologisches Jahrbuch, 8, 439-444, 1937.

128. FRANK, A.
Experimentelle Herzhypertrophie.
Zeitschrift fur die Gesamte Experimentelle Medizin,
115, 312-349, 1950.

129. LEON, A.S. and BLOOR, C.M.
Effects of exercise and its cessation on the
heart and its blood supply.
Journal of Applied Physiology, 24, 485-490, 1968.



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

374

LINZBACH, A.d.

Heart failure from the point of view of quantitative
anatomy.

American Journal of Cardiology, 5, 370-382, 1960.

HARRISON, C.V. and WOOD, P.

Hypertensive and jschaemic heart disease: a comparative
clinical and pathological study.

British Heart Journal, 11, 205-229, 1949.

HUTCHINS, G.M., BULKLEY, B.H., MINER, M.M. and BOITNOTT, J.K.
Correlation of age and heart weight with tortuosity and
caliber of normal human coronary arteries. :
American Heart Journal, 94, 196-202, 1977.

BLOOR, C.M. and LEON, A.S.
Interaction of age and exercise on the heart and its blood supply.
Laboratory Investigation, 22, 160-165, 1970.

LEON, A.S., SHAM, G.B., SAVIANO, M.A. and BLOOR, C.M.

Effects of partial and complete detraining on exercise-induced
cardiovascular changes.

Medicine and Science in Sports, 5, 62-63, 1973.

BELL, R.D. and RASMUSSEN, R.L.
Exercise and the myocardial capillary-fiber ratio during growth.
Growth, 38, 237-244, 1974,

McELROY, C.L., GISSEN, S.A. and FISHBEIN, M.C.
Exercise-induced reduction in myocardial infarct size after
coronary artery occlusion in the rat.

Circulation, 57, 958-962, 1978.

WYATT, H.L. and MITCHELL, J.

Influences of physical conditioning and deconditioning on
coronary vasculature of dogs.

Journal of Applied Physiology, 45, 619-625, 1978.

LJUNGQVIST, A. and UNGE, G.

The finer intramyocardial vasculature in various forms of
experimental cardiac hypertrophy.

Acta pathologica et microbjologica Scandinavica

Section A, 80, 329-340, 1972.

PARIZKOVA, J.

Impact of daily work-load during pregnancy on the micro-
structure of the rat heart in male offspring.

European Journal of Applied Physiology, 34, 323-326, 1975.

PARIZKOVA, J.

Cardiac microstructure in female and male offspring of
exercised rat mothers.

Acta Anatomica (Basel), 104, 382-387, 1979.



141.

142.

143.

144,

145.

146.

147.

148.

149,

150.

375

WILSON, N.C. and GISOLFI, C.V.
Effects of exercising rats during pregnancy.
Journal of Applied Physiology, 48, 34-40, 1980.

POUPA, 0. and RAKUSAN, K.

The terminal microcirculatory bed in the heart of athletic
and non-athletic animals.

In: Physical Activity in Health and Disease.

Eds. K. Evang and K.L. Andersen: '
Universitetsforlaget, Oslo, 1966. pp 18-29.

LJUNGQVIST, A. and UNGE, G.

The proliferative activity of the myocardial tissue in
various forms of experimental cardiac hypertrophy.
Acta Pathologica et Microbiologica Scandinavica
Section A, 81, 233-240, 1973.

LJUNGQVIST, A., UNGE, G. and CARLSSON, S.

The myocardial capillary vasculature in exercising
animals with increased cardjac pressure load.

Acta Pathologica et Microbjologica Scandinavica
Section A, 84, 244-246, 1976.

LJUNGQVIST, A. and UNGE, G.

Capillary proliferative activity in myocardium and
skeletal muscle of exercised rats.

Journal of Applied Physiology, 43, 306-307, 1977.

MANDACHE , E., UNGE, G. and LJUNGQVIST, A.

Myocardial blood capillary reaction in various forms of
cardiac hypertrophy. An electron microscopical investigation
in the rat.

Virchows Archives, 11, 97-110, 1972.

MANDACHE, E., UNGE, G., APPELGREN, L-E., and LJUNGQVIST, A.
The proliferative activity of the heart tissues in various
forms of experimental cardiac hypertrophy studied by electron
microscope autoradiography.

Virchows Archives, 12, 112-122, 1973.

TEPPERMAN, J. and PEARLMAN, D. .

Effects of exercise and anaemia on coronary arteries of
small animals as revealed by the corrosion-cast technique.
Circulation Research,9, 576-584, 1962.

STEVENSON, J.A.F., FELEKI, V., RECHNIZER, P. and BEATON, J.R.
Effect of exercise on coronary tree size in the rat.
Circulation Research, 15, 265-269, 1964.

DENENBERG, D.L.
The effects of exercise on the coronary collateral circulation.
Journal of Sports Medicine and Physical Fitness, 12, 76-81, 1972.



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

376

SCHEUER, J., KAPNER, L., STRINGFELLOW, C.A., ARMSTRONG, C.L.
and PENPARGKUL, S.

Glycogen, Tipid and high energy phosphate stores in hearts
from conditioned rats.

Journal of Laboratory and Clinical Medicine, 75, 924-928, 1970.

CAREY, R.A., TIPTON, C.M. and LUND, D.R.

Influence of training on myocardial responses of rats
subjected to conditions of ischaemia and hypoxia.
Cardiovascular Research, 10, 359-367, 1976.

SEMBROWICH, W.L., KNUDSON, M.B. and GOLLNICK, P.D.
Muscle metabolism and cardiac function of the myopathic
hamster following training.

Journal of Applied Physiology, 43, 936-941, 1977.

VISIOLI, 0., RINETTI, M., BARBARESI, F. and MASTANDREA, R.
Myocardial free nucleotides in cardiac hypertrophy.
Acta Cardiologica, 20, 324-331, 1965.

DEGENRING, F.H., RUBIO, R. and BERNE, R.M.

Adenine nucleotide metabolism during cardiac hypertrophy

and ischaemia in rats.

Journal of Molecular and Cellular Cardiology, 7, 105-113, 1975.

GANGLOFF, E.C., HEMMINGS, I.L. and KRAUSE, R.F.
Creatine, creatinine and creatine phosphate in normal
and hypertrophied rat hearts. '
American Journal of Physiology, 201, 363-364, 1961.

SEGEL, L.D.

Myocardial adaptations to physical conditioning.

In: Exercise in cardiovascular health and disease:

Eds. E.A. Amsterdam, J.H. Wilmore and A.N. DeMaria;

Yorke Medical Books, New York, 1977. Chapter 6, pp. 95-107.

SHELLEY, W.B., CODE, C.F. and VISSCHER, M.B.

The influence of thyroid, dinitrophenol and swimming on
the glycogen and phosphocreatine level of the rat heart
in relation to cardiac hypertrophy.

American Journal of Physiology, 138, 652-658, 1943.

DRASNIN, R., HUGHES, J.T., KRAUSE, R.F. and VAN LIERE, E.J.
Glycogen content in normal and hypertrophied rat heart.

Proceedings of the Society of Experimental Biology and
Medicine, 99, 438, 1958.

POLAND, J.L. and BLOUNT, D.H.

The effects of training on myocardial metabolism.
Proceedings of the Society of Experimental Biology and
Medicine, 129, 171-174, 1968.



161.

162.

163.

. 164.

165.

166.

167.

168.

169.

170.

377

LAMB, D.R., PETER, J.B., JEFFRESS, R.N. and WALLACE, H.A.
Glycogen, hexokinase, and glycogen synthetase adaptations
to exercise.

American Journal of Physiology,217, 1628-1632, 1969.

YORK, J.W., PENNEY, D.G. and OSCAIL, L.B.

Effects of physical training on several glycolytic
enzymes in rat heart.

Biochimica et Biophysica Acta, 381, 22-27, 1975.

SEGEL, L.D. and MASON, D.T.

Effects of exercise and conditioning on rat heart glycogen
and glycogen synthase.

Journal of Applied Physiology, 44, 183-189, 1978.

PIERCE, G., BELCASTRO, A.N., and BONEN, A.
Adaptation of the rat myocardium during the initial
stages of endurance training.

Medicine and Science in Sports, 11, 106-107, 1979.

FROBERG, S.0.
Effects of training and of acute exercise in trained rats.
Metabolism, 20, 1044-1051, 1971.

WATT, E.W., FOSS, M.L. and BLOCK, W.D.

Effects of training and detraining on the distribution
of cholesterol, trigiyceride and nitrogen in tissues
of albino rats.

Circulation Research, 31, 908-914, 1972.

SIMON, L.M., SCHEUER, J. and ROBIN, E.D.
Cytochrome oxidase and pyruvate kinase changes in
the chronically exercised rat.

Clinical Research, 19, 340, 1971.

HARRI, M.N.E. and VALTOLA, J.

Comparison of effects of physical exercise, cold
acclimation and repeated injections of isoprenaline
on rat muscle enzymes.

Acta Physiologica Scandinavica, 95, 391-399, 1975.

GOLLNICK, P.D. and HEARN, G.R.

Lactic dehydrogenase activities of heart and skeleta]
muscle of exercised rats.

American Journal of Physiology, 201, 694-696, 1961.

GOLLNICK, P.D., STRUCK, P.J. and BOGYO, T.P.
Lactic dehydrogenase activities of rat heart and
skeletal muscle after exercise and training.
Journal of Applied Physiology, 22, 623-627, 1967.



378

171. WALPURGER, G. and ANGER, H.
Enzymatic organization of energy metabolism in rat
heart after training in swimming and running.
Zeitschrift flr Kreislaufforschung, 59, 438-449, 1970.

172. BALDWIN, K.M. and TERJUNG, R.L.
Effect of endurance running on the biochemical
properties of cardiac muscle.
Medicine. and Science in Sports, 7, 68, 1975.

173. RUHLING, R.0., VAN HUSS, W.D., HEUSNER, W.W., CARRCW, R.E.
and SLEIGHT, S.D.
Histochemical and morphological observations on rat
myocardium after exercise.
Internationale Zeitschrift fUr angewandte Physiologie
einschliesslich Arbeits Physiologie,31, 305-313, 1973.

174. BALDWIN, K.M., COOKE, D.A. and CHEADLE, W.G.
Time course adaptations in cardiac and skeletal
muscle to different running programs.
Journal of Applied Physiology, 42, 267-272, 1977.

175. HEARN, G.R. and WAINIO, W.W.
Aldolase activity of the heart and skeletal muscle of
exercised rats.
American Journal of Physiology, 190, 206-208, 1957.

176. HEARN, G.R.
The effects of terminating and detraining on enzyme
activities of heart and skeletal muscle of trained rats.
Internationale Zeitschrift flr angewandte Physiologie
einschliesslich Arbeits Physiologie,21, 190-194, 1965.

177. HEARN, G.R. and WAINIO, W.W.
Succinic dehydrogenase activity of heart and skeletal
muscle of exercised rats.
American Journal of Physiology,185, 348-350, 1956.

178. GOLLNICK, P.D. and IANUZZO, C.D.
Hormonal deficiencies and the metabolic adaptations
of rats to training.
American Journal of Physiology, 223, 278-282, 1972.

179. SANDERS, M., ASHRAF, M., WHITE, F., PETERSON, T. and
SISSON, S. .
Effect of training on myocardial biochemistry and
ultrastructure.
Medicine and Science in Sports, 10, 59, 1978.

180. OSCAI, L.B., MOLE, P.A., BREI, B. and HOLLOSZY, J.0.
Cardiac growth and respiratory enzyme levels in male
rats subjected to a running programme.

American Journal of Physiology, 220, 1238-1241, 1971.



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

379

OSCAI, L.B., MOLE, P.A. and HOLLOSZY, J.0.

Effect of exercise on cardiac weight and mitochondria
in male and female rats.

American Journal of Physiology, 220, 1944-1948, 197].

PENPARGKUL,, S. SCHWARTZ, A. and SCHEUER, J.

Effect of physical conditioning on cardiac mitochondrial
function.

Journal of Applied Physiology, 45, 978-986, 1978.

DOWELL, R.T., CUTILLETA, A.F., RUDNIK, M.A. and S00T, P.C.
Heart functional responses to pressure overload in
exercised and sedentary rats.

American Journal of Physiology, 230, 199-204, 1976.

HAMILTON, M.J. and FERGUSON, J.H.

Effects of exercise and cold acclimation on the

ventricular and skeletal muscles of white mice

(mus musculus) - 1. Succinic dehydrogenase activity.
Comparative Biochemistry and Physiology, 43A, 815-824, 1972.

KRAUS, H. and KIRSTEN, R.

Influence of exercise upon energy production of heart
and Tiver mitochondria.

Pfluegers Archives, 320, 334-347, 1970.

DAWSON, C.A. and HORVATH, S.M.
Swimming in small laboratory animals.
Medicine and Science in Sports, 2, 51-78, 1970.

ASKEW, E.W., HUSTON, R.L. and DOHM, G.L.

Effect of physical training on esterification of
glycerol-3-phosphate by homogenares of liver, skeletal
muscle, heart, and adipose tissue of rat.

Metabolism, 22, 473-480, 1973.

SORDAHL, L.A., ASIMAKIS, G.K., DOWELL, R.T. and STONE, H.L.
Functions of selected biochemical systems from the
exercise-trained dog heart.

Journal of Applied Physiology, 42, 426-431, 1977.

WHITEHORN, W.V. and GRIMMENGA, A.S.
Effects of exercise on properties of the myocardium.
Journal of Laboratory and Clinjcal Medicine, 48, 959, 1956.

GRIMM, A.R., KUBOTA, R. and WHITEHORN, W.V.
Properties of myocardium in cardiomegaly.
Circulation Research, 12, 118-124, 1963.

CUTILLETTA, A.F., EDMISTON, K. and DOWELL, R.T.

Effect of a mild exercise program on myocardial function
and the development of hypertrophy.

Journal of Applied Physiology, 46, 354-360, 1979.

TOMANEK, R.J., TAUNTON, C.A. and LISKOP, K.S.

Relationship between age, chronic exercise and connective tissue
of the heart.

Journal of Gerontology, 27, 33-38, 1972.



380

193. KAMMEREIT, A., MEDUGORAC, I., STEIL, E. and JACOB, R.
Mechanisms of the isolated ventricular myocardium of
rats conditioned by physical trajning.

Basic Research in Cardiology, 70, 495-507, 1975.

194. STEIL, E., HANSIS, M., HEPP, A., KISSLING, G. and JACOB, R.
Cardiac hypertrophy due to physical exercise - an example
of hypertrophy without decrease of contractility:
Unreliability of conventional estimation of contractility
by simple parameters.
In: Recent Advances in Studies on Cardiac Structure and
Metabolism.  Eds. A. Fleckenstein and N.S. Dhalla;
University Park Press, Baltimore, 1975. Volume 5, pp. 491-496.

195. BEECHER, G.R., PUENTE, F.R. and DOHM, G.L.
Amino acid uptake and levels: influence of endurance training.
Biochemical Medicine, 21, 196-201, 1979.

196. BORENSZTAJN, J., RONE, M.S., BABIRAK, S.P., McGARR, J.A.
and 0SCAI, L.B.
Effect of exercise on lipoprotein lipase activity in
rat heart and skeletal muscle.
American Journal of Physiology, 229, 394-397, 1975.

197. MURTHY, K.R. and SAXENA, I.D.
Investigations on sarcolemmal ATPase activities in
ventricular tissues of swimming trained and sedentary rats.
Indian Journal of Experimental Biology, 17, 277-280, 1979.

198. KORGE, P., MASSO, R. and ROOSSON, S.
The effect of physical conditioning on cardiac
response to acute exertion.
Canadian Journal of Physiology and Pharmacology, 52, 745-752, 1974.

199. PENPARGKUL , S., MALHOTRA, A., SCHAIBLE, T., SCHWARTZ, A.
and SCHEUER, J.
Cardiac hypertrophy: enhanced sarcoplasmic reticular and
contractile protein function.
Circulation, Vols. 59 and 60, Supp. II, II-146, 1979.

200. PARK, M.W., HASIMOTO, I. and GOLLNICK, P.D.
The effect of endurance training on fragmented sarcoplasmic
reticulum of heart and gastrocnemius muscle of rats.
Medicine and Science in Sports and Exercise, 12, 131, 1980.

201. PENPARGKUL, S., MALHOTRA, A., SCHAIBLE, T. and SCHEUER, J.
Cardiac contractile proteins and sarcoplasmic reticulum
in hearts of rats trained by running.

Journal of Applied Physiology, 48, 409-413, 1980.



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

381

HEARN, G.R. and GOLLNICK, P.D.

Effects of exercise on the adenosinetriphosphatase
activity in skeletal and heart muscle of rats.
Internationale Zeitschrift flir angewandte Physiologie
einschliesslich Arbeits Physiologie, 19, 23-26, 1961.

WILKERSON, J.E. and EVONUK, E.

Changes in cardiac and skeletal muscle myosin
ATP-ase activities after exercise.

Journal of Applied Physiology, 30, 328-330, 1971.

BHAN, A.K. and SCHEUER, J.

Effect of physical training on cardiac myosin

ATPase activity.

American Journal of Physiology, 228, 1178-1182, 1975.

MEDUGORAC, I., KAMMEREIT, A. and JACOB, R.

Influence of Tong-term swimming training on the structure
and enzyme activity of myosin in the rat myocardium.
Hoppe-Seyler's Zeitschrift flr Physiologische Chemie,
356, 1161-1171, 1975.

MEDUGORAC, I.

Relationship between Ca-ATPase activity and subunits of
myosin in the myocardium of rats conditioned by swimming.
Experientia, 31, 941-942, 1975.

BAHN, A.K. and SCHEUER, J.

Effect of physical training on cardiac actomyosin
adenosine triphosphatase activity.

American Journal of Physiology, 223, 1486-1489, 1972.

MALHOTRA, A., BHAN, A. and SCHEUER, J.

Cardiac actomyosin ATPase activity after prolonged physical
conditioning and deconditioning.

American Journal of Physiology, 230, 1622-1625, 1976.

GIUSTI, R., BERSOHN, M.M., MALHOTRA, A. and SCHEUER, J.
Cardiac function and actomyosin ATPase activity in hearts
of conditioned and deconditioned rats.

Journal of Applied Physiology, 44, 171-174, 1978.

YIPINTSOI, T., ROSENKRANTZ, J., CODINI, M.A. and SCHEUER, J.
Myocardial blood flow responses to acute hypoxia and volume
loading in physically trained rats.

Cardiovascular Research, 14, 50-57, 1980.

BHAN, A., MALHOTRA, A. and SCHEUER, J.

Biochemical adaptations in cardiac muscle: effects of
physical training on sulphydryl groups of myosin.
Journal of Molecular and Cellular Cardiology,

7, 435-442, 1975.



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

382

BALDWIN, K.M., WINDER, W.W. and HOLLOSZY, J.0.

Adaptations of actomyosin
of muscle to endurance exe

ATPase in different types
rcise.

American Journal of Physiology, 229, 422-426, 1975.

WATRAS, J. and GOLLNICK, P
Effect of endurance traini
muscle myosin ATPase.

.D.
ng on rat skeletal and cardiac

Medicine and Science in Sports, 11, 75, 1979.

BARNARD, R.J., BALDWIN, K.
and BUCKBERG, G.D.
Effect of intensive traini

M., DUNCAN, H.W., GRIMDITCH, G.K.,

ng on myocardial performance.

Medicine and Science in Sports, 11, 86, 1979.

DOWELL, R.T., STONE, H.L.,

SORDAHL, L.A. and ASIMAKIS, G.K.

Contractile function and myofibrillar ATPase activity

in exercise-trained dog he
Journal of Applied Physiol

TIBBITS, G., KOZIOL, N.J.,
and BARNARD, R.J.

art.
ogy, 43, 977-982, 1977.

ROBERTS, N.K., BALDWIN, K.

Adaptation of the rat myocardium to endurance training.

Journal of Applied Physiol

COHEN, M.V., YIPINTSOI, T.
and SCHEUER, J.
Effect of exercise on'coll

ogy, 44, 85-89, 1978.
» MALHOTRA, A., PENPARGKUL, S.

ateral development in dogs

with normal coronary arteries.

Journal of Applied Physiol

CAREY, R.A., RITZER, T.F.
Effect of endurance traini

ogy, 45, 797-805, 1978.

and BOVE, A.A.
ng on myocardial myosin

adenosine triphosphatase activity of the dog.
Medicine and Science in Sports, 11, 308-312, 1979.

WATRAS, J.M., HASHIMOTO, I.

The effects of training on
muscle myosin.

and GOLLNICK, P.D.
hamster cardiac' and skeletal

Medicine and Science in Sports, 10, 42, 1978.

HUGHSON, R.L., SUTTON, J.R., FITZGERALD, J.D. and JONES, N.L.

Reduction of intrinsic sin
response of the exercised

oatrial frequency and norepinephrine
rat.

Canadian Journal of Physiology and Pharmacology, 55, 813-820, 1977.

DE SCHRYVER, C., DE HERDT,
Effect of physical trainin
Nature 214, 907-908, 1967.

P. and LAMMERANT, J.
g on cardiac cathecolamine concentrations.



222.

223.

224.

225.

226.

2217.

228.

229.

383

DE SCHRYVER, C., MERTENS-STRYTHAGEN, J., BECSEI, I.
and LAMMERANT, J.

Effect of training on heart and skeletal muscle
catecholamine concentration in rats.

American Journal of Physiology, 217, 1589-1592, 1969.

DE SCHRYVER, C. and MERTENS-STRYTHAGEN, J.
Intensity of exercise and heart tissue catecholamine content.
Pflugers Archives, 336, 345-354, 1972.

AMSTERDAM, E.A., CHOQUET, Y., SEGEL, L., ARBOGAST, R.,
RENDIG, S., ZELIS, R. and MASON, D.T.

Response of the rat heart to exercise conditioning:
physical, metabolic and functional correlates.
Clinical Research, 21, 399, 1973.

WOLLENBERGER, A., WILL-SHAHAB, L., KRAUSE, E-G., GENZ, S.,
WARBANOW, W. and NITSCHKOFF, S.

Effect of acute ischemia on myocardial cyclic AMP,
phosphorylase a, and lactate levels in various forms

of cardiac hypertrophy. Correlation with cardiac
norepinephrine stores.

In: Recent Advances in Studies on Cardiac Structure and
Metabolism. Ed. N.S. Dhallag University Park Press,
Baltimore, 1973, Volume 3, pp. 551-559.

KLEITKE, B., WOLLENBERGER, A., KRAUSE, E-G., WILL-SHAHAB, L.

and BARTEL, S.

Effect of acute ischemia on cyclic AMP levels and other
parameters in the cytosol and in mitochondria of hypertrophied
and nonhypertrophied hearts.

In: Advances in Cardiology. Eds. V. Manninen and P.I. Halonen;
Karger, Basel, 1976. Volume 18, pp. 27-40.

OSTMAN, I. and SJOSTRAND, N.O.

Effect of heavy physical training on the catecholamine
content of the heart and adrenals of the guinea pig.
Experientia, 27, 270-271, 1971.

OSTMAN, I. and SJOSTRAND, N.O.

Effect of prolonged physical training on the catecholamine
levels of the heart and adrenals of the rat.

Acta Physiologica Scandinavica, 82, 202-208, 1971.

TIPTON, C.M., MATTHES, R.D., TCHENG, T-K., DOWELL, R.T.
and VAILAS, A.C.

The use of the Langendorff preparation to study the
bradycardia of training.

Medicine and Science in Sports, 9, 220-230, 1977.



384

230. LEON, A.S., HORST, W.D., SPIRT, N., WIGGAN, E.B.
and WOMELSDORF, A.H.
Heart norepinephrine levels after exercise training
in the rat.
Chest, 67, 341-343, 1975.

231. OSTMAN, I., SJOSTRAND, N.O. and SWEDIN, G.
Cardiac noradrenaline turnover and urinary catecholamine
excretion in trained and untrained rats during rest and
exercise.
Acta Physiologica Scandinavica,86, 299-308, 1972.

232, SALZMAN, S.H., HIRSCH, E.Z., HELLERSTEIN, H.K. and BRUELL, J.H.
Adaptation to muscular exercise: myocardial epinephrine-3H
uptake.

Journal of Applied Physiology, 29, 92-95, 1970.

233. CLAUSEN, J.P.
Circulatory adjustments to dynamic exercise and effect of
physical training in normal subjects and in patients with
coronary artery disease.
Progress in Cardiovascular Disease 18, 459-495, 1975.

234. CLAUSEN, J.P.
Effect of physical training on cardiovascular adjustments
to exercise in man.
Physiological Reviews, 57, 779-815, 1977.

235. CQUSINEAU, D., FERGUSON, R.J., DE CHAMPLAIN, J., GAUTHIER, P.,
COTE, P., and BOURASSA, M.
Catecholamines in coronary sinus during exercise in man
before and after training.
Journal of Applied Physiology, 43, 801-806, 1977.

236. COOKSEY, J.D., REILLY, P., BROWN, S., BOMZE, H.
and CRYER, P.E.
Exercise training and plasma catecholamines in patients
with ischemic heart disease.
American Journal of Cardiology, 42, 372-376, 1978.

237. HERRLICH, H.C., RAAB, W. and GIGEE, W.
Influence of muscular training and of catecholamines
on cardiac acetylcholine and cholinesterase.
Archives Internationales de Pharmacodynamie et de Therapie,
129, 201-215, 1960.

238. DE SCHRYVER, C. and MERTENS-STRYTHAGEN, J.
Heart tissue acetylcholine in chronically exercised rats.
Experientia, 31, 316-318, 1975.

239. STONE, H.L.
The unanesthetized instrumented animal preparation.
Medicine and Science in Sports, 9, 253-261, 1977.



385

240. EKSTROM, J.
Choline acetyltransferase in the heart and salivary
glands of the rat after physical training.
Quarterly Journal of Experimental Physiology,
59, 73-80, 1974

241. TIPTON, C.M., BARNARD, R.J. and THARP, G.D.
Cholinesterase activity in trained and nontrained rats.
Internationale Zeitschrift flir angewandte Physiologie
einschliesslich Arbeits Physiologie, 23, 34-41, 1966.

242. TIPTON, C.M., BARNARD, R.J. and TCHENG, T-K.
Resting heart rate investigations with trained and
nontrained hypophysectomized rats.

Journal of Applied Physiology, 26, 585-588, 1969.

243. DOHM, L.G., PENNINGTON, S.N. and BARAKAT, H.
Effect of exercise training on adenylate cyclase and
phosphodiesterase in skeletal muscle, heart and liver.
Biochemical Medicine,16, 138-142, 1976.

244, WYATT, H.L., CHUCK, L., RABINOWITZ, B., TYBERG, J.V.
and PARMLEY, W.W.
Enhanced cardiac response to catecholamines in physically
trained cats.
American Journal of Physiology, 234, H608-H613, 1978.

245, DOHM, G.L., HUSTON, R.L., ASKEW, H.N. and WEISER, P.C.
Effects of exercise on activity of heart and muscle
mitochondria.

American Journal of Physiology, 223, 783-787, 1972.

246. ASIMAKIS, G.K.
Effects of exercise-training and adenine nucleotides
on cardiac mitochondrial calcium transport.
Ph.D Dissertation. The University of Texas Graduate
School of Biomedical Sciences, Galveston, Texas.
Xerox University Microfilms, Ann Arbor, Michigan, 48106.

247. PENPARGKUL, S., REPKE, D., KATZ, A.M. and SCHEUER, J.
Effect of physical training on calcium transport by
rat cardiac sarcoplasmic reticulum.

Circulation Research, 40, 134-138, 1977.

248. SEMBROWICH, W.L., KLUG, G.A. and GOLLNICK, P.D.
The effects of endurance training on calcium uptake
by rat heart and skeletal muscle sarcoplasmic reticulum.
Medicine and Science in Sports, 10, 42, 1978.



249.

250.

251.

252.

253.

254.

255.

256.

257.

386

SCHEUER, J., PENPARGKUL, S. and BAHN, A.K.

Effect of physical conditioning upon metabolism and
performance of the rat heart.

In: Myocardial metabolism. Recent advances in studies

on cardiac structure and metabolism. Ed. N.S. Dhalla;
University Park Press, Baltimore. 1972, Volume 3, pp. 145-159.

MOREAU, D., GUILLAND, J.C., ATHIAS, P., DUMAS, J.P.,
KLEPPING, J. and DIDIER, J.P.

Utilization des acides gras Tibres et des triglycérides
par le coeur isol€ perfuse de Rat apres entrainement
prolonge par epreuve de nage.

Comptes Rendus Societe de Biologie, 72, 465-469, 1978.

BERSOHN, M.M. and SCHEUER, J.

Effect of ischaemia on the performance of hearts
from physically trained rats.

American Journal of Physiology, 234, H215-H218, 1978.

SCHEUER, J. and STEZOSKI, S.W.

Effect of physical training on the mechanical and
metabolic response of the rat heart to hypoxia.
Circulation Research, 30, 418-429, 1972.

PARIZKOVA, J. and POLEDNE, R.

Consequences of long-term hypokinesia as compared to

mild exercise in 1ipid metabolism of the heart, skeletal
muscle and adipose tissue.

European Journal of Applied Physiology, 33, 331-338, 1974.

KEUL, J.

Myocardial metabolism in athletes.

In: Muscle Metabolism During Exercise. Eds. B. Pernow and
B. Saltin; Plenum, New York. 1971, pp. 447-455.

HEISS, H.W., BARMEYER, J., WINK, K., HELL, G., CERNY, F.do,
KEUL, J. and REINDELL, H.

Studies on the regulation of myocardial blood flow in man.

I. Training effects on blood flow and metabolism of the
healthy heart at rest and during standardized heavy exercise.
Basic Research in Cardiology, 71, 658-675, 1976.

NUTTER, D.0. and FULLER, E.O.

The role of isolated cardiac muscle preparations in
the study of the training effects of the heart.
Medicine and Science in Sports, 9, 239-245, 1977.

WILLIAMS, J.F. and POTTER, R.D.

Effect of exercise conditioning on the intrinsic
contractile state of cat myocardium.

Circulation Research, 39, 425-428, 1976.



258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

387

AMSTERDAM, E.A., WICKMAN-COFFELT, J., CHOQUET, Y.,
KAMIYAMA, T., LENZ, J., ZELIS, R. and MASON, D.T.
Response of the rat heart to strenuous exercise:
physical, biochemical and functional correlates.
Clinical Research, 20, 361, 1972.

MOLE, P.A.

Increased contractile potential of papillary muscles
from exercise-trained rat hearts.

American Journal of Physiology, 234, H421-H425, 1978.

PENPARGKUL, S. and SCHEUER, J.

The effect of physical training upon the mechanical

and metabolic performance of the rat heart.

Journal of Clinical Investigation, 49, 1859-1868, 1970.

BERSOHN, M.M. and SCHEUER, J.

Effects of physical training on end-diastolic volume
and myocardial performance of isolated rat hearts.
Circulation Research, 40, 510-516, 1977.

SCHAIBLE, T.F. and SCHEUER, J.

Effects of physical training by running or swimming
on ventricular performance of rat hearts.

Journal of Applied Physiology, 46, 854-860, 1979.

DEUTSCH, F. and KAUF, E.

Heart and athletics. .

Translated by L.M. Warfield. C.V. Mosby Co., St. Louis, 1927.
Quoted by Ryan, A.J. (1980). Heart size and sports.

Physician and Sportsmedicine, 8, 30-38, (August), 1980.

BRAMWELL, C. and ELLIS, R.
Clinical observations on Olympic athletes.
Arbeitsphysiologie, 2, 51-60, 1930.

HOOGERWERF, S.

Elektrokardiographische Untersuchunger der Amsterdamer
Olympiadeké&mpfer.

Arbeitsphysiologie, 2, 61-75, 1930.

WHITE, P.D.

Bradycardia (below rate of 40) in athletes, especially in
long distance runners.

Journal of the American Medical Association, 120, 642, 1942.

CANTWELL, J.D.
Extreme bradycardia in middle-aged runners.
Physician and Sportsmedicine, 4, 55-57,(July), 1976.



388

268. FALLS, J.
The Boston Marathon.
MacMillan Publishing Co. Inc., New York. 1977, p. 69.

269. BRAMWELL, C. and ELLIS, R.
Some observations on the circulatory mechanism in
marathon runners.
Quarterly Journal of Medicine, 24, 329-346, 1931.

270. GOTT, P.H., ROSELLE, H.A. and CRAMPTON, R.S.
The athletic heart syndrome. Five-year cardiac
evaluation of a champion athlete.
Archives of Internal Medicine, 122, 340-344, 1968.

271. SINGH, R., CRAMPTON, R.S. and HORGAN, J.A.
Physical, electrocardiographic, echocardiographic and
hemodynamic features of the athletic heart syndrome.
Clinical Research, 23, 8A, 1975.

272. CRAMPTON, R.S. and LAVINE, D.M.
Prospective correlation of left ventricular performance
with murmurs and sounds in athletic hearts.
Annals of Internal Medicine, 74, 819A, 1971.

273. PARKER, B.M., LONDEREE, B.R., CUPP, G.V. and DUBIEL, J.P.
The noninvasive cardiac evaluation of long-distance runners.
Chest, 73, 376-381, 1978.

274. [KAHEIMO, M.J., PALATSI, I.J. and TAKKUNEN, J.T.
Noninvasive evaluation of the athletic heart:
sprinters versus endurance runners.

American Journal of Cardiology, 44, 24-30, 1979.

275. ROESKE, W.R., O'ROURKE, R.A., KLEIN, A., LEOPOLD, G.
and KARLINER, J.S.
Noninvasive evaluation of ventricular hypertrophy in
professional athletes.
Circulation, 53, 286-292, 1976.

276. ZONERAICH, S., RHEE, J.J., ZONERAICH, 0., JORDAN, D.
and APPEL, J.
Assessment of cardiac function in marathon runners by
graphic noninvasive techniques.
Annals of the New York Academy of Sciences, 301,
900-917, 1977.

277. COHEN, J.L., GUPTA, P.K., LICHSTEIN, E. and CHADDA, K.D.
The heart of the dancer: noninvasive cardiac evaluation
of professional ballet dancers. '

American Journal of Cardiology, 45, 959-965, 1980.



278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

389

LICHTMAN, J., O'ROURKE, R.A., KLEIN, A. and KARLINER, J.S.
Electrocardiogram of the athlete. Alterations simulating
those of organic heart disease.

Archives of Internal Medicine, 132, 763-770, 1973.

HANNE-PAPARO, N., DRORY, Y., SCHOENFELD, Y.,
SHAPIRA, Y., and KELLERMAN, J.J.

Common ECG changes in athletes.

Cardiology, 61, 267-278, 1976.

KATZEFF, I.E. and EDWARDS, H.

Electrocardiographic measurement of cardiac function.
Are the amplitude changes of the S wave indicative
of changes in the sjze of the heart?

South African Medical Journal, 49, 703-708, 1975.

WOLTHUIS, R.A., FROELICHER, V.F., HOPKIRK, A.,
FISCHER, J.R. and KEISER, N. '

Normal electrocardiographic waveform characteristics
during treadmill exercise testing.

Circulation, 60, 1028-1035, 1979.

WILCE, J.W.
The range of the normal heart in athletes.
American Heart Journal, 25, 613-630, 1943.

MORGANROTH, J. and MARON, B.J.
The athlete's heart syndrome: a new perspective.

Annals of the New York Academy of Sciences,
301, 931-941, 1977.

MEDVED, R.J. and MEDVED, V.I.P..

To which Timit values has the athlete's heart enlarged?
Journal of Sports Medicine and Physical Fitness,

16, 138-143, 1976.

REINDELL, H., ROSKAMM, H. and STEIM, H.
Herz und kreislauf bei trajnierten.
Medizinische Welt, 31, 1557-1563, 1950.

VIEWEG, W.V.R.
Left ventricular hypertrophy in an athletic family;
a variant of the athletic heart syndrome.

Journal of Sports Medicine and Physical Fitness,
15, 132-137, 1975.

MORGANROTH, J., MARON, B.J., HENRY, W.L. and EPSTEIN, S.E.
Comparative left ventricular dimensions in trained athletes.
Annals of Internal Medicine, 82, 521-524, 1975.

RASKOFF, W.J., GOLDMAN, S. and COHN, K.

The "Athletic Heart". Prevalence and physiological
significance of left ventricular enlargement in

distance runners.

Journal of the American Medical Association, 236, 158-162, 1976.



289.

290.

291.

292.

293.

294.

295.

296.

297.

390

UNDERWOOD, R.H. and SCHWADE, J.L.
Noninvasive analysis of cardiac function of elite distance

- runners - echocardiography, vectorcardiography and

cardiac intervals.
Annals of the New York Academy of Science,301, 297-309, 1977.

GILBERT, C.A., NUTTER, D.0., FELNER, J.M., PERKINS, J. V.,
HEYMSFIELD, S.B. and SCHLANT, R.V.

Echocardiographic study of cardiac dimensions and
function in the endurance-trained athlete.

American Journal of Cardiology, 40, 528-533, 1977.

PAULSEN, W.J., BOUGHNER, D.R. and CUNNINGHAM, D.A.
Left ventricular function at rest and during exercise
in marathon runners.

American Journal of Cardiology, 45, 431, 1980.

LONGHURST, J.C., KELLY, A.R., GONYEA, W.J. and
MITCHELL, J.H.

Echocardiographic left ventricular masses in
distance runners and weight lifters.

Journal of Applied Physiology, 48, 154-162, 1980.

HANSON, J.S.

Maximal exercise performance in members of the
U.S. Nordic Ski Team.

Journal of Applied Physiology, 35, 592-595, 1973.

ALLEN, H.D., GOLDBERG, S.J., SAHN, D.J., SCHY, N.
and WOJCIK, R.

A quantitative echocardiographic study of champion
childhood swimmers.

Circulation.55, 142-145, 1977.

FALSETTI, H.L.
Invasive and noninvasive evaluation of exercise in humans.
Medicine and Science in Sports, 9, 262-267, 1977.

NISHIMURA, T., YAMADA, Y. and KAWAI, C.
Echocardiographic evaluation of long-term effects of
exercise on left ventricular hypertrophy and function
in professional bicyclists.

Circulation, 61, 832-839, 1980.

ZELDIS, S.M., MORGANROTH, J. and RUBLER, S.

Cardiac hypertrophy in response to dynamic conditioning
in female athletes.

Journal of Applied Physiology, 44, 849-852, 1978.



298.

299.

300.

301.

302.

303.

304.

305.

306.

391

DEMARIA, A.N., NEUMANN, A., LEE, G., FOWLER, W.
and MASON, D.T.

Alterations in ventricular mass and performance
induced by exercise training in man evaluated
by echocardiography.

Circulation, 57, 237-244, 1978.

EHSANI, A.A., HAGBERG, J.M. and HICKSON, R.C.
Rapid changes in left ventricular. dimensions and
mass in response to physical conditioning and
deconditioning.

American Journal of Cardiology, 42, 52-56, 1978.

BENNETT, J.B., FLECK, S.J. and BARTELS, R.L.
Ejection fractions in world class sprint, middle
distance and distance swimmers.

Medicine and Science in Sports, 11, 83, 1979.

FISHER, A.G., ADAMS, T., RIDGES, D., YANOWITZ, F.,
LOVELL, J. and PRYOR, A.

Cardiac adaptations to endurance training as determined
by echocardiography and electrocardiography.

Medicine and Science in Sports, 11, 84, 1979.

WOLFE, L.A., CUNNINGHAM, D.A., RECHNITZER, P.A.
and NICHOL, P.M.

Effects of endurance training on left ventricular
dimensions in healthy men. .

Journal of Applied Physiology, 47, 207-212, 1979.

MICHIELLI, D.W., STEIN, R.A., KASNOW, N., DIAMOND, J.R.
and HORWITZ, B.

Effects of exercise training on ventricular dimensions
at rest and during exercise.

Medicine and Science in Sports, 11, 83-84, 1979.

SUGISHITA, Y. and KOSEKI, S.
Dynamic exercise echocardiography.
Circulation, 60, 743-752, 1979.

WEISS, J.L., WEISFELDT, M.L., MASON, S.J., GARRISON, J.B.,
LIVENGOOD, S.V. and FORTUIN, N.J.

Evidence of Frank-Starling effect in man during severe
semisupine exercise.

Circulation, 59, 655-661, 1979.

WOLFE, L.A., CUNNINGHAM, D.A., DAVIS, G.M. and ROSENFELD, H.
Relationship between maximal oxygen uptake and left
ventricular function in exercise.

Journal of Applied Physiology, 44, 44-49, 1978.



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

392

FICK, A.

Ueber die Messung des Blutquantums in den Herzventrikeln.
Quoted by W.F. Hamilton: Measurement of the cardiac output.
In: Handbook of Physiology - Circulation I. Eds. W.F.
Hamilton and P. Dow. American Physiological Society,
Washington D.C., 1962. Chapter 17, pp. 551-584.

LOEWY, A. and VON SCHROTTER, H.

Ein verfahren zur Bestimmung der Blutgasspannungen,

der Kreislaufgeschwindigkeit und der Herzschlagvolumens

am Menschen.

Archivs Anatomischer Physiologischer Abteilung, 394-396, 1903.

CERRETELLI, P. :
Bloodless measurement of cardiac output.
Bulletin de Physio-Pathologie Respiratoire, 3, 459-471, 1967.

ANDREW, G.M., GUZMAN, C.A. and BECKLAKE, M.R.
Effect of athletic training on exercise cardiac output.
Journal of Applied Physiology, 21, 603-608, 1966.

DOUGLAS, F.G.V. and BECKLAKE, M.R.
Effect of seasonal training on maximal cardiac output.
Journal of Applied Physiology, 25, 600-605, 1968.

WOODHOUSE, S.P., HATHIRAT, S., JENSEN, E., JOHNSON, A.L.
and KLASSEN, G.A.

Effect of physical training on haemodynamic performance
following myocardial infarction: a controlled study.
Canadian Medical Association Journal, 115, 239-244, 1976.

PATERSON, D.H., SHEPHARD, R.J., CUNNINGHAM, D., ANDREW, G.,
SANGAL, S., RECHNITZER, P., KAVANAGH, T., BUCK, C.,
OLDRIDGE, N., PARKER, J., SUTTON, J. and YUHASZ, M.
Alterations of cardiovascular function with mild and
intense physical training of post-myocardial infarction
subjects.

Medicine and Science in Sports, 10, 36, 1978.

STONE, H.L.
Cardiac function and exercise training in conscious dogs.
Journal of Applied Physiology, 42, 824-832, 1977.

BARNARD, R.J., DUNCAN, H.W., GRIMDITCH, G.K. and BUCKBERG, G.D.
Effect of intensive exercise training on myocardial function
and blood flow.

Medicine and Science in Sports and Exercise, 12, 129, 1980.

CAREW, T.E. and COVELL, J.W.
Left ventricular function in exercise-induced hypertrophy in dogs.
American Journal of Cardiology, 42, 82-88, 1978.

CREWS, J. and ALDINGER, E.E.
Effect of chronic exercise on myocardial function.
American Heart Journal, 74, 536-542, 1967.



318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

393

CODINI, M.A., YIPINTSOI, T. and SCHEUER, J.
Cardiac responses to moderate training in rats.
Journal of Applied Physiology, 42, 262-266, 1977.

PFEFFER, M.A., FERRELL, B.A., PFEFFER, J.M., WEISS, A.K.,
FISHBEIN, M.C. and FROHLICH, E.D.

Ventricular morphology and pumping ability of exercised
spontaneously hypertensive rats.

American Journal of Physiology, 235, H193-H199, 1978.

BOVE, A.A., HULTGREN, P.B., RITZER, T.F. and CAREY, R.A.
Myocardial blood flow and hemodynamic responses to
exercise training in dogs.

Journal of Applied Physiology, 46, 571-578, 1979.

KAPLINSKY, E., HOOD, W.B., McCARTHY, B., McCOMBS, H.L.
and LOWN, B.

Effects of physical training in dogs with coronary
artery ligation.

Circulation, 37, 556-565, 1968.

RIEDHAMMER, H.H., RUFFLENBEUL, W., WEIHE, W.H.
and KRAYENBUHL, H.P.

Left ventricular contractile function in trained
dogs with cardiac hypertrophy.

Basic Research in Cardiology, 71, 297-308, 1976.

RITZER, T.F., BOVE, A.A. and LYNCH, P.R.

Left ventricular size and performance following
long term endurance training in dogs.
Federation Proceedings, 36, 447, 1977.

ECKSTEIN, R.W.

Effect of exercise and coronary artery narrowing on
coronary collateral circulation.

Circulation Research, 5, 230-234, 1957.

SANDERS, M., WHITE, F.C., PETERSON, T.M. and BLOOR, C.M.
Effects of endurance exercise on coronary collateral
blood flow in miniature swine.

American Journal of Physiology, 234, H614~H619, 1978.

SANDERS, M., WHITE, F., PETERSON, T., SISSON, S. and BLOOR, C.
Coronary collateral development with exercise and coronary
occlusion in pigs.

Medicine and Science in Sports, 11, 87, 1979.

HEATON, W.H., MARR, K.C., CAPURRO, N.L., GOLDSTEIN, R.E.
and EPSTEIN, S.E. ‘
Beneficial effect of physical training on blood flow

to myocardium perfused by chronic collaterals in the
exercising dog.

Circulation, 57, 575-581, 1978.



328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

394

NEILL, W.A. and OXENDINE, J.M.

Exercise can promote coronary collateral development
without improving perfusion of ischemic myocardium.
Circulation, 60, 1513-1519, 1979.

BERMAN, J.L., LEVIN, D.A. and COHN, P.F.
Effect of coronary collaterals on exercise performance.
American Journal of Cardiology, 45, 392, 1980.

BURT, J.J. and JACKSON, R.

The effects of physical exercise on coronary
collateral circulation of dogs.

Journal of Sports Medicine and Physical Fitness,
5, 203-208, 1965.

LAUGHLIN, M.H., DIANA, J.N. and TIPTON, C.M.
Effects of exercise training on coronary reactive
hyperemia and blood flow in the dog.

Journal of Applied Physiology, 45, 604-610, 1978.

SPEAR, K.L., KOERNER, J.E. and TERJUNG, R.L.
Coronary blood flow in physically trained rats.
Cardiovascular Research, 12, 135-143, 1978.

FRICK, M.H. , KONTTINEN, A. and SARAJAS, H.S.S.
Effects of physical training on circulation at rest
and during exercise.

American Journal of Cardiology, 12, 142-147, 1963.

FREEDMAN, M.D., SNIDER, G.L., BROSTOFF, P.,
KIMELBLOT, S. and KATZ, L.N.

Effects of training on response of cardiac output
to muscular exercise in athletes.

Journal of Applied Physiology, 8, 37, 1955.

CLAUSEN, J.P., KLAUSEN, K. RASMUSSEN, B. and TRAP-JENSEN, J.
Central and peripheral circulatory changes after

training of the arms or legs.

American Journal of Physiology, 225, 675-682, 1973.

ARTLEY, L.H., GRIMBY, G., KILBOM, A., NILSSON, N.Jd.,

STRAND, I., BJURE, J., EKBLOM, B. and SALTIN, B.

Physical training in sedentary middle-aged and older men.

[IT. Cardiac output and gas exchange at submaximal

and maximal exercise.

Scandinavian Journal of Clinical and Laboratory Investigation,
24, 335-344, 1969.

KILBOM, A. and ASTRAND, I.

Physical training with submaximal intensities in women.

II. Effect on cardiac output.

Scandinavian Journal of Clinical and Laboratory Investigation,
28, 163-175, 1971.



395

338. SALTIN, B., BLOMQVIST, G., MITCHELL, J.H., JOHNSON, R.L.,
WILDENTHAL , K. and CHAPMAN, C.B.
Response to exercise after bed rest and after training:
a longitudinal study of adaptive changes in oxygen
transport and body composition.
Circulation 37, Suppl. vii, 1-78, 1968.

339. CLAUSEN, J.P., LARSEN, 0.A. and TRAP-JENSEN, J.
Physical training in the management of coronary
artery disease.

Circulation, 40, 143-154, 1969.

340. CLAUSEN, J.P. and TRAP-JENSEN, J.
Effects of training on the distribution of cardiac
output in patients with coronary artery disease.
Circulation, 42, 611-624, 1970.

341. DETRY, J-M., ROUSSEAU, M., VANDENBROUCKE, G.,
KUSUMI, F., BRASSEUR, L.A. and BRUCE, R.A.
Increased arteriovenous oxygen difference after
physical training in coronary heart disease.
Circulation, 44, 109-118, 1971.

342. EKBLOM, B., ASTRAND, P.0., SALTIN, B., STENBERG, J.
and WALLSTROM, B.
Effects of training on the circulatory response to
exercise.
Journal of Applied Physiology, 24, 518-528, 1968.

343. HANSON, J.S., TABAKIN, B.S., LEVY, A.M. and NEDDE, W.
Long-term physical training and cardiovascular dynamics
in middle-aged men.

Circulation, 38, 783-799, 1968.

344, TABAKIN, B.S., HANSON, J.S. and LEVY, A.M.
Effects of physical training on cardiovascular and
respiratory response to graded upright exercise in
distance runners.
British Heart Journal, 27, 205-210, 1965.

345, FRICK, M.H. and KATILA, M.
Haemodynamic consequences of physical training
after myocardial infarction.
Circulation, 38, 192-202, 1968.

346. ROUSSEAU, M.F., DERGE, S., MESSIN, R., BRASSEUR, L.A.,
DENOLIN, H. and DETRY, J-M. R.
Haemodynamic effects of early physical training after
acute myocardial infarction; comparison with a control
untrained group.
European Journal of Cardiology, 2, 39-45, 1974.



347.

348.

349.

350.

351.

352.

353.

354,

355.

356.

396

HENDERSON, Y., HAGGARD, H.W. and DOLLEY, F.S.

The efficiency of the heart, and the significance
of rapid and slow pulse rates.

American Journal of Physiology, 82, 512-524, 1927.

EKBLOM, B. and HERMANSEN, L.
Cardiac output in athletes.
Journal of Applied Physiology, 25, 619-625, 1968.

BOCK, A.V., VANCAULERT, C., DILL, D.B., FOLLING, A. and
HURXTHAL, L.M.

Studies in muscular activity. III. Dynamical changes
occurring in man at work.

Journal of Physiology, 66, 136-161, 1928.

HANSON, J.S. and TABAKIN, B.S.

Comparison of the circulatory response to upright
exercise in 25 "normal" men and 9 distance runners.
British Heart Journal, 27, 211-219, 1965.

BRUCE, R.A., KUSUMI, F. and FREDERICK, R.
Differences in cardiac function with prolonged
physical training for cardiac rehabilitation.
American Journal of Cardiology, 40, 597-603, 1977.

LETAC, B., CRIBIER, A. and DESPLANCHES, J.F.

A study of left ventricular function in coronary
patients before and after physical training..
Circulation ,56, 375-378, 1977.

LEE, A.P., ICE, R., BLESSEY, R. and SANMARCO, M.E.
Long-term effects of physical training on coronary
patients with impaired ventricular function.
Circulation, 60, 1519~1526, 1979.

DETRY, J-M. and BRUCE, R.A.

Effects of physical training on exertional S-T-segment
depression in coronary heart disease.

Circulation, 44, 390-396, 1971.

COSTILL, D.L., BRANAM, G.E., MOORE, J.C.,

SPARKS, K. and TURNER, C.

Effects of physical training in men with coronary
heart disease.

Medicine and Science in Sports, 6, 95-100, 1974.

SIM, D.N. and NEILL, W.A.

Investigation of the physiological basis for increased
exercise threshold for angina pectoris after physical
conditioning.

Journal of Clinical Investigation, 54, 763-770, 1974.



357.

358.

359.

360.

361.

362.

363.

364.

365.

397

REDWOOD, D.R., ROSING, D.R. and EPSTEIN, S.E.

Circulatory and symptomatic effects of physical

training in patients with coronary-artery disease and angina
pectoris. -

New England Journal of Medicine, 286, 959-965, 1972.

EHSANI, A.A., HEATH, G.W., HAGBERG, J.M. and HOLLOSZY, J.0.
Influence of exercise training on ischemic ST segment
response in patients with coronary artery disease.
Circulation, Vols 59 and 60, Suppl. II, II-22, 1979.

RAFFO, J.A., LUKSIC, I.Y., KAPPAGODA, C.T., MARY, D.A.S.G.,
WHITAKER, W. and LINDEN, R.J.

Effects of physical training on myocardial ischaemia in
patients with coronary artery disease.

British Heart Journal, 43, 262-269, 1980.

FERGUSON, R.J., C6TE, P., GAUTHIER, P. and BOURASSA, M.G.
Changes in exercise coronary sinus blood flow with
training in patients with angina pectoris.

Circulation, 58, 41-47, 1978.

BORER, J.S., BACHARACH, S.L., GREEN, M.V., KENT, K.M.,
EPSTEIN, S.E. and JOHNSTON, G.S.

Real-time radionuclide cineangiography in the noninvasive
evaluation of global and regional left ventricular function
at rest and during exercise in patients with coronary
artery disease.

New England Journal of Medicine, 296, 839-844, 1977.

PITT, B. and STRAUSS, H.W.
Evaluation of ventricular function by radioisotopic technics.
New England Journal of Medicine, 296, 1097-1099, 1977.

RERYCH, S.K., SCHOLZ, P.M., SABISTON, D.C. and JONES, R.H.
Effects of exercise training on Teft ventricular function
in normal subjects: a longitudinal study by radionuclide
angiography.

American Journal of Cardiology, 45, 244-252, 1980.

BAR-SHLOMO, B-Z., MORCH, J.E., FEIGLIN, D. and McLAUGHLIN, P.R.
The training effect: do athletes have improved left
ventricular performance during exercise.

American Journal of Cardiology, 45, 391, 1980.

BATTLER, A., FROELICHER, V., SLUTSKY, R., McKIRNAN, D.,
STRONG, M.L., ASHBURN, W. and ROSS Jr, J.

Initial observations of changes in ventricular function
after exercise training in coronary disease patients.
Circulation,59, 60, Suppl. II, II-21, 1979.



366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

398

VERANI, M.S., HARLEY HARTUNG, G., PRATT, C.M.,
HOEPFEL-HARRIS, J., WELTON, D.E. and MILLER, R.R.
Effects of exercise training on left ventricular
performance, perfusion and ventricuiar
arrhythmias in coronary artery disease.
Circulation, 59, 60, Suppl. II, II-22, 1979.

SEDGEWICK, A.W., CRAIG, R.J. and CROUCH, R.

The effects of physical training on the day and

night long-term heart rates of middle-aged men.

European Journal of Applied Physiology, 33, 307-314, 1974.

LEWIS, S., THOMPSON, P., ARESKOG, N-H., MARCONYAK, M.,
VODAK, P., DE BUSK, R. and HASKELL, W.

Endurance training and heart rate control studied by
combined parasympathetic and g-adrenergic blockade.
International Journal of Sports Medicine, 1, 42-49, 1980.

BONNER, H.W., BUFFINGTON, C.K., NEWMAN, J.J.,

FARRAR, R.P. and ACOSTA, D.

Contractile activity of neonatal heart cells in culture
derived from offspring of exercised pregnant rats.
European Journal of Applied Physiology, 39, 1-6, 1978.

SMITH, D.C. and EL-HAGE, A.

Effect of exercise training on the chronotropic response
of isolated rat atria to atropine.

Experientia, 34, 1027-1028, 1978.

HOUGH, F.S. and GEVERS, W.

Catecholamine release as mediator of intracellular
enzyme activation in ischaemic perfused rat hearts.
South African Medical Journal, 49, 538-543, 1975.

SUTTON, J.R., COLE, A., GUNNING, J., HICKIE, J.B.
and SELDON, W.A.

Control of heart rate in healthy young men.
Lancet, i1, 1398-1400, 1967.

FRICK, M.H., EVOLAINIO, R.0. and SOMER, T.
The mechanism of bradycardia evoked by physical training.
Cardiologia, 51, 46-54, 1967.

LIN, Y.C. and HORVATH, S.M.

Autonomic nervous control of cardiac frequency in
the exercise-trained rat.

Journal of Applied Physiology, 33, 796-799, 1972.

BARNARD, R.J., CORRE, K. and CHO, H.
Effect of training on the resting heart rate of rats.
European Journal of Applied Physiology, 35, 285-289, 1976.



376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

399

LEWIS, S., GAD, P. and NYLANDER, E.
Bradycardia in endurance trained men due to
non-autonomic factors.

Acta Physiologica Scandinavica,105, 59A, 1979.

SIGVARDSSON, K., SVANFELDT, E. and KILBOM, A.

Role of the adrenergic neryous system in
development of training-induced bradycardia.

Acta Physiologica Scandinavica, 101, 481-488, 1977.

TIPTON, C.M., CAREY, R.A., EASTIN, W.C. and ERICKSON, H.H.
A submaximal test for dogs: evaluation of effects of
training, detraining, and cage confinement.

Journal of Applied Physiology, 37, 271-275, 1974.

TIPTON, C.M. and TAYLOR, B.
Influence of atropine on heart rates of rats. '
American Journal of Physiology, 208, 480-484, 1965.

TIPTON, C.M.

The influence of atropine on the heart rate responses

of nontrained, trained and detrained animals.
Physiologist, 12, 376, 1969.

TIPTON, C.M. and ERICKSON, H.H.

Physiologic tests to differentiate dogs with
different functional capabilities.

Cited by J. Scheuer and C.M. Tipton.

Annual Review of Physiology, 39, 221-251, 1977.

EKBLOM, B., KILBCM", ﬂ., MALMFORS, T.,
SIGVARDSSON, K. and SVANFELDT, E.

Sympathectomy and pharmacological blockade

in trained rats.

Acta Physiologica Scandinavica, 89, 283-285, 1973.

EKBLOM, B., KILBOM , R. and SALTYSIAK, J. :
Physical training, bradycardia, and autonomic nervous system.

Scandinavian Journal of Clinical and Laboratory Investigation,
32, 251-256, 1973.

DOWELL, R.T. and TIPTON, C.M.
Influence of training on the heart rate responses of

rats to isoproterenol and propranalol.
Physiologist, 13, 182, 1970.

ROBINSON, B.F., EPSTEIN, S.E., BEISER, G.D. and
BRAUNWALD, E.

Control of heart rate by the autonomic nervous system.
Circulation Research, 19, 400-411, 1966.

WILLIAMS, R.S.

Physical conditioning and membrane receptors for
cardioregulatory hormones.

Cardiovascular Research, 14, 177-182, 1980.



400

387. HARRI, M.N.E. and NARVOLA, I.
Physical training under the i{nfluence of beta blockade
in rats: effects on adrenergic responses.
European Journal of Applied Physiology, 41, 199-210, 1979.

Ve
388. PAVLIK, G., HEGYI, A. and FRENKL, R.
Alpha and beta adrenergic sensitivity in trained
and albino rats. ‘
European Journal of Applied Physiology, 36, 65-73, 1976.

389. LE BLANC, J., BOULAY, M., DULAC, S., JOBIN, M.,
LABRIE, A. and ROUSSEAU-MIGNERON, S.
letabolic and cardiovascular responses to norepinephrine
in trained and nontrained human subjects.
Journal of Applied Physiology, 42, 166-173, 1977.

390. FRENKL, R.
Pituitary-adrenal response to various stressors
in trained and untrained organisms.
Acta Physiologica Academiae Scientiarum Hungaricae,
39, 41-46, 1971.

391. BRORSON, L., CONRADSON, T.B., OLSSON, B. and
VARNAUSKAS, E.
Right atrial monophasic action potential and
effective refractory perjods in relation to
physical training and maximal heart rate.
Cardiovascular Research, 10, 160-168, 1976.

392. TIBBITS, G., ROBERTS, N.K. and BARNARD, R.J.
Effect of training on left ventricular action potentials.
Medicine and Science in Sports, 10, 57 , 1978.

393. RASMUSSEN, V., HAUNSP, S. and SKAGEN, K.
Cerebral attacks due to excessive vagal tone in
heavily trained persons. A clinical and electrophysiologic
study.
Acta Medica Scandinavica, 204, 401-405, 1978.

394. NOAKES, T.D., OPIE, L.H., ROSE, A.G. and KLEYNHANS, P.H.T.
Autopsy-proved coronary atherosclerosis in marathon runners.
New England Journal of Medicine, 301, 86-89, 1979.

395. NOAKES, T.D. and OPIE, L.H.
Marathon running and the heart: the South African experience.
American Heart Journal, 98, 669-671, 1979.

396. NOAKES, T.D. and OPIE, L.H.
Heart disease in marathon runners.
Physician and Sportsmedicine, 7, 141-142, (November), 1979.

397. NOAKES, T.D., ROSE, A.G. and OPIE, L.H.
Hypertrophic cardiomyopathy associated with sudden
death during marathon racing.

British Heart Journal, 41, 624-627, 1979.



401

398. NOAKES, T.D.
Adverse cardiac effects of marathon running - aetiology,
treatment and prevention.
South African Sports Medicine, 2, 4-9, 1978.

399. MELLER, J.
In: A critique of several epidemiological studies
of physical activity and its relationship to angina,
health, and mortality.
Ed. K.S. Brown and P. Milvy.
Annals of the New York Academy of Sciences, 301, 708-709, 1977.

400. ROSE, A.G., OPIE, L.H. and BRICKNELL, O.L.
Early experimental myocardial infarction: evaluation
of histologic criteria and comparison with biochemical
and electrocardiographic measurements.
Archives of Pathology and Laboratory Medicine,
100, 516-521, 1976.

401. DERIAS, N.W. and ADAMS, C.W.M.
Nitroblue tetrazolium test: early gross detection
of human myocardial infarcts.
British Journal of Experimental Pathology,
59, 254-258, 1978.

402. RAISKINA, M.E., OPALYEVA-STEGANTSEVA, V.A.,
RATOVSKAYA, V.I., OSTAPOVA, V.N. and VEBER, 0.P.
Postmortem diagnosis of ‘ventricular fibrillation by
K and Na distribution in the myocardium and skeletal
muscle in out-of-hospital sudden death from acute
ischemic heart disease.

American Heart Journal, 94, 154-162, 1977.

403. POOL, P.E., NORRIS, G.F., LEWIS, R.M. and COVELL, J.W.
A biopsy drill permitting rapid freezing.
Journal of Applied Physiology, 24, 832-833, 1968.

404. JENNINGS, R.B., CROUT, J.R. and SMETTERS, G.W.
Studies on the localisation of potassium in early
myocardial ischemic injury.

Archives of Pathology, 63, 586-592, 1957.

405. REICHENBACH, D.D. and BENDITT, E.P.
Catecholamines and cardiomyopathy: the pathogenesis
and potential importance of myofibrillar degeneration.
Human Pathology, 1, 125-150, 1970.

406. BAROLDI, G.
Different types of myocardial necrosis in coronary
heart disease: a pathophysiologic review of their
functional significance.
American Heart Journal, 89, 742-752, 1975.



407.

408.

409.

410.

4.

412.

413.

414.

415.

416.

417.

402

VAN NOORDEN, S., OLSEN, E.G.J. and PEARSE, A.G.E.
Hypertrophic obstructive cardiomyopathy.

A histological, histochemical and ultrastructural
study of biopsy material.

Cardiovascular Research, 5, 118-131, 1971.

MARON, B.J., ROBERTS, W.C., McALLISTER, H.A.,
ROSING, D.R. and EPSTEIN, S.E.
Sudden death in young athletes.
Circulation, 62, 218-229, 1980.

OPIE, L.H.
Long-distance running and sudden death.
New England Journal of Medicine, 293, 941-942, 1975.

OPIE, L.H.
Heart disease in marathon runners.
New England Journal of Medicine, 294, 1067, 1976.

SCAFF, J.H.
Heart disease in marathon runners.
New England Journal of Medicine, 295, 105, 1976.

BASSLER, T.J. -
Heat stroke in a "run for fun".
British Medical Journal, 1, 197, 1979.

BASSLER, T.d.

Sudden death during marathon racing: hyperpyrexia versus
myocardial ischaemia.

British Heart Journal, 43, 709, 1980.

BASSLER, T.J.
Physical training in patients with coronary artery disease.
American Heart Journal, 99, 274-275, 1980.

NOAKES, T.D. and OPIE, L.H.
Heatstroke in a "run for fun".
British Medical Journal, 2, 52, 1979.

NOAKES, T.D. and OPIE, L.H.

Sudden death during marathon racing: hyperpyrexia versus
myocardial ischaemia.

British Heart Journal, 43, 710-711, 1980.

THOMPSON, P.D., STERN, M.P., WILLIAMS, P., DUNCAN, K.,
HASKELL, W.L. and WOOD, P.D.

Death during jogging or running. A study of 18 cases.
Journal of the American Medical Association,

242, 1265-1267, 1979.



403

418. WALLER, B.F. and ROBERTS, W.C.
Sudden death while running in conditioned runners
aged 40 years or over.
American Journal of Cardiology, 45, 1292-1300, 1980.

419. BASSLER, T.J.
Marathon running and immunity to atherosclerosis.
Annals of the New York Academy of Sciences,
301, 579-592, 1977.

420. COLT. E.
Coronary-artery disease in marathon runners.
New EngTand Journal of Medicine, 302, 57, 1980.

421. MEALEY, M.
Rep Byron's appointment in Samarra.
Physician and Sportsmedicine, 6, 20-21, (December), 1978.

422. DAWSON, A.K., LEON, A.S. and TAYLOR, H.L.
Effect of submaximal exercise on vulnerability to
fibrillation in the canine ventricle.
Circulation, 60, 798-804, 1979.

423. LUBBE, W.F., PODZUWEIT, Th., DARIES, P.S. and OPIE, L.H.
The role of cyclic adenosine monophosphate in adrenergic
effects on ventricular vulnerability to fibrillation in
the isolated perfused rat heart.

Journal of Clinical Investigation, 60, 1260-1269, 1978.

424. KANNENGIESSER, G.J., LUBBE, W.F. and OPIE, L.H.
Experimental myocardial infarction with left ventricular
failure in the isolated perfused rat heart. Effects
of isoproterenol and pacing.
Journal of Molecular and Cellular Cardiology, 7, 135-151, 1975.

425. LUBBE, W.F., McFADYEN, M.L., MULLER, C.A., WORTHINGTON, M.
and OPIE, L.H.
Protective action of Amiodarone against ventricular fibrillation
in the isolated perfused rat heart.
American Journal of Cardiology, 43, 533-540, 1979.

426. WOLLENBERGER, A., RISTAU, 0. and SCHOFFA, G.
Eine einfache Technik der extrem schnellen AbklhTung
grbsserer Gewebsstlcke.
Pfllgers Archiv, 270, 399-412, 1960.

427. AMMANN, L., MEESMANN, W., SCHLEY, G., SCHULZ, F.W.,
STEPHAN, K., TUTEMANN, J. and WILDE, U.A.
Der einfluss gesteigerten laufband-trainings auf die entwicklung
von koronarkollateralen und die mortalitit nach akuter
koronarligatur bei hunden.
Pflligers Archiv, 332, R80, 1972.



428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

404

BLACKBURN, H., TAYLOR, H.L., HAMRELL, B., BUSKIRK, E.,
NICHOLAS, W.C. and THORSEN, R.D.

Premature ventricular complexes induced by stress
testing. Their frequency and response to physical
conditioning.

American Journal of Cardiology, 31, 441-449, 1973.

VIITASALO, M.T., KALA, R., EISALO, A. and HALONEN, P.I.
Ventricular arrhythmias during exercise testing, jogging,
and sedentary life. A comparative study of healthy
physically active men, healthy sedentary men, and men
with previous myocardial infarction.

Chest, 76, 21-26, 1979.

EKBLOM, B., HARTLEY, L.H. and DAY, W.C.

Occurrence and reproducibility of exercise-induced
ventricular ectopy in normal subjects.

American Journal of Cardiology, 43, 35-40, 1979.

OPIE, L.H., NATHAN, D. and LUBBE, W.F.

Biochemical aspects of arrhythmogenesis and
ventricular fibrillation.

American Journal of Cardiology, 43, 131-148, 1979.

LANGENDORFF, 0.

Untersuchungen am Uberlebenden Sdugetierherzen.
Archiv flr die gesamte physiologie des menschen
und der tiere,61, 291-332, 1895.

NEELY, J.R., LIEBERMEISTER, H., BATTERSBY, E.J. and MORGAN, H.E.
Effect of pressure development on oxygen consumption by
isolated rat heart.

American Journal of Physiology,212, 804-814, 1967.

NEELY, J.R., WHITMER, K.M. and MOCHIZUKI, S.
Effects of mechanical activity and hormones on
myocardial glucose and fatty acid utilization.
Circulation Research, Suppl. I, 1-22 - 1-29, 1976.

MILLER, T.B.

Cardiac performance of isolated perfused hearts

from alloxan diabetic rats.

American Journal of Physiology, 236, H808-H812, 1979.

NEELY, J.R., BOWMAN, R.H. and MORGAN, H.E.

Effects of ventricular pressure development and
palmitate on glucose transport.

American Journal of Physiology,216, 804-811, 1969.

NEELY, J.R., LIEBERMEISTER, H. and MORGAN, H.E.
Effect of pressure development on membrane transport
of glucose in isolated rat heart.

American Journal of Physiology, 212, 815-822, 1967.



438.

439.

440.

441.

442.

443.

444.

445,

446.

447.

405

NEELY, J.R., WHITFIELD, C.F. and MORGAN, H.E.
Regulation of glycogenolysis in hearts: effects of
pressure development, glucose and FFA.

American Journal of Physiology, 219, 1083-1088, 1970.

NEELY, J.R., DENTON, R.M., ENGLAND, P.J. and RANDLE, P.J.
The effects of increased heart work on the tricarboxylate
cycle and its interactions with glycolysis in the
perfused rat heart.

Biochemical Journal, 128, 147-159, 1972.

KOBAYASHI, K. and NEELY, J.R.

Control of maximum rates of glycolysis in rat
cardiac muscle.

Circulation Research, 44, 166-175, 1979.

CHAIN, E.B., MANSFORD, K.R.L. and OPIE, L.H.

Effects of insulin on the pattern of glucose metabolism
in the perfused working and Langendorff heart of

normal and insulin-deficient rats.

Biochemical Journal, 115, 537-546, 1969.

OPIE, L.H., MANSFORD, K.R.L. and OWEN, P.

Effects of increased heart work on glycolysis and adenine
nucleotides in the perfused heart of normal and diabetic rats.
Biochemical Journal, 124, 475-490, 1971.

OPIE, L.H. and OWEN, P.

Effects of increased mechanical work by isolated perfused
rat heart during production or uptake of ketone bodies.
Biochemical Journal, 148, 403-415, 1975.

CHALLONER, D.R. and STEINBERG, D.

Effect of free fatty acid on the oxygen consumption
of perfused rat heart.

American Journal of Physiology, 210, 280-286, 1966.

HENDERSON, A.H., CRAIG, R.J., GORLIN, R. and SONNERBLICK, E.H.
Free fatty acids and myocardial function in perfused

rat hearts.

Cardiovascular Research,4, 466-472, 1970.

MJ@S, 0.D.

Effect of free fatty acids on myocardial function and
oxygen consumption in intact dogs.

Journal of Clinical Investigation, 50, 1386-1389, 1971.

LIEDTKE, A.J., NELLIS, S. and NEELY, J.R.
Effects of excess free fatty acids on mechanical
and metabolic function in normal and ischemic
myocardium in swine.

Circulation Research, 43, 652-661, 1978.



406

448. WAHLQVIST, M.L., KAIJSER, L., LASSERS, B.W. and CARLSON, L.A.
Fatty acid as a determinant of myocardial substrate and oxygen
metabolism in man at rest and during prolonged exercise.

Acta Medica Scandinavica,193, 89-96, 1973.

449, SIMONSEN, S. and KJEKSHUS, J.K.
The effect of free fatty acids on myocardial oxygen
consumption during atrial pacing and catecholamine
~infusion in man.
Circulation,58, 485-491, 1978.

450. WILLEBRANDS, A.F. and VAN DER VEEN, K.d.
Influence of substrate on oxygen consumption of
isolated perfused rat heart.
American Journal of Physiology, 212, 1529-1535, 1967.

451. CHALLONER, D.R. and STEINBERG, D.
Oxidative metabolism of myocardium as influenced
by fatty acids and epinephrine.
American Journal of Physiology, 211, 897-902, 1966.

452. MOST, A.S., LIPSKY, M.H., SZYDLIK, P.A. and BRUNO, C.
Failure of free fatty acids to influence myocardial
oxygen consumption in the intact, anesthetized dog.
Cardiology,58, 220-228, 1973.

453. HENDERSON, A.H., MOST, A.S., PARMLEY, W.W., GORLIN, R.
and SONNENBLICK, E.H.
Depression of myocardial function by free fatty acids
in hypoxia.
Circulation Research, 26, 439-450, 1970.

454. SNOW, T.R.
Substrate effects on myocardial performance during
normoxia and hypoxia.
American Journal of Physiology, 235, H144-H149, 1978.

455. ILEBEKK, A., LEKVEN, J. and KIIL, F.
Cardiac performance: independence of adrenergic
inotropic and chronotropic effects.
American Journal of Physiology, 234, H525-H532, 1978.

456. ILEBEKK, A., MILLER, M.M., THORVALDSON, J. and KIIL, F.
Cardiac performance: optimal heart rate for maximal
cardiac output.

Scandinavian Journal of Clinical and Laboratory
Investigation, 39, 79-85, 1979.

457. KANNENGIESSER, G.J., OPIE, L.H. and VAN DER WERFF, T.J.
Impaired cardiac work and oxygen uptake after reperfusion
of regionally ischaemic myocardium.
Journal of Molecular and Cellular Cardiology, 11, 197-207, 1979.



458.

459.

460.

461.

462.

463.

464.

465,

466.

467.

407

VAN DER WERFF, T.J., NOAKES, T.D. and DOUGLAS, R.J.
Left ventricular performance characteristics of
isolated perfused working rat hearts.

(Submitted for publication).

BUCKLEY, N.M., SIDKY, M. and OGDEN, E.

Factors altering the filling of the isolated Jeft
ventricle of the dog heart. Effects of epinephrine
and norepinephrine.

Circulation Research, 4, 148-156, 1956.

WIGGERS, C.J.

Some factors controlling the shape of the pressure
curve of the right ventricle.

American Journal of Physiology, 33, 382-396, 1914.

WIGGERS, C.J. and KATZ, L.N.

The contour of the ventricular volume curves
under different conditions.

American Journal of Physiology, 58, 439-475, 1922.

WIGGERS, C.J.

Mechanism of cardiac stimulation by epinephrine.

Journal of Pharmacological and Experimental Therapeutics,
30, 233-250, 1927.

SARNOFF, S.J., BROCKMAN, S.K., GILMORE, J.P.,
LINDEN, R.J. and MITCHELL, J.H.

Regulation of ventricular contraction. Influence
of cardiac sympathetic and vagal nerve stimulation
on atrial and ventricular dynamics.

Circulation Research, 8, 1108-1122, 1960.

OPDYKE, D.F.

Effect of changes in initial tension, initial volume
and epinephrine on ventricular relaxation process.
American Journal of Physiology, 169, 403-411, 1952.

MORAD, M. and ROLETT, E.L.
Relaxing effects of catecholamines on mammalian heart.
Journal of Physiology, 224, 537-558, 1972.

DE GENDE, A.0.G., ALZUETA, A.D.P. and CINGOLANI, H.E.
Effect of isoproterenol on relation between maximal
rate of contraction and maximal rate of relaxation.
American Journal of Physiology, 233, H404-H409, 1977.

BUCKLEY, N.M., OGDEN, E. and McPHERSON, R.C.
The effect of inotropic drugs on filling of the
isolated right ventricle of the dog heart.
Circulation Research, 3, 447-453, 1955.



468.

469.

470.

a71.

472.

473.

474.

475.

476.

408

YATES, J.C. and DHALLA, N.S.

Induction of necrosis and failure in the isolated
perfused rat heart with oxidized isoproterenol.
Journal of Molecular and Cellular Cardiology,

7, 807-816, 1975.

OSNES, J-B. and PYE, I.

Relationship between cyclic AMP metabolism and inotropic
response of perfused rat hearts to phenylephrine and
other adrenergic amines.

In: Advances in cyclic nucleotide research.

Eds. G.I. Drummond, P. Greengard and G.A. Robinson;
Raven Press, New York, 1975.  Volume 5, pp. 415-433.

WICK, A.N., DRURY, D.R., NAKADA, H.I. and WOLFE, J.B.
Localization of the primary metabolic block produced
by 2-deoxyglucose.

Journal of Biological Chemistry, 224, 963-969, 1957.

TAEGTMEYER, H., HEMS, R. and KREBS, H.A.
Utilization of energy-providing substrates
in the isolated working rat heart.
Biochemical Journal, 186, 701-711, 1980.

PRASAD, K. and MacLOED, D.P.

Influence of glucose on the transmembrane action
potential of guinea pig papillary muscle. Metabolic
inhibitors, oubain, CaCl,,, and their interaction with
glucose, sympathomimetic“amines, and aminophy1line.
Circulation Research, 24, 939-950, 1969.

ENTMAN, M.L., KANIIKE, K., GOLDSTEIN, M.A., NELSON, T.E.,
BORNET, E.P., FUTCH, T.W. and SCHWARTZ, A.

Association of glycogenolysis with cardiac sarcoplasmic
reticulum.

Journal of Biological Chemistry, 251, 3140-3146, 1976.

OGUNRO, E.A., PETERS, T.J., WELLS, G. and HEARSE, D.J.
Sub-mitochondrial and sub-microsomal distribution of
creatine kinase in guinea pig myocardium.
Cardiovascular Research, 13, 562-567, 1979.

ANDERSON, G.L. and MORRIS, R.G.

Role of glycolysis in the relaxation process in
mammalian cardiac muscle: comparison of the influence
of glucose and 2-deoxyglucose on maintenance of
resting tension.

Life Sciences, 23, 23-32, 1978.

APSTEIN, C.S., DECKELBAUM, L., HAGOPIAN, L. and HOOD, W.B.
Acute cardiac ischemia and reperfusion: contractility,
relaxation, and glycolysis.

American Journal of Physiology, 235, H637-H648, 1978.



409

477. BRICKNELL, O.L. and OPIE, L.H.
Effects of substrates on tissue metabolic changes
in the isolated rat heart during underperfusion
and on release of lactate dehydrogenase and
arrhythmias during reperfusion.
Circulation Research, 43, 102-115, 1978.

478. BRICKNELL, O.L., DARIES, P.S. and OPIE, L.H.
Glycolysis prevents ischaemic contracture in
isolated perfused rat heart.

(In preparation).

479. PAUL, R.J., BAUER, M. and PEASE, W.
Vascular smooth muscle: aerobic glycolysis
linked to sodium and potassium transport processes.
Science,206, 1414-1416, 1979.

480. DRAKE, A.J., HAINES, J.R. and NOBLE, M.I.M.
Preferential uptake of lactate by the normal
myocardium in dogs.

Cardiovascular Research, 14, 65-72, 1980.

481. BERTRAND, M.E., CARRE, A.G., GINESTET, A.P.,
‘ LEFEBVRE, J.M., DESPLANQUE, L.A. and
LEKIEFFRE, J.P.
Maximal exercise in normal subjects. Changes
in coronary sinus blood flow, contractility and
myocardial extraction of FFA and lactate.
European Journal of Cardiology, 5/6, 481-491, 1977.

482. RESINK, T.J., COETZEE, G.A. and GEVERS, W.
Cardiac myofibrillar phosphorylation and actomyosin adenosine
triphosphatase activity.
South African Medical Journal, 56, 897-905, 1979.

483. RESINK. T.d.. COETZEE, G.A. and GEVERS, W.
Altered adenosine triphosphatase activities of natural
actomyosin from rat hearts perfused with isoprenaline and oubain.
Cellular Calcium 2, 105-123, 1981..

484, RESINK, T.J., GEVERS, W., NOAKES, T.D. and OPIE, L.H.
Increasgd cardiac myosin ATPase activity as a biochemical
adaptation to running training: enhanced response to

catecholamines and a role for myosin phosphorylation.
Journal of Molecular & Cellular Cardiology 13, 679-694, 1987.

485. PERRY, S.V.
The regulation of contractile activity in muscle.
Biochemical Society Transactions, 7, 593-617, 1978.



410

486. STULL, J.T., MANNING, D.R., HIGH, C.S. and BLUMENTHAL, D.K.
Phosphorylation of contractile proteins in heart and
skeletal muscle.

Federation Proceedings, 39, 1552-1557, 1980.

487. RESINK, T.J., GEVERS, W. and NOAKES, T.D.
Effects of extracellular calcium concentrations on
myosin P 1ight chain phosphorylation in hearts from
running-trained rats.
Journal of Molecular & Cellular Cardiology 13, 753-765, 1981.

488. WESTCOTT, K.R., LA PORTE, D.C. and STORM, D.R.
Resolution of adenylate cyclase sensitive and insensitive
to Caé+ and calcium-dependent regulatory protein (CDR)
by CDR-sepharose affinity chromatography.
Proceedings of the National Academy of Sciences (USA),
76 , 204-208, 1979.

489. WOLFF, D.J. and BROSTROM, C.0.
Properties and functions of the calcium-dependent
regulator protein.
Advances in Cyclic Nucleotide Research, 11, 27-88, 1979.

490 MILVY, P.
Statistical analysis of deaths from coronary heart
disease anticipated in a cohort of marathon runners.
Annals of the New York Academy of Sciences,
301, 620-626,1977. ‘

491. DONALD, J., FERREIRA, J. and NOAKES, T.D.
Self-reported health data in Comrades Marathon runners.
In preparation.

492, HARTUNG, G.H., FOREYT, J.P., MITCHELL, R.E., VLASEK, I.
and GOTTO, A.M.
Relation of diet to high-density-lipoprotein cholesterol
in middle-aged marathon runners, joggers, and inactive men.
New England Journal of Medicine, 302, 357-361, 1980.

493. ADNER, M.M. and CASTELLI, W.P.
Elevated high-density Tipoprotein levels in marathon runners.
Journal of the American Medical Association, 243, 534-536, 1980.

494. LOHMANN, D., LIEBOLD, F., HEILMANN, W., SENGER, H.
and POHL, A.
Diminished insulin response in highly trained athletes.
Metabolism, 27, 521-524, 1978.

495. BOOTH, F.W., MACKENZIE, W.F., SEIDER, M.J. and GOULD, E.W.
Longevity of exercising obese hypertensive rats.
Journal of Applied Physiology, 49, 634-637, 1980.



496.

497.

498.

499.

500.

501.

502.

503.

504.

411

JENNINGS, R.B., KALTENBACH, J.P. and SOMMERS, H.M.

Cell death: electrolyte alterations in injured and

dying myocardial cells,

In: Electrolytes and cardiovascular diseases;

Ed. E. Bajusz. S. Karger, Basel. 1965, pp 192-203
KALLIO, V., HAMALAINEN, H., HAKKILA, J. and LUURILA, 0.J.
Reduction in sudden deaths by a multifactorial intervention
programme after acute myocardial infarction.

Lancet, ii, 1091-1094, 1979.

KAVANAGH, T., SHEPHARD, R.J., CHISHOLM, A.W.,

QURESHI, S. and KENNEDY, J.

Prognostic indexes for patients with ischemic heart
disease enrolled in an exercise-centered rehabilitation
programme.

American Journal of Cardiology, 44, 1230-1240, 1979.

THANDROYEN, F.T.

Protective action of calcium antagonist agents against
ventricular fibrillation in the jsolated perfused rat
heart.

Journal of Molecular and Cellular Cardiology (in press).

McKECHNIE, J.K., LEARY, W.P., NOAKES, T.D., KALLMEYER, J.C.,
MacSEARRAIGH, E.T.M. and OLIVIER, L.R.

Acute pulmonary oedema in two athletes during a 90-km
running race. '

South African Medical Journal, 56, 261-265, 1979.

GAESSER, G.A. and BROOKS, G.A.

Glycogen repletion following continuous and
intermittent exercise to exhaustion.

Journal of Applied Physiology, 49, 722-728, 1980.

NIELSEN, S.P., CHRISTIANSEN, T.F., HARTLING, O.

and TRAP-JENSEN, J. :

Increase in serum ionized calcium during exercise.

Clinical Science and Molecular Medicine, 53, 579-586, 1977.

FLAIM, S.F., MINTEER, W.J., CLARK, D.P. and ZELIS, R.
Cardiovascular response to acute acquatic and treadmill
exercise in the untrained rat.

Journal of Applied Physiology, 46, 302-308, 1979.

KREBS, H.A. and HENSELEIT, T. )

Untersuchungen Uber die Harmstoffbildung

im Tierk8rper.

Hoppe Seylers Zejtschrift flr Physiologische Chemie
210, 33-66, 1932. 4



412

505. BERGMEYER, H.V., BERNT, E., SCHMIDT, F. and STORK, H.
D-glucose determination with hexokinase and glucose-6-
phosphate dehydrogenase.

In: Methods of enzymatic analysis, Volume 3.
Ed. H.V. Bergmeyer. Academic Press, New York.
1974, pp. 1196-1198.

506. GUTMANN, I. and WAHLEFELD, A.W.
L-(+)-lactate determination with lactate
dehydrogenase and NAD.
In: Methods of enzymatic analysis, Volume 3.
Ed. H.V. Bergmeyer. Academic Press, New York.
1974, pp. 1464-1468.

507. CZOK, R. and LAMPRECHT, W.
Pyruvate, phosphoenolpyruvate and D-glycerate-2-phosphate.
In: Methods of enzymatic analysis, Volume 3.
Ed. H.V. Bergmeyer. Academic Press, New York.
1974. pp 1446-1451.

508. CHLOUVERAKIS, C.
Parasympathomimetic agents and the metabolism
of rat adipose tissue.
Metabolism, 12, 936-940, 1965.

509. DOLE, V.P.
A relation between non-esterified fatty acids
in plasma and the metabolism of glucose.
Journal of Clinical Investigation, 35, 150-154, 1956.

510. GOOD, C.A., KRAMER, H. and SOMOGYI, M.
The determination of glycogen.
Journal of Biological Chemistry, 100, 485-491, 1933.

511. LAMPRECHT, W. and TRAUTSCHOLD, I.
Adenosine-5'-triphosphate determination with
hexokinase and glucose-6-phosphate dehydrogenase.
In: Methods of enzymatic analysis, Volume 4.

Ed. H.V. Bergmeyer. Academic Press, New York.
1974. pp. 2101-2170.

512. PASSONNEAU, J.V. and BROWN, J.G.
Citrate - fluorimetric determination.
In: Methods of enzymatic analysis, Volume 3.
Ed. H.V. Bergmeyer. Academic Press, New York.
1974. pp. 1565-1569.

513. TOVEY, K.C., OLDHAM, K.G. and WHELAN, G.A.M.
A simple direct assay for cyclic AMP in plasma and
other biological samples using an improved competitive
protein binding technique.
Clinica Chimica Acta,56, 221-234, 1974.



413 .

514. HILDEBRAND, F.B.
In: Introduction to numerical analysis.
McGraw Hill, New York. 2nd edition, 1974.





