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CHAPTER I INTRODUCTION.




INTRODUCTION

1.0 Adaptive Growth

Adaptive growth can be caused in & variety of ways.
In many organs, for example liver, a reduction in mass by
surgical excision calls forth a growth response in what
remains (Glinos 1958). The same sort of response may often
be elicited by creating a functional overload without
diminishing the substance of the organ. The nature of this
functional overload varies from crgan to organ depending
upon what physiological activith%Sare normally carried out,
Apparently all that is necessary is to create an imbalance
between functional demands and the capacity of the organ in
guestion to meet them,

It has been suggested (Goss, 1966~67) that the way in
which growth is achieved depends largely on the kind of
organ and the level of organisation, Some organs can
increase theilr mass by adding new unlts at the hilstological
level of organisation. New fcollicles,; for example, can be
added to the thyroid (Gray, 1929), the ovary (Greenwald,
1962) and the exocrine glands (Augustine, 1963). Other
organs, unable to produce such complicated structures,
enlarge solely by cellular proliferation. The kildney for
instance,; cannot make new nephrons, but can enlarge those
it has by multiplying and enlarging their component cells,
(Bucher and Malt, 1971).

In like manner, the lungs, which cannot make new
alweoli beyond infancy, increase their size by cell divilsion
(Goss, 1964),. Cell replication is also the mode of growth
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characteristic of such renewing tissues as blood, epldermis,
intestinal mucosa and the spermatogenic epithelial lining

of seminiferous tubules. Finally, there are some tissues
and organs which are incapable of multiplying their function-
al units at the histological or cellular level of organisat-
ion. Such a mitotically static tissue mass relies on
molecular turnover in order to renew itself, This sub-
cellular renewal is the basis for growth in the nervous
system {Messier et al, 1958), skeletal muscle (Goldberg,
1969) and heart muécle (Karsner et al, 1925).  Here the.
capacity for compensatory growthris limited to cellular
hypextrophy. Although such a mechanism provides the

- additional mporphological substrate for doing extra work, the
extent of compensatory gfowth in such organs is considerably
restricted owing to the impossibility of mitotic prolifera-~
tion, and the upper 1limit beyond which a cell cannot enlarge
without an increase in DNA.

2.0 General Introduction

2.1 Cardiac Hypertrophy; of the two adaptations of the

heart to increased work = acceleration in rate (hyperfunct-
ion); and hypertrophy - the last~named is more readily
apparent. That hypertrophy resuits from increased work of
the heart was appreciated by Carvisart (1L811l), who drew an
analogy between "active aneurysm”, as it was then known, and
the massive arm of the blacksmith. Subsequent work has con-
firmed the belief that the mass of the myocardium is a
functicon of the work it performs. The supporting evidence

has/...
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has been derived from hearts in the diseased state.

The most universal manifestation of heart disease, -
whatever its cause, is cardiac enlargement. Although it
may not always be present in heart disease, its presence
always indicates a diseased heart.

Freidhert and Sohval (1937) have classified the
various factors which result in cardiac hypertrophy as:

(1) those which increase the resistance to
outflow from the heart (i.e. hypertension,
valvular disorder and coarctation of the
aorta) .

(2) those which increase in flow to the heart
(i.e. thyrotoxicosis and anaemia).

(3) thoée which ﬁroduce severe myocardial
weakness (i.e. inflammatory and toxic
diseases and myocardial infarction}.

The common factor associated with these three

clasgsifications appears to be work.

The process of cardiac hypertrophy can perhaps be
divided into two stages; hyperfunction and hypertrophy
proper. In compensatory hyperfunction the organism makes
use of the mechanisms of adaptation to physical work which
have been developed in the process of evolution. At the
same time however, there.is a clear distinction between
physiological hyperfunction of the heart on the one hand and
compensatory hyperfunction on the other. This is determined
not only by the cause of the hyperfunction but also by a

time/...
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time factor. Hyperfunction in a healthy organism reacting
to é given physioclogical stress is always temporary and
discentinuous, It ceases after the completion or cessation
of the physiological task. Compensatory hyperfunction in
response to hypertension or valvular disease, on the other
hand, is not only long~lasting, but what is more important,
continuous; and the continuity of the compensatory hyper-
function which results is a vital necessity.

In spite of its continuity, compensatory hyperfunction
of the heart may last for many years without signs of
exhaustion. At first it is maintained by the existing myo-
cardium; but this leads guite rapidly to the development of
cardiac hypertrophy and the gradual exhaustion of the heart
énd of i1ts regulatory mechanisms. It is this exhaustion
which is manifested as the syndrome of chronic heart failure.

Thus, compensatory hypexrfunction, hypertrophy and the
subsequent exhaustion of the hypertrophied heart represent
links in a single process.

3.0 Structural Changes During Cardiac Hypertrophy

3.1 Histological Changes

The writers of pathology textbooks from the middle of
the 19th century regarded cardiac hypertrophy as predominant-
ly hyperplasia (i.e. an increase in the number of fibers,
Forster, 1856). However, even at that time, some investigat-
ors noted that there was no evidence for muscle fiber
multiplication (Hirtl, 1855) and later studies showed that
the diameter of normal human heart fiber is 154, while in the

hypertrophied/...
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hypertrophied heaft it is 25mto 30m (Letull, 1897).

With the development of more accurate methods for
counting muscle fibers, Linzback (1947, 1948, 1952, 1855)
concluded that no division of muscle fibers occurred when
myocardial mass was increased up to 60%, At greater levels
of hypertrophy Linzback believed that muscle fibers began to
divide, and hyperplasia did take place, These last
observations, however, are at variance with the findings of
a majority of other investigations, particularly those of
Wearn (1939-40) who showed in extensive autopsy and experi-
mental material that muscle fiber size increased in myo-
cardial hypertrophy without any alteration in the number of
fibers.

Black-Schaffer and Turner (1958) estimated the
frequency of nuclei in the myocardium and concluded that myo-
cardial hypertrophy is associated with a reduction in the
frequency of nuclei. This supports the idea that cardiac
hypertrophy is not accompanied by multiplication of existing
muscle cells.

Wearn, (1939, 1940) studying the hypertrophied human
heart, found that the ratlio between the number of muscle
fibers and the number of capillaries in the myocardium was
the same as in normal hearts (1:24) though the diameter of
tﬁe myocardial fibers increased from 154 to 26u. This, of
course, would indicate that there had been no multiplication
of capillaries to serve the greatly enlarged muscle fibers.,
In addition, Woods (1961) compared the cross—sectional area

of/...
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of the right coronary artery with the weight of the total
ventricular myocardium which it supplied and concluded
that it did not increase as the ventricle hypertrophied.
This, like the reduction in the number of capillaries per
unit mass of myocardium, may limit the supply of oxygen
and othex substrates to the central portion of the muscle
fibers.

Several authors have described the development of
fibrosis in the hypertrophied myocardium and generally
considered it to result from connective tissue replace-
ment of necrotic and degenerative myocardial fibers,

Vail (1939) described areas of necrosis and foci of fatty
degeneration in human hypertrophied myocardium. Krymkii
(1962) studied 135 children and adolescents with congenital
heart disease, and found diffuse or focal myocardial
fibrosis in 134 cases. Farlier case studies by Jacobi
(1928) and Moenckebert (1924) had indicated that fibrosis
only occurred when dilation accompanied hypertrophy.
Schoenmacher (1958) studied the relationship between muscle
fibers and connective tissue by photomicrography of trans-
verse sectlions of the myocardium. They found that muscle
fibers in the left ventricle of tne normal heart occupied
92% of the area of section and connective tissue only 8%.
In chronic aortic insufficiency, connective tissue occupiled
48% of the section and muscle fibers only 52%., These
results taken together indicate that muscle degeneration
with subsegquent fibrosis is a characteristic of hypertrophy.

3.2/.-0
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3.2 Morphological Changes in the Myocardial Cell

The morphology of the hypertrophied myocardial cell
began to be studied only after the introduction of the
electron microscope. There are several main ultra-
structural changes in the hypertrophied hearts:-—

(1) The sarcolemma. Studied by Poche (1969)

and Dowlatshahi et al, (L969) of hypertrophied
hearts have shown that, in cases where
individual myocardial cells have enlarged to
twice their normal size, an increase occurs in
the amount of subsarcolemmal sarcoplasm. This
increase in sarcoplasm was associated with a
high degree of vesiculation of the sarcolemmal
membranes. Other ultrastructural investigatods
of cardiac hypertrophy have noted sarcolemmal
vesiculation (Bozner et al, 1966) describing
them as "cardiac villi" or "arcade-like
diverticulae". Often ribosomes, sarcoplasm
andMiFechondria filled these diverticulae,and
multiple pinocytotic vesicles were seen in
close approximation to either surface of the
sarcolemmal membranes, Such modifications in
the sarcolemma may reflect the need of the
hypertrophied cell for an increased surface
area, The presence of mitochondria in these
villus~like processes, as well as the multi-
plicity of pinocytotic vesicles, may indicate

hyperfunction/...
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hyperfunction of active transport mechanisms.

(2) The Sarcotubular System. Most

observers of hypertrophied hearts have noted
dilatation of the sarcoplasmic reticulum and
T-tubules, components of the sarcotubular
system (Meessen, 1968). These changes in
area may make possible an increase in the
level of electrolyte transport to maintain
the excitation/ionic conduction relationship
of the normal fiber.

(3) Nuclei, In hypertrophy, an increase
occurs in the cellular volume supplied by
each nucleus. There is a concomitant but
smaller increase in nuclear size (Linzback
1962); further, the nuclear membrane has
often bhéen seen to have numerous indentations
(Poche, 1969).

(4) Intercalated Disc. Increase in the

width of the intercellular gap region of the
intercalated disc and vesiculation exhibiting

a dense matrix have been observed by Bishop

et al, (l969) and Sohal et al, (1968). It

was suggested that hypertrophy and vesiculation
of the gap structure might result in an
alteration in the efficiency of electrical
excitatlon affecting ultimately the force of
contraction.

(5) /s
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(5) Mitochondria. Alterations have been

reported in

(a) the mitochondrion/myofibril

ratio and

(b) mitochondrial structure,

A significant decrease in the ratio of
mitochondria to myofibrils has been observed
by Palade (1952), Wollenberger et al, (1963)
and Poche (1%69). This might lead, it is
suggested, to a decline in cardiac efficiency.
However, other investigators have failed  to
detect any such changes and have doubted
thelr occurrence {McCallister et al 1962),

The question remains open.

Changes in the structure of the mito-
chondria have been reported by Kirch (1960),
Wollenberger etals (1961) and Novikoff (1961).
These have included increases in the width of
the cristae, fewer cristae in each mito-
chondrion, an increased width of the inter-
cristae spaces, increases in the width of the
outer mitochondrial membrane and increaﬁ@s in
amorphous osmiophilic structure. The~
significance of these changes 1s unknown.

(6) Myofilaments, The increase in diameter

of myocardial cells during hypertrophy is
accompanied by an increase in the number of

myofilaments/...
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nyofilaments (Carney et al.1964, Bishop

et al 1969, Meessen 1968 and Richter et

al 1963), This suggests that fiber, and
ultimately organ, hypertrophy result from

a cellular organelle (i.e, myofilament)
hyperplasia. As the hexagonal pattern of
thick and thin filaments 1s reported to be
unaltered; the suggestion has been advanced
that the new myofilaments are added at the

periphery of the myofibrils.

(7) The Z Disc _or Band. Structural
alteration in the disc has bheen reported by
Blshop et al, (1969) and Fawcett (1968).
This manifested itself as either a focal or
a general widening of the band. However,
these changes are sparse and irregular so
that their functional significance is doubt-

ful,

Apart from these major changes, other ultrastructural
alterations have been reported including increases in
glycogen and lysosomal-like granules (lipofAa#hin-granule,
Pearse 1961, 1971; lipid droplets, Hibbs et ai (1965),
Alexander (1967)).

4,0 Physiology of Cardiac Hypertrophy

4.1 Factors Surrounding Hypertrophy

When/...
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When the heart increasc$ its level of activity as
an.adaptation to functional overload, the necessary
adjustment is brought about by two mechanisms:
(a) the Frank-Starling mechanism and
(b) dinotropism
Depending on the type and extent of the hyper-
function, either of these mechanisms may play the leading
role,
(LY In response to physical work in the
hypoxia of high altitude, in all kinds of
valvular insufficiency, in arteriovenous
fistulae, and in anaemia and thyrotoxiggsis,
an increase in cardiac output is obtaiﬁed
by an increase in stroke volume and heart
rate, While systolic tension and ventricular
pressure also increase , they do so to a
lesser.extenta This type of hyperfunction
is chiefly isotonic.
(2) In systemic and pulmonary hypertension or
valvular stenosis, hyperfunction of the heart
maintains cardiac output in spite of increased
resistance to ventricular ejection. This is
accomplished by an increase in myocardial wall ~
tension and systolic pressure with little or
no éhange in stroke volume. This type of
hyperfunction is chiefly isometric.
Thus it is generally accepted that isotonic hyper-

trophy/...
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hypertrophy results when ventricular volume is increased

primarily by the Frank-Starling mechanism with inotropism

playing a secondary role; while isometric hypertrophy
occurs when myocardial wall tension is increased, primarily

by the inotropic mechanism with the Frank-Starling mechanism

in a secondary role (Spiro and Sonnenblick 1965; Sonnenblick
et al 1962, 1964 and 1965).

4.2 The Functional Significance of Hypertrophy

For many years it has been dquestioned whether the
development of myocardial hypertrophy affects the maximumn
strength which the heart i1s capable of developing (Grant,
1963) . Many investigators have claimed that the hyper-
trophled heart is more efficient than the normal heart
(Diechhoff, 1936, Hasenfield and Romberg, 1897). Others,
however, have believed, on the basis of clinical observations,
including the well known ST and T wave abnormalities on the
electrocardiogram, that the hypertrophied heart is always
functionally inadequategand recent investigations have
clearly established that there is a decrease in the force
and velocity of contraction in the hypertrophied heart muscle
(Spann et al, 1966, Beznak, 1958, Korecky, 1966, Geha et al,
1966 and Mzerson, 1969).

Meerson (1969) has attempted to frame a comprehensive
theory of both types of hypertrophy. He suggests that in
isometric hypertrophy the increased wall tenbion évokes
increased enexgy production and protein synthesis and these
in turn lead to rapid hypertrophy. This, however, is

succeeded/. ..
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succeeded by a variety of degenerative changes which,
Meerson believes, reflect exhaustion of the heart'®s
functional reserve and of its regulatory mechanisms
and lead to ultimate failure. In isotonic hyper-
trophy there is little increase in wall tension and;
therefore, little activation of energy metabolism and
protein synthesis. Heart failure in this case is,
according to Meerson, a result of failure to mobilize a
functional reserve,

5.0 Biochemical Aspects of Cardiac Hypertrophy

5.1 Introduction

Perhaps cone might say that every disorder of
cardiac contractility must find its ultimate explanation
in a biochemical lesion. Such a lesion during cardiac
hypertrophy and subsequent failure has been the subject
of intense investigation during the past few years.

5.20 Inergy Production

A defect in energy production was one of the first
biochemical lesions suspected to underlie the hypertrophied
failing heart,

5.2.1 Oxidative Phoesphorylation

Several reports have described abnofmalities in
oxidative phosphorylation during hypertrophy and subseqguent
fallure, (Schwartz and Lee 1962, Wollenberger 1965, Schien
et al, 1959). Other investigators have found normal
oxidative phosphorylation in association with heart failure
(Sobel et al, 1967, Fox and Reed 1965).

Some/...



~14~-

Some of these apparent differences may be explained
by “the differences in the degree of hyperfunction produced
by these investigators as well as the presence or absence
of overt heart failure. However, in the presence of
hypertrophy and heart failure, oxygen consumption remains
normal (Bing et al, 1963, Olson, 1959, Levine and Wagman,
1962) . In addition Bing (1961) on the basis of coronary
slnus catheterisation has found that the uptake of substrate
by the myocardium is normal in heart failure.

In comparing experiments in vitro and in vivo it
must be remembered that any increase.in energy metabolism
seen 1n vivo is presumably brought about by active myo-
cardlal hyperfunction, When the heart is removed from the
body this hyperfunction naturally ceases, and, therefore,
in such cases we are by no means assessing the effects of
hyperfunction on energy metabolism but rather the influence
of hyperfunction on the enzyme systems which produce energy.
Thus it is easy to see that long~lasting hyperfunction
might be associated with degeneration of mitochondrial
structures and gradual impairment of the mechanisms by
which energy is made available for contraction.

However, experiments in vivo are not without their
own limitations. Firgtly, steady state conditiohs must
be assumed to prevail in measuring coronary blood flow and-
conseguently, in determining myocardial utilisation of a
substrate (Zierler, 1961); secondly, the methods provide
no direct knowledge of the intermediate metabolism of the

utilised/...
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utilised substrate (Bing, 1965); and, finally, the
quéntity of substrate catabolised to C02 and HZO is
inferred from an oxygden extraction ratio (Bing et al,
1954) . In view of these limitations the metsbolism of
carbohydrates in the hypertrophied failing heart appears

to require more investigation.

5.2,2 Carbohydrate Metabolism

Little work has been done on carbohydrate metabolism
in cardiac hypertrophy and hecart failure, The few results
are confusing. Gudijarnason et als (1964) found increased
activity of glyceraldehyde phosphate dehydrogenase in the
myocardium of patients who died with heart failure. This
may suggest increased use of the glycolytic pathway. Schwartz
and Lee (1962) found a decrease in anaerobic lactate pro-
duction and glucose utilisation in cell-free supernatant in
the hypertrophied ventricles of guinea pigs with heart
failure. However, Bishop et al, (1970) found an increase
in anaerobic glycolysis as measured by lactate production in
dogs. The possible discrepancy between these two results
might be explained in the systems used. Schwartz and Lee
incubated their homogenates with ATP and glucose; whereas
Bishop et al used ADP,; glucose and hexokinase. The
allosteric effects of adenine nucleotides on the enzymes of
glycolysis is well known. Other investigators (Meerson
et al, 1955, Larionov, 1967) have found marked increases
'EEWXEXE in the incorporation of glucose 14C into glycogen
during cardiac hypertrophy and increased concentrations of

lactate/...
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lactate and pyruvate. These results suggest an increase
in anaerobic glycolysis during cardiac hypertrophy.

5.2.3 Lipid Metabolism

Studies using isclated perfused hearts have revealed
that there is an increase in palmitate uptake with a rise
in ventricular pressure, Physiolbgical concentrations of
palmitate also inhibited glucose transport and glycogenolvsis
in hearts with increased ventricular pressure (Neeley et al,
1969). Studies by Opie (1965). support the findings of
preferential oxidation of palmitate as compared to glucose
over a wide range of isovolumic work loads. Carlsten et al,
(1963), however, haveéshown that in human hypertrophied
hearts non—~esterfied fatty acids tend to be extracted less
well than under normal conditions. The discrepancy between
these findings and those of Neeley and Opile quoted above
" might be explained by a decrease in perfusion in the hyper-
" trophied heart due to an increase in the ratio of capillary
to muscle (Wearn 1940). v

AWittleés et aly (1968) measured fatty acids metabolism
in cardiac hypertrophy and found a decrease in the rate of
the oxidation of long chain fatty acids by the myocardium.
They also found an increase in the synthesis of triglycerides.

Although more studies are needed, the balance of
evidence at present suggests that during cardiac hypertrophy
there is an increase in glycolysis and a decrease in the
oxidation of fatty acids.,

5.2.4 Energy Storage

Insufficient/...



] e

Insufficient energy stores for the maintenance of
nofmal myocardial contraction have been thought to under-
lie the failure of the hypertrophied heart. Several
investiligators have reported decreased high energy phosphate
stores during hypertrophy or heart failure (Mangus and
Myers, 1940, Minton et al, 1960 and Goodkind et al, 1959,
vyalykh and Meerson, 1960, Poole et al, 1967), However,
the decreasesobserved b? most of these investigators were
small.

It has been suggested that the failure to find a
significant relationship between energy stores and the
‘onset of heart failure may be due to the fact that energy
stores are compartmentalised. In this case, a significant
deletion of a single compartment of energy stores might
lead to heart failure, but this decrease might not be
detected when compared to the total store of energy
(Meerson, 1969).

5.3 Protein and Nucleic Acid Metabolism

In experimental cardiac hypertrophy and heart
failure, the total myocardial contents of DNA and RNA are
increased. The increase in RNA content exceeds the
increase in myocardial mass and, therefore, myocardial RNA
concentration is increased, Myocardial DNA content is
increased more or less in proportion to the increase in
myocardial size and, therefore, myocardial DNA concentrat-
ion is unchanged (Meerson, 1969),

The myocardial cell does not proliferate during the

process/...
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process of hypertrophy., Hence the increase in myo-
cafdial DINA content implied an increase in the DNA
content of each myocardial cell, In accordance with
this, an 1lncrease in DNA per cell presumably indicating
polyploidy in the nuclei of myocardial cells, has been
reported (Sandrilter et al, 1964, Kompmann et al, 1966).
On the other hand several investigators have measured
DNA content of individual cells within the hypexrtrophied
myocardium and have found that virtually the entire increase
in DNA content within the myocardium during hypertrophy
occurs in connective tissue cells rather than in myo-
cardial cells (Meerson 1967, Morkind and Ashford 1968,
Grove et al,1969). These authors consequently concluded
that there was no increaée in nuclear DNA synthesis in the
myocardial cell during hypertrophy, and that each unit of
DNA in the hypertrophied myocardial cell served a greatly
expanded cell volume,

The process of transcription is thought to increase
during myocardial hypertrophy. Actinomycin D specifically
inhibits RNA polymerase and thereby blocks the DNA depend-
enf synthesis of RNA. Experimental coarctation of the
aorta following the administration of actinomycin D does
not cause hypertrophy. Instead, heart failure ensues
rapidly without activation of protein synthesis (Meerson
1969, Zuhlke et al, 1966). On the other hand, in the
absence of experimental stress, administration of
actinomycin D does not result in an jmmediate inhibition
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of protein synthesis, indicating that the already
syhtheslsed RNA is capable of carrying out protein
synthesis for some time, Clearly the acutely over-
loaded heart must needkincreased RNA synthesis.

The stimulation of RNA during hypertrophy seems
to occur to about the same extent in all species of RNA.
The distribution of labelling the various types of RNA,
(28s, 18s and 4s) separated by sucrose density gradient
centrifugatlon,is the same for hearts of animals with
aortic constriction as for those of the control animals
(Kolde et al 1969, Posner et al 1966).

The activation of the process of tfanélation
during hypertrophy is iﬁdicated by an increased incor-
poration of amino acid into protein. Following an acute
overload, there is an increase in the incorporation of
amino acilds both 1n the isolated heart (Schreiber et al,
1968) and in the rabbit with experimental aortic stenosis
(Gudbjarnason et al, 1964). In addition Meerson (1969)
has shown that this increase in amino acid incorporation
occurs only during the early stages of acute overload.
When heart failure occurred seven months after coarctation
of the aovrta in the rabbit, incorporation of 358—methionine
into mitochondria protein and actomyosin was decreased.
What relation this decrease in amino acid incorporation
may have to heart failure is unknown. Meerson, however,
has suggested that it could explain the failure to renew
cellular structures.

It has been suggested that certain rate-limiting
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steps in normal myocardial energy metabolism may limit
the ability of the myocardium to respond to acute stress.
For instance; during the early stages of experimental
cardiac overload increased nucleic acid and protein
synthesis require an increased supply of ribose~5-
phosphate which is formed from glucose—~6-phosphate in
the pentose phosphate shunt. These reactions are
catalysed by transketolase and transaldolase and, since
transketolase activity may be rate-limiting in the'fqrm
mation of ribose-5-phosphate (Bruns et al, 1958), myo-
cardiac reguirements for this substrate may not be met,_
Iﬁdeed, Meerson (1967) has shown that inhibition of
transketolase activity with oxythiamine inhibits protein
synthesis in myocardial hypertrophy produced by severe
coarctation of the aorta.

Several studies have shown that in the early stages
of hyperfunction there is an increase in the pentose
phogphate shunt (Meerson et al, 1960, 1962), However,
during the late stages of cardiac hypertrophy there was a
decrease in this pathway (Matsumoto et al, 1965).

5.4,0 'Catgcholamines

Recently several studies have demonstrated that
hypertrophied hearts contain abnormally low concentrations
of norepinephrine. Fischer et al, (1965) found both the
concentration of endogenous norepinephrine and the binding
of exogenous 3H~norepinephrine to be diminished in hyper~
trophied hearts from rats subjected to constriction of the
abdominal aorta for two months. Other investigators have
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also found diminished norepinephrine stores in hyper-
trophy (Chidsey et al, 1964, de Champlain et al, 1968).

Poole et al, (1967) have attributed the decrease
in norepinephrine to a deficiency of the enzyme tyrosine
hydroxylase., Fischer et al, (1L965) suggested that there
may be increased turnover of catecholamines resulting
from both decreased rebinding of norepinephrine released
from sympathetic nerve endings and decreased binding of
clrculating norephinephrine. Although de Champlain et
al, (1968) demonstrated an increased monamine oxidase
activity in hypertrophied heart muscle, they concluded
that this could not account for the decrease in nore-
plnephrine. Regardless of the cause for the depletion
of norepinephrine, it appears from the studies of Span
et al, (1966) that it can be associated with normal con-
tractility in the isolated muscle and, hence, that nore-~
pinephrine deficiency alone cannot explain an alteration
in contractility of hypertrophied muscle~

5.5 Energy Utilisation

(1) "Excitation Contraction Coupling" is the
series of events leading from electrical depolarisation
" of the muscle membrane to contraction of the sarcomere.
Electrical depolarisation of the muscle membrane is
carried to the interior of the cell via the transverse
tubular system (T-system) which then forms a junction
with the longitudinal series of tubules which surround
the myofilaments~
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The sarcoplasmic reticulum is capable of con-
centrating calcium ion against a large concentration
gradient and the activity of this calcium pump is
associated with stoichiometric utilisation of ATP. In
the resting state, these membranes are able to decrease
the concentratlon of calcium ion in the area of the myo-
filaments to less than 10“71\/1u Contraction is initiated
when calcium is released from the sarcoplasmic reticulum
into the area of the myofilaments,; increasing the calcium
concentration to the level of 10~ oM.

The nature of the Jjunctilon between the T-~system
and the sarcoplasmic reticulum and the means by which
electrical depolarisation of the T-system causes release
of calcium from the sarcoplasmic reticulum are not
completely understood, nor is it clear how calcium itself
initiates contraction, However, knowledge in this area
has been advanced in the last ten years, It is known
that tropomyosin plays an important role in the interaction
of ca*t with actin and myosin and that tropomyosin is
distributed alone the thin filaments of actin. The active
component of tropomyosin relative to ca*’ is another
protein, troponin. In the absence of Ca++, troponin
inhibits the interaction of actin and myosin and prevents
muscle contraction. Tn the presence of Ca't this
inhibition is removed,; actin and myosin interact and con-
tracltion occurs.

The possibility that a defect in excitation con-
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contraction coupling could underlie the hypertrophied
failing heart has been recently considered. Recent
studies by Harigaya and Schwartz (1969) and Siegal et
al, (1969) seem to suggest an alteration in calcium
transport. These authors suggested that an alteration
in calcium metabolism might be an important factor in the

hypertrophied failing heart.

5.6 Contraction

The physiological function of the myocardial cell
contraction 1ls performed by specialised organelles, the
myofibrils, The changes thalt occur may be explained in
terms of theoriles of muscle contraction where the develop-
ment of force and powef depend on the interaction of

* ana catt,  The sliding filament

myosin, actin, ATP, Mg+
hypothesis describes the interaction of actin and myosin
by means of cross—bridges which extend from myosin to
actin. This interaction produces a force of displacement

by cyclic binding of the myosin cross bridges to actin.

A prerequisite for activity in this model is the

- -

hydrolysis of ATP in the presence of Mg+ and Ca+' by the
contractile protein complex actomyosin, In this context,
the ATPase activity of myosin has been correlated with
velocity of shortening and tension development (Barany 1967).
. Recent studies by Meerson (l969)on dogs; Alpers and
Gordon @962),-:Ahuman; Gordon and Brown (1966),m human) have
shown decreased ATPase activity in the failling hypertrophied

heart. However, studies by Chandler et al (1967) gncat;
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Olson, (1961), in dogs,; revecaled no change in ATPase
activity. This mechanical-biochemical discrepancy may
result from differences in the cationic milieu in which
the protein ATPase activity is assayed. This area
obviously needs more investigation.

6.0 Pathogenesis of Cardiac Hypertrophy

Many theories have been proposed to explain the
development of cardiac hypertrophy {(Willius et al 1934,
Merrmann et al 1939).

6.1 The Theory of Work Hypertrophy attributes cardiac

hypertrophy to an increase in the work of the heart. The
size of an animal's heart increases in proportion to the
amount of activity necessitated by its mode of life and
cardiac hypertrophy can be induced by exercising dogs
(Steinhaus 1933). Clinical and pathological obserxvations
disclose that hypertrophy of a chamber occurs when its work
is increased in compensation for a valvular or circulatory
abnormality. A modification of this theory regards a
chronic increase in myocardial metabolic rate per beat
(oxygen consumption per beat) as a stimulus to cardiac
hypertrophy (Badeer, 1964).

6.2 The Nutritional or Hypoxic Theory attributed cardiac

hypertrophy to a defective blood supply. Hypertrophy has
been demonstrated repeatedly in clinical and experimental
anaemia and in experimental coronary ligation (Normal et al,
1960). The cardiac hypertrophy in arteriovenous aneurysm
and aoxrtic insufficiency is thought to be due to a deficient
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circulation (Lewis et al, 1%23). Cardiac hypertrophy
can be introduced in rats either by exercise (work
hypertrophy) or by prolonged intermittent exposure to

low 02 tension, The essential difference is the
relatively greater hypertrophyvof the right ventricle in
the latter group, presumably due to increased pulmonary
vascular reslstance secondary to hypoxia (Van Liere et al,

19265) .

6.3 The Inijury Theory suggests that cardiac hypertrcphy

is a reaction to tissue injﬁry which acts as a "pathologic
nutritive" (Albrecht et al, 1903, Eyster et al, 1927).

Its valildilty has been questioned in a critical appraisal
by Rerr (1L857),

6.4 The Muscular Stretch Theory suggests that the

fundamental cause of hypertrophy is the stretching of
nuscle fibers (Horxrvath 1897). This is not necessarily
contradictory to the other theories, but rather an attempt
to define;, more clearly and precisely, their application.
Stretching of myocardial f£ibers results whenever this
diastolic volume and pressure are increased by enhanced
inflow, impaired myocardial contraction or increased re-
sistance to outflow, This is the stage of cardiac
dilatation., Increased fiber length may alter both the
shape and size of the heart, factors which influence the
degree of myocardial tension and oxygen requirement (Burton
et al, 1957).

Ultimately increased oxygen utilisation appears
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important to the growth process which underlies hypertrophy.
Tt has been suggested that the tension~kime index, which
is a measure of increased myocardial work, and often the
oxygen requirement may serve as the "indicator" to the
deoxyribonucleic acid (DNA) genetic coding centre in the
myocardial to order a controlled synthesis of ribonucleic
acid (RNA) and protein for required growth of hypertrophy
(Norman, 1962). The tension-time iﬂ&ex can be correlated
with dilgtation which by itself,; oxr in associlation with
inéreased heart rate, may be the stimulus to cardiac
hypertrophy.

The lengthening of muscle fibers results in greater
surface area for an unchanged mass of muscle, This
permits a relatively greater nutritive diffusion surface
between blood and fiber and, therefore, leads to the
fiber's growth, In due time the dilated fibers become
hypertrophied. This may explain the development of
cardiac hypertrophy following dilutation in cases of
valvular and vascular lesions as well as in instances of
myocardial disease. Hormonal factors especially thyroxine
and growth hormone may be concerned in the development of
cardiac hypertrophy (Beznak 1960, 1964).

Progressive heart failure is a potent factor in
pronounced cardiac hypertrophy because it is responsible
for progressive increase in diastolic velume and consequent
muscle stretch, On the other hand, increased work of the
heart does not appear to cause hypertrophy if the addition-
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work is due exclusively to tachycardia while the stroke
ouéput 1s not enhanced, as in most cases of uncomplicated'
hyperthyroidism, Finélly, there may be many unknown
extrinsic or intrinsic factors controlling the metabolism
of the muscle fiber which may account for marked
differences in the degree of hypertrophy experienced by
different hearts in response to apparently similar
'bathologic" disturbances. Hearts in aortic stenosis
have varied from virtually normal weight to over 2000g
(Lowe et al 1948) - sometimes without any correlation
with the degree of stenosis or duration of illness.
Although marked hypertrophy is the rule in cases of
hypertension with heart failure, little or no hypertrophy
has been found at autopsy in the hearts of some patients

with these conditions (Kleinfeld et al, 1952),
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The Situation 1969

At the beginning of the present investigation,
the situation could be summarised as follows, Histo~
logical and morphological studies had generally showed
that the hypertrophic heart was not merely larger than
usual; it also contained much more fibrous tissue than
the normal heart and the fine structure of the myocardial
cells was abnormal in a number of important respects.

One might expect that the morphological changes
and more especially the loss of efficiency should have a
biochemical aspect and might.even to the ultimate be
capable of explanation in purely biochemical terms.
However, minimum biochemical changes have been reported
in abundance; Ca++ transport is mafginally depressed;
the concentration of ATP and phosphocreatine are marginally
depressed; in spite of the increased functional demand,
uptake and, to a greater degree, oxidation of fatty acids
is depressed; the glycogen reserve of the myocardial cells
igs depiessdd,while the lactate content is increased,
Neither individually norAin combination do these changes
indicate damage to the myocardium; but thgy do suggest
that it is being pushed beyond its normal physiological
limit and is perhaps not coping very successfully with
the challenge. There seemed a need for a more detailed

investigation on these lines.
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SECTION I RESULTS

U

1.0 Introduction

In theilr attempts to understand the metabolic
abnormalities during myocardial hypertrophy and hecart
Failure, most Ilnvestigators have directed their atten-
tion to .the mitochondria and oxidative metabolism as
the major source of energy production in the heart.
However, an additional factox which must be considered
in the biloenexgetics of the hypertrophied myoccardium
is the increased demand placed upon the energy resocurces
of the heart by alterations in hemodynamic and mechanical
factors, When oxidative metabolism is taxed to its
limit, or if inhibitory factors are operating, it is
reasonable to assume that reserve sources$ of energy
production will be_brought into action, The role of
glycolysis in meeting this ilncreased energy'demand has
received little attention. It has also been argued
that a decrease in the ratio of capillary to myofibril
during cardiac hypertrophy leads to hypoxia in the myo-
cardium (page 5 )} as a result of the increase in the
diffusion distance from the capillary lumen to the centre
of the hypertrophied area. Since direct methods of
determining the intracellular distribution of oxygen are
not available, indirect means were sought.

The association of different isocenzymes of lactate
dehydrogenase (LDH) with aerobic and anaerobic metabolism
(Chan et al, 1962, Markert, 1963, Dawson et al, 1964) and
the shift in the isoenzymes distribution, which occurs
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with altered environmental oxygen availability,
(&ohanss.onr 1966, iindy and Rajasalmi, 1966, Thorling
and Jensen, 1966) appearcd to afford a means of evalua-
tion myocardial oxygen availability.

Lactate dehydrogenase exists as a tetramer made
up of two types of genetically determined subunits -
heart (or H) and muscle (or M) corresponding to their
respective preponderance in these tissues (Appella and
Markert, 1961).

The nomenclature used tn this study to describe
the varilous isoenzymes of lactate dehydrogenase will be as
follows: LDH I, LDH II, LDH III, LDH IV, and LDH V,

LDH I carrying the highest negative change and migrating
furthest towards the anode during electrophoresis,

The theory that the pattern of LDH isocenzymes in
a tissue 1s associated with the metabolic activity of
that tilssue 1s based mainly on the observation that tissues
highly dependent on aerobic metabolism,such as heart and
brain, have a predominanée of H subunits (Vessell et al,
1962, Dawson et al, 1964), whereas tissues such as white
skeletal muscle and uterine smooth muscle which function
well under anaerobic conditions have a predominance of M
subunits (Vessell et al, 1962, Dawson et al, 1964).

Exposure of heart cells (originally derived froﬁ
primary explant of monkey heart) in tissue culture to low
oxygen tensions provokes an increased synthesis of the
ILDH V isoenzyme (Goodfried et al, 1966). These findings
indicate that cells are capable of adapting their LDII

isoenzymes/. ..
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isoenzymes in response to environmental variation in
oxygen availability.

Recently, Bello and Messer, (1968) measured the
percentage of M chains present in cardiac LDH for patients
who had a combination of diminished tissue perfusion and
cardiac enlargement as evidenced by coronary artery narrow-
ine and increased heart weight (greater than 3259 for
females and 375g for males). They found that hearts which
were enlarged and poorly perfused had a greater proporﬁion
of M chains of LDH as compared to hearts with or without
coronary artery diseéée and/oxr mild cardiac enlargement.
They concluded that these changes in the proportion of
M chains of LDH were related to an enhanced utilisation of
anaerobic glycolysis in association with cardiac hypexr=-
trophy.

The idea that the hypertrophied myocardium is bio-~
chemically similar to embryonic myocardium is quite
attractive. Embryonic and young dgrowing myocardial
tissue, which is less susceptible to the effects of hypoxia
than adult myocardium, contains greater amounts of M-LDH
(Dawson et al, 1964). The finding by Bishop and Altchuld
{1970) of increased rates of lactate production and glucose
uptake by anaerobically incubated homogenates of hyper-
trophied ventricles is additional evidence that hyper-
trophied myocardium utilises anaerobic glycolytic metabolism
to a greater degree than normal myocardium.,

Further studies, it was felt, were necessary to
determine whether changes in the M chains of LDH were

associated/. ..
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associated with cardiac hypertrophy or related to a
-marked decrease in tissue perfusion (i.e. hypoxia)-

If changes in the M subunits were a result of
cardlac hypertrophy then marked enlargement should
result in the greatest change in M~LDH. However, 1f
the changes in M-LDH were related to tissue perfusion
then these hearts in which perfusion was most impaired
should show the greatest change in M-~LDH,

1ol Clinical and Morphological Data

Subjects were selected (Table 1) by the attending
pathologist, based on the following criteria; the controls,
group A, were patients who had died accidentally or by

violence. The heart weight in this group averaged 340g

for males and 300g for females and coronary arteries were

normal; patients in group B all showed marked coronary

P

narrowing with moderate cardiac enlargement (i.e. 50% over

R

the control); the patients in group C had marked cardiac

enlargement (i.e. 100% increase over the control) with or

without moderate coronary artery disease.

Additional evidence gubstantiating cardiac hyper-—
trophy was provided by left and right ventricular wall
thickness (Table 1). The left and right ventricular walls
in group B were increased by 40% and 29%, respectively,
while the left and right ventricular wall of group C were
increased by 87% and 50% respectively.

1.2 Lactate Dehydrogenase Isoenzymes

Sections of the left ventricular free wall were

removed at autopsy within 7 to 24 hours of death. Samples

0f/cow



Clirdcal and Moxphological characterization of patient prounvs.

Group I; the control; neither coronary artery disease noxr cardiac
enlargement. Group II marked coronary artery disease with moderate
cardiac enlargement, Group IIT marked cardiac hypertrophy with or

without coronary artery disezse.

Patient CGrouovs

k B sl

Number of Cases 19 14 12

Male/Pemale 15/4 12/2 10/2

Heart Weight (g) 320 440 ATT 450 669 480
¥ HH

Left ventricular wall
thickness (cm) 165 0405 201 40,10 2.8 40,07

% Fard

Right ventriculaxr wall

thickness (em) 0:14 40,01 0,18 40,03 0,21 +0.04
® #3%

Mean + SH #p<0,05, #¥pL£0,01, #*#p 0,001

=
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1

The percentage of lactate
dehydrogenase lsoenzymes in
normal heart, llver and
skeletal muscle from human
at autopsy. Also present
in Filg. 1 are the percentage
of lactate dehydrogenase
isoenzymes from Helu cells

of the fouxrth passage.
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of normal liver and skeletal muscle were removed Lo
check whether (the slower moving) heat sensitive iso-
enzymes LDH IV, V were rctained, These samples were
homogenised and the homogenate were centrifuged at
20,000xg for 20 minutes. The supernatants were then
subjected to electrophoresis on polyacrylamide gels.

The results from these experiments are shown in
Tables 2 ~ 3 ~ 4, The typical LDH isocenzymes dis~
tribution in normal human heart, liver and skeletal
muscle is shown in Fig. 1.

Relative to the control group A, group B showad
a decrease in lisoenzyme I, while isocenzymes III, IV and
V were significantly increased. Group C showed a modest
decrease in isocenzyme T and an insignificant increase in
isoenzymes III, IV and V (Table 2).

The relative amounts of heart and muscle subunits
were calculated from the percentage of isoenzymes (Appella
and Markert 1961, Cahn et al, 1962). The M subunits in
group B were significantly increased by 60%, while group
C showed a significant increase of 31% over the control
(Table 3).

As would be expected, liver and skeletal muscle
showed a predominance of isoenzymes IIT, IV and V and of
M subunits of LDH (Plummer et al, 1963; Vessell and
Bearn, 1961). These slow moving heat sensitive iso—.
enzymes did not showmuch variation during the experimental
period (Table 43 and b).

To corroborate these changes in the isoenzymes and

subunits/. ..



TABLE 2

The percentage of lactate dehydrogenuse isoenzymes in the left

ventricular free wall from wvarious patients groups.

IDH Tsoenzymes

I Ix IIT v A4
- No., of o
Group patients 7
A , 19 49 36 12 2 1
419 A6 404 +0.030 40004
B 14 31 38 21 6 4
;}:263 ;'5;1 93 ;t006 ;{:00050 ;{;O 9005
c 12 28 40 16 4 2
:}»__2.;0 -.:i;1 09 iooé :};00038 _'!:00005

Mean - SEM

DABLE 3

Yy e

The percentage of M subunits in the left ventricular wall from

~various patient groups.

M subunits of LDH

.
A 19 | | 1755
+1.18

B 14 28,5
41.64

c 12 23.0 *
4119

Nean + Sidl  ¥p< 0,05, *¥p< 0,001



TABLE 4 o

The percentage of lactate dehydrogenase izoenzymes and N subunits

in normal liver and skelebtal muscle,

Tissue

Liver

Skeletal
muscle

Tissue

Liver

Skeletal
muscle

No. of
patients

6

No. of
patients

7

LDH isoenzymes

I IT ITX v
%

10 i6 23 24
j‘_ooa iq 04- .'_{"__1 06 i] 06
13 10 30 27
4163 4069 423 4247

Mean -+ SEM

4

M subunitlts of LDH

60.5

;};2031

555
42,08

WMean . SIM

27

H2ed

18

;!:_1 < 5
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subunits of LDH, high and low concentrations of pyruvate
were used as a measure of the percentage of H and M -
IDH present in the left ventricular free wall from the
various patienlt groups.

1.3 Pyruvate Inhibition

Dawson et al. (1964) have shown that relatively
high concentrations of pyruvate inhibit the H subunits
of LDH. Gutfreund et al, (1968) have suggested that
this inhibition is related to the formation of an abortive
ternary complex between NAD+, pyruvate and LDH,

Kaplan et al, (1960) have advanced the hypothesis
that inhibition of LDH by high tissue concentrations of
pyruvate may assure a constant flow of pyruvate into
pathways of oxidative phosphorylation. They observed
that tissues; such as the heart, which rely on oxidative
phosphorylation contain predominantiy IDH I (which is
inhibited by pyruvate) while tissues, such as skeletal
muscle, relying partly on anaerobic glycolysis, have a
predominance of LDH V (which is pyruvate independent).
However, the validity of this hypothesis has been
guestioned by Vessell and Pool (1966) and Stambaugh and
Post (1966), on the grounds that the temperétures and
pyruvate concentrations employed were outside the physio-
logical ranges. Although inhibition in vivo of LDH has
been guestioned, studies in vitro have established that the
amount o©f substrate inhibition is directlyAproportional to
the percentage of H chains in the enzyme (Plagemann et al,
1960).
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In the present study the relative proportions
of H subunlts of LDH were estimated by using high

4M) and low (xlOM3M) pyruvate concentrations.

(x10"
Tables 5 ~ 6 show the results of such estimations on
supernatants from heart, liver and skeletal muscle.

The control or group A showed a 59% inhibition
at high pyruvate concentration while Bello and Messer
(1968) found a 70% inhibition at the same concentration.
However, a higher proportion of M subunits were found in
the control group in the present study than in the control
results of Bello and Messer. Group B showed 44% in~ .
hibition which was significantly less than the controls.
A 52% Inhibitlon was found with group C. This was not
significantly different from the controls. In other
terms, group B showed an increase in LDH activity (or
less inhibiltion) at high pyruvate concentration of 37%,
while group C showed an increase of 17%, Bellow and
Messer found an increase of 33% in patients similar to
group B in this experiment.

To sum up: hearts which were moderately hyper-
trophied and poorly perfused showed a marked increase in
M subunits of LDH as evidenced both by electrophoresis,

- and by pyruvate inhibition; while hearts which were
markedly hypertrophied and moderately perfused showed no
gsignificant change.

These results tend to support Bellow and Messer's
view that severe hypoxia and mild cardiac enlargement

result in a shift to a greater proportion of M subunits.
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TABLE &

Lactate dehydrogenase enzyme activity at different concentration

of pyruvate in the left ventricular free wall of various patient grours.

Lactate dehydrogensse activity in the presence

ofs
Low pyruvate con High pyruvate con™
x10™3 1 210" 1
Groups o, of patients moles / min / g wet weight
A 19 216 88
422 r 8
B 14 195 110
+1 6 +11
¢ 12 201 96
x19 + 7
Mean + SEM

Lactate dehydrogenase enzyme activity at different concentration

of pyruvate in normal liver skeletal muscle.

Lactate dehydrogenase activity

Low pyruvate con High pyruvate con
x1073 x10™4 1
Tissue HNo. of patients moles / min / g wet weight
Liver 168 240
+12 +17
Skeletal
¥uscle 219 315
419 426

Mean - Sidl
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This shift during severe hypoxia might reflect an
altered control of ILDH synthesis during cardiac enlarge-
ment; on the other hand, marked enlargement with mild
hypoxia did not produce this.

An alternative explanation might be that the
changes in isocenzymes represent a change in the relative
proportions of different cell types in the heart. The
attending pathologist observed that group B, which
exhibited the greatest change in M subunits also exhibited
cardiac fibrosis with recent or old infarctions, Hearts
in group 6 exhibited only small areas of cardiac fibrosis
and group A (the controls) exhibited none. He concluded
that connective tissue in groups B represented an
apprecliable amount of the left ventricular free wall as
compared to group C or the control group A, Fibrosis
involves the proliferation of fibroblasts and the sub-
sequent synthesis of collagen which is laid down in areas
which have previously undergone nécrosis. ' Accordingly
attempts were made to determine whether there was a
relationship between fibrosis and the proportion of M
subunits in the heart.

1.4 Hydroxyproline

Hydroxyproline is found exclusively in collagen,
in which it forms a constant percentage of 13.,4% by weight
(Neuman and Logan 1950). The concentration of collagen
and thus the connective tissue component of the myo-
cardium can, therefore, be estimated by determination of
hydroxyproline.

The/ocn
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The evidence on the abundance of connective tissue
in® human hypertrophic hearts is conflicting. Oken and
Roucek (1957) showed that the collagen concentration in
20 out of 22 human hearts with significant left ventricular
hypertrophy was normal. Similar studies by Monfort and
Perez~Tamoyo (1962) who measured the ratio of collagen to
muscle protein in the hypertrophied human left ventricle
showed no change in the collagen content, On the other
hand, Blumgart et al, (1940) found increases in the
collagen concentration in 9 out of 24 hypertropﬁied human
hearts. vVail (1939) and Krymski (1962) both observed
increased areas of fibrosis in the human hypertrophied
heart.

These Conflicting results might be in part explained
by the method used to excise the left ventricle. Montfort
and Perez- Tamayo (1962) cut away the endocardial énd
epicardial layer before estimating hydroxyproline. However,
Vail (1939) and Krymski (1962) both noticed it was pre-
cisely in these layers that the increase in fibrous tissue
was located, Unfortunately, these investigators did not
measure the amount of collagen chemically.

In the present study, sections of léft ventricle
removed at autopsy were homogenised, as in estimation of
LDH isoenzymes, without cutting away the endocardial or
epicardial layers. The results of hydroxyproline
estimations are shown in Table 7. In comparison with
group A(the controls), group B showed a significant increase
in hydroxyproline, while group C showed a smaller but still

significant/...



TATLE T

The hydroxyproline concentration in the left ventricular free

wall from various patient grours.

Groups Mo. of nmatients
A 19

B 14

Y 12

Mean + SEM  #p 0,05,

-}H{-p

0,001

Hydroxyproline

ng/g dry weight

2.24
:!:O e 34

4436 ¥

i0n71

2,98 #

+0.39
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significant increase.
These chemical findings appeared to warrant
histological comparison.

1.5
Histological Studies

Histological sections were taken from three parts
of the left ventricular free wall, the anterior, posterior
and lateral,

Determination of the relative amounts of fibrous
tissue, myocardial cells and other cellular elements, was
achieved with a microscope fitted with a grid in one of
the eyepieces, A total of 25 fields was examined in
each section and in each field the number of grid inter-—
sectiong that fell upon myocardial cells, fibroblasts or
collagen and other cells (i.e. endothelial cells and
histocytes) was recorded. These observations were made
in areas which were not highly wvascularised (i.e. not
heavily endowed with arteries or.capillaries). Figs. 20~
b - ¢ show typical sections from groups A, B and C.

In group A (the controls) the lateral section of
the left ventricular free wall appeared to contain a
relatively higher proportion of muscle cells than fibrous
tissue; the anterior and posterior showed a greater
amount of fibrous tissue and the muscle cells were
correspondingly reduced (Table 8 - 9). However, there
was no significant difference between these results.

The results from group B showed that, compared
to the controls, myocardial cells decreased, while
fibrous tissue and other cellular elements significantly
increased in all three. Group C showed a small decrease

in/eee



Fig, 2wa=b=c

¥ib. 2a

Fib. 2b

Fib. 2¢

Sections of the left wventricular free wall from
human at autopsy stained for collagen with Lasson's
stain which appears green, counterstained with

Homalum,

without coronary artery disease with

diffuse collagen. (Mag x 250),

Moderate left ventricular hypertrophy with
marked corvonary disease (Group B) with

marked increase in collagen., (Mag x 100).

. Normal left ventricle (Group A) with

sparse collagen. (kag x 250).






DABLE 8

Higtological counting in the anterior, lateral and pesterior sections

of the left ventricular free wall from the various vatients sroups. The

value expressed below represent the number of times the grid intersection

fell apond (Ji) or muscle cells, (F) or fibroblast and collagen end (0)

or other cells (i.e. histocytes and endothelial cells).

Groups No.
v 10
B 8
C 10

patient

i T 0
1311 271 119
+68 416 412
1060 460 180
60 #17 20
1290 360 130
485 418 413

TABLE 9

Lateral

M ¥ 0

1344 272 108
H13 220 413
1050 470 180
x40 424 114
1320 285 95
+57 +21 416

s’

Mean - SEM

56 423 412
1064 440 195
443 418 421
1220 380 100

474 #15 414

The percentage of M or muscle cells, F or fibroblast and collagen and

0 or other cells (i.e. histocytes and endothelial cells) in the anterior,

lateral arnd posterior from the various patient groups.

Groups Ko,
P patient
A 10.
B 8
C 10

Anterior

M F 0
T 16 7
62 27 11

Lateral
it F 0
79 14 1
62 28 10
8 16 6

Fosterior

M r 0

% 17 1
63 26 11

72 22 6
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in muscle mass in the anterior and posterior sections,
while the lateral section was unchanged. Fibrous tissue.
and other cellular elements in group C was either
unchanged or slightly increased.

The chemical and histological studieé both indicate
that fibrous tissue and other cellular elements had con-
siderably increased in group B, Although group C showed
similar changes they were very much smaller.

1.6 Attempted Isolation of fluscle €ells

It seemed advantageous, therefore, to separate the
various cellular elements in.the left ventricular free wall
and determine thelr characteristic patterns of ILDH iso-
enzymes. It was thought that this experiment would answer
the question whether the new tissue which is added as a
result of cardiac hypertrophy has an altered pattern of LDH
isoenzyme. Using a modification of the method of Berry et
al, (1970) a section of the left ventricular free wall was
cut into small lmm cubes and incubated for one hour in a
buffered solutation of collagenase and hyaluronidase. These
enzymes should digest the connective tissue (i.e. collagen
and ground substance), and release free cells. The different
cell types should then be separable on the basis of size and
density by sedimentation through a serum gradient under
gravity. This experiment was unsuccessful since complete
digestion was never achieved. Incubation for as long as 4
hours with various concentrations of collagenase and hyal-
uronidase did not lead to an appreciable release of the
individual cells.

Because of this an alternative experiment was

designed/...
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designed which involved harvesting Helu cells (human
emb%yonic lung cells) which have been replaced by
predominantly fibroblast and determining the percentage
of M-LDH.

1.7 Helu cells of the fourth passage were used to

determine the M-LDH content. Fig., 1 shows the typical
distribution of the LDH isocenzymes found in the Helu cells.
The results from these experiments show that Helu cells
contain a predominance of the (slower moving) isocenzymes
ITT, IV and V., The predominance of M subunits of LDH was
further demonstrated by a pyruvate inhibition experiment
(Table 10).

These results clearly demonstrate that fibroblast
or Helu cells contain a predominance of M~LDH. Since
fibrous tissue was found in appreciable amounts in group B,
they do help to offer an alternative explanation to the

changes found in M-LDH in groups B and C.



TABLYE 10,

A esetvapis St P

* The percentage of lactate dehydropenase isoenzymes and high-low |
P & y &

pyrovate kinetics in Helw cells.

Noo, of Experiments

p

No. of FExperiments

5

Lactate dehydrosenase ilsoenzymes

I IX TIx Iv v

%
6 22 36 29 7
408 416 +201 +1.8 4046

Mean 4 SHM.

Lactate dehydrogenase activity in the presence

ofe

Low pyruvate cons High pyruvate con™

x10™3 M 21074 11
moles / min / g wet weight

290 365
+24 £39

Mean + SEM



1.8
Myocardial Enzymes

The reported changes in the structure of the mito-
chondria (Wollenberger, 1963) and anaerobic glycolysis
(Bello and Messer, 1968) asgsocliated with congestive heart
failure and enlargement, seemed to warrant a study of
cardiac enzyme activities, especially since a change in
metabolism might be responsible for the failing heart.

The enzymes zchosen were selected as representative
of three metabolic pathways: the Embden—-Meyerhof pathway
(Lactate dehydrogenase (LDH)); the citric acid cycle
(malate dehydrogenase (MDH)and NADP-dependent isocitrate
dehydrogenase (ICDH)}); and the pentose phosphate pathway
(glucose~6~phosphate dehydrogenase (C-6-PDH)). The
activities of creatine phosphokinase (CPX) and glutamic-
oxaloacetic transaminase (GOT) were also measured.

The enzyme pattern from patients in group B with
poorly perfused tissue or marked cardiac enlargement (group
C) in general differed from the contxol group A (Table 11).
The actilvity of ICDH in hearts from group B showed a
significant decrease to 44% of control activity while ICDH
in group C was decreased by 75% of the cont;ol activity.

The activities of MDH and LDH were insignificantly decreased
in both groups. Finally, G—-6-PDH, CPK and GOT were slightly
but insignificantly decreased in group B, while these enzymes
in group C were the éame as the control or slightly elevated.

It appears from the results of M~LDH and the intra-
cellular enzyme activities that group B or those hearts which
were moderately hypertrophied and poorly perfused showed the

greatest/...
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] D
greatest change as compared to hearts which showed a
marked increase in weight, with or without moderate
coronary artery disease.

However, it was difficult to conclude from these
results whether the changes observed in M~LDH were
agsociated with increases in histocytes, endothelial cells
and fibroblasts or related to the myocardial cell, although
it would appear that fibroblasts were related to the changes
in M-LDH, The changes in the six intra~cellular enzymes
activitles during the above study might also be explained
by decrease in the mass of safcoplasm due to necrosis and
subsequent fibrosis and/or an increase in the autolytic
process due to an lncrease in histocytes and fibroblast
which contain high levels of hydrolytic enzymes. This
problem could only be clrcumvented by parallel studies in

experimental animals,
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SECTION TIT

2.0 Introduction, The events described in the previous

section demonstrated that some of the chemical findings
attributed to cardiac hypertrophy are in fact due to the
concomitant fibrosis. It was clearly of interest to see
whether these findings in autopsy material could be
repeated and extended in experimental animals.

Cardiac hypertrophy in animals can be induced in a
varlety of ways, as is shown in Table 12, For our purpose
1t was clearly desirable to find a method which would induce
hypertrophy in a reasonably short period. It was also

desirable to select a method which varied the extent of

fibrosis. On these principles three methodé were chosen -
1. Coarctation of the aorta.
2. Injection of thyroxine,
3. Injection of isoprenaline.

The effects of these methods in producing enlarge-

ment are discussed below,

anrctation of the°abdominal_aorta induce$ cardiac

enlargement as a result of increased peripheral resistance,
whlch in a way, may be similar to hypertension. This means
that the heart has to pump out a normal amount of blood
against an abnormally high resistance, The resulting hypexr-
trophy variles depending on the length of time, and the degree
of constriction. When the abdominal aorta is constricted to
approximately 60% of its original diameter, marked cardiac
enlargement can usually be produced within periods of less
than 30 days (Meerson, 1969). This is usually accompanied

by/e e




TABLE 12

Methods of inducing cardiac hyrertrophy in arimals.

Methods employed to
induce hyrertronhy

Te

Aortic constriction

Derree of

2. Experimental Hypertension

3e

4o

5e

6o

Te

9e

a) DOCA administration

b) constriction of
renal artery

High Altitude Hypoxia

Anacmia

Thyroxine injections

Physical Ixercise

Aortic Valve
Insufficiency

Isoprenaline injections

Coronary Avtexry
Ligation

opecies Hyrerirophy
Dogs, . )
Rabbits, 20 © 007
latg

Rats 56‘;{7
Rats 50%
Rats 44%
Rabbits 79%
Rats 35%
Rabbits 4 3%
Ratls 6 0}7;
Rats 3 4?[‘

FPeriod of
time

R A et AR IR

5 days to
2 months.

28 days

30 days

12 days

3 months

15 days

8 weeks

4 weeks

15 days

6 wenks
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by a moderate degree of fibrosis (Bartosova et al, 1969).

Injection of thyroxine generally increases the

oxygen utilization in the tissues and subsequently increases
the volume load to the heart. Cardiac enlargement is the
result of increased work due to increased heart rate and
cardiac output (Beznak 1962). Cardiac hypertrophy appears
to be varilable depending on the dosage, the animals used
and the period of administration. Generally it is in the
range of 50 to 80%,

Fibrosls does not seem to accompany the hypertrophy
(Bartosova et al, 1967) although in the rat Sandler and
Wilson (1959) occasionally observed small areas of necrosis
in the apex of the ventricles.

Isoprenaline is a catecholamine similar to adrenaline.

When injected it stimulates the heart rate, increases the
oxygen reguirement of the myocardium and at the same time
reduces the systemic Slood pressure and coronary flow

(Beznak and Hacker 1963; Denison et al 1956), The stim-
ulation of heart rate with the subsequent increase in cardiac
output may in part.be responsible for the resulting hyper-
trophy. However, since isoprenaline injection induces
marked fibrosis, (Judd and Wexler 1969), the resulting
hypertrophy may be a result of injury as previously discussed
(pégeZS Y. However that may be, the resulting hypertrophy -
is substantial and rapid (Rakusan et al, 1965).

RESULTS

2.1.0 Heart and Body Weight

Tables 1l3a ~ b show the changes in heart and body

weight/e..
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weight following each of the three treatments, Neither
saline injection (Table 13a) nor sham operation (Table
13a) appeared significantly to effect either heart weight
oxr body weight. Coarctation (Table 13b) produced a
marked increase in heart weight without effecting body
welght. The observed increases were 32% at 10 days and
89% at 21 days of constriction. Similar results have
been reported by Meerson (1969).

Thyroxine produced a progressive fall in body
weight. This was accompanled by a progressive increase
in heart weight so that the ratio of the latter to the
former increased by almost 80% (Table 13b). This is in
agreement with Inchiosa and Freedberg's (1963) previous
observations.

Isoprenaline, in contrast to the other two
treatments, produced a 60% increase in heart weight within
5 days and no further increase thereafter. It had no
apparent effect on body weight. Similar results had been
reported by Judd and Wexler (1969).

2.1.1 -Liver and Kidney Weight

Tables 14a ~ b show the effects of the same
treatments on the weights of liver and kidney expressed as
a ratio to body weight. Saline injections (Table l4a)
and sham operation (Table 1l4a) had no discernible effect.
Coarctation had little, if any,effect,on liver/but kidney
weight was increased by 25% at 10 days after the operation
and it was still at this level at 21 days.

Thyrqxine had no effect on either liver or kidney

weight/...




TABLE  13a.

californian rabbits at various time intervals.

Days

i

10

15

10

21

Saline

controls

Mean -+ SIEM

No. of Body weights Heart wet
animals Initial Fing weichts
(g) (&) (e)
9 2,780 24950 507
T 2,640 2,890 56
23 2,700 3,010 5.8
439 154 +0.78
Sham  operated
2 2,680 2;798 565
+30 26 +0.34
3 2,600 2,840 5.6
+29 440 2079
¥i 2,740 3,100 5.8
+21 +48 4051

The heart and body wei hts of sham operated and saline controls

Ratio of
Leart weirht/
body weicht

0,19

:tOc;O'] 3

C.19

+0.014

0.19

40,016

0.19

+0.071

0.19

40,017

0.19

40,016



TABLE 1 2T

. The effects of coarctation, isoprenaline and thyioxine on Fody

and Heart weight in californian rabbits at various time intervals,

Ireatment Days Fo. of  Body weipht  Heart Wet Ratio of
gaimaly eieht Heart weirht/
Initial Final body weight
() (2) (e)
Controls - 49 2690 2958 57 0.19
431 +47 40,72 40,015
Coarctlation 10 5 2560 2740 6.7 0.25 %
440 435 40.70 40,018
21 X 2589 2789 9.9 0,36 %
32 AT 40,95 40,029
Thyroxine 5 10 2577 2489 543 0.21
+38 431 40.68 40,011
10 7 2701 2535 6o 0,26 *
+27 458 40.81 40,026
15 16 2519 2265 7.8 0.34
+32 +41 4+0.48 +0.020
Isoprenaline 5 8 2689 2837 8.5 0.30 %%
+37 450 40.68 +0.010
10 9 2400 2688 842 0.30 *¥%
29 #44 40.83 40,021
15 19 2654 2950 8.9 0,31 %
439 459 40,99 40,031

IMean + 823, Body and Heart weight is givin in (g)s

#p< .07, *¥pl 0,001



TABL.S 142.

° The ratio of liver and kidney wet weishts to body welsht in the .

galine controls and sham orerated rabbits at various time intervale.

10

15

10

21

No. of
animels

A At W

23

Saline Controls

Ratio of Ratio of
Liver weight/ Kidney weight/
body vieigchti body weisrht

3.9 0.63
40,55 40,059
3.9 0.64
40,73 40,048
4,0 0,61
4047 40,030

Sham  Onerated

400 0.64
40,66 +0.044

4.0 1 0.64
+0.49 +0.053

Lean - Sidf



TAPLE 14D,

- The influence of coarctation, isoprenaline snd thyroxine on the
ratio of liver and kidney weit weirht to body weight in californian

rabbites at various time intervals.

Treatment Days Yo. of Ratio of Ratio of
U T aninals Liver weight/ Kidney weight/
body waicht body wei ht
Controls - 49 ' 4.0 0.63
40,69 40,076
Coarctation 10 4 3.9 07T
+0.60 40,084
21 1 465 0.76 *
4+0.79 40,093
Thyroxine 5 10 4.7 0.64
4077 40,031
10 I 3.9 ' 0.67
40,81 40,073
15 16 3.2 0,62
+0.50 40,038
Isoprenaline 5 & 3.2 0.70
£0.93 +0.033
10 9 3.7 0,76 *
40.94 40,041
15 19 5.0 % 0.74
+0.81 +0.084

lean + S&f, *p.£0.05
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weight, but isoprenaline, like coarctation produced a
25% “increase in kidney weight. This, like the increase
in heart weight produced by the same drug is not pro-
gressive. It was fully developed at 5 days. Iso-
prenaline also appeared to produce a 25% increase in liver
weight but this effect is only apparent after 15 days.

It is quite clear therefore that though all these
treatments produce a satisfactory degree of cardiac hyper-
trophy, they differ widely in their side effects on other
organs.

2,1.2 Left Ventricular Weight

Tables 15a ~ b show the extent to which the cardiac
hypertrophy produced by the same three procedures could be
attributed to the left ventricle. It is immediately
apparent that all three treatments have increased left
ventricular weight. In the case of thyroxine and iso~-
prenaline treatment for 5 to 15 days the left ventricle
still accounted for approximately a third of the heart
weight, indicating that it had increased in the same pro-
portion as the rest of the heart. After coarctation
however, the left ventricle accounted for almost half the
weight of the heart. The heart weight after 10 days of
constriction had increased roughly by lg while the left
ventricular weight increased by 0.95g, indicating that
most of the growth occurred in the left ventricle, After
21 days of aortic constriction the heart weight had in-
creased by 4.2g, while the left ventricular weight was
increased by 2.45qg. These results would seem to indicate

that/...



PABLE  15n,

" The left ventricular wet weight of sham operated and saline

injected californian rabbit at variocus time intervals.

Saline Injected

Days Moo of Heart Weight Left Ventricular Ratio of
aninals (e) Veloht Eeart “eight/
) (2) Left Ventriculax
“elrht
5 5 56T 2.00 35
40:87 +0,08
70 6 546 199 35
+0.66 40,06
15 9 5.8 2.03 35
+0.78 40,108

Sham operaled

10 3 546 1.87 33
4079 +0.03

21 6 548 2.06 35
40,51 40,100

Kean + SE, Heart weight is given in (g)




TABLE 150

“m sTfecte of arctati Sy e ] S i -
N - nda e A L B ANC - 3. -
The effects of coarclation, thyroxine and isoprensline on the

left ventricular welt weight at various time intervals.,

Treatment DNays No. of Heart  Left ventricular Ratio of
animals Jiei~hi Yelioht Heart weipht/
(2) (g) Left x:erltll cular
weleht
Controls o 29 5o 1.99 35
+0.T72 40,06
Coarctation 10 4 6o ¥ 2,95 % 44
4070 4+0.118
24 11 9,9 bodt Wi A8
40.95 +0.149
Thyroxine 5 T 503 1.90 36
40,68 20,07
10 7 6,7 i 236 35
40681 40,09
15 8 T o8 Hovei 2,61 % 34
4848 40,06
Iso- 5 8 Boh #itx 2,92 it . 33
prenaline
+0.68 +0,100
10 & Bo2 it 2.69 34
+0.83 404110
15 10 8.9 s 3,01 ®% 36
+0.99 +0.08

Mean 4+ SIM, Heart weight is given in (g), *p< 0.05,

#4p 0,01, #¥rp<.0,001
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that growth had occurred in other chambers of the heart,
though not on the same scale as in the left ventricle.

In summary then, isoprenaline and thyroxine
affected the whole heart whereas coarctation primarily
affected the left ventricle,

2.,1.3 Left Ventricular Wet and Dry Weight

It was obviously desirable at this time to
ascertain whether left ventricular growth was due to
increases in the wet or dry weight or both. An increase
in dry welght would be a crude index of cellular growth.
Tables 16a ~ b show to what extent increases in dry weight
of the left ventricle paralleled the corresponding increase
in wet weight, It is clear that the two are closely
related to one another and the increases in dry weight did
therefore represent a real increase in cellular growth and
not merely an lncrease in watex, These changes are found
with the three methods used to induce left ventricular

hypertrophy.



TABLE 16a

" The Vet and Dry weight of the left ventricle in the sham operated

and ssline injected rabbits at various time intervals,

Saline Injected

Days No. of net Helght Dy Welght %.Net Meidht
animals ’
> 5 1.60 040 80
+0.050 40,009
10 6 1655 0,40 76
40,049 40,013
15 9 1.71 0.39 81
+0.036 +0,010

Sham Operated

10 3 1.50 0.40 79
40.44 40,008

21 6 164 0.38 , 81
40,053 +0.009

Hean 4 S



TABLE 16b

. The effects of coarctalion, thyroxine and isoprenaline on left

venltricular wet and dry weight at various time intervals.

Treatment Days HNo. of Wet VWeipght  Dry Welght of et Velght

sndmels () ()

Controls - 29 1,60 0.39 80
40,046 +0.010

Coarctation 10 4 2:35 0.60 80
40,054 +0.010

21 11 3.78 0,68 84
40.078 40,015

Thyroxine 5 | 7 1.53 0.37 81
40,02 40,006

10 7 1.87 0.49 79
40,06 40,008

15 8 2,10 0.51 80
+0.041 40,007

Isoprenaline 5 8 2.40 0.52 82
+0.039 +0.016

10 6 2,20 0.49 82
40,068 +0.019

15 10 2,47 0.53 81
+0.071 40,0006

Iean -+ ST




DISCUSSION:

The experiments just described threw up two
unexpected results which call for comment. The first
is the increase in kidney size which follows constriction
of the aorta. This may be tentatively attributed to
liberation of growth hormone (Beznak 1964). The second
is the fact that isoprenaline apparently exerts its
maximum effect during the first five days of administra-
tion, although the dose is continually increased through-
out the entire fifteen days of the experiment. This is
most easily explained if it can be assumed that the
animals respond to the continued injections by increasing
their abllity in some way to metabolize isoprenaline.
In this connectlion it may be relevant that de Champlin et
al, (1968) have shown that in congestive heart failure
(which was proceeded by cardiac hypertrophy) monocamine
oxldase activity was increased, while the levels of

catecholamines was substantially lowered.
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2.20 Lactate Dehydrogenase Isoenzymes

The experiments described in the preceeding
section established that authentic cardiac hypertrophy
could be produced in rabbits. The next step was
obviously to see how far this hypertrophy resembled the
hypertrophy which was observed in human autopsy material.
Tables 17a - b ~ ¢ show the abundance of the five LDH
isoenzymes in the left and right ventricles of californian
rabbits in which cardiac hypertrophy had been induced by
each of the three techniques described in the preceeding
section, Several points call for comment. Although in
the controls isocenzyme I predominated to a much greater
extent than in human heart there was gquite substantial
propoxtions of II and III and though IV and V were present
in least amount they were quite measurable .(Fig° 3).
Thls 1s in agreement with Weiland et al (1959) and contrary
to Plageman et al (1960) and Markers and Appella (1964) who
claimed that only isoenzyme I is present in rabbit hearts.

The controls also showed two other interesting
features; there was no progressive change in isoenzyme
pattern as the sequence of saline injections was prolonged
or as a result of sham operation at various time intervals.
This corresponds to the fact (see Table 13a) that neither
saline injections nor sham operations effected the heart
weight, but there was a small but interesting difference
between the ventricles; the predominance of isocenzyme I was
slightly, but consistently, more marked in the left ventricle

than in the right,

/...
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1- Coarctation. The effect of coarctation of

the.aorta for either 10 or 21 days is to diminish somewhat’
the predominance of isoenzyme I, while isocenzymegIV and V
was consistently increased in the left ventricle. The
pattern in the right ventricle was altered in the same
direction but to a lesser extent. This difference between
the two ventricles can presumably be related to the fact
that coarctation produced hypertrophy much more in the left
than in the right. There is a suggestion that the effects
in both ventricles were greater at 21 days than at 10 days.

2= Thyroxine. The isoenzyme pattern in both
ventricles seemed little effected by thyroxine, There is a
suggestion in both ventricles that the predominance of
isoenzyme I was diminished to about the same slight degree
and that this diminution was progressive, at least ih the
sense of being most evident: at the longest time interxrval,
The isoenzymes IV and V at this point appeared to be

increased in both ventricles.

3~ Isoprenaline. This produced a very much more

marked effect than either thyroxine or coarctation. In
both ventricles, and to roughly equal degrees, isoenzyme I
was depressed, especially at the expense of isoenzymes IV
and V, The effect was fully developed at 5 days and showed
no further increase between 10 and 15 days. In this it
resembled the effect of isoprenaline on heart weight.

2.2.1 H & M Subunits

From the figures shown in Tables 17a ~ b it is
possible to calculate the percentage of H and M sub-units

Of/eee



Fig.

3

The percentage of lactate
dehydrogenase isoenzymes
from the left and right
ventricle of control rabbit
and the left ventricle of
rabbits subjected to
isopreﬁaline‘ﬁreatment for
5 days or coarctation of

the aorta for 10 days.



Left Ventricle
Control

92.2 4 3.6 1.6

Left Ventricle
Isoprenaline

n'*ra'
82.7 6.8 6.4

Right Ventricle

Control
ni Iv
4.1 2.0

. o

Left Ventricle
Coarctation



TABLE 17 a

The percentage of lactate dehydrogenase lsoenzymes in the wight

and left ventricle of sham opcrated and szline injected californian

rabbits at various time intervals.

fo. of
Davs animals T

> 7 897
+1.8

10 5 86,6
42.1

15 7 9044
42.6

> 7 914
43.0

10 5 91.4
+2.7

18 7 91.5
42,7

10 3 90.4
+2.9

21 5 90.4
+2.7

10 3 91.4
426

21 5 91.3
2.8

T
440
404160
4011
40,180
3.9

i0n146

4,0
+0.166
4.1
40,130
4.0

40.143

4.0
406160

4ol

40150

4.0
+0.121

447
40,134

Saline injected

Right ventricle

¢ LDH isoenzymes

11T v
4.0 1.8
#0110 40,080
4¢3 2¢3
+0.150 40,067
41 2,0
40,133 +0.059
Left wventricle
2.9 TeT
+0.144 40,041
301 Ted
4+0.151 +0.033
3.0 1.5
40:141 40,066

Sham operated

Right ventricle

4.0

40,130 +0.
4.0

4+0.146 40,

Left ventricle
3.0

40,158 40
2.9

+0.101 400

liean + Sil

2.0
090
2.0

065

1.6
049

107
041

0.5
+0:013
0,7
40,018
0.6

i00016

0.6
;};O‘:O.] 1
0.5

j:OoO14




mABLE 1 ?b

The infiuence of coarctation, thyvoxine and isoprenaline on the
percentoge of lactate dehydrogenase isoenzymes in the left ventricle -
of californian rabbits abt various time intervals

¢ LDH isoonzymes in left ventricle
Treatment  Days FNo. of

animals I I1 ITT v v

Controls - 27 G164 4 3 166 0
lj:,t"‘ ¢6 ;};O ° 149 "to o1 33 ;!;O 0046 bd

Coarctation 10 4 B6 .1 5 6 2.5 0.4

w39 20153 4041 a0.003 20,013
21 11 8602 4 6 299 009

+2.6  40.161 40,149 40,061 40,016
23 9

K

Thyroxine 5 5 9.9 3.8 2.9 144 0
4201 406131 40.131 40.059 -

10 9 91.8 4+2 31 '1,5 ¢

4+2.4  +0.129 40,146 40,053 -

15 8 90.6 4.0 3.9 1.9 0.6

ﬁ:g o "{ :J:O @ 1 40 ;to o« 1 40 ':to [ 067 :!:O n.\(?é;l 7

Isoprenaline H -5 79.0 7.0 6.9 3.2 1.9
42.9 40,190 40,183  40.079 40,021

%* * KA Fer e R

10 5 82.4 6.6 6.6 2.8 1.6

42,1 40,200 40.144  40.077  40.018

% * F R K ke Neoh

15 10 82,7 0.4 6.8 3.1 1.4

42,7 40,164  40.178  40.084 0,020
I ¥ AR FRA W

ean + SHM +pZ 0.05, ##p 0.01,

*®#xp 0,001




TARLE 1Te

The influence of coarctaiion, thyrcxine and isoorenaline on ‘the

-

poercentape of lactate dehydropsnase isoenzymes in thericht ventricle of

californian rabbits at various time intervals,

¢ 1D isoenzymes in right ventricle
Treatment  Days o. of
animals I 1T 11T I )
COntI‘OlS il ?_7 89»3 400 4-91 2&0 096

4204 404154 40,139 40,061 40,013

Coarctation 10 4 90.6 4.8 3.9 2.1 0.4
4202 0,167 40,181 40,073 +40.019

21 11 85.9 - 4.3 4.9 3.6 1.3

4304 40198 486179 40,091 +0.021

i %

Thyroxine 5 5 £88.3 4 4.2 1.8 0.5
42,9 40.201 40,195 40.066 +0.016

10 9 8643 4ot 563 2.9 1e1

4246 40179 +0.189 40,073 +0.021

15 8 86.2 4.2 566 2.7 T1e3
4207 40,183 40.210 40,114 +41.108

Fett
Isoprenaline 5 5 81.7 5.0 Te2 4e2 1.9
+3.0 40194 40,718 40.114 +0.022

¥ W e * AR
10 5 82.9 4.9 6.8 3.8 .16
+205 :‘LOOEJIO j;00197 ;tOoOB&} :J;O 9019

- 9 X5t % x

15 10 82,7 4.6 6_.9 4e1 17

42,8 40,188 40,201 40.094 +0.019
Heg A ¥ Seoxde

Wean & SIk #pg 0,05, ##pdD.01,.

#n%pd 0,001,
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of LDH in each ventricle. Tables 18a -~ b show the
results of such calculations and these possibly demon-
strate more clearly the conclusion drawn from Tables 17a -
b - c. The difference between the left and right ventricles
of the controls in respect to M sub~units are readily
noticable., After 10 and 21 days of aortic constriction
the M sub~units in the left ventricle increased from 40 to
67% at the expense of H sub-units. The proportion of M
sub~units in the right ventricle was unaffected after 10
days of aortlc constriction, but after 21 days there was a
significant increase of 32%. It is interesting that the
non-stressed right ventricle, which was presumably not
subject to overload, should show a change in M sub~units.
Similar changes were observed by SoObel et al, (1969) and
Bishop et al, (1969).

The percentage of M sub-units in both ventricles
were little if at all effected by thyroxine treatment. The
small effect that was observed did not occur until the 15th
day. Isoprenaline, by contrast led to an immediate and
much greater effect that coarctation or thyroxine. Both
ventricles appeared to be effected to about the same degree.

In section I it was shown that in hypertrophied
human hearts at autopsy a fall in the percentage of H sub~
units and the subseguent increase in M sub-units could be
explained by fibrosis (i.e. an increase in the proportion
of fibrosis tissue). Although in the rabbit experiment
hypertrophy had been induced very much more rapidly than
would have been the case in human patients, it i1s nonetheless

tempting/...



TABLE la

The percentage of H and M subunits of lactate dehydrogensse in
the right and left ventricle of sham orerated and saline injected

californian rabbits.

Saline~injected

Days No. of % subunits
enimals Left ventricle Right ventricle
H 14 H j5}

5 7 96.3 3.7 95.2 4.8
10 5 96,5 3.5 944 566
15 1 967 3.6 - 9449 501

Sham~operated
10 3 9.3 3.7 9%.9 5.1

21 5 96,2 3.8 95.0 5.0




TARLE 18b

The percentage of H and M subunits of lactale dehydrogenase in
the right and left ventricle following coarctation, thyroxine and

isoprenaline treatuwent in californian rabbits at various time intorvals.

Dreatment Days Koo of ¢ subunits
animals Left ventricle right ventricle

H M H B
Control - 27 96.3 3.7 94,8 5.2
Coarctation 10 4 93.4 6.6 95.0 5.0
21 11 92.3 ToT 92.5 Te5
Thyroxine 5 5 96 .4 3.6 95,0 5.0
10 9 963 3.7 93.1 6.9
15 8 94+9 541 92,7 763
Isoprenaline 5 5 90.5 9.5 90.1 9.9
10 5 912 8.8 90,9 9.1
15 10 91.2 8.8 90.5 9.5
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tempting to suppose that the changes in isocenzyme pattern
again reflected an increase in fibrous tissue at the
expense of heart muscle. This idea seemed particularly
attractive since the greatest iscenzyme change was pro-
duced by isoprenaline,which would be expected to produce
most fibrosis and the least change by thyroxine,which
would be expected to produce little or none (page 44).
Coarctation, which would be expected to produce an inter-
mediate degree of fibrosis produced an intermediate change
in isoenzyme pattern. To establish the correctness of
these ideas it was necessary to estimate the extent of
fibrosis of rabbit hearts, This was done in the manner
already described for autopsy material; it was assumed
that the hydroxyproline content of the heart could be
taken as a measure of collagen and collagen in turn could
be used as a measure of fibrous tissue.

2.3.0 Fibrous Tigsue in the Heart

The results are shown in Tables 1%a -~ b. The
controls results show that neither repeated saline injections
or sham operations had any effect on the hydroxyproline con-
tent. There was however a consistently greater content of
hydroxyproline in the rﬁthventricle than in the keét
Coarctation for 10 and 21 days increased the hydroxyproline
by 50%. The right ventricle showed a marginal increase
after 21 days of constriction, Thyroxine appeared to have
little effect, though such effect as it did produce was
apparent in both ventricles and seemed progressive. The
effects of isoprenaline were immediate and very much greater

than/...



TABLE 19

The hydroxyproline content in the left and right ventricle of

shanm operated and seline injected californian rabbit.

Saline dnjected

uge hydroxyproline / mg. dry weight

Days No, of
animals Left ventricle right ventricle

5 1 2031 2693
+0627 +0.33

10 4 2,18 3.09
4031 +0.28

15 10 2.46 3.15
;{;0026 ‘:toc39

Sham overated

10 3 2,22 3,00
40034 40.20

21 A N 2,50 311
;['_0044 ;’_'O°41

Ifean + SEM



TABLE 19b

The effects of coarctation, thyroxine and isoprenaline on

hydroxyproline in the left and right ventricles of californian

rabbits.
uge of hydroxyproline / mg. dry weight
Treatment Days Noe. of
animals Left ventricle ripht ventricle
Controls o 35 2:33 3.06
40633 40631
Coarctation 10 A 346 % 3:01
40.45 40434
21 11 370 3.78
_-g;O.\ﬁ'l‘ 40,37
. .
Thyroxine 5 5 2.15 2.81
40,29 40631
10 9 2,20 2.99
40031 - 40.29
15 8 2.80 3.70
4058 +0.51
Isoprenaline 5 5 4049 ik 410 #
4044 40,79
10 10 4..30 wwe .50 ¥
20651 40,63
15 10 4,59 % 449 %
4+0.39 +0.48

Mean 4 SIM, *p<L0.05, #4001, ¥¥xpl 0.001
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than those of either coarctation or thyroxine, The
hydroxyproline content of both ventricles almost doubled
in 5 days and showed no further increase up to 15 days,

In every respect the parallelism between Tables
18a -~ b and 1%a - b is extraordinaryo An increase in
M submunitslin Table 18b is paralleled by an almost
proportionate increase in hydroxyproline (Table .19Db).
The conclusion that LDH isocenzyme and the hydroxyproline
content are reflections of the amount of fibrous tissue
seems ineluctable,

2.31 Histological Examination

To put the lssue beyond doubt, sections of left
ventricle from animals subjected to coarctation and to
thyroxine and isoprenaline treatment were stained by
Masson's method which stains collagen green, In addition
to our own examination, sections were examined by a path-
ologist who was asked to score them for fibrosis (estimated
on the amount of collagen and fibréblast) and necrosis
(judged by the number of histcocytes and other blood cells
and vacuolisation of myocardial cells).

His report is shown in Table 20, Thyroxine showed
perhaps the least effect. It caused little fibrosis and
that only after 15 days. Necrosis appeared at 10 days and
only more marked after 15 days. Isoprenaline, by contrast,
produced marked fibrosis within 5 days which remained constant
at 10 and 15 days. Necrosis was maximal at 5 days and
thereafter diminished. Coarctation produced effects similar
to, but less severe than, isoprenaline; moderate fibrosis

WaS/ee




I L
was apparent at 1O days and persisted to 21 days;
necrosis was moderate at 10 days and diminished at 21 days.

Two points emerge from these observations. First
that the histological appearance of fibrous tissue runs
parallel to the hydroxyproline estimations in Table l9a;
and second, that in each of the three treatments, fibrosis
was preceded by necrosis and presumably represented scarring
or repalir of the necrotic areas.

The relationship of fibrosis to the preceding
necrosis is illustrated in Fig., 4a -~ b ~ ¢ - d - e, Fig,
4a and b are taken from control hearts. There is no
obvious necrcsis and only a moderate amount of collagen.
Fig. 4d shows a section.taken from an animal treated with
ilsoprenaline for 5 days. There is maésive intiltration
of the area with leucocytes and fibroblasts. In contrast
with the controls, collagen appears to be localized and more
prominent, Fig. 4c shows a section taken from an animal
treated with isoprenaline for 15 days and therefore
represents a later stage of the same process as Fig. 4d.
There is less necrosis than in Fig. 4d and more collagen.
Fig. 4e from an animal subjected to coarctation for 10 days.
Necrosis is indicated by the number of vacuéles in the
myocardial cells. At the same time there is a good deal
of rather diffusely distributed collagen.,

The main conclusions to beée drawn from these histo-
logical studies i1s that the increase in fibrous tissue which
appears 1n varying degrees to accompany experimental cardiac
hypertrophy in the rabbit; is not merely a change in the

relative/...




* The extent of necrosis and fibrosis of the left ventricle
following coarctation, thyroxine and isoprenaline treatment at
O ?

to

various time intervals,

Ixeatment Days Hecrosig Tibrosis
Coarctation 10 el e

2 1 o4 e
Thyroxine 5 0 0

10 0 +

15 At +
Isoprenaline 5 wpofe ‘ bt

10 Ak X

15 + e

0 = no change, <+ = small change, 4+ moderate change,

+44+ marked change, At each time interval three californian

v

rabbits were used.




Fig. 4a~b~c-d-e

Fig, 4a

Fig. 4b

Sections of left ventricle from
californian rabbits stained for
collagen with Masson's stain
which appears green, counter-

stained with Hamalum.

Rabbit which was injected with
saline for 15 days. The normal
appearance of muscle cells and

collagen (Mag x 100).

Rabbit which had undergone sham
operation for 21 days. The
normal appearance of muscle cells

and collagen (Mag x 100).




Fig. 4c Rabbit which was injected with
isoprenaline for 15 days. Increased
collagen and vacuolization of

muscle cells (Mag x 100).

Fig. 4d Rabbit which was injected with
isoprenaline for 5 days.
Increased collagen and round cells.

(Mag x 100) .

Fig, A4e Rabbit which had undergone
coarctation of the aorta for 10
days. Increase in collagen and
vacuolization of muscle cells

(Mag x 100).
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relative proportions of different cell types in the
myocardium; on the contrary it represents the replacement
by fibrous tissue of more or less extensive areas of
necrosis.
2.4.0 Serum Creatine Phosphokinase (SCPK) and Lactate

Dehydrogenase (SLDH)

If some degree of necrosis does accompany cardiac
hypertrophy, one might reasonably expect it to be sign-
alised by the release of those enzymes which can normally
be detected in the blood stream after myocardial damage,
as for example, myocardial infarction.

Accordingly, SCPK and SLDH were estimated in the
sera of rabbits which had been subjected to coarctation or
to thyroxine or isoprenaline treatment. The results are
shown in Fig. 5 and 6 for SCPK and SLDH, respectively.

To take SCPK first, since it is presumably more responsive
to cell damage; coarctation led to a modest but substantial
and quite unmistakable elevation throughout the period of
the experiment. Thyroxine had little effect at first but

after about 14 days the enzyme level showed a modest but

significant rise. Isoprenaline, once again, provided a
contrast. Within hours of its injection the enzyme showed
a marked rise which was sustained for some days; but

towards the end of the experimental period there was gradual
fall back to the control level.

The results with SLDH ran roughly parallel to those
with SCPK, Coarctation gave a sustained elevation starting
from the second post-operative day. Thyroxine had no

effect/. ..



Fig.

5

Serum Creatine Phosphokinase
levels at various time intervals
following sham operation or
saline injections (the controls)
or isoprenaline and thyroxine
treatment or coarctatlon of the
aorta, Each poilnt represents
the mean + SEM of four

californian rabbits,
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Fig.

6

Serum lactate dehydrogenase
levels at various time
intervals following sham
operation of saline injection;
(the controls) or isoprenaline
and thyroxine or coarctation of
the aorta. Each point
represents the mean + SEM of

four californian rabbits.
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effect initially but produced a rise towards the end of
the experimental period, Isoprenaline produced an
immediate and dramatic increase followed ultimately by a
slow fall toward the control level, although this had not
been reached by the end of the experimental period,

The results of these experiments therefore suggest
that coarctation causes moderate but continuous damage to
the myocardium, that thyroxine causes damage but only after
administration for at least 14 days and that the damage
caused by isoprenaline, though severe, is largely confined
to the earliler part of the experimental period. This is
in exact agreement with the histological observation shown
in Table 20, .

2,5, O Lysosomal enzynes

Since the results of SCPK and SLDH strongly
suggested that cell damage accompanied cardiac hypertrophy,
it seemed reasonable to look for confirming evidence. If
cell damage does take place one would expect that lysosomes
would play some part in this process,

The name lysosomes was proposed by de Duve et al,
(1955 and 1959) for a group of cytoplasmic particles which
contain a variety of acid hydrolases surrounded by
membrane which acts as a barrier between the internal enzyme
and the susceptible substrates present outside. It is now
clear that lysosomes comprise a number of related entities
which together form the main components of the digestive
system within animal cells. Thus, lysosomes are implicated
in the breakdown of material taken into the cell by

endocytosis/...



B He=
endocytosis, that is, by any form of pinocytosis ox
phaﬁocytosisn The maln forms of lysosomes that can be
distinguished are; the so~called primary lysosome, a
storage granule for newly synthesized enzymes; the
digestive vacuole or secondary lysosome, containing the
engulfed material togethex with the enzyme; and the
tertiary lysosome or residual body, characterized by
various undigested remnants, usually either polymorphic
or dense 1in appearance, A fourth type of lysosome,
the autophagic vacuole,arises by an as yelt poorly under-
stood intra~cellular process whereby a portion of cyto-
plasm, often including mitochondria, endoplasmic reticulum
etc., becomes trapped inside a lysosome and undergoes
digestion, This general process of digestion is shown in
Fig, 11,

Qulte apart from their role in the process of
digestion, which can be regarded as a normal physiological
event, lysosomes may be involved in the destruction of
cells of which they form a part. de Duve et al (1959) has
shown that lysosomal enzyme release during ischaemia in the
liver results in cellular necrosis. However, recent
investigations have cast doubt on the part lysosomal enzyme
release plays in the onset of necrosis (Goldblatt et al,
1965; Griffin et al, 1945; Bassi and Bernali~Zazzera,
1964; Slater et al, 1967). It is now generally believed
that lysosomal enzyme release plays a secondary rather than
a primary role, with the one exception of photosensitisation
(Slater and Riley, 1966; Allison et al, 1966). However,

whether/...
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whether lysosomal enzyme actlon is primary or secondary
to necrosis, it is generally agreed that changes in
lysosomal permeability play an important role. Therefore
an increase in the free or unsedimentable form of

lysosomal enzymes would constitute prima facie evidence of

necrosis,

An experiment was therefore performed to measure
the relative proportions of the bound and free forms of
tenncharacteristic lysosomal enzymes in heart homogenates
after the induction of cardiac hypertrophy. A high ratio
of bound to free enzyme would imply that the lysosomes are
still intact and that the enzymes within are inaccessible
to substrate; whereas a low ratio would indicate that the
enzymes were belng released,

Experiments by Raven et al, (1969) have already
shown that if myocardial necrosis is induced in dogs by
ligating the descending coronary aréery, there is an
accompanying increase in free lysosomal enzymes. The
present experiments were intended to confirm and extend
Raven's observations. There were ten enzymes measured
in this experiment which are typical lysosomal enzymes

Tables 22a - b show that the level of each enzyme
in the free form was unaffected by saline injection or
sham operation at various time intervals. Tables 23 -

24 - 25 and Figs; 7 - 8 - 9 show the changes which took
place when hypertrophy was induced by coarctation or by
administration of thyroxine or isoprenaline, The pattern
was remarkably uniform. Coarctation uniformly increased

the/...



Fig.

7

g8 -

9

The percentage of free

lysosomal enzymes in the left
ventricle of californian

rabbits following coarctation

of the aorta or injections of
thyroxine or isoprenaline, The
numbers in the closed parenthesis
represents the number of days of
the above treatment. The broken
lines represents the percentage
of free lysosomal enzymes in the

controls.
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the proportion of each enzyme which was in the free form.
The increase was progressive in the same sense that it was
more marked at 21 days than at 6 or 10 days. Similarly,
thyroxine produced a progressive increase in the pro-
portion of free enzymes. This increase was most noticable
after 15 days of injection. By contrast, isoprenaline
pfoduced a much more abrupt response. The proportion
of each enzyme in the free form increased sharply within
24 hours and the.increases in all cases were sustained to
the fifth day. Thereafter, there was in most cases a
decline toward the control level.

Taken by themselves these observationg are clearly
consistant with the hypothesis on which the experiment was
based., They furnish further evidence of necrosis
accompanying hypertrophy and they confirm that while the
effect produced by isoprenaline is far more immediate and
abrupt than those produced by coarctation and thyroxine, it
is not gqualitatively different.

Unfortunately this agreeably consistent picture 1is
compiicated if one examines the absolute amounts of bound
enzyme in each case (i.e. enzyme presumably still locked in
the lysosomes), It would be a reasonable assumption that
when necrosis 1s accompanied by a release of lysosomal
enzymes the increase in the free level of these enzymes
should be accompanied by a fall in the bound level, In
the present experiment this assumption was borne out only
to a limited degree,

Twenty~four hours after the first isoprenaline

injection/...
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TABLLE  23a.

The effect of coarctation of the soxta on lysosomal enzyme

activity in the left ventricle of californian rabbits at vesvrious days.

Days
6 (2) 10 (4) 21 (41)
Inzynes, ¥ree  Bound Free  Bound Free  ound
B-D-Galactosidase 0.48 0.43 0.53 0.45 0.59 0.62

40.014 40,011 20,019 40,017 40,019 +0.024

C * 3
B-D~Glucuronidase 0.40 0.50 .52 0.46 0,50 0.41

40,013 $0.021  40.010 0,026  40.023 0,019

CA) it i

NmACG'hyl-“BwD 0081 1 05 1 06 1 05 2.0 1 06
Glucosaminidase ,
40,007 40,095 40.103 + 0.094 39,136 40148

d) e e

~D=lannosidase 0.29 0.46 0.44 0,40 0.43 0.36
+0.009 +0.014 +0.013 40,023 +0.021 +0.014

#) i *
B-D-Glucosidase 0.25 0.43 0.40 0031 0.33 0.40
(A) 40,016 40.021  40.024 40,010 40,016 40,029

lean 4+ Biil. Fumber in the parenthesis equal number of cxperiments.

#p< 0,05, #pL 0,01, #4#pL 0,007

A = mu moles vhenol/minute/mg. protein,



TABLE 23

The effects of coarctation of the aorta on lysosomal enzyme

B

activity in the left ventricle of californian rabbils at various days.

6 (2)

Free  Bound
Peterase 0.90 1.6
40.091 40,094

[A)
Deoxyrihonuclease 0.24 0.39

Acid
40.019 4+0.040

@)

Acid Fhosphatase 264 1.8
_-_{:O 3 1 40 _j;o ° 1 70

(4)

Phosphodiestgroseff 0.78

) £0.041

Cathepsin "DV 14

(<) 1.0

0.64

40,038

18

20.94

Iu‘f@a,‘n .j; S:L‘E‘.‘ln

Days
10 (4)
ree Bound
15 1.9
j;OnO']l% ::‘:06160
e
0.40 0.31
;I;Ooo'ig ;}:_OQO?.?)
363 1.6
-‘_t09180 _-_I_Oo134
Fe3t
163 0,60
10,067 40,051
Rl
20 20
::t1 o6 z‘i &O

number of experimentis.

A

i

mu moles phenol/minute/mg protein

'3""]3-'( Oo059

21 (11)
Tree Zound
1.8 2.1
40.189  40.175

53 %
0.39 0.34
+0.021 40,032
3.4 2.0
40,201 40,099

23

163 0.66

40.074  -+0.066

K

Numbers in the parventhesis egual

#¥p/ 0,01,

B = incrcase in optical density (wnit = 0,100 OD) per hour/
mg protein

T C o= ug tyrosine/30 minutes/mg vrotein
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injection the rise in the free form of most of the enzynes
studied was accompanied by an equivalent fall in the bound.
enzymes, so that there was no change in the total amount
of enzyme, These changes presumably represent the
"autolytic" process (i.e. change in lysosomal enzyme
distribution of the existing cells). In every other case
any increase in the free form of the enzyme was accom-
panied by an increase (albeit smaller) in the bound form.
These changes would probably represent the "heterolytic"
process (i.e. increased infilltration of phagocytic cells).
So therefore, the increase in total lysosomal enzyme
activity may be related to an increase in other cell types
which are rich in lysosomal enzymeg $uch as phagocytic
cells (Cohn and Hirsch, 1960).

2.,5.1. Histochemical Observations

There is histochemical evidence howevefy that
increases in lysosomes and their enzymes are associated with
cardiac hypertrophy. Studies by Pearse (1964) and Van
Noorden and Pearse (1970) haVerevealed histochemically that
two lysosomal enzymes, acid phosphatase and non-specific
esterase jwere increased in myocardial cells from patients
with cardiaz hypertrophy.

In an attempt to resolve this problem, histo-
chemical experiments were designed to find out where the

increases in total lysosomal enzyme activity occurred (i.e,

in myocardial cells or in other cell types). The two
enzymes chosen for this purpose were acid phosphatase and
N--acetyl—-B-Dmglucosaminidases They were chosen because
they are representative of lysosomes and because they

showed/. ..
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showed an increase in total activity in the present
experiments§.

Preliminary histocheomical studies with acid
phosphatase showed that the enzyme was increased in myo-
cardiac cells. during 10 and 21 days of coarctation and
10 and 15 daysg of isoprenaline injections and 15 days cf
thyroxine injections, However, it was difficult to
measure these changes, The other enzyme N-@Ocetyl=-B~D-
glucosaminidase was not found at all in normal heart tissue,
(fig. 1lOa) which 1s similar to the results of Hayashi
(l964) ., These results may be related to the low levels
of enzyme found chemlcally in heart tissue as compared to
other tissue (i.e. liver and kidney) where this enzyme is
found in appreciable amounts both histochemically and
chemically., However, after coarctation for 10 days or
21 days the enzyme could be demonstrated in the heart, but
only in fibroblasts or cells of similar appearance which
could not be unequivocally identified (fig. 10b). None was
demonstrable in myocardial cells, After thyroxine treatment
the enzyme was again found only in fibroblasts and similar
cells and only after 15 days (fig. 10c). Aﬁter isoprenaline
treatment it was demonstrable at 5 and 15 days, once again
only in fibroblasts and similar cells (fig.lOgh). Fibro-
blasts are/of course,-much less numerous than myocardial
cell%,and it is guite conceivable that, although the
individual myocardial cell might contain much less N~-@cetyl-
B~Dm91ucosaminidase than the individual fibroblast, all the
myocardial cells taken together might contain a total more

of/...




Fig.l1l6a

Fig,.18b

Fig.l0a-b~c-d-e~f-g~g Sections of the left ventricle from

californian rabbits incubated for
N-Acetyl-B-D-Glucosaminidase

activity with Naphthol AS-BI~N-
Acetyl—-B-D-Glucosaminide as substrate
and hexazotized p-rosaniline as
coupler for 60 min., at 37% pH 4.5,
The reaction product appears red at

the site of enzyme activity.

Rabbits which were injected with
saline for 15 days, Note no reaction
product inside myocardial cells.
However there appears to be some
reaction product in or near an

arteriole (Mag x 250).

Rabbit which had undergone sham
operation for 21 days. Note no
reaction product inside the myo-

cardiac cell. (Mag x 1000).






Fig.10c

Fig. 164

Rabbit which had undergone
coarctation of the aorta for 10
days. Note the reaction product
appears 1in fibroblasts or cells

with similar appearance (Mag x 10GCO).

Rabbit which had undergone
coarctation of the aorta for 21 days.
Note reaction product only appears
in fibroblast or cells with similar

appearance (Mag x 1000).
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Fig.1lQe~£

Rabhits injected with thyroxine
for 15 days. Note reaction product
appears only in fibroblast cr

cells of similar appearance

(Mag x 250).
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Fig.lOg Rabbit injected with isoprenaline

for 5 days. Note reaction product

only appears in fibroblast or cells

of similar appearance (Mag x 1000).

Fig.l0h Rabbit injected with isoprenaline
for 15 days. Note reaction product
only appears in fibroblast or cells

of similar appearance (Mag x 1000).
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of the enzyme than all the fibroblastg taken together.

2.5.2 Ground Substance

Since Nwﬂpetyle~D~91ucosaminidase was found to be
increased it seemed reasonable to determine if its pre-
sumptive substrate changed in cardiac hypertrophy. In
the myocardium, ground substance,; which generally contains
mucopolysaccharides and/or glycoproteins are presumed to
be the substrate of NnacetylewD*glucosaminidase in vivo
(Fibian 1966). An attempt was thereforé made to detect
chemically and histochemically mucopclysaccherides and
glycoproteins in the heart following experimentally induced
cardiac hypertrophy.

Histochemicallylacid mucopolysaccharides stain blue
using the method of Hale (1948). In the normal heart it
was demonstrable in the intra-cellular ground substance,
between collagen fibers but in very small amounts (fig.
l2a); after coarctation it was clearly incfeased at 10
and not at 21 days (fig. 12b and Table 27): after 5 days
of thyroxine treatment no change was apparent but after 15
days there was a small increase (Table 27); isoprenaline
produced a marked increase at 5 days which had diminished
at 15 days (fig. 12c and Table 27).

A parallel chemical estimation involved measuring
glucosamine,which is normally a major constituant of muco-
polysaccharides and glycoproteins, The results found in
Tables 260a - b are roughly parallel to those found histo-~
chemically. There were slight increases at 6 and 10 days
with coarctation and at 15 days with thyroxine; a much more

dramatic/...




Fig,

Fig.

Fig.

Fig.,

l2a~b-c

12a

12b

12c

Sections of the left wventricle
of californian rabbits stained
for acid mucopolysaccherides
with Hale stain which appears
blue, and stained with Van
Gieson's stain, counterstained

with Hamalum.,

Rabbit injected with saline for
15 days. Note spearse acid

mucopolysaccherides (Mag x 100)

Rabbit which had undergone
coarctation of the aorta for 10
days. Note accumulation of acid

mucopolysaccherides (Mag x 100).

Rabbit injected with isoprenaline
for 3 days. Note the marked
increase of acid mucopolysaccherides

(Mag x 100).







TABLY 27

The extent or change in micopolysaccheride of the left ventricle
following cosrctation, thyrdxine and icoprenaline ilreatment atl vardous

time intervals.

Treatment Davs lucopolysaccehirides
j
Coarcitation 10 e

21 0

Thyroxine 5 0
10 0
15 +
Isoprenaline 5 Tt

10 +

0 = no change, + = small chanse, 4+ = moderate change,
4+ = marked changzee A%t each time intewrval three californisn

robbits were used.




TABLE 26a

The hexosamine content in the left ventricle of sham
operated and saline injected californian rabbits at various time

intervals.

Saline iniccted

No. of Hexosomine in mg.
Days animals . (a5 Glucosamine HCL)/fe Dry Weioht

3 3 2ot
;tOeQO

5 8 2¢2
;:t0°22

10 4 2.2
40623

15 10 202
_-1;0.;'18

Sham operated

6 2 262
:}_-‘0024
10 4 2.2
40619
21 4 2.1

_:?_:O ¢ 22




TAELE 26D

The effects of coarctation, thyroxine and isopreanline
treatient on the amount of hexosamine in the left ventricle at

various time intervals.

Treatnent Days ¥o. of Texosamine in mg,
animals (as Glucosamine ICL)/p. Drv Veirhd
Controls - 30 242
+0.21
Coarctation 6 2 2.6
40,26
10 4 3.1 %
4021
21 11 2.0
+0.29
Thyroxine 5 8 241
H0.24
10 8 ‘ 2.3
40,20
15 10 2.7
40,19
Isopreaniine 3 3 3T ¥
+0.28

5 5 3.5 W
40,31

10 8 2.4
40,26

15 13 1.9

:_{;0020
I'ean + SHM  #p <0,01,< #%x»p< 0,001
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dramatic effect at 3 and 5 days with isoprenaline, which
sub;equently diminished.

These results by themselves are interesting but
difficult to interpret. They follow a pattern which we
have already noted repeatedly in these experiments in
that isoprenaline showed a large and immediate effect
which subsequently diminished, while thyroxine showed a
smaller and progressive effect and coarctation same i
somewhere 1ln between,

The histochemical results for N-fAcetyl~B-D-
glucosaminidase seemed to have nothing to do with the
myocardial cell, but reflected the behaviour of fibro-
blasts or similar cells, This threw doubt on the whole
idea that changes in lysosomal enzymes in cardiac hyper-
trophy have anything to do with myocardial cells, This
doubt could only be resolved by the electron microscope.

2.6.0 Electron Microscope Observation

The early phase of lysosomal research was based
mainly on the biochemical analysis, however in recent years
cytochemical methods and electron microscopy have con-
tributed to our understanding of the subject. Such
observations have mostly been confined to liver, although
Abraham et al, (1967) observed lysosome-like veiscles in
the perinuclear region of heart muscle. These vesicles
were subsequently isolated by Hendley et al, (1965) and
shown to contain a typical lysosomal enzyme, Cathepsin D.
In the present study, sections of the left ventricle were
prepared for electron microscopic observation. Figures

13a = b -~ ¢ ~ d show the normal appearance of the left

ventricle/...




Fig.

Fig.

Fig.

13a

13b

13c

Myocardial fiber from left
ventricle of rabbit injected with
saline for 15 days. (MY) myofibril,
(ID) intercalated disc, (M) mito-
chondria, the arrow points to

sarcotubular system (Mag x 25,000).

Myocardial fiber from left ventricle
of rabbit which had undergone sham
operation for 21 days. (ID)} inter-
calated disc, (M) mitochondria,

(ER) endoplasmic reticulum, (Z) Z
band, (S) S zone, the arrow points

to pinocytic vacuoles (Mag x 25,000).

Myocardial fiber from the left
ventricle of rabbit which had under-
gone sham operation for 10 days.

(') fat droplets, (DV) dense
vesicle, (GV) golgi vesicle, (N)
nucleus, (ER) rough sarcoplasmic

reticulum (Mag x 25,000).







Fig.

Fig,

134

13e

Myocardial fiber from the left
ventricle of rabbit injected with
saline fof 5 days. Arrows point
to the sarcotubular system

(Mag x 25,000).

Myocardial fiber from left
ventricle of rabbit which had
undergone sham operation for 21
days. Arrows polnt to the sarco-

tubular system (Mag x 25,000).
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ventricle. Only a few structures could reasonably be
identified as lysosomes, one such is shown in Fig. 13c.
Tt has a dense matrix surrounded by a membrane. Similar
structures have been described in a variety of tissues
under the names "dense vesicles" or "lipofuchsin

granules,"

(Novikoff, 1963). It is generally accepted
that they are tertiary lysosomes or residual bodies as
defined above, However, for the present, it is perhaps
better to use the more non~committal description term
"dense vesicle," In the normal myocardial cell the few
dense vesicles observed were confined to the perinuclear
region.

Aftexr coarctation of the aorta for either 10 or 21
days, many more dense vesicles could be seen in myo-
cardial cells, not only around the nucleus but throughout
the cytoplasm, No obvious difference could be seen between
sections taken at 10 days and 21 days. Some examples are
shown in fig. 14b - d. It was obsgerved that about a fifth
of the dense vesicles contained what looked like fat
droplets (fig. 14d).

After thyroxine treatment for 5 days no increase in
dense vesicles could be detected. However, 15 days of
thyroxine treatment led to an increase similar to that seen
after coarctation. As after coarctation;the vesicles were
found throughout the cytoplasm and not merely around the
nucleus (fig. 14a) and about a fifth contained fat droplets.

After isoprenaline treatment for 5 days there was
an increase in dense vesicles greater than that produced by

either coarctation or thyroxine. Again about one fifth

contained/...




Fig.,

Fig,

Fig,

l4a

14b

ldc

Myocardial fiber from the left
ventricle of rabbits injected
with thyroxine for 15 days. Arrows

point to dense vesicle (Mayg x 25,000).

Myocardial fiber from the left
ventricle of rabbit which had
undergone coarctation of the aorta
for 10 days. Arrows point to

dense vesicle (Mag x 25,000),

Myocardlal fiber from the left
ventricle of rabblt injected with
isopreanline for 5 days. Arrows

point to dense vesicle (Mag x 25,000),.
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Fig. 144d Myocardial fiber from the left
ventricle of rabbit which had
undergone coarctation for 21 days
(DV) dense vesicle, (ER) rough
sarcoplasmic reticulum, (F) fat

droplets (Mag x 25,000}.

Fig. lde Myocardial fibér from the left
ventricle of rabbit injected wit
isoprenaline for 15 days. (DV)
dense vesicle, (M) mitochondria,
(F) fat droplets, {(ER) rough
sarcoplasmic reticulum, {(GV)

golgi vesicle (Mag x 25,000).

Fig. 1l4f ' Fibroblast from the left ventricle
of rabbit injected with isoprenaline
for 5 days. (DV) dense vesicle

(Mag x 25,000).
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contained fat droplets, and again they were distributed
thréughout the cytoplasm and not merely around the nucleus’
(flg. l4c - e). The picture after 15 days of iso-
prenaline treatment was not essentially different.

Because the electron microscope can be used to
examine only an infinitesimally small sample of tissue, it
can seldom by itself be the basis of quantitive conclusions.
In the present instance however, the marke<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>