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ABSTRACT

Nuclei from groups of twelve pooled left ventricles of rats were
isolated and DNA, RNA and protein contents of the nuclear suspension
were determined. BRNA polymerase activity was assayed in the presence
of either Mg ™ or Mn-FFQnd (NHy) 804, Electronmicroscopic examina-
tion of normal nuclear preparations revealed undamaged nuclei with
very little contamination.

Cardiac enlargement was produced by constricting the abdominal
aorta in experimental animals. The operated animals were sacrificed
at different intervals after operation between L hours and two weeks
The "'pure™ nuclear suspensions of the myocardium of these animals was
isolated for examination. Sham operated animals were used as control
up tillthe third day, after this time normal animal served as control,
since the difference between sham operated and normal animal did not
persist beyond 3 days.

An increase in RNA, DNA and protein content of the nuclear pre—
paration was observed in aortic constricted animals. DNA showed a
delayed increase compared to the time course of changes in RNA and
protein. RNA polymerase activity showed a biphasic increase following

constriction in both N@'++and NHT+F—GIHM)2§O activated systems. 1In

L
rats killed soon after constriction (/4 hours in this study) the Mn+f-
(NHLBZFOu‘system showed the greater percentage increase and on the

3rd-4th day after aortic constriction the increase was considerably

greater in the Mg activated system.
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An increase in RNA polymerase activity as early as 4 hours after
aortic constriction was demonstrated in this study, among other
findings, .This early increase suggests that the stimulation of RNA
synthesis - one of the first biochemical events in hypertrophy may
play a role in transléting the mechanical stress caused by increased

outflow resistance into tissue growth.



INTRODUCTION
I, Introductory Remarks .

Hypertrophy is defined as the state of enlargement of individual
cells within a tissue or organ without an increase in cell number
(Norman, 1962).

Growth of a differentiated tissue such as heart muscle is thought
to occur by hypertrophy rather than by hyperplasia (increase in cell
number), Experimentally induced cardiac hypertrophy is one model
which may be used to investigate the compensatory growth process,
Introductory remarks will be given below under subheadings of
Physiological, Biochemical and Histological Studies,

The "Physiological Studies" section reviews briefly the
mechanism of physiological changes in cardiac hypertrophy, Biochemical
studies deal with alterations mainly in protein, RNA and DNA synthesis
in an attempt to localize biochemical reactions initiating the series

of metabolic changes during the development of hypertrophy., The

direction of histological studies differs from the biochemical

studies in that the fundamental changes have been observed on the
sarcoplasmic reticulum, rather than on the nucleus,

11, Physiological Studies

A number of experiments have provided functional studies not
only of heart hypertrophy but of other cardiovascular parameters
which respond to a haemodynamic lead., In response to a haemodynamic

load many changes occur before actual hypertrophy has set in, For

example, Beznak (1958) has shown that between one and two hours after

narrowing cardiac output and heart rate dropped sharply and so did

the reserve force of fhe heart., The latter was in this instance defined as the
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maximum to which the cardiac output could be raised by infusion
of 3,5% polyvinylpyrrolidone into the right side of the heart via the
Jjugular vein, By the end of 24 hours, tachycardia developped and
by the end of one week when the weight of the heart increased by
about 30%, the cardiac output returned to normal, so did the heaxrt
rate and reserveforce of the heart, Many have suggested that enlarged
myocardium is capable of increased work capacity, Beznak (1958)
showed that a higher maximum output and work per gram left ventricle
was obtained when the hypertrophy was due to thyroxine treatment,
When hearts were hypertrophied by aortic constriction, it was shown
that in no case was the maximum output per gram left ventricle
above that of normal rat hearts

Concerning the functional capacity of the basic contractile
unit of the hypertrophied heart, most of the data supports a
decrease in myocardial contractility, although there may be no
change in the peak isometric developed tension of trabecular muscles

(Fanburg, 1970).

- The Stimulus to Hypertrophy of the Myocardium

A change in any parameter of -cardiac function that leads to
hypertrophy of the myocardium will be defined as the "stimulus"
(Badeer, 1964). The clinical and experimental causes of cardiac
hypertrophy are numerous., There have been a number of attempts to
find a common mechanism which operates in inducing the myocardial
change, even though the nature of the stimulus differs, The common

factors which have been implicated are as follows:
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l. Increased mechanical work of the myocardium

One of the major criticisms of the work hypothesis is that
often the degree of hypertrophy produced is not proportional to the
calculated external mechanical work, One possible reason for the
discrepancy between work and hypertrophy may be the fact that
cardiac work is not usually expressed in terms: of fundamental muscle
mechanics, (Badeer, 1964),

2, Hypertension

Most of the methods which produce experimental hypertrophy
also cause hypertension, The fact that hypertension and hypertrophy
are not always correlated (Beznak, 1954), however seems to indicate
the participation of other factors,

3. Bxcessive hormonal secretion

The role of the anterior pituitary hormones in controlling
the mass of heart tissue is complex, Beznak (1952)hshowed that
hypertrophy only occurred in hypophysectomized, aorta-constiricted
animals if both growth hormone and thyroxin were given,

Insulin and the adrenal cortex and medulla also have an
influence on cardiac growth while certain hormones (thyroxin, growth
hormone) are essential for cardiac hypertrophy,fthere is no evidence
that increased secretion of these hormones is the common factor

leading to hypertrophy.
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4. Ischemia of myocardium

Since so many of the conditions leading to hypertrophy are
associated with hypoxia, it has been proposed by many that increased
oxygen demand, relative to its supply, may be the actual stimulus
that induces cell growth, Though Norman (1962) observed a significant
increase in heart weight after coronary artery ligation, one can
explain hypertrophy more plausibly on the basis of changes in other
parameters of cardiac function (stroke, volume etc.) than on the
basis of changes in myocardial nutrition,

9. Dilatation

The classical idea based on Starling's law of the heart
is that the ventricles adjust in fibre length to expel whatever volume
is put into them even if there is a change in inflow or diaétolic pressure,
This type of regulation includes the concept of change. in myocardial
contractility so as to provide a control of the various ventricular
function curves, i,e, the first response of the heart to an increase
in blood pressure due to e,g, aortic constriction, ﬁay be a change
in fiber length, thus, dilatation may be a part of the early process
of myocardial hypertrophy,

A theory based on dilatation causing ﬁyocardial injury was
proposed by Eyster in 1927 (Norman, 1962) as follows: cardiac
dilatation occurred due to the circulatory disturbances present and
such dilatation inJjured the myocardium, The hypertrophy is resulted

from this injury - but its mechanism was not suggested,




é. Increased myocardial metabolic rate per beat

Badeer (1964) proposed a hypothesis that the increase in
myocardial metabolic rate per beat per unit mass of tissue constitutes
a stimulus more inclusive than any other in explaining hypertrophy,
This concept received additional support from observations on skeletal
muscle, The question as to how an increase in metabolic rate per
stroke may bring about structural changes in heart muscle in terms
of biochemical alterations remains to be elucidated,

Other factors as for instance, the role of neurogenic
control, tachycardia, alterations in water balance (Harwood, M,Sec,

thesisL certainly participate in developing hypertrophy.

III, Biochemical Studies

1. Development of hypertrophy

The biochemical changes which occur in hearts of rabbits
and dogs during hypertrophy following aortic constriction are
reviewed by Meerson (1962), He classified the development of
compensatory hypertrophy into threevstages. In the first, or
transient breakdown stage, symptoms of left ventricular insufficiency
‘are observed with chemical changeé which include decrease of the
glycogen and phosphocreatire content of the myocardium, The
weight of tﬁe heart increases each day, The rate of protein synthesis,
as measured by incorporation of S35-methionine, doubles and RNA
concentration increases 32%, The second, or "protracted stage or
relatively stable hyperfunction" is characterized by hypertrophy

of the muscular fibres and absence of signs of cardiac insufficiency,
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The heart weight i1s approximately twice that of normal, In the
third or "protracted stage of progressing cardiosclerosis", cardiac
insufficiency develops with myocardial fibrosis/ focal fatty
degeneration, decrease of DNA concentration and protein synthesis,
The biochemical changes accompanying hypertrophy during the "first
stage" are briefly discussed in connection with the question of

hypertrophy - hyperplasia.in muscle tissue,

2, Hypertrophy and hyperplasia

The major questions in evaluating biochemical processes
at the subcellular level are as follows: Do the biochemical changes
observed 1n heart samples reflect changes in myocardial cells only
or do other cell types contribute significantly? Which type of cells
are responsible for the increased DNA content? Does the increase in
DNA mean mitosis or a changed ploidy or both? How does the initiation
of increased RNA synthesis take place and what kind of alteration is
associated with it at the subcellular level? The major obstable is
that the nuclei of muscle and connective tissue cells cannot be
separated for analytical studies, Therefore, experiments were carried
out using various approaches to investigate normal and hypertrophied
muscle tissue,

The incorporation of tritiated thymidine was observed by
autoradiography (Norman and Foster (1963), No incorporation was
detected into DNA of muscle cell, but only into DNA of connective tissue
cells of hypertrophied muscle, In other studies, the number of muscle

and connective tissue cells was counted per unit of sectional area




under electronmicroscope, The relative propoxrtion of the two
cell types remains normal in hypertrophied conditions (Meerson
et al, 1968), From these and other observations (Meessen, 1968, Grove et
al, 1969) it can be concluded that both muscle and connective tissue
cells participate in the cardiac growth during myocardial hypertrophy
but in different ways., Since the connective tissue cells possess a
high proliferative activity, they increase in number, and hence,
the increased amount of DNA in the hypertrophied muscle tissue is
due to the increased number of connective tissue nuclei, ZEvidence
showing increased ploidy of muscle cells is in conclusive, but the
majority of experiments indicates only a slight increase which does
not account for the elevated DNA content,

In contrast, the heart muscle cell increases in size, and
thus the distance between the nuclei becomes larger (Meessen, 1968),
Experimental evidence for regeneration of adult cardiac muscle cells
has never been obtained, i,e, no mitotic activity could be detected,
Consequently, in the process of cardiac hypertrophy, hypertrophy
in the true sense of the word occurs in the muscle cell, The
enlargement of muscle cells with -no change in numbexr is associated
with an increase in the number of connective tissue cells with no
change in size, Meerson et al, (1968) estimate the alteration in
the ratio of number of muscle cell nuclei to number of connective
tissue nuclei as from 1;1,5 normal value to 1;3,1)180 days following

aortic constriction,




One of the important factors in this discussion is the
age of the animal, During the developmental heart growth in the
embryonic.stage, cellular division occurs in the muscle cells,
This period is believed to end around the time of birth,
Autoradiography has provided evidence pointing out the occurence
of mitotic activity in normal hearts, MacDonald and Mallory (1959)
using a single injection of H3 - thymidine, reported approximately
two to three percent of labelled myocardial nucleil in rats less than
40-60 days old, This age corresponds to 120-220 gram bodyweight
on Fig., 1. Above this age, a labelled myocardial nucleus was
only occasionally found and the rate of radioactive thymidine
incorporation is significantly reduced, This finding suggests that
any significant cellular hyperplasia that takes place in ex?erimentally
induced cardiac hypertrophy occurs in interstitial cells in rats
older than sixty days (Fanburg, 1970),

3. RNA synthesis

The nucleus, forming DNA, RNA, histone and non histone
proteins (including the ribosomal protein), thereby produces the
cytoplasmic subcellular structures for protein synthesis and determines
the type of protein, Since proteins are importént structurally as
well as functionally during the process of adaptation to such stress
as aortic constriction, the blosynthesis of RNA which directs protein
synthesis plays a very distinguished xrole,

The RNA in the nucleus formed by DNA-dependent RNA polymerase,

rer e s 3



B

transfers the genetic information to the cytoplasm, BRNA molecules
are utilized during the protein synthesis in at least three forms

messenger RNA, transfer RNA and ribosomal RNA (Sibatani, 1966),
However, the biosynthesis of RNA and protein represents one of the
most complicated control mechanisms in the cell and the Precise
feedback mechanism from the cytoplasmic organelles to the nucleus
i8S still rather obscure,

4, RNA-polymerase

The enzyme reaction occurs in three steps (Georgiev, 1967)
1) DNA-enzyme attachment 2) transcription (the enzyme moves along
the DNA chain synthesizing the growing RNA molecule, thus, forming
DNA-enzyme-RNA complex) and 3) liveration (RNA becomes separated, and
the enzyme becomes detached from the DNA chain), The newlyAformed
(458) RNA is subjected to ribonuclease action, the products of which
are the 283 and 18S RNA molecules, They are transferred, after being
combined to ribosomal protein, to the cytoplasnm,

Most of the RNA synthesis occurs in the nucleolué, using the
nucleolar chromatin for template, but there is extranucleolar RNA
synthesis as well which, as will be discussed later, is normally
repressed and is important in the early phase of.hypertrophy.

No extranuclear RNA synthesis has so far been found.In the course
of investigating the RNA polymerase action one has to face the problem
of obtaining pure mammalian enzyme preparation, because of its peculiar
association with the other nuclear components, most of which serve

as part of the control mechanism for the action of RNA polymerase
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(chromatin, histone and other proteins, cations etc.). Another
characteristic of the polymerase which causes problems in experimental
work is that the activity decreases very rapidly in preparation,
although, glycerol (40%) proved to be an efficient stabilizing

agent, The mechanism by which it exerts the protective action

is obscure (Liao et al,, 1968), These difficulties of enzyme
Preparation were avoided in this study by using isolated heart

muscle as the source of enzyme, Consequently, the purity and yield

of the latter preparation became very critical.

Another important issue which has to be taken into account in
measuring the polymerase activity is the anabolic nature of both
polymerase and ribonuclease, Although one kind of ribonuclease
degrades RNA during digestion, there is speculation about tﬁe
possible existence of more than one ribonuclease, the action of
which is to produce the "active" RNA found in the cytoplasm from
the originally synthesizedRNA having a long chain length, Therefore,
the measured polymerase activity is an apparent acti&ity indicating
a difference of synthesis and breakdown, This polymerase - ribonuclease
interrelationship is closely related to the question, "How many
polymerases exist?", which will be discussed 1atér.

IV, Possible Initial Biochemical Step Responding to an Applied Stimulus

In all growth processes the basic control mechanism must be
related to DNA, Presumably, a gene of genes in the cells respond

to some clue from the environment with a controlled synthesis of




RNA and protein and so adaptation results to that environment,
as in this study’to match the increased demand for work by the
heart (Norman, 1962), The nature of this initial stimulus is not
known, Meexrson et al (1963) postulated that the increase in DNA-
dependent RNA synthesis is the initial and essential step in the
process of activation of the genetic apparatus of the cell under
conditions of what he calls increased intensity of functioning of
its structures; it is an essential part of the mechanism responsible
for growth of differentiated cells i,e, in the process of hypertrophy
of organs,

However, evidence that the increased RNA synthesis is preceded
by a particular protein synthesis is accumulating, For example,
hormone induced stimulation of RNA synthesis reguired protein
synthesis (Hamilton, et al, 1968, Steiner and King, 1966),
Inhibition of protein synthesis during the first hours after aortic
constriction was found to inhibit increased RNA labelling in the
hypertrophying rat heart, but not in control hearts‘(Posner and
Fanburg 1968, Fanburg and Posner, 1968), suggesting than an early
stimulation of protein is a prerequisite for increased RNA synthesis,
Kako and Minelli's (1968) findings also support the hypothesis that
RNA synthesis may not necessarily be required for the .regulation of
amino acid ilncorporation in the heart at an early stage in the
changing work level, although the precursor activity was not measured

in their study,

11
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What is the function of this new protein synthesized and where
does it come from? McCallister and Brown (1969) found that the
mitochondria of the hypertrophic rat heart differ morphologically
from those of the normal and the differences may be related to the
role of the mitochondria in the active protein synthetic process in
this special condition of myocardial growth, The morphological
similarity with fetal mitochondria led to the assumption that the
fetal protein synthetic ability of heart mitochondria is regained
in the condition of induced hypertrophy, This is supported by
the finding that hypertrophying muscle cell is highly susceptible
to actinomycin and puromycin which is characteristic of embryonic
muscle (Fanburg, 1970).

Zak et al, (1967) stressed the role of "Myofibrillar" riﬁosomes
in the protein synthesis during the early phase of the development
of hypertrophy. This might as well be the locus of production of
a rate-controlling protein factor.

The "new" protein may be a new sigma factor for RNA polymerase
(Travers and Burgess, 1969L a derepressor of DNA template or
polymerase, an "attachement factor" for the ribosomes (stronger
assbciation of the particles to membranous struc{ures obsexved by

Tata and Widnell (1966) under thyroid hormone treatment) or a
"stimulating factor" for RNA synthesis., (Thompson and McCarthy 1968).

Cross-circulation experiments between regenerating and normal

rat liver (Buccher, 1967) gave evidence for the existence of a

"humoral factor", Similarly, hypertrophy producing material,
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transferred from an estrogen stimulated uterus to a normal one by

supernatant fraction of the stimulated uterus caused increased RNA
synthesis ;n normal tissue (Villee, 1970), On the other hand the
existence of such a humoral factor was not confirmed by an in vitro
experiment of heart microsomes (Moroz, 1967) nor is the composition
of this "humoral factor" known, A hypothesis unifying these observations
regarding the initial events of hypertrophy may be as follows: some
factor (s), probably protein, and probably originated from nucleoli
or mitochondria de-represses DNA template for extra-nucleolar RNA
synthesis, the product of which is predominantly m RNA, Nucleolar
RNA synthesis continues, since this is not repressed, At the same
time, the same (or different) factor (s) de-inhibit RNA polymerase,
which produces a greater amount of RNA,

V. Histological Studies

Meessen (1968) investigated the ultrastructure of the
myocardium in cardiac hypertrophy with an electronmicroscope, He
found that the new myofilaments do not structurally differ from the
Pre-existing ones; the most important morphologic change in the
longitudinal sarcoplasmic reticulum consists in its unfolding and
distension and the enlargement of its surface may occur within a
few minutes; a diminution in the ratio of mitochondria to myofibrils
was observed in the hypertrophied heart muscle cell; the distance between
the nuclei became longer,

According to Meerson et al, (1963) the nuclei in the

hypertrophied muscle tissue were enlarged but the intensity of their
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staining with Feulgen reaction was either unchanged or weakened,
The number of nucleoli per nucleus of the muscle cell was increased
(Meerson et al. 1968) from 1,75 to 3,68 in the first stage following
aortic constriction,

Fanburg (1970) has summarized the changes in subcellular structure
in cardiac hypertrophy; he emphasized the increase in number of
myofibrils per muscle cell and the enlargement observed in the

mitochondria,.

14
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VI, The Aim of this Study

The aim of this project was to obtain a nuclear preparation
from heart muscle suitable for enzymatic study and to follow the
changes in RNA polymerase activity during the early phase of
induced hypertrophy produced by aortic constriction, It was
hoped that this may provide some clues as to the sequence of events
leading to net protein synthesis and heart hypertrophy.

Until the substrates, template and co-factor requirements
are well defined and the activity of ribonuclease accounted for,
no "true polymerase" activity can be measured, At present only
an "apparent polymerase" activity can be estimated, With this
limitation in mind it was still felt useful to relate this to
changes in ventricular RNA and muscle mass which occur in response
to the stimulus of aortic constriction,

Nuclear DNA, RNA and protein concentrations were also

determined,
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METHODS

Outline of Procedure

Nuclel of control and hypertrophied cardiac muscle tissue were
isolated in sucrose solution, DNA, RNA, protein concentration and
content of the preparation were determined, The activity of nuclear
RNA polymerase was assayed, Nuclear preparation was used as a
source of the enzyme because the isoclation of the pure enzyme from
mammalian tissues has so far not been successful,

1, METHOD FOR ISOLATION OF HEART MUSCLE NUCLEI

Nair and al, (1967) have prepared a highly purified nuclear
preparation from mammalian heart thus providing a system for the
assay of DNA-dependent RNA polymerase activity. This method is a
modification of the technique for the isolation of liver nuclei used
by Tata and Widnell,

The present study utilizes Nair's method with minor modifications,
The method is based on the isolation of nuclei in sucrose solution,
Preparation of nuclei in this way gives the least possible damage
to the proteins and nucleic acids,- Moreover, the yield and purity
of such nuclei are high, In particular, for enzymatic studies, the
use of sucrose in preparation of nuclei is desirable, because this
method best preserves the native state of nuclei, including enzyme
proteins,

The rats of 200-220 g body*eight were purchased (Robidoux Co,,

Montreal). At the time of experiments, the bodyﬁeight was 241 + 21 g

16
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(SD). SE for the bodyweights calculated according to the groups
operated at different times was 6,9, Animals were purchased in
groups in o;der to keep the bodi&eight similar at the time of operation,
The standard error of the mean<§f body%eight was so small that there
was no significant difference in the_;esults for the control groups,
The 504 rats were divided into normal, aortic constricted and sham
operated groups, They were fed on Master Fox cubes and water ad
libitum,

The animals were killed by decapitation, The whole hearts were
excised, cleared of pericardium and attached fat and rinced with ice
cold homogenizing medium (0,32 M sucrose; 0,03 M MgClZ; 0,05 M tris
HC1 pH 7,6). The left ventricles were separated, and the pooled
left ventricles of twelve rats were weighed, All subsequent procedures
were performed at 0-4°¢C,

The tissue was minced and passed through a stainless steel press
using a sieve of pore diameter 0,5 mm (Harward Apparatus Co.). Then
the tissue was homogenized in 1:3 vqlume (weight/volume) of the homogenizing
medium using the Potter-Elvehjem (1936) type of loose-fitting homogenizer,
During homogenization a sucrose concentration of 0,32 M was used in
order to avoid heating by high viscosity sucrose: The pestle was
rotated by an electric drill at about 600-1,000 rpm, The technique
of homogenization was standardized in such a way that three slow strokes
with a glass reinforced Yeflon pestle followed by three slow strokes
with a simple'léflon pestle were carried out in each experiment,

The method of disrupting the cells is of particular importance
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when sucrose solutlions are used, The reason for this is that the
nuclei are longer and more fragile in this medium and therefore,
the tendency for destruction of nuclei is greater,

Then the homogenate was diluted without mixing to give a final
concentration of tissue in the homogenizing medium of 1:10 (w/v)
and this was followed by centrifugation for 10 minutes at 700 x g
(International refrigerated centrifuge Model PR-2), The supernatant
was discarded and the reddish crude nuclear pellet was resuspended

in 2,4 M sucrose containing 1 mM MgCl, and tris HC1l, pH 7,6 with

2
the aid of a Teflon pestle gently rotated by hand, The volume of the
heavy density sucrose was six times the tissue weight (w/v). The
suspension was centrifuged for one hour at 24000 rpm in SW 25,2
rotor (Model L-2 65 Beckman ultracentrifuge).

The final nuclear pellet appears white (see electronmicrograph),
This was resuspended in 1-2 ml of 0,25 M sucrose containing tris
HC1 pH 7,6, At the top of the uliracentrifuge tube there was a
thick solid dark red layer containing myofibrils, broken mitochondria

and cell debris, top layer

nucleaxr pellet

18
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2, CRITERTA FOR THE EXAMINATION OF NUCLEI

There are a number of criteria which must be satisfied before
a preparatipn of nuclel can be regarded as adequate, The criteria
serve as a basis for comparison among different preparations and this
makes 1t possible to follow the adequacy of preparation by examining
the material obtained at different stages of isolation,

The first criterion is the native, undamaged state of the
preparation. This is ascertained from the morphological appearance
of the preparation and by measuring the activity of exclusively
nuclear enzymes,

In this study, the homogenate, the first crude nuclear pellet,
the final nuclear pellet and the top layer after ultracentrifugation
were examined by a phase-contrast microscope, The contamination of nuclei
gradually decreases at each stage and finally the nuclel become
nearly free of contamination., The top layer contained myofribril,
cell debris, but nuclel could not be detected. The morphological
appearance did not change even after centrifugation in heavy density
sucrose,

Electronmicrographs were prepared from the pure nuclear pellet.
They were prepared as follows: the pellet was fixed in gluteraldehyde
and postfixed in osmiumtetroxide. It was dehydrated in_graded concentrations
of alcohol and imbedded in Araldite, The blocks were sectioned in
Reichert ultramichrotome and the specimen was examined through an

electronmicroscope(Phillips 100-B)*, There was very little cytoplasmic

* The assistance by S, Kulczycky is gratefully acknowledged,
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contamination (broken mitochondria) and the shape of nuclei was
ellipsoid., With high magnification, the double envelope configuration
of the nuclear membrane can be seen as in intact nuclei, Morphological
appearance is a property defined with difficulty. The shape of nuclei
varies according to the kind of tissue, e,g, the heart muscle nuclei
appear ellipsoid, Malformation, small tops attached to the nuclel

or the appearance of holes in the nuclear membrane are evidences of
damage, One should also assume that the preparation is damaged
whenever nuclei are observed to aggregate in clumps,

A second criterion is the purity of the preparation, This could
be tested by microscopic examination as has just been described, In
addition, absence of mitochondria in the preparation could be proven
by the absence of succinoxidase activity which is associated exclusively
with the mitochondria, but this was not tested.

The last and most precisely defined criterion for the examination
of nuclei is comparison of the DNA content* of the original homogenate
with that of the isolated nuclei, because the DNA is entirely located
in the cell nucleus, Yields of nuclei vary depending upon the method
of isolation. In the present study the recovery of total DNA is about
39%., On the following table it can be seen that the absolute amount
of DNA decreased in the nuclear preparation but the DNA/RNA increased
7,3 times compared to the homogenate, This ratio DNA/RNA can be taken

as a measure of the purity of the preparation,

* DNA determination and other chemical methods are described in the

following chapter,
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YIELD OF NUCLEI IN THE NUCLEAR PREPARATION

DNA g DNA/RNA
Homogenate 165 0,57
Nuclear pellet L2 L,2

The present study requires not only material of high purity but
a certain amount of material as well. In order to obtain a sufficient
amount of pure nuclei, the purity of the preparation had to be
compromised to a certain degree. For this purpose, the effect of
various modifications of the method of isolation on the purity of
the nuclear preparation as indicated by DNA/protein and DNA/RNA,
was investigated,

3. DETERMINATION OF DNA, RNA AND PROTEIN

In each experiment DNA, RNA and protein contents were determined
as follows, Extraction of nucleic acids was carried out by a method
originally described by Tanhauser (1945) and modified by Munro (1966).
The nuclear suspension (0,6 - 1 ml) was precipitated with 8 ml of 10%
TCA, centrifuged (320 X g for 20 minutes) (Lourdes centrifuge Model LCA-1)
and washed twice with 10% TCA, The supernatant was decanted and the
pellet mixed with 4 ml 0,3 N KOH, The latter was incubated in a
water bath for one hour at 3700. After 0,1 ml of an aliquot was taken

out for protein assay, the remaining digest was treated with 1,4 N PCA,

ORI |




Solubilized ribonucleotides were separated from DNA and protein by
centrifugation with 5% PCA, The precipitate was further reextracted
with 5% PCA, The two extracts were combined,

DNA was extracted from the residual pellet, First the pellet
was incubated with 5% TCA for 30 minutes at 90°C (Dri-Thermolyne
bath), followed by centrifugation and washing twice with 5% TCA,

The three supernatants (3 ml) were combined and used for a DNA assay.

The determination of nucleic acids can be carried out by the
methods based on the determination of one of their three main
components, namely phosphoric acid, the sugar or the nitrogenous
bases, Widely used and well-tested are methods using color reactions
of the sugars of nucleic acids,

RNA was determined with orcinol (Dische, 1955). The color
reaction is catalyzed by FeCl3 in a high concentration of HCl, The
sample is boiled in a double volume of the reagent for 30 minutes
and the optical density (OD) is read at 570 and 675 my wavelength
against 0,33 N PCA containing blank, Although the glucose gives a
reading at both wavelength, the OD difference foxr glucose between them
is zero, Therefore,the use of OD difference of dichromatic readings
gives the nucleic acid content free of interference and the results
proportional to the concentration of RNA (Dische, 1955), BRNA standard
was prepared from Yeast (type XI, Sigma Chemical Company)., 1 mg/hl
solution with 0,3 N KOH was prepared as the stock solution, The latter

was diluted ten times with 0,33 N PCA (i.,e, 100 ng/ml), The standard

22
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was run each time together with samples,

DNA was determined according to the method of Burton (1968). The
diphenylamine reaction of deoxypentoses produces blue color, The
reagent contains diphenylamine in glacial acetic acid with stoq
and acetaldehyde, The mixture was incubated for 17 hours in a
waterbath at 30°C, By dichromatic readings, interference by substances
which produce colored products with the diphenylamine containing
reagent can be eliminated, since the difference of 0D measured at
600 and 650 mp is zero in the case of substances other than
2-deoxyribose, The difference in OD was found to be proportional
to the concentration of DNA (Dische, 1955), DNA standards were run
each time, together with a blank containing 5% TCA, DNA standard
was prepared from highly polymerized DNA from calf Thymus (Type V,
sodium salt, Sigma Chemical Co,)., After disolving the DNA in 0,3 N
KOH, 10% TCA was added; the mixture was incubated for 30 minutes at
9OOC, then cooled, 5% TCA was added to obtain a final concentration
of 100 wg/ml,

Protein was determined by Lowry et al's (1951) method with the
Folin-Phenol reagent. (phosphomolybdic—phosphotungstic). This
method was chosen because of its great sensitivity, specificity
and simplicity, Albumin was used as the standard and the OD was
read against blank at 750 my  (Beckman DN),

4, PURITY OF THE PREPARATION

The extent of purification is shown in the following table, which

indicates that roughly 100 times purification was achieved by the isolation

procedure of heart nucleil,
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CHANGES IN THE DNA/PROTEIN IN THE COURSE OF ISOLATION PROCEDURE

Stages of Isolation DNA/protein
homogenate 0,0025
Tirst pellet 0,0108
first supernatant no DNA
top layer 0,0024
nuclear pellet 0,2400

In this experiment, which was carried out in the initial stage

of this work, dog hearts were used for convenience, In order to

find an appropriate method of isolation, the purity of the preparation
represented as DNA/RNA and DNA/protein, was determined at each

stage of isolation, ZILater DNA, RNA and protein contents were
determined only in the nuclear pellet,

The yield of the isolation i,e, the amount of the final nuclear
pellet and consequently the purity. of the preparation were greatly
influenced by conditions of isolation, namely the amount of tissue,
volume of homogenizing medium and high density sucrose,_the concentration
of the latter, the duration and speed of ultracentrifugation, the
technique of homogenization and filtration etc., The relationships
were examined and the results are shown in the following tables,

The method finally adopted therefore used 6 times the volume of
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homogenizing solution, the ratio of tissue weight/heavy density sucrose,

1:6 and the 2,4 M sucrose,

When the concentration was increased

above 2,4 M the purity did not improve significantly.

THE EFFECT OF DIFFERENT RATIOS OF TISSUE WEIGHT TO THE

VOLUME OF HOMOGENIZING SOLUTION (w/v) ON THE

PURITY OF THE NUCLEAR PREPARATION

Experiment w/v DNA/RNA DNA/protein
1 1:3 0,1741
2 1:5 9,8 0,1009
3 1:7 0,2188
4 1:10 16,6 0,2582

THE EFFECT OF DIFFERENT RATIOS OF TISSUE WEIGHT AND

THE VOLUME OF THE HEAVY DENSITY .SUCROSE SOLUTTON

(w/v) ON RNA/DNA AND DNA/PROTEIN OF THE

NUCLEAR SUSPENSION

Experiment w/v RNA/DNA DNA/protein
1 1:3,8 0,185 0,1249
2 1:6 0,096 0,2000
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CHANGES IN THE PURITY OF THE PREPARATION AS A

CONSEQUENCE OF THE VARTATION IN THE i

CONCENTRATION OF HEAVY DENSITY SUCROSE

Experiment Concentration of the DNA/protein

heavy density sucrose ;

1 2,35 1 0,0305 i
2 2,4 M 0,0384
3 2,b5 M 0,0414

5, METHOD FOR DETERMINATION OF RNA POLYMERASE ACTIVITY

Assays were carried out following essentially the methods of
Weiss (1960), Widnell et al.(1967) and Nair et al, (1967). The
nucleaxr preparation described above served as the source of the
enzyme and the DNA template,

The enzyme assay 1s based on the principle that the activity of
the enzyme is most easily measured by determining the incorporation
of a radioactive ribonucleotide triphosphate into RNA, In this
study, incorporation of UTP 1abe11éd by tritium into RNA was
measured, The enzyme activity was expressed in three ways as follows:
py  moles of UTPHJ incorporated into RNA per a) mg of DNA

b) g left ventricle
c) left ventricle

H
For the calculations of b) and c), the UTP 3 incorporated into




RNA in p mole of the whole nuclear suspension was divided by the weight
of the pooled left ventricles in grams and by the number of left
ventricles gsed for each experiment, respectively, This calculation
involves the assumption that the yield of the individual nuclear
preparations is constant.

Mg++ or Mn*t+ and (NH4)2 SO4 existing in an incubating medium
influences greatly the behaviour of RNA polymerase (Nair, et al,
1967, also see Discussion), Therefore, two kinds of incubation
mixture have also been used in the present work, System I contains
Mg++ (Mg++ activated reaction) and System IT contains Mn*++ and

(NHQ)Z S0, (Mn++ activated reaction) as shown in the following

tables,

I,
Tris - HC1l buffer 56 u moles (pH8,1)
Mg C1, 2,5 "
GSH 10 v
PEP 5 "
PK 10 ng
NaF 3 o
GTP 0,4 "
CTP 0,4 "
ATP 0,4 "
urp 13 0,02 "
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The composition of the incubation medium for the Mgt+-activated

merase (System I) assay, (final volume of 0,5 ml),

Tris - HC1 buffer (pH 7.5) 50 p moles
Mn C1, 2 "
300 "
(NH), SO,

(pH adjusted to 7,5 with NH40H)

PEP 5 "
PK | 10 ng

CTP 0,4 "
GTP 0,4 "
ATP 0,4 "
uTpi3 0,024 "

The composition of the incubation. medium for the Mn++ activated reaction

tem II), (final volume of 0,5 ml),

The specific activity of UTPH3 was 236 uc/ umole diluted from the

original wvalue of 23600 uc/ umole, 3 ml of absolute alcohol was added

to t

UTPH

he 2 ml of UTP.H3 solution containing 0,0417 ¥moles (24 ,g) of

3. A 100 times dilution was obtained by the addition of 4,17

p moles (2594 ug) non-labelled UTP (trinatrium salt, Boehringer,

Mannheim GmbH). To 0,5 ml of incubation mixture 0,1 ml of nuclear
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suspension corresponding to 30,4 £ 2,5 (SE) ug DNA (222 + 18 ug
protein) was added, The incubation was carried out in a Dubnoff
metabolic shaking incubator ét 3700. FPigure A shows that the
duration of'incubation in System I is not useful after 15 minutes,

In most of the experiments the reaction was stopped after 15 minutes,
After 30 minutes of incubation, increases in incorporation were not
linear with the time, For this reason the incubations were carried
out 5515 and 30 minutes in System I, and for 5 and 10 minutes in
System II, In System IT the enzyme activity decreases after 20
minutes of incubation,

For a blank, which was run for each experiment, the reaction
was stopped at zero time,

An attempt was made to increase the apparent activity of -
polymerase by lowering the temperature, assuming that it may suppress
the ribonuclease activity, But as shown on the following table, this
was not the case, The apparent activity of polymerase in the Mg+t
activated system decreased to 71% at_BOOC compared to-the activity

at 37°¢C,
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EFFECT OF TEMPERATURE ON RNA POLYMERASE ACTIVITY IN THE

Mg++ ACTIVATED SYSTEM

Sample Incubation time Temperature dpm up mole ATP C]'LL

in minutes incorp, per DNA

5 30 235 130
15 30° 396 200
5 37° 335 180
15 37° 516 280

Consequently, a temperature of 3700 was adopted in the rest of
my experiments, Reactions were terminated by the addition of 5 ml of
0.5 N, HClOa at Oo, 1 mg Yeast RNA in aqueous solution at pH7 was
added as carrier, The precipitate was collected after standing 1 hr
at 0° by centrifugation at 4000 rpm (2000 X g) for 10 min, (Model PR-2
International refrigerated centrifuge) and was washed twice with 5 ml
of ice cold 0,2 N PCA, This was again centrifuged (Lourdes LCA-1,
10,3000 X g, 15 min) and washed tﬁice with 4 ml ethanol-ether (3:1,
v/v). The RNA was then extracted from the precipitate with 2 ml of
10% NaCl in 0,05 M Tris-HCl (pH 7.5) containing 0,5 mg of carrier
Yeast RNA/ml at 100° (Temp-Blok Module tube-heater) for 30 min., The
precipitate was reextracted for 15 min with 2 ml of the above solution

and the pooled supernatants were cooled to Oo. The RNA was precipitated




with two volumes of cold absolute ethanol and kept overnight at
—200. The pellet was dissolved in 1 ml of distilled water and
transferred_with a Pasteur pipette into counting vials, containing
10 ml of Bray solution* (Bray, 1960),

Samples were counted in a three channel Nuclear Chicago Liquid
Scintillation Counter Mark I with a computer, Model 6860,

The "counting sample" contains the radiocactive material in a
solvent containing scintillation solutes, The scintillation solution
converts to light the energy of the primary particle emmitted by the
radioactive sample and the phototube responds to the light energy
by producing a current pulse which is then amplified and fed into
a pulse height analyzer, The latter compares the signal with
reference voltages, This is possible since scintillation counting
is a proportional counting method, i,e, the magnitude of the output
signal from the detector is proportional to the energy given up to
the detector by primary particles, A discriminator window selects
signals which fall between two pre-selected voltages i,e, two energy
levels,

Disintegration of a radioactive material does not occur at
evenly spaced time intervals but have a random distribution in time,
and the number of disintegrations in any particular minute may vary

from the number in any other minute, The "true" counting rate can
y g

* Bray: 1,8 gr Omnifluor, 60 g naphtalene,100 ml methanol,20 ml

ethylenglycol, dioxan up to 1 1.
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only be obtained by counting for longer intervals i,e, calculating
the average value of the series or one-minute counts,

The standard error of the counting rate, R, is calculated by dividing
the square root of the total number of counts by the counting time
SE==gﬁ3 . The SE of counts calculated in this study was + 5,6; the
mean Zf counts obtained: n = 56094, during 40 minutes of counting
time, A minimum of 10000 counts is required, which gives 1% of
relative SD, (Y:g ) and "confidence" of 68% in the computed value,

n
Principle of channels ratio methods

The counting efficiency was determined from a quench correction
curve (Fig. B) based on the channels ratio method, Anything which
Prevents the light reaching the photomultiplier tube is called a
quencher, This decreases thé counting efficiency. The principle
of this method is that the distribution of pulse heights produced
by radioactive disintegration over two pre-selected channels varies
depending on the degree of quenching, The determination of counting
efficiency can be best calculated from a linear (or quasi-linear)
curve, This can be achieved by appropriate setting of the discriminator,
The quench correction curve should .cover the efficiencies to be found
in variously quenched samples, A set of quenched standards was used
for this purpose, From the known dpm for each standard in the quenched
series and from the observed counts per minute (cpm), the percent
efficiency is calculated, This is plotted against the channels ratio

for each standard to give a quench correction curve (see Fig, B),
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6. CHECKING OF THE EXTRACTION METHOD

Fach step of the washing and extraction of labelled RNA was
checked as follows: a known amount of Yeast RNA was passed through
the whole extraction procedure to find out the effectiveness of RNA
extraction, Standing 1 hour at 0° was found essential for a good
recovery,

After the precipitation with ether-ethanol, the centrifugation
did not separate perfectly the pellet from the supernatant unless
a very strong centrifugation (10300 X g) was applied,

The ability of NaCl to extract RNA was checked by adding
increasing amounts of RNA to the same volume of NaCl, It was found

that the added RNA was extracted proportionally (next table),

INCREASING AMOUNT OF RNA EXTRACTED BY A STABLE VOLUME OF 10% NaCl

Amount of RNA added 0D diff, of extracted RNA

0,5 mg 1179

1 mg 2226
1,5 mg | 3300 .
2 ng 4146

For complete recovery study, 2 mg/ml of aqueous RNA solution
was prepared (RNA grade VI from Torula Yeast, Sigma Chemical Corporation),

Three samples were precipitated with 0,5N PCA, and washed twice with
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0,2 N PCA and with an ethanol-ether mixture, RNA was determined
according to Dische (1955) from a sample at this stage (sample 1)

and after NaCl extraction followed by precipitation with ethanol

(sample 2), Sample 3 differs from sample 2, only in the precipitation
procedure by ethanol, An attempt was made to complete the precipitation
by lowering the pH previously by 1IN acetic acid, As is shown on the
table, the recovery was satisfactory, Adjustment of pH at the NaCl

extraction stage was not required for quantitative precipitation.

RECOVERY OF RNA DURING THE COURSE OF RNA POLYMERASE DETERMINATION

Sample mg of RNA
1 0,9
2 1,04
3 1,02

The final precipitation with ethanol requires ethanol at -20O

and the precipitation is complete after standing overnight. The
separation of the pellet requires centrifugation at 4500 rpm
(PR-2 International refrigeration centrifuge) for 15 min,

The possible loss in radioactiviiy in the course of‘enzyme assay
was estimated as follows, RNA content of the supernatants was
determined after the washing steps, The supernatant before extraction

with NaCl contained no measurable RNA, nor did the final supernatant




35

after ethanol precipitation,

The radiocactivity of supernatants was also checked and gave the
same conclusion: the radioactivity gradually disappears before the
extraction during the washing processes and none is left in the final
supernatant,

The sample with O time of incubation served as a control in each
experiment, and this also shows the background radioactivity,

The final pellet was dissolved by distilled water, since NCS* +
POPOP solution with the sample formed was found to be very cloudy,
thereby, resulting in a high quenching, Even with the Bray solution,
the mixture appeared cloudy, This would further lower the already low
efficiency, resulting in a decreased accuracy, To verify this effect,
the actual count per minute and the calculated incorporation per mg
DNA were compared in the cloudy Bray solution and in the clear one,

The clear solution was obtained by re-centrifugating the final pellet
dissolved in water, The dissolved pellet was centrifuged for 10 minutes
at 2500 rpm (PR-2 International refrigerated centrifuge), 1 ml from 1,5
ml of clear supernatant was counted together with the sample in which

the dissolved pellet was transferred directly into Bray solution, The
pellet after centrifugation also was counted, As is shown on the
following table there was no need for re-centrifugation and the sample
can be counted directly. The pellet was free of radioactivity suggesting

that all the activity was obtained in the supernatant,

* a liquid scintillation solubilizer - (Nuclear - Chicago).,
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Mg act, system

Sample | Incub, time | extra treatment | Cpm Lum UTPHZ/DNA

1 0 min

2 15 min 786 243

3 15 min recentr, super, 737 236

4 15 min recentr, pellet 0,77
5 20 min 259

The effect of recentrifugation of pellet dissolved in water

7. VALIDITY OF POLYMERASE ASSAY METHOD
The first series of experiments was carried out in an attempt
to demonstrate the validity of the method, i,e, to identify the
final product as RNA and to investigate various conditions for
incubation,
The following table shows the almost complete suppression of
apparent engyme activity by RNA-ase, In the Mg*t activated system

the activity dropped to 3%, in the Mn++ activated system up to 5%,
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EFFECT OF RNA-ase ADDITION IN THE INCORPORATION INTO THE Mgt++ AND Mp++

ACTIVATED SYSTEM

Sample Incub, med, Incubation | pymole UTPH3/DNA
1 Mg++ complete 15 2362
2 act, TRNA-ase 15 8L
3 Mn++ complete 10 4,788
4 act, *tRNA-ase 10 235

Another evidence for true RNA synthesis is that the process is
strongly dependent on each of 4 nucleotides triphosphate, It was
shown that omission of any one nucleotide triphosphate causes a
marked reduction of the incorporation of labelled nucleotide, The
following table shows the effect of CTP omission on the incorporation

in the Mgt activated system during 15 min, of incubation,
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EFFECT OF THE OMISSION OF CTP FROM SYSTEM I ON THE ENZYME ACTIVITY

Sample Medium HH mole UTPHB/DNA
1 complete 1693
2 CTP omitted 405

It seems that even without additionai nucleotide there is low
rate of RNA synthesis from the pre-existing nulceotide in the nuclear
Preparation, However, this is only 24% compared to the synthesis
in the complete system, A similar conclusion was drawn Ffrom the
experiment in which UTP was omitted,

The next very important requirement for the incorporation of
labelled nucleotide into RNA is the presence of DNA, Since the source
of DNA in this study is the nuclei themselves, the DNA dependency
can be proved only by the addition of DNA-ase, The apparent activity
was reduced to 30% during 10 min of incubation in Mnt++ activated

system in the presence of DNA-ase,




EFFECT OF DNA-ase ADDITION ON THE RNA POLYMERASE ACTIVITY

Sample incub, medium Lumole Clu UTP/mg DNA
1 conmplete 1110
2 complete *+ 25 ug DNA-ase 365

In contrast, an addition of DNA did not increase the enzyme

activity,

It was thought then that the nuclear membrane may not

be permeable to DNA and the addition of deoxycholate may change

the membrane permeability, but the presence of the deoxycholate did

not alter this conclusion, This is shown on

the next table,
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EFFECT OF DNA ADDITION INTO SYSTEM I (Mg++ ACTIVATED) AND

II (Mnt+ + (NH4)2 S0

L ACTIVATED)

WITH AND WITHOUT DEOXYCHOLATE

Sample Incub, time in min, Incub, med, Hp mole UTPHB/DNA

1 5 System I

complete 348
2 15 complete 753
3 15 complete + DNA 665
4 15 complete + DNA

+ deoxycholate 382
5 5 System IT

complete 1194
6 10 complete 1586
7 10 complete + DNA 1595
8 10 complete + DNA

+ deoxycholate oh2

As is shown later "Results", differences in the DNA content of the

control heart nuclei did not influence the RNA polymerase activity,

providing further support to the abave

: results,

The enzymatic incorporation of ribonucleotide into RNA requires

the presence of divalent cations,

At low concentrations both

magnesium and manganese can activate the system, but at higher

concentrations both become inhibitors (Weiss, 1960) .

The presence




of magnesium is essential in the Mgtt activated system and its

omission reduces the enzyme activity to 3,2% as shown in the table

below,

EFFECT OF THE OMISSION OF Mgt+ ON Mg+t ACTIVATED SYSTEM

Sample Incub, time Medium uumole UTPHB/DNA
1 15 complete I 1693
2 15 -Mg C12 56

However, the addition of Mgtt+ to the Mntt activated system,

which should contain some Mgtt pre-existing in the nuclei, did

not influence the enzyme activity, as is shown in the following

table,

EFFECT OF THE ADDITION OF Mg+t ON THE Mnt++ ACTIVATED SYSTEM

Sample Incub, time | ~Medium i mole UTPHB/DNA
1 10 complete IT 4788
2 10 complete
+ 0,5 mg
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8. RIBONUCLEASE DETERMINATION
To investigate the effect of different incubation mixtures and the
incorporation of labelled nucleotide into RNA, an attempt was made
to approach'the question from the direction of ribonuclease assay,
The enzyme was determined according to a simple modification
of Shortman's method, The buffer solution contained 0,25 M sucrose,

0,025 M XC1; 0,005 M MgCl. and 0,05 M Tris HC1 (pH 7.6). The OD's

2
of soluble nucleotides in the supernatant after acid-alcohol
treatment should be proportional to ribonuclease activity, The
activity is calculated in percentage compared to the standard
value,
Ribonuclease activity was determined from the nuclear preparation
at zero time and after 10 minutes of incubation, Sample I was
incubated without medium, sample 2 in the presence of Mgt+ and
sample 3 in the presence of Mnt++. Standard enzyme was Ribonuclease-~A from bovine
pancreas, protease free, type X-A. in 0,2 M Phosphate buffer, pH 6,4,
with 100 Kunitz units/ mg protein activity (Sigma Chemical Corporation),

The protein concentration of the standard was 10 mg protein/ ml,

To the buffer solution, substrate RNA, purified from Yeast RNA
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Type XI (Sigma Chemical Corporation)* was added (the control run), The
Standard contained in addition 0,1 ml of the Ribonuclease mentioned
above, and ﬁhe samples contained 0,1 ml of nuclear suspension,

Incubation proceeded at 370 for 30 min in a Dubnoff metabolic
shaking incubator, The reaction was terminated by 76% ethanol
containing IN HC1, After centrifugation at 2000 X g for 30 min
(PR-2), the supernatant was diluted 10 times and the OD read on
Beckman DU at 257 my ,

9, AORTIC CONSTRICTION
This method is essentially that of M, Beznak (1955),
The rats were anaesthetized with ether, an incision made in the

abdomen and the viscera were displaced., The constriction ring was

then slipped under the aorta just below the diaphragm, and narrowed
with forceps., The viscera were replaced and the incision sutured,
The rings were made by winding silver wire around a hypodermic
needle of suitable diameter (0,8 mm), The spiral was then sawed
longitudionally with a very thin blade to give a number of separate
rings which are opened slightly and filed smooth under a magnifying

glass,

* RNA was dissolved in water, precipitated by 76% ethaﬁol, containing
IN HC1l, centrifuged for 30 min at 2000 X g in PR-2 (International
Refrigerated Centrifuged). The precipitate was dissolved in distilled

water and pH adjusted to 7.
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10, SHAM OPERATION
The sham operation was also carried out under ether anesthesia,
Skin on the_abdomen was incised, the viscera were displaced, the
aorta just below the diaphragm was separated free, The viscera
were then replaced and the skin wound sutured, The animals were

sacrificed at various times after operation,
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Figure A

The Activity of RNA Polymerase of Heart Muscle Nuclei in
the Presence of Mg++ or Mn'*t after Various Durations of

Incubation

The enzyme activity is expressed as incorporation of UTP-
H> into RNA in pumole /mg DNA (ordinate).

The composition of the incubation mixture is described on
p. 7.

For each experiment twelve left ventricles were used.

++

@ represents System L. (Mg' ' activated)

Q@ represents System II. (Mn++ activated)
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Figure B

Typical Tritium Channels Ratio Quench Correction Curve

The ordinate shows the percentage eff

The abscissa indicates the ratio
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RESULTS

1. Control Values

At the time of the operation (described in "Methods") the body
weight of the rats was 241 + 21 g. The number of animals used was
over 500, This range of weight corresponds to the period of most
rapid growth, as is shown on the growth curve (Fig. 1).

The RNA polymerase activity of control heart muscle nuclei is
quite reproducible in this range of bodyﬁeight greatly differs from
the above range. The values are comparable to those obtained by Nair
et al1.(1968). In their work the enzyme activity during 5 min
incubation was l95u#blesfhg DNA (in my preparation 192) in system I
and 280 in system ITI. A higher activity was obtained in system II
in my work (502). Since the rate of the reaction was not linear with
time, in most of the cases 15 and 10 minutes values were used in the
Mn++ and Mg++ activated systems, respectively (Fig. A).

Although experiments were carried out up to 14 dgys after the
aortic constriction, most of them took place within 6 days after
the operation.

The intervals between the time.of the operatipn and the time at
which measurements were taken, did not influence the measurements of
RNA polymerasé activity in control animals in spite of the fact that
this was the period in which the normal growth is significant. This
is indicated by the SE of the mean values obtained from normal

animals in the weight range described. 268#22.3 and 912+ 149HH moles
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UTFP H3/ngNA are the values of enzyme activity in system I and II}
reSpecfively, during 15 and 10 minutes of incubation. Thus it was

not necessary to distinguish between the normal growth and the

cardiac enlafgement in response to hypertrophy as the factor affecting
RNA polymerase activity.

However, the early changes from a few hours to a few days after
the operation could partly be due to the non-specific stress of the
operation rather than the specific effect caused by narrowing the
aorta. In order to differentiate between these two responses, sham
operated animals were examined (Fig. 2). Nuclear RNA polymerase
activity of these animals increased. The increase was parallel in
both the Mg+t and Mn+t+ activated systems, showing peak activity at the
12th hour following constriction. On the third day the enzyme.
activity of sham operated animals dropped back to the normal range.
Therefore, in the experiments Carriedoyt between 4 hours and 2 days
following constriction, the enzyme activity of corresponding sham
operated animals was determined and subtracted from the enzyme
activity of aortic constricted animals; From the third day after the
operation, the mean value of normal animals was subtracted from

values of operated animals ,

P
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The fact that RNA polymerase activity is DNA-dependent raises
the following question. Does the absolute amount of DNA in the nuclear
preparation obtained from the left ventricle influence the measured
enzyme activity?

Though the purity of the nuclear preparation was high and
reproducible in the control experiments using normal and sham operated
animals judging from the DNA/protein ratio (0.1417 + 0.0098SE), the
absolute amount of DNA content in the whole suspension varied from 280
to 620 ng in control experiments (Fig. 3). However, when the same
amount of DNA was obtained from control and aortic constricted animals,
each time the results of operated animals showed a much higher incorp-
oration, except at 8 hours when the enzyme activity temporarily declines
to the normal range.

A similar relationship was found between the RNA céntent of the
whole suspension and the incorporation (Fig. 4). The incorporation into
RNA in the control ventricles remained below the values obtained from
aortic constricted animals. The total UTPH3 incorporated into the nuclear
RNA varied between 120 and 350 numoles in the contr61 preparation. These
figures illustrate the results of the Mg-activated system. The same
conclusion was obtained using the Mn-activated system. Thus, the apparent
polymerase activity appears to be influenced by'the absolute number
of nuclei expressed as the increased amount of DNA and RNA. However,
the increase in enzyme activity after aortic constriction is not due
to the increased number of nuclei obtained, i.e. the incorporation per

DNA content was always above the control values.
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The apparent polymerase activity in the Mn+t+ - (NH4)2804 activated
reaction measured after 5 minutes of incubation was 260% if the activity
of the Mg+t activated system after 5 min was expressed as 100% (Table I),
The value was approximately 500% after 10 min,, 100% being an extrapolated
value from the activity measured in the Mgtt activated system after 15 min,

One of the possible explanations of these differences between the
two systems was the effect of ammonium salt on the ribonuclease activity.

The table below shows that, in the Mg+t activated system, the
ribonuclease activity is 152% of that found in the Mnt+ activated system,
Though the ribonuclease activity is higher in the presence of Mg++

the results suggest the role of ribonuclease activity in polymerase assays

in both systems,

RIBONUCLEASE ACTIVITY IN THE TWO SYSTEMS DURING 10 MIN OF INCUBATION
IN 0,1 ML OF NORMAL NUCLEAR SUSPENSION :

= . ]
Sampl ncubation g DNAin 0,1 ml RNA-ase act, RNA-asé.act,
" Medium susp. | Kanits wnit g, DNA-

without 13,80 2,8
2 System I 15,6 .29 !
3 System II 17,9 21,8

The chemical analysis of control (normal and sham operated) animals
is shown on Table II. For each enzyme assay 0,1 ml of nuclear suspension
was used; that is the reason why the chemical values were calculated to
0,1 ml of suspension as well as to the total nuclear preparation, DNA,

RNA and protein contents of the nuclear suspension were determined,

-srmrtcersrexemraed

o e T A
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The absolute values obtained by chemical analyses can not be compared
because the number of left ventricles used in one determination (10-12 1v,)

and the pooled weight of the ventricles, even using the same number of

ventricles, varied fo a considerable éxtent. The )

results can be compared if expressed per left ventricle (1,v.) or per

gram 1,v, and as a ratio of DNA/protein or DNA/RNA, DNA/1,v, was 39 + 2,7 g
(SE); DNA/g 1.v. was 65,9 * 3,68 ug; RNA/1,v, was 5,5 + 0,28 ug; RNA/g

1,v. was 9,5 1 0,69 pg and protein/g 1.v. was 496 * 31 ug. The ratio

DNA/protein was 0,1417 * 0,0098 and DNA/RNA was 7,3 *+ 0,73.

2, Hypertrophy

In this study the extent of hypertrophy over different time intexvals
after constriction was not measured on individual left ventricles; the
total weight of the 12 pooled left ventricles was used to calculate the
average weight of one left ventricle, On the second day after aortic
banding only a slight increase in left ventricular weight was observed,
on the 4th day a 27% increase was observed and on the 11th day a 55%
increase,

It was indicated in the work of Beznak (1954) and noted by others,
that the size of the rat at the time of constriction has a great
influence on the extent of cardiac enlargement. ' The hypertrophy is
greater in the smaller rats, It should be mentioned here that in a few
experiments the measured polymerase activity showed a relatively small

increase after the narrowing of the aorta,
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These low activity results are not plotted on the graphs , The
reason for this smaller increase may be due to the fact that a
slight change in the mean bodyﬁeight at the time of the operation
could have'caused a differeﬁf degree of hypertrophy and consequently
a different enzyme activity, However, this slight change in body-

weight did not influence the normal results,

3.Changes in Protein Concentration During the Development of Hypertrophy.

The concentration is defined as ug protein found in the nuclear
suspension related to 1 g wet weight of left ventricle, The changes
in protein concentration after aortic constriction are shown on
Figure 5, It was increased up to maximum 50% (750 ug/g left ventri-
cle) on the second day and is still elevated by 15% after 10 days
following aortic constriction, Obviously, the increased protein
concentration in the nuclear suspension represents only a fraction
of the increase in protein synthesis occurs in the whole cell during

hypertrophy,

4 .Changes in RNA Concentration and RNA Content After Aortic Constriction,

RNA concentration means in this work the RNA measured in the
nuclear suspension in yg per 1 g wet weight of left ventricle, RNA
content is defined as ug RNA found in the nuclear suspension calcu-

lated to one left ventricle,
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An increase in both RNA concentration (Fig 6) and content (Fig 7)
in the nuclear suspension prepared from left ventricles has been
observed within 24 hours after aortic banding, Maximal increases
were seen-by the third day after aortic constriction, The .concentration
was 181Lg/g (90% increase) and the content was 11,5 “,g/left ventricle
(+110%) that time, The RNA concentration and left ventricular RNA

content remained elevated for at least 14 days,

5. Changes in DNA Metabolism

The definition of concentration and content is described pre-
viously, The changes in DNA concentration and content of the nuclear
suspension are plotted on Figure 8, They both decrease a few hours
after the operation and increase on the third day as compared to
the control,

The DNA concentration returns to that obtained in control ani-
mals about the 10th day. At this time the DNA content is still 20%
elevated,

It can be concluded from the changes in protein, RNA and DNA
concentration, that the DNA/protéin and DNA/RNA ratio. should decrease
following the operation, (Fig 9 and 10), Their values decrease
within 12 hours after narrowing and DNA/protein wemained 22% and
DNA/RNA 35% below the control values,

The chemical determinations of control animals are shown

Table II and the values of constricted animals are shown in Table IIT.
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6. The Activity of Nuclear RNA Polymerase in Hypertrophying Heart

Muscle Nuclei

The acﬁivity of RNA polymerase was determined on the 4th, 8th,
12th and 17th hours, and 2, 3, 4, 6, 10, 11, and 14 days following
aortic constriction.

The mean values of two or three experiments are shown in Table IV.
Duplicate assays were used in the Mg*q'system after 15 min. and in
the Mn t+ system after 10 min. of incubation. For each experiment
12 left ventricles were pooled. Because of the importance of the
early changes more groups of animals were studied in the early
than the later period. Hence, standard error could not be calculated.
It was assumed that by pooling the twelve left ventricles, a
biological average could be obtained.

The results are expressed in three ways: the enzyme activity
expressed as' ‘Ml moles of labelled nucleotide incorporated into RNA
a) per mg DNA, b) per left ventricle and c) per gram of left ven-
tricle. To evaluate the specific changes in enzyme activity due to
aortic constriction the results were expressed as changes over values
obtained from control animals (Fig 2, Table T and.V).

The values after 15 min. of incubation in system I (Mg't) and
after 10 minutes in system II (Mn*") are plotted in Figﬁre 11 and 12,
respectively. The changes in enzyme activity show a simil ar time
course when they are expressed in any of the three ways. Fach point
represents the mean values of 2 - 3 experiments, over control values.

Until the 2nd day, Sham.operated animals were used as controls while normal.
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animals served as controls after the 3rd day, The increase in RNA®
polymerase activity is shown onee more in Figure 13 (System I) and

14 (System II), in which the activity was expressed as Ly mole UTPH3
incorpora{ed/mg DNA for simplicity, In system I the enzyme activity
increased to 1187 from 550 (sham) as early as 4 hours after aortic
constriction, After this a decrease was observed: at 8 hours the
activity was 250 (the valne is 320 from sham), The second peak
activity was found on the fourth day: 1924 while the control was

only 268, These absolute values (Table IV) are not shown on the graphs,
which illustrate the changes above control values (Table V), Two weeks
following the operation the activity is still 522 above the control,

In system IT (Fig. 14) the increase in activity after 4 hours is
1486 above the control, i.,e, the absolute value was 2363, the shanm
operated animal showing an activity of 877, The activity diminished
at 8th hour to 847 (sham was 590), The highest activity was demonstrated
on the third day; 2836 above the control value (912), This was followed
by a great decrease, though 14 days after the constriction the activity
was still 519 above the control Qalue.

The values shown on I'ig, 13 and 14 are summarized in Table V,

On comparing the above results the reactions in the two systems show
similar changes as follows: after the early increase occurred at 4 hour,
a decrease occufs. This is followed by an increase réaching the highest
activity on 3-4th day. Even two weeks after the operation the values
are above those obtained from control animals.

However, the absolute values obtained were higher in the Mntt dependent
reaction at each time investigated. The difference between them was 1176 at

I hour, 2364 on the third day, after that it becomes smaller: on the 4th
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day it becomes 827 and 10 days after the constriction, only 518,
The highest value in system II was 1824 above the highest value
obtained in system I,

To compare the effect of aortic constriction on the Mg++ and Mn++
activated system, the above data were plotted in percentage over
control values in Figure 15, The percentage was calculated from the
values expressed as UU mole UTPHB/mg DNA,

In both system a substantial increase was detected as early as
4 hours after constriction (3 experiments showed very similar changes),
The increase was 109% in system I and 169% in system II., After a
decline a gradual increase occurred, lasting until the third-fourth
day., The peak activity was 618% in system I and only 310% in system
IT above controls, This was followed by a decline which did not
return to control values even after two weeks, The RNA polymerase
activity was still 195% elevated in the Mg+t activated system and
56% in the Mnt+ activated system,

A comparison between the two systems reveals that the early,

4 hour increase is an exception in that the elevation in system I1

is 60% more than in system I, In the rest of the periods studied,

the activity in the Mnt+ activated system showal much smaller response
to the constriction than the Mgt++ activated sysiem, though the time
course appears to be similar,

An attempt was made to approach the problem dealing with the
changes in incorporation of labelled nucleotide into RNA following

aortic constriction by determining the ribonuclease activity in
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addition to RNA polymerase assay. This attempt was not quite
successful, as no activity was detected at the beginning of the
incubation in the nuclear preparation. If the ribonuclease acti-
vity was determined after incubation in the presence of Mg *t* or

Mn *++ (see "Methods"), interesting results may have been obtained.
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Figure 2.

Changeé with Time in RNA Polymerase Activity after Sham

Operation

Enzyme activity is expressed as incorporation of UTP—H3

into RNA in ppmole/mg DNA (ordinate). The duration of
incubation in System I' is 15 minutes; in System II 10 minutes.
Abscissa shows the intervals between the sham operation and

enzyme assay,
G represents system I.

represents system II.

represents the mean and SEM of the control values.

Dots represent one experiment each consisting of 12 left

ventricles.
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Relationship between the DNA Content of Nuclear Preparation
and the Incorporation of UTP-H3 into RNA in the Mgtt Activ-

Figure 3.

ated System after 15 Minutes of Incubation

The ordinate shows the amount of labelled nucleotide incorpor-

ated into RNA in ppmole; the abscissa shows the DNA content

in pg.

o
®

Both expressed as per nuclear suspension.

represents the control animals (sham and normal)

represents the narrowed animals
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Figure 4.

Relationship between the RNA Content of Nuclear Preparation
and the Incorporation of UTP—I—I3 into RNA in the Mg++ Activ-

ated System during 15 Minutes of Incubation

The abscissa represents the total nuclear RNA content in ng/
nuclear suspension.

For further explanation see legend to Figure 3.
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Figure 5,

Changes in Protein Concentration of the Nuclear Suspension

after Aortic Constr iction

The abscissa indicates the intervals between the aortic con-
striction and chemical determination in days. The ordinate

represents the protein concentration in ung/ g net weight of the

left ventricle. The values are the means o 2 to 3 experiments.

Mean and SEM of the control are shown in the Figure.
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Figure 6,

Changes in RNA Concentration in the Purified Nuclear Prepar-

ation after Aortic Constriction

Ordinate shows the concentration expressed as pg nuclear
RNA/ g left ventricle. Abscissa shows the days following

operation. Mean and SEM of control are indicated on the

figure.
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Figure 7.

Changes in RNA Content after Aortic Constriction

The ordinate shows the RNA content in pg of the nuclear sus-
pension, calculated for one left ventricle. Each dot represents
one experiment which includes 12 hearts,

For further explanation see legend to Figure 5.







Figure 8.

Changes in DNA Concentration and Content of the Nuclear Sus-
pension prepared from Hypertrophying Left

Ventricles

The ordinate indicates both the DNA concentration (epxressed
g/ g wet tissue) and content in the nuclear suspension calcul-
ated for one left ventricle (in pg).

For further information see legend to Figure 5.
A concentration

o content
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Figure 9.

Changes in DNA/ Protein during the Development of Hyper-
trophy. ! |

Each point represents the mean value of 2 - 3 analyses.
Ordinate shows the ratio DNA/protein, and abscissa days !

after operation. Mean and SEM of the control are shown.
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Figure 10,

Cha.nges in DNA/RNA during the Development of Hypertrophy

Ordinate shows the ratio DNA/nuclear RNA; abscissa shows
the intervals between the operation and chemical analysis.

Each point represents the mean value of 2 - 3 determinations,
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Figure 11.

Time-course of Changes in the Mg¥¥ activated RNA Polymerase
Activity following Aortic Banding

Data are expressed as mean values above control. The
abscissa shows the intervals between the constriction and the
enzyme determination. The ordinate represents the enzyme
activity expressed in three ways, corresponding to (a), (b) and

{c) on Table I.
Lpm UTP-H3 incorporated/left ventricle
" " " / g left ventricle
" " " /mg DNA

Each dot represents the mean value of 2 - 3 experiments,
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Figure 12.

Changes over Time in the Mntt activated RNA Polymerase
Activity following Aortic Banding

For expl anation, see legend to Figure 11,
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Figure 13.

Changes in RNA Polymerase Activity measured in System I

following Aortic Constriction

Explanation appeared in legend to Figure 11,

The activity in this Figure is expressed in one way:
ppmole UTP-H3 incorporated into RNA/mg DNA., Each
column represents the mean value of 2 - 3 assays. For

each assay 12 left ventricles were pooled.
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Figure 14.

Chénges in RNA Polymerase Activity measured in System II.

For explanation, consult legend to Figure 13,
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Figure 15,

Pefcentage Changes over Time in the RNA Polymerase

Activity following Aortic Banding

The changes in enzyme activity are expressed as mean values
above control, in percentage. (Ordinate), abscissa shows the
days after pperation.

++

‘ represents System I (Mg ' -activated)

ot

@ represents System II (M -activated)
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Electronmicrographs of the Nuclear Preparation
The final nuclear pellet obtained after the isolation
procedure is shown at different magnifications, Electronmicrographs
were prepared from normal heart muscle nuclei (described on p. 19),
First picture: magnification is 1:53000, It shows the nuclear
membrane of two nuclei,
Second picture: magnification is 1:28000, It shows the isolated

nuclei and the mitochondrial contamination
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Table 1

RNA Polymerase Activity of Normal Heart Muscle Nuclei in

the Presence of Mg++ and Mn™t - (NH4),SO4

The activity is expressed as ppmole UTP-H3 incorporated into
RNA (a) per DNA of the nuclear preparation in mg; (b) of one

left ventricle; (c) of one g of left ventricle.




TABLE I

Sample No
Mean +
Incub. Time 1 2 3 4 SE
a 180 203 192 + 11
5 b 4,3 6,2 52 + 0,9
c 6,2 10,7 8,5 + 2
a 243 280 325 324 268 + 22,3
15 bl 153| 67| 151 99| 11,7+ 21
c 20,4 26,5 17 21,3 + 2,9
a 302 302
30 b 14 14
c 24,5 24,5
a 430 219 858 502 + 188
5 b 7,7 10 26,311 1,7+ 5,8
c 11,5 17,9 45 24,8+ 9,8
1110 635 678 1225 912 + 149
10 bl 19,9 26 31,5 | 72| 28,7+ 3,7
cfl 29,90 39 | s5 | % | w o+ 27
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Table II

Chemical Analysis of Nuclear Preparations obtained from

Control Animals

Rows 1 - 13 show the results obtained from groups of normal
rats and Rows 14 - 22 are those from sham-operated rats.

The verticle columns 1, 3 and 5 show the total protein,
total RNA and total DNA in the nuclear suspension of each
group of 12 pooled left ventricles.

Columns 2, 4 and 6 are protein, RNA and DNA expressed
per 0.1 ml of nuclear suspension.

Columns 9 and 11 indicate the nuclear DNA and RNA contents
in one left ventricle. )

Columns 1, 12 and 13 show the nuclear DNA, RNA and protein
concentrations expressed as pg/g left ventricle.
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Table III

Chemical Analysis of Nuclear Preparation obtained from

Hypertrophied Left Ventricles

For further information see legend to Table II.
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Table IV

Time-Course of Changes in Nuclear RNA Polymerase Activity

following Aortic Banding

Each number represents the mean value of 2-3 experiments,

The activity is expressed as on table I,
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Table V

Time Course of Changes in Nuclear RNA Polymerase Activity

following Aortic Constriction

The results are expressed as absolute changes over values
obtained from controls.

For further information see Table I.
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DISCUSSION
I. CRITICISM ON METHODOLOGY

1. Isolation of Heart Muscle Nuclei

The difficulties of the isolation of striated muscle nuclei
are formidable owing to the abundance and infiltrative nature of the
surrounding connective tissue and a relatively large amount of myo-
fibrils (Edelman et al, 1965). Furthermore, the peripheral location
of the nuclei could lead to their damage or ultimate destruction during
homogenization.

Three main types of isolation procedures have been
described.

(a) Isolation of nuclei in non aqueous solvents after

complete drying of the tissue. The advantages of this method are that
the water soluble material is not diminished and enzyma tic reactions
are stopped immediately. The chemical constituents are preserved
very closely to that of the original tissue, although the fractimnation
after the lyophilization cannot easily be accomplished and the nuclear
membrane is mechanically damaged. This method is recommended for
analytical purposes.

(b) The preparation of nuclei in dilute acids. In general,

citric acid is employed. There is little destruction of nuclei, but the
alteration of pH affects the nuclear membrane permeability and certain
nuclear proteins may be denatured. It is obvious tlat this method is

not suitable for enzymatic studies.

(c) Preparation of nuclei in sucrose solution. The ad-

vantages of this technique are described in the "Methods' section.

Nuclei obtained in this way are the least damaged in their structure.
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There is no doubt that for enzymatic investigations, as in this study,
the third method has to be employed.

Table VI summarizes the chemical analysis of nuclei
obtainea by various isolation techniques. It shows that the DNA/
protein; RNA /protein and RNA/DNA ratios in this study are comparable
to those obtained with other tissues by other methods.

One of the first reports on a method for the preparation
of relatively pure heart muscle nuclei was the one published by
Ferguson et al (1965). They studied the biochemistry of cardiac muscle
nuclei in an in vitro preparation. However, sucrose containing CaCl2
was used for isolation. The objection can be raised that CaCl; inhibits
the RNA polymerase activity and the "Omni-mixer' used for homo-
genization can damage the nuclear membrane by its sharp blades.

All the present studies on RNA polymerase are based on
the work of Weiss (1960). He prepared the so called aggregate-enzyme
from rat liver tissue. The method of preparation partly appears in the
work of his followers. The homogenization was carried out in 0.25
molar sucrose containing 0.001M MgCly with the aid of a loose fitting
stainless steel homogenizer. Widnell and Tata (1964a) modified
Weiss's technique according to the principle thaf by increasing the
concentration of sucrose it is possible to get rid of the mitochondrial
contamination. The crude nuclear fraction was purified by resus-
pension in 2.2 molar sucrose and by centrifugation at high speed.
While Weiss and Widnell used liver tissue, Nair et al (1968) applied

their isolation method for the first time to heart muscle.
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As already mentioned, the method adapted in this study
is based on Nair et al's work with minor modifications. These are
as follows: both the homogenizing and heavy density sucrose medium
contained tris-HC1, and the pH was adjusted to 7.6 in order to preserve
physiological conditions. The filtration step was omitted, because no
difference in the purity of the preparation could be detected with and
without filtration. The dilution of the homogenate was determined
according to the weight of tissue (1:10, w/v) instead of adding a constant
volume. This step is very critical in that a little change in the pre-
paration causes a difference in the purification and moreover the
weight of tissue varied with the stage of hypertrophy (see''Methods "
section). The volume of 2.4 M sucrose was 6 times the initial wet
weight (g) of tissue,in contrast to Nair et al's original specification
which was 3.8 times the tissue weight. This modification resukedin a
decreased purity of the nuclear preparation but it was a necessary
compromise for obtaining a larger amount of material. Nevertheless,
the first nuclear preparation showed the RNA /DNA ratio of 0.14 which
is smaller than the value (0. 22) obtained by Widnell and Tata (1964a).

2. Determination of RNA Polymerase Activity

RNA polymerase has not been isolated from mammalian
tissue, although experiments are in progress with chromatin- free
RNA polymerase (Liao et al, 1968). Therefore, in most studies,
including this one, nuclear preparations had to be used as the source

of enzyme.
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Weiss (1960) investigated the requirements for the proper
functioning of this enzyme under various experimental conditions. The
enzyme action was defined as catalysis of the synthesis of ribonucleo-
side triphosphates into the interpolynucleotide linkage of RNA. The
enzyme activity was measured as the rate of incorporation of a labelled
nucleotide into RNA. He showed that the activity was dependent on the
presence of all four ribonucleoside triphosphates and DNA. The ex-
perimental evidence was (i) omission of any one of the four ribonucleo-
side triphosphates resulted in a marked reduction of incorporation, and
(ii) preincubation with extremely small quantities of desoxyribonuclease
completed inactivated the system. The radioactive product was identi-
fied in two ways: (i) by the addition of ribonuclease, which altered the
properties of the product, and (ii) by hydrolysis, which degraded the
product into the four kinds of mononucleotides (Weiss, 1960).

In a series of experiments, cation requirement of the enzyme
action has been explored. Tata and Widnell (1966), latér Nair et al (1968),
and others found two incubation solutions for the optimal enzyme activity,
one containing Mg++ and the other containing Mn'" and (NH4),504. It
was shown that in different ionic milieu some characteristics of the
enzyme, such as for example pH optimum, also differ. The problem of
Mg++, Mntt and (NH4)ZSO4 activated reactions are discussed in a later
section.

In order to prove in my experiments that true RNA syn-
thesis did in fact occur, a few experiments were done based on Weiss's
work. The omission of any ribonucleotide, the addition of ribonuclease
or deoxyribonuclease to the incubation medium caused marked decrease

in the enzyme activity, i.e. the final product and the requirements for
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the enzyme action both indicated that synthesis of ribonucleotide
triphosphates into RNA took place. It was shown that the apparent
enzyme activity is higher at 37° (see'Methods) p. ). However,
Maul and Hamilton (1967) found that the incubation lasting from 15 min
to 1 hour at 30° resulted in a high level of incorporation. As stated
in "Methods'' the above two results can be harmonized when one assumes
that the ribonuclease activity can be suppressed at a lower temperature,
whereas the polymerase activity reaches its highest after longer
incubation at such a temperature.

In this work the determination of RNA polymerase was
carried out by a modification of the method described by Nair et al (1967).
In this modified method, the incubation time for the Mn++ plus
(NH4)SO4 activated reaction was 10 minutes instead of 45 minutes. It
was found that after 15 minutes a definite decline in the rate of reaction
occurred. This could be one reason for differences between the work

of Nair and this work (as discussed elsewhere).

3. Method for Production of Cardiac Hypertrophy

A general discussion is presented in the '"Introduction'.
The most widely used methods for inducing cardiac hypertrophy can be
listed as: constriction of the aorta or pulmonary artery; partial ligation
of the renal artery after unilateral nephrectomy; treatment with thyroid
hormone and related compounds; treatment with sympathomimetic drugs;
production of anemia; creation of nutritional deficiency states; exposure
to hypoxic conditions; production of myocardial ischemia; and exposure

to stressful circumstances (Norman, 1962).
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The basic functional alterations leading to cardio-
megaly induced by the various methods just enumerated were classi-

fied by Friedberg and Schmal in 1937 as follows:

(2) increased outflow resistance;
(b) increased venous return to heart;

(c) disturbances leading to weakness of the heart muscle.

The methods described above can be placed into one of these classes
according to the way in which they affect the circulation. In addition,
each category could be subdivided based on its variation, for example
according to the relative rapidity of changing heart size produced.

Coarctation of the aorta was adopted in this study. This
is equivalent to stenosis in man, which may be a consequence of
rheumatic fever, syphilis or arteriosclerosis (Beznak, 1954). Although
no definite correlation has been established between the .increased
heart weight and blood pressure (Beznak, 1954), there is little doubt
that this type of hypertrophy is due to hypertension.

The increased heart weight produced in Beznak's experi-
ments was relatively greater in smaller hearts than in larger ones.
This may be of importance in considering the relationship of the degree
of differentiation and response of the heart to stress at various ages.
In this study the animals were carefully chosen from the same range
of body weight, and twelve left ventricles were pooled, whereby the

difference among the operated groups was lessened.
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II. MISCELLANEQOUS FACTORS WHICH MAY INFLUENCE RESULTS

Before discussing the results obtained in this study, con-
sideration should be given to secondary factors which may influence
metabolic changes during hypertrophy.

One of the most important factors is the type of experimental
method used to produce hypertrophy. The ratio between the parenchymal
and connective tissue components of an organ changes according to the
method used for inducing cadiomegaly. The rapidity of the growth of the
muscular and collagenous components of the tissue mutually influences
not only the mechanical properties of the organ but other functions such as
diffusion of metabolites and the distribution of water and electrolytes as
well (Barto¥ova et al, 1969). Thus variations in the relative proportion
of collagen influence the speed and magnitude of the bioc_hemical events
during hypertrophy.

In addition to the method of producing hypertrophy the age
of the experimental animal is another factor affecting the rapidity of
the growth of the muscle and stroma (structural) proteins. This is one
of the reasons why a greater percentage increase in cardiac weight
was observed in younger rats following aortic narrowing (Beznak, 19 54).

Another critical factor regulating the magnitude of hyper-
trophy is the size of the stimulus. Even using the same method, such
as aortic constriction with utmost care, the increase in weight varied
from 10 - 60% above control values (Nair et al, 1968). The reason for
this scattering may be that a small difference in the degree of narrowing

may result in a great difference in the degree of resultant hypertrophy.
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Capers (1964) postulated that the degree of narrowing influences the
degree of hypertrophy through the change in the maximal pressure
loading of the left ventricle. He showed that the RNA concentration
which i-s one of the most characteristic metabdic variables in the
hypertrophying heart varies with the extent of pressure loading at each
chamber of the heart. However, Posner and Fanburg (1968) could not
demonstrate correlation between the extent of RNA labeling and the

pressure time index.

Differences among studies on induced protein synthesis may
be attributed to different types of tissue used. Until recently, the liver
has been extensively used for technical reasons. However, the reaction
to partial hepatectomy differs basically from the reaction to hemilateral
nephrectomy, or aortic constriction, since liver tissue has a much
greater mitotic ability in adults than do the other tissues. There are
differences not only among different types of tissue, but also among the

muscle tissues used, for example the neuro endocrine regulation is

much more complex in cardiac muscle than in skeletal muscle. An
interesting example of the role of the neuroendocrine system, especially
on the heart, is that experimental hypertrophy could be produced solely
by applying light or sound stress (Norman, 1962}.

The last condition, which is not very well defined but
which results in variations in.experimental data, is the general state
of the experimental animal. An example is that of Ilan and Taubert (1968)
who observed a higher rate of RNA synthesis in the uterus during the
preovulatory phase as compared to the postavulatory phase. Seasonal
changes appear to influence protein and nucleic acid metabolism. Rats
showed an unexpectedly high mortality after pinealectomy around the
beginning of spring. At springtime, the rats become more sensitive

to sedatives.

[ROPRSRVERSE
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Many rats suffered from the subclinical stage of
supperative disease of the lungs. Sections through small foci of
inflammation showed accumulation of mucosa or mucopurulent plugs
in the Bronchi and adjacent parenchyma (G. Radford, personal
communication). This illness can only be eliminated by breeding
pneumonia-free animals. Although animals with clinical symptoms
were never used for experiments, the exclusion of subclinical cases
was not possible and this might have contributed to the reaction to
aortic constriction. However, the results obtained by control
animals were extremely reproducible.

In order to compare my data with data obtained from
similar experiments by others, attention should be given to these
secondary factors. For example, the method in this study is based
on Nair et al's (1968) work, but the rats used in their study were of
a different type (Sprague-Dawley), the body weight was smaller
(200 - 220 g) and their operative method differed (aorta ascendens was
constricted). These differences probably influenced the results which

are somewhat dissimilar.
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I1I. CHEMICAL CHANGES CAUSED BY EXPERIMENTAL
HYPERTROPHY

The observed alterations in the chemical composition of
each tissue resulting from induced hypertrophy depend upon the tissues
used and the methods applied. It is not yet settled whether a new type
of RNA or a new protein or both plays a role in the initial nuclear
response. Although there is experimental evidence that a humoral factor,
probably a new RNA, can induce protein synthesis in normal animals
(Villee, 1970) and, accbrding to a recent theory (Pirrotta and Ptashne,
1969) newly synthesized RNA polymerase initiates a series of changes,
the basic composition of RNA or amino acid sequences of protein have
been shown not to differ from those existing in normal conditions.

In this study, DNA, RNA and protein determinations were
carried out in the nuclear preparation of normal and hyiaertrophied left

ventricles from 4 hours to two weeks following aortic constriction.

RNA Synthesis

RNA has been measured in hypertrophied hearts in
numerous studies (Nair et al, 1967; Beznak et al, 1969; Meerson, 1966;
Fanburg et al, 1968, etc.) and the total content has invariably been
found to increase over control values. In several of the acute
experiments , RNA concentration increased very early after the
application of the hypertrophy producing stimulus. The concentration
of RNA usually returned to normal levels after a ?eriod of time, ref-

lecting a later increase in other tissue components.

23T
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The values reported by several workers for changes
in RNA and heart weight in experimental cardiac hypertrophy are
summarized in Table VII. The differences in published values of
RNA content of hypertrophied hearts probably reflect differences in
the degree of hypertrophy and in the time interval between measure-
ments, application of the stimulus, and by different methods on
different species.

In Nair et al's (1968) experiments, the maximal increase
in RNA concentration was 30% and in total ventricular RNA, 65%, two
days after the production of acute supravalvular aortic stenosis,
whereas Beznak (1969) found a 72% increase in the total left ventri-
cular RNA during 4 weeks of observation.

Some workers suggest that the stimulation of RNA syn-
thesis occurs selectively during hypertrophy. For example, Moroz
(1967) obtained data demonstrating that ribosomal RNA synthesis
increases to a great extent. Similarly, Nair et al (1968) observed an
increase in RNA polymerase activity, the product of which is believed
to be ribosomal RNA. In contrast, Schreiber (1968) emphasized the
importance of m RNA formation.

However, the distribution of labeling in various types of
RNA (28S, 18S and 4S) which were separated by sucrose density-
gradient centrifugation remain .unchanged in heart hypertrophy
(Fanburg, 1968; Koide and Rabinowitz, 1969).

The changes in RNA synthesis demonstrated in this study
in nuclear preparation confirms some of the experimental findings in

the literature.

NP
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Maximal increase in RNA concentration (100%) and RNA
content(100%) - Fig. 6, 7 - are comparable with data on total RNA
(see Table VII), but the concentration in this study increased much
more than was observed by Nair et al (1968) (30%). This discrepancy
is likely due to the fact that the RNA concentration in nuclear pre-

paration, and not that of heart muscle, was measured in this study.

Protein Synthesis

In vivo measurements of the incorporation of radio-
active precursor into protein have been used in several studies to
determine changes in the rate of protein synthesis in hypertrophy
(Posner and Fanburg, 1968; Gudbjarnason et al, 1964). These studies
demonstrated that labelling of heart protein increased within a day or
two after aortic constriction. However, the rate of protein degradation
and analysis of the type of protein synthesized are yet to be investigated.

Because only a very small percentage of protein synthesis
occurs in the nucleus, the detectable change in protein synthesis should
be much less than that in RNA synthesis. In this study, however, the
protein concentration in the nuclear suspension, obtained from hyper-
trophying left ventricles, showed a 50% increase on the second day
after aortic constriction compared to the protein concentration found

in control nuclear preparation.

Relation of RNA to DNA in Hypertrophied Left Ventricle

The purity of the nuclear preparation could change when
the nuclei of hypertrophying ventricle are isolated. Therefore,
changes in DNA/RNA ratios obtained could either be due to true bio-

chemical changes, or to alterations in the yield or purity of the
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nuclear suspension. However, it is shown in this work that the

ratios DNA/protein and DNA/RNA, which were used as an indicator of
the purity in control experiments, are taken to indicate biochemical
changes in DNA, RNA and protein metabolism. This assumption may
not be correct, since it is possible that nuclei from muscle cells and
connective tissue cells may behave differently during the isolation
procedure. It can be considered that DNA content is proportional to
the number of cells. Increase in the ratio without any change in DNA
concentration is considered to be due to an enlargement, i.e. hyper-
trophy of cells (Matsumoto et al, 1965). When cardiac hypertrophy is
induced in rats, the total quantity of DNA usually increases, whereas
the concentration either remains the same or decreases (Grimm et al,
1966).

Beznak et al (1969) used the same method to induce
hypertrophy. She found a delayed increase in DNA content in ventri-
cular tissue as compared to that of RNA (see Figure below) and thus
implied that those cells in which RNA synthesis is increased are not
necessarily the cells in which DNA synthesis increased. In other
words, the early RNA synthesis probably occurred in myocardial cells,
while the delayed increase in DNA synthesis took place in non-

muscular tissue.




Change in RNA and DNA Concentration in the Left Ventricle

following Aortic Constriction of Rats
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Nucleic acid contents, mg/g wet weight, are shown in the ordinate
and the days after the operation in the abscissa.. Number of ex-

periments are average 8.

The figure indicates among other findings, the DNA concentration
is quite stable.
The changes of the total ventricular nucleic acids after the con-

striction can be seen in the following figure, which is also taken
from the work by Beznak et al (1969).
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Change in Total RNA and DNA Contents of the Ventricles during
the Development of Hypertrophy
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Total contents of nucleic acids in left and right ventricles (LV and
RV) are expressed in the ordinate as ug/ventricle.

The time after operation is indicated on the abscissa in days.
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The figures show that DNA concentration decreased
immediately after the operation, then returned towards normal values,
while DNA content increased gradually around the 2nd to 4th day. In
general, similar results were obtained using purified nuclei in this
study; namely DNA concentration decreased immediately after the
operation and only after the second day increased over the control
value. DNA concentration decreased again around the 6th day, and
10 days after the operation it became comparable with the control
values (Fig. 9).

The difference between the changes in DNA concentration
and content is that the DNA content remains above the control value
after a rapid increase, the latter corresponding to the mitotic activity
of the connective tissue as a reaction to the stress. This can be
explained as the induced hypertrophy being a kind of growth process:
the hypertrophying heart reaches a certain weight which makes the
heart able to compensate for the extra work and maintains this weight,
although the mechanism by which the growth is levelling off is un-
known.

The ratio DNA/RNA falls very early after constriction

(Fig. 10), suggesting a few possibilities as follows:

(a) Experimental evidence is obtained in this study

proving the true increase in RNA synthesis: the rate of incorporation

of labelled nucleotide into RNA increased dufing the development of
hypertrophy. The ratio remains under control values at least for the
first two weeks following constriction, indicating that in spite of the
increased mitotic activity of connective tissue cell at approximately

the same time, relative increase in RNA synthesis also takes place.
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(b) A different partition can take place between RNA
in the nucleus and cytoplasm, depending on the rate of migration of
RNA. Though knowledge about the distribution of the newly synthe-
sized RNA is not well advanced, it has been proven that the nucleus
maintains the normal concentration of RNA in the nucleus even if RNA
synthesis is disturbed. Consequently, it is possible to suppose that
in the case of increased RNA synthesis an increased migration of RNA
to cytoplasm occurs. In other words, passage of RNA through the
nuclear membrane appears to play a secondary role. The data showing
an increased amount of RNA in the cytoplasm (Moroz, 1967) suggest
that the increased nuclear RNA cannot be a result of decreased

migration to the cytoplasm.

(c) The increased RNA concentration of some cell
organelle, e.g. ribosomes, which is a constant contamination of the
nuclear fra.ction)may add to the RNA concentration measured in the
nuclear preparation. The electron microscopic picture did not indicate
any ribosomal contamination and considering the constant results
obtained from control animals, it is unlikely that .the increased nuclear
RNA obtained from narrowed animals could be due to ribosomal con-
tamination.

(d) A change in the cell during hypertrophy alters the
efficiency of the nuclear fractionation procedure. As mentioned

previously, an unanswered question is whether the isolation procedure

of nuclei of hypertrophied hearts is as good as that of the control.
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The protein synthesis also increases out of proportion
to the connective tissue proliferation (Fig. 9) as is indicated by the
ratio of DNA over protein., It fell to 63% after a few hours of induced
hypertrophy and did not reach the control ratio for at least two weeks.

These data support the view that hypertrophy occurs
after aortic constriction in the muscle cell nuclei. The increased
RNA and protein contents in relation to DNA of the nuclear preparation
from the left ventricles are reflections of the nuclear hypertrophy in
the enlarged muscle cell. In support of this, increased number of
nucleoli in hypertrophied heart muscle was observed (Meerson et al,

1968).




120

Iv. TIME COURSE OF INCREASED RNA AND PROTEIN
SYNTHESIS

It is generally accepted that increased nucleic acid and
protein synthesis plays a central roie in the growth of any tissue.
Therefore, an evaluation of pattern of increase over a period of time
of nucleic acid and protein synthesis should help in clarifying processes
translating a stimulus which induces cardiac hypertrophy to the actual
increase in tissue mass (Fanburg, 1970).

However, caution should be exercised that the occurrerce of
one event after another may not necessarily reflect the physiological
sequence. Further, the precedence in time of the first event does not
imply necessarily that it is causal. Rather, both events could be the
result of the initial stimulation or of some intermediary process.

Three major approaches have been used: (a) the rate
of synthesis of RNA or protein which can be measured by in vivo
labelling using one of their precursors; (b) the concentration of RNA
or protein in the tissue, and (c) the RNA polymerase activity during
the development of hypertrophy..

These methods can also be used to follow the sequence
of biochemical changes in the presence of inhibitors of RNA or

protein synthesis.

[P
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RNA Inhibition

Actinomycin D is known to inhibit RNA synthesis in both
bacteria and mammalian tissues. Although it appears that theaction
of this antimetabolite is not specific, it is known that one of its actions
is to block the DNA template so as to interfere directly with RNA
synthesis. Actinomycin D has been used to study the hypertrophying
heart after aortic constriction. Meerson et al (1965) and Zuhlke et al
(1966) found that actinomycin D inhibited the incorporation of radio-
active precursors into heart proteins in animals the aorta of which
had been constricted. This dose of the drug had no effect on RNA
labelling in normal hearts, suggesting that actinomycin D may interfere
selectively with the RNA synthesis of hypertrophying heart and that
this RNA synthesis is a prerequisite for the increased rate of protein

synthesis.

Protein Inhibition

Puromycin is believed to inhibit protein synthesis at the
level of translation. At a dose that inhibited protein synthesis, this
antibiotic was found to inhibit increased RNA labelling in the hyper-
trophying rat heart but not in the control heart (Fanburg and Posner,
1968). The enhanced RNA labelling was not observed until four to eight
hours after aortic constriction in the absence of puromycin. The
administration of puromycin inhibited protein synthesis within the
first fouf hours after aortic constriction, thereby depressing subse-
quent increase in RNA synthesis. These authors as sumed that inhibition
of RNA synthesis by the antibiotic results solely from its effects on

protein synthesis.
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A similar reaction to puromycin was observed using
estrogen simulation on rat uterus (Noteboom and Gorski, 1963; Gorski
and Morgan, 1967). During the first two hours, i.e. before a general
effect on protein synthesis occurred, puromycin was capable of
blocking the effect of estrogen on RNA synthesis and on RNA poly-
merase activity. From these experiments, it can be concluded that
protein synthesis precedes the increase in RNA synthesis in induced
hypertrophy.

The data obtained from the inhibition of RNA and protein
synthesis appear to be contradictory. This could be explained as
follows: protein synthesis may initially be required for the increased
RNA synthesis but this protein is very small in amount and cannot be
detected by existing methods.

To study the early biochemical events following cardiac
hy?ertrophy the rapid production of weight change, i. e. p-rotein syn-
thesis is most suitable and this was the main reason for the use of
aortic constriction.

Although experiments using inhibitors of the protein
synthesis provided evidence that a stirnulation of protein synthesis is
required for the increased RNA vsynthesis, the majority of experi-
ments on metabolic changes during the development of hypertrophy
deal directly with RNA synthesis. In contrast to the work conc erned
with the rate and type of RNA synthesized dufing hypertrophy, there
have been only few experiments to observe the protein synthesis

which appears to be a prerequisite for the changes in RNA synthesis.
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In 1964, Meerson et al had provided data supporting
the importance of early stimulation of protein synthesis. They found
that when the contractile function of the heart increases, so does the
intensity of protein synthesis as compared to the intensity of break-
down. According to Meerson et al's suggestion, the increased
breakdown product affects the stimulation of RNA synthesis by de-
repressing the DNA template for transcription.

When RNA synthesis was measured by the in vivo
labelling technique, an increase was observed within the first 4 hours
after aortic constriction (Fanburg and Posner, 1968). Similar early
incorporation was found in Beznak et al's experiments (1969).
However, RNA polymerase activity in nuclei of the heart of narrowed
rats showed the earliest detectable change only 12 hours after
operation (Nair et al, 1968). The maximal increase was obtained
on the second day (Nair et al, 1968; Beznak et al, 1969).

In this study it was possible to detect increased poly-
merase activity as early as 4 hours following aortic constriction
(Fig. 14), the highest activity being found on the 3rd - 4th day. Such
an early increase in the in vitro assay has not been reported previously,
although there are studies showing the early increase in the in vivo
labelling (Beznak et al, 1969; Fanburg and Posner, 1968, etc.). This
is in agreement with Sobel and Kaufman's (1970) suggestion about the
biphasic alteration in RNA metabolism. Théy postulate that the early
increase in the enzyme activity was not detected but it has to exist

(more will be mentioned in the following chapter).
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The change in RNA concentration (Fig. 6) becomes
obvious 8 hours after the operation, but in some experiments it was
detected as early as four hours. The maximum level is reached on
the third day. These data correspond to the observed changes in the
polymerase activity in this study and in the cited works (Nair et al,
1968; Beznak et al, 1969; Sobel and Kaufman, 1970).

The time course study (Fig. 5) demonstrates an increase
in nuclear protein synthesis. This result suggests that the size of
nuclei is increased. It is also possible that the change may be a
reflection of the changes in the protein concentration in the whole
tissue. The sudden, 50% increase inthe protein concentration on the
second day following narrowing of the aorta is similar in course and
magnitude tothe increase found in ventricular protein in other studies.
These results are also in harmony with Moroz's (1967) findings, i.e.
the increased ability of microsomes to incorporate amino acid into
protein in hypertrophied condition is due to the increased number of
ribosomes.

The magnitude of hypertrophy, as expressed as the ratio
of the weight of left ventricle to body weight, becomes greater after
an approximately 24 hour lag period (Beznak et al, 1969), reaching
its highest between 48 and 72 hours. Comparing this with the just
discussed time course of biochemical changes. it becomes evident that
the alteration in RNA synthesis occurred before the major increase in
the cardiac tissue mass. In other words, the nucleic acid synthesis

responded to the stimulation preceding the increase in tissue mass.
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Nucleic Acid and Protein Synthesis in Various Organs

Different organs show various patterns of nucleic acid
and protein synthesis following an application of a stress.

For many years, liver regeneration after partial
hepatectomy has served as a model for study of the regenerative
growth process (Pogo et al, 1967; Bucher, 1967). As it appears
later, the growth process which is the most akin to cardiac hyper-
trophy is that which occurs in kidney after unilateral nephrectomy.
Some works indicated that this process is a true hypertrophy of
nephrons (Halliburton and Thomson, 1965; Malt and Miller, 1967;
Malt and Lemaitre, 1968). Thyroxin and growth hormone were found
to stimulate growth of the liver (Korner, 1966, 1967, 1968; Tata and
Widnell, 1966) and estrogen stimulated growth of the uterus
(Hamilton et al, 1965, 1967, 1968; Gorski, 1964, 1965, 1967).

For comparison, the results obtained using kidney,

uterus and skeletal muscle are briefly discussed.

Kidney : The synthesis of bulk renal RNA during compen-
satory growth of mouse kidney was studied for 4 weeks after unilateral
nephrectomy (Malt and Lemaitre, 1968). The maximal rate of RNA
synthesis was observed 2 days é.fter nephrectqmy and the plateau in
compensatory growth was reached during the 9th week. The increase
in weight was accounted for largely by increasing amounts of protein.
Halliburton and Thomson (1965) found fully-developed increased RNA
synthesis at the 24th hour following nephrectomy and the highest rate
of growth occurred between the first and fourtl: day. Increases in the
mitotic activity of the highly differentiated cells were found in the

kidney in contrast to heart muscle tissue.
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Uterus: It has been shown that the biological action of
estrogen on the uterus of the ovariectomized rat in vivo began by
synthesis of rapidly-labelled nuclear RNA (Hamilton et al, 1967) and
an increased activity of DNA dependent RNA polymerase in isolated
nuclei (Gorski and Morgan, 1967). Nuclear RNA synthesis in vivo
was accelerated prior to an increased activity of the two polymerases.
During the 3 week period following ovariectomy of the adult rat, it
was found that the rate of synthesis of nuclear RNA was decreased by
the in vivo labelling technique, followed by the decrease in the
activities of polymerase in isolated nuclei (Hamilton et al, 1968).
Changes in protein synthesis followed the change in RNA synthesis.

It is possible that the increased polymerase activity during the early
phase of hypertrophy is below the resolution of the analytical tech-
nique. Or perhaps, participation of other cellular components may
be required for an early change in nuclei (Sobel and Kaufman, 19 70).
Thus, the increase in RNA synthesis observed in vivo appeared to
precede the increased polymerase activity measured in the nuclear
preparation.

Figure 16 gives a summary of the findings which have
been obtained in relation to this problem using uterus tissue
(Hamilton et al, 1968). The hormone induced stimulation of nuclear
protein synthesis precedes an increase in RNA polymerase assayed
in the Mg'H' activated system. Both precede the increased concen-
tration of cytoplasmic ribonucleoprotein and the c¥_leucine incor-
poration activity by polyribosomal preparations. Thus, the early
protein synthesis responding to induced hypertrophy is that of nuclear
ribosomal protein. In order to synthesize the ribosomal protein, the
existence of a type of RNA is required for nuclear ribosome-like

particles.
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mal preparation.  Thelast two parameters are taken from refs. 1 and 4.

Hamilton et al. (1968) Proc. Nat. Acad. Sc. U.S. 5a, 1265.
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Skeletal muscle; Kaufman and Sobel (1970) studied the time

course of certain biochemical events occurring in rat soleus muscle
undergoing hypertrophy in response to tenotomy of the synergistic
muscles. Their studies revealed that during the first 24 hours after
the onset of the stimulus there is little change in the gross bio-
chemical characteristics of the muscle; the quiescent period ends
dramatically during the next 24 hours. By that time the following
changes have almost reached their maxima; increase in tissue RNA;
increase in microsomal and ribosomal RNA content, and increase in

the rate of in vitro amino acid incorporation into protein.
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V. CHANGES IN THE APPARENT ACTIVITY OF RNA
POLYMERASE

1. Significance of 2 Change in RNA Polymerase Activity

The genetic information of m RNA is obtained through
transcription of the DNA template by RNA polymerase. The basic function
of the enzyme is to synthesize nucleotide triphosphates into RNA. The
messenger RNA (m RNA) determines the sequence of amino acids in the
protein and therefore the composition of m RNA varies according to the
protein. Further, a different corresponding transfer RNA exists to carry
each amino acid to the site of protein synthesis. The variabilities and
specificities of proteins probably necessitate more than one polymerase
for the synthesis of t RNA.

The question as to whether there are two polyfnera.ses, one
synthesizing r RNA and the other m RNA or whether there is one kind of
enzyme synthesizing two RNA's according to the different biochemical
conditions has been dealt with by many investigators. Widnell and Tata
in 1966 pointed out that the behaviour of the polymerase changes in
different ionic milieu. Incubation conditions have been studied with
regard to the presence and absence of ammonium sulphate, differences
in the activation by Mg++ and Mn‘++, the pH optima and the effects of
NaF and cysteine. Although under all conditions, the reaction was DNA-
dependent and dependent on the presence of all four nucleotide tri-
phosphates, the products of the reaction in the presence and absence of
the salt were found to have different base compositions, different nearest

neighbour base frequencies for AMP and GMP and different sedimentation
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characteristics in sucrose density gradients. Nair et al (1967) con-
firmed these results using rat heart muscle.

Next the question of localization of polymerase was dealt
with. Pogo et al in 1967 investigated the effects of salt and specific
divalent cations on ribonucleic acid synthesis in nuclei isolated from
normal and regenerating liver. On the premise that carefully isolated
nuclei preserve their natural organization and continue to synthesize the
types of RNA characteristics of the original cell, the newly formed RNA
was analyzed and the localization was followed by electron microscopic
autoradiography.

It was found that the composition of RNA formed in the
nucleus was influenced by a very low concentration of divalent cations
which does not disrupt the nuclear structure. They showed that in the
presence of MgT+, in agreement with Widnell and Tata (1966), a ribosomal

type of RNA was synthesized in the nucleolus, and in the presence of Mn++

and (NH4)ZSO4, a messenger type of RNA was formed. This occurred in
the nuclear plasma associated with nuclear chromatin (extranucleolar
region of the nucleus). The addition of MntT and (NH‘]:)ZSO4 increased the
grain densities over the extranucleolar region, indicating that the m RNA
synthesis became predominant, while the nucleolar r RNA synthesis
continued. It became evident from these experiments that the Mn-NH,

medium increases the synthesis of informational RNA, although the

mechanism of this effect has to be evaluated in more detail.

The measured RNA polymerase activity is an apparent
activity representing the sum of polymerase and ribonuclease activity.
The ribonuclease has a very special role in RNA production, because the
actual RNA existing in the cytoplasm and synthesizing protein are the

products of RNA broken by ribonuclease. Homoki et al (1967) pointed to
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the inhibitory action of salt on nuclease activity of isolated rat liver
nuclei. Heller and Kulka in 1968 found two ribonuclease activities in the
developing-chick pancreas, one requiring Mg++, the othexr being a
""neutral" polymerase.

Similarly, in this study, ribonuclease acitivity was shown
to increase 50% in the Mg++ activated system, compared to that in the
presence of ammonium sulphate. But the difference between the activities
of the two systems is more than the effect on ribonuclease which can only
partly explain the higher apparent activity of polymerase measured in the
presence of the salt.

The selective activation of m RNA synthesis by salt requires
further explanation. During an increased nucleic acid synthesis several
authors observed no increase in the Mn** and (NH,4) 504 activated system
compared to the Mgtt activated reaction. For example, Pegg and Korner
(1967) observed a stimulation of rat liver RNA polymerase activity in the
Mg"’+ activated system following growth hormone administration but not in
the presence of the ammonium salt. Similarly, Gorski (1964) observed a
marked increase in uterine Mg++ activated polymerase activity within 1
hour after estrogen injection, but in the presence of (NH4)ZSO4 estrogen
had no effect; the activity was equal to that of the control. Less increase
in polymerase activity in (NI—I4)ZSO4 system in regenerating liver nuclei
was reported by Bucher (1967). '

With heart muscle, Nair et al's (1968) experiments indicate
a 40% increase following aortic constriction in the Mg++ activated system,
but only a 10% increase in the presence of the ammonium salt.

In contrast, O'Malley and McGuire (1969) observed a similar
increase in both systems after estrogen stirnulation using immature chick

oviduct.
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From these experiments the following hypothesis can be
proposed: ammonium sulphate can nullify some inhibitory or controlling
factors. An inducer of RNA synthesis cannot exert an effect on the
stimulation of polymerase in the presence of salt, because the reaction
is already de-repressed. Experiments in which some increaseswere
detected suggest that the physiological effect on the repressor control
mechanism by an inducer was stronger than the de-repressor effect of
the salt.

Goldberg (1970) made another contribution to the present
knowledge about the mechanism of the salt effect. He showed that using
the purified enzyme, ammonium sulphate no longer stimulates the
enzyme, making clear that the salt effects are not effects on the RNA
polymerase enzyme but on the nuclear control elements. Travers and
Burgess (1969) observed that the RNA polymerase contains an easily
dissociated protein subunit required for proper initiation, called the
sigma factor, and each class of promoters is recognized by a different
sigma factor. Experimental evidence supports the idea that the so-
called ammonium sulphate-activated enzyme is basically not a different
enzyme from the nucleolar enzyme but is an enzyme with altered
properties due to the presence of ammonium sulphate and Mn*tt, which
changes the enzyme's associations to the control elements of the nucleus
in some unknown way. Therefore it is postulated from evidence quoted as
well as from my study that there is a single eniyme, the apparent
activity of which is greatly influenced by the presence of the salt.

Expressing in percentage the changes in enzyme activity
following constrictinn (Fig. 15) except in the first few hours, the Mgt
activated system showed a greater change than was obtained in the experi-
ments enumerated above (Pegg and Korner, 1967; Gorski and Morgan, 1967;

Bucher, 1967; Nair et al, 1968). This suggests that the stronger stimulus
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did overcome the effect of the salt resulting in the de-repression of the
control inhibitory mechanism. In other words, the depression could
not be reversed by the salt to the same extent as that produced by the
induced hypertrophy.

In this study, the salt activated system showed an increase
of 60% and thereafter was less stimulated than in the Mg™™ activated
system. If there was one common product, the activity in the two
systems should have been always in the same relationship. Therefore
it can be concluded that the products of the reactions, RNA, in the
presence and absence of the salt, are different but their rate of syn-
thesis is similar rather than the rate of synthesis of the one type of
RNA varying according to the incubation condition.

How can one unite these experimental results suggesting
the existence of one enzyme and two products ? Data obtained by auto-
radiography together with biochemical studies (Hulbert et al, 1969;

Page et al, 1967) as well as the results showing the effect of salt, all
suggest the validity of the following hypothesis, namely that most of the
total polymerase of the nucleus is associated with non-nucleolar templates
and is strongly repressed in its activity. In the case of de-repression

by salt the nucleoplasmic DNA templates become readable for the poly-
merase, the rate of synthesis by the de-repressed reaction becomes
dominant over the nucleolar reaction and therefore the amount of the new
product exceeds that of the product synthesized in the absence of

ammonium. Although the characteristic of the product is determined

by the DNA template and not by various ionic milieu, both the quantity
and quality of the product changes.
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2. Changes in the Two Polymerase Systems during the
Development of Hypertrophy

The Mg++ activated reaction forms r RNA and the product
of the reaction in the presence of ammoninm sulphate and MnTt is m RNA.
As an initial biochemical event in response to a stress, particular signifi-
cance lies in the sequence of changes in the two systems synthesizing
RNA,

Previous experiments produced results of either (i) simul-
taneous change or (ii) non-simultaneous change of r RNA and m RNA as
follows:

(1) Experiments using precursor labeling showed that the
increased RNA synthesis during hypertrophy occurs to about the same
extent in all species of RNA . (Fanburg and Posner, 1968; Koide and
Rabinowitz, 1969). The distribution of labelling in various types of RNA
(28S, 188, 4S) separated by sucrose density- gradient centrifugation was
the same for hearts of animals with aortic constriction as for those of
control animals and there was no selective increase in labelling for any
one species of RNA. ‘

Sobel and Kaufman (1970) observed that RNA polymerase
activity of hypertrophying muscle nuclei was enhanced in both magnesium-

dependent and ammonium sulphaté-manganese dependent assay systems.

(ii) Some of the experiments could not reveal significant
stimulation in the ammonium salt dependent reaction (Nair et al, 1968;
Korner, 1967). Other authors found increased polymerase activity in the r
RNA-producing system earlier than in the m RNA formation. For

instance, Malt and Miller (1967) observed a reciprocal stimulation of m RNA
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and r RNA production, i.e. the peak production of r RNA was on the 2nd
day following unilateral nephrectomy when m RNA synthesis began to
increase, reaching its peak activity on the 4th day. Others reported
that the stimulation of r RNA synthesis precedes the increased m'RNA
synthesis, e.g. the results of Hamilton et al (1967) on the uterus
after estrogen injection, Tata and Widnell (1966) on liver tissue after
thyroid hormone administration, etc.

However, Schreiber et al (1969), by over-loading the perfused
heart, observed reciprocal increases in the m RNA and r RNA synthesis
in the opposite order to that just described. The use of the perfused
preparation allows the study of very early changes which were not possible
to detect in the operated animals.

The results of this study (Fig. 13-15) are in general in
agreement with those findings in which selective stimulation of one
kind of RNA occurs during hypertrophy.

However, at a very early time ( 4 hours ) following constriction
the activity in the Mn++-(NH4)ZSO4 dependent system was stimulated
60% above that measured in the Mg++ dependent systeﬁ. The early
and greater increase in the NH4-dependent reaction suggests an important
role for the m RNA in the initial period of increased protein synthesis.
This finding is supported by the experimental eQidence presented by
Schreiber et al (1969), who demonstrated a distinctive response in
the m RNA producing reaction. lowever, Nair et al (1968) did not
demonstrate any significant change in the Mn*" activated system, My
observation showed that after the third day of operation, the smaller

stimulation in the salt activated system becomes evident.
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The delayed increase in DNA synthesis (Fig. 9) as compared
to the RNA (Fig. 15) is of particular importance. One of the reasons is
the fact that the enzyme activity was mainly expressed as incorporation
per mg DNA, because there is no great fluctuation in DNA content in the
muscle cell, However, from the third day, the increase in DNA content
due to connective tissue hyperplasia, may have an important influence on
our results. The early changes in polymerase may therefore reflect the
actual changes in muscle cell nuclei more closely than those seen after the
3rd day. The activity of RNA polymerase in Fig. 13 - 15 is expressed as
ppmole of labeled UTP incorporated into RNA per mg DNA. Since the
DNA content did not change, the increased enzyme activity in the early
hours represents a real increase. However, the highest level of activity
(3rd - 4th day after narrowing) reflects the contribution of hyperplasia in
the connective tissue and very likely the increase in the amount of RNA
polymerase as well. .

The time course of biochemical events during the process
of hypertrophy has a particular importance in the investigation of the
possible critical reactinn causing stimulation in protein synthesis. Sobel
and Kaufman (1970) demonstrated an increased synthesis of RNA
measured by the in vivo labelling technique within 24 hours following
an operation producing hypertrophy of skeletal muscle, while an increased
activity of RNA polymerase of isolated anuclei was not found until 48 hours.
A similar time course of events has been observed with heart muscle
(Fanburg, 1970).

The biphasic alteration in RNA meta.bolisin was also
observed by Sobel and Kaufman (1970) on skeletal muscle undergoing
hypertrophy, though in their experiments the early increase was detected

only by the incorporation studies and not by polymerase assay. Sobel and
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Kaufman proposed that the changes in the intracellular environment which

led to an early increase in the in vivo activity of polymerase, cannot exert
an effect on nuclei separated from other cellular components. Besides
the differences between skeletal muscle and heart muscle, differences in
the isolation technique may account for slight differences in the results
between Sobel and Kaufman's work and this study.

The results obtained by this study agree with the experi-
mental work dealing with protein synthesis during the development of
cardiac hypertrophy. Moroz (1967) demonstrated an increased content of
ribosomal RNA in the microsomes, suggesting the presence of a greater
number of ribosomes and D. Brodie (M. Sc. thesis) showed a 200%
increase in the specific activity of microsomes to incorporate amino
acid into protein on the second day following the same operation as was
applied here. There was no increased detected before that time,
suggesting that the increased microsomal activity corresponds to the
second phase of increase in polymerase activity observed in this study.
The microsomal activity was still high 10 days after the operation, in

agreement with the findings of this work.
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VI. FACTORS CONTROLLING THE APPARENT ACTIVITY
OF RNA POLYMERASE DURING THE DEVELOPMENT
OF HYPERTROPHY

The majority of experiments dealing with the mechanism
of transcription were carried out by using bacterial polymerase
because of the availability of the method to purify bacterial enzyme.
The basic reaction of this enzyme that synthesizes RNA from
nucleotide triphosphate does not differ from the mammalian. This
is indicated by the fact that bacterial polymerase is able to synthesize
RNA in mammalian preparation (Bannai and Terayama, 1967). The
control mechanism, however, which influences the composition and

amount of products, differs in the two reactions in their complexity.

The RNA polymerase of the bacteria does not respond
to the same control mechanism as the enzyme in the mammalian
tissue and transcribes much of the genome in an indiscriminate,
uncontrolled manner. This was shown by the difference between
the products synthesized by the endogenous bacterial enzymes in

the mammalian system (Goldberg, 1970).

Repression of DNA template

The theory that the control mechanism works through
repression rather than stimulation led to some very important
discoveries. Possible repressors, histones were first discovered
by Miescher 100 years ago. Histones are always associated with
DNA in fhe chromosomes of organisms with an organized nucleus
and they have not been found in any other place (Bonner, 1966).

Removal of histone from chromosomal DNA causes de-

repression of genetic material previously repressed i,e. it increases




the template activity for RNA synthesis. An addition of histone
to the polymerase enzyme aggregate on the other hand reduces the
RNA synthesis by 50% (Bonner, 1966, Bannai and Terayama, 1967).

However, histones are not the only repressors, Pro-
tein removed from the DNA-protein complex with increasing
concentration of salt solution contained lysine and arginine rich
histones and also non-histone proteins (Georgiev, et al. 1966).

(NH ,),SO, was able to de-repress the DNA template, resulting in

4)2 4
an increased template activity. The type of RNA is uninfluenced
by the repression, since the base sequences of RNA synthesized on

DNA -protein complex and on free DNA appeared to be similar.

Nair et al. (1968) postulated that the stimulus increases
the availability of active DNA template by removing some of the
repressor elements during hypertrophy. According to their hypo-
thesis, the high concentration of (NH4)2 SO4 unmasks the DNA
template which permits functioning of all the existing polymerase,
the activity of which could not further be increased by stimulation.
The results, showing no increase in polymerase activity in the
presence of salt during development of hypertrophy, could be

explained in this way.

However, according to the experimental evidence
obtained by Hulbert et al. (1969), the ribosomal cistrons (exclusively
confined to the nucleoli) are almost entirely associated with RNA
polymerase of nucleoli and the enzyme seems to be fully active
rather than repressed by proteins or histones. Although the non-
nucleolar templates are strongly repressed, the enzyme activity
may be detected by an assay under conditions of high ionic strength.

Since the nucleolar RNA synthesis is not repressed, it cannot be

139
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increased by de-repression of the DNA template. Thus the increased
availability of active DNA templates for nuclear r-RNA synthesis
does not seem to be the reason for the observed increase in Mg++
activated polymerase (Nair et al. 1968, Fanburg and Posner, 1968,
Fanburg, 1970, Sobel and Kaufman, 1970, Hamilton et al, 1968 and

Schreiber et al, 1969, etc.).

Removal of inhibition of the enzyme

Considering the enhancement in polymerase activity of

+

hypertrophying muscle nuclei in both Mg-l-+ and Mn+ - (NH )_SO

dependent assay systems (Sobel and Kaufman, 1970 and this4s?:ud;1),
one can assume that the mechanism of increased r-RNA and m-RNA
synthesis is similar and is not solely influenced by changes in
availability of DNA template. This assumption is in agreement
with the fact that added exogenous DINA is ineffective in.increasing

activity of nuclei from hypertrophied or control tissue in either

assay system. (Sobel and Kaufman, 1970, my results).

As Liao et al. (1968) has shown, an extract having RNA
polymerase activity can be obtained in a soluble form from isolated
nuclei in much larger amounts than would be prédicted from the
activity of intact nuclei. Therefore the enzyme appears to be present
in excess in nuclei perhaps in a '"reserve form!'". In agreement with
this, Spelsberg et al. (1969) found that arginine-rich histones
inhibited the DNA-dependent RNA synthesis most likely through
interaction with the enzyme, while lysine-rich histones set on DNA

templates,

In adaptation to such an acute stress as aortic constriction

it is possible that a rapid increase in RNA synthesis is obtained

b oL
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through the most efficient process, that is, through the removal of
an inhibitor from the enzyme rather than through the new synthesis

of polymerase. Very early increase in enzyme activity observed in

this study is probably a result of such a mechanism. The de-repressor

may be a kind of protein, the synthesis of which is necessary for the
stimulation of RNA synthesis, as was shown by the protein inhibition

experiments (Posner and Fanburg, 1968).

According to Meerson et al. (1964) who also supports
this assumption, the increased contractile function leads to an
elevated amount of protein breakdown product which acts as a de-
repressor for RNA synthesis. Thompson and McCart’hy (1968) found
a cytoplasmic ''stimulating factor' in the cytoplasm of 18 hour
regenerating liver which caused an increase in RNA synthesis of
normal mouse liver nuclei. This factor may be a de-repressor of

polymerase.

Other factors

Another mechanism which may have a role in the
regulation of RNA synthesis is ribonuclease activity. An attempt
was made to assay the alteration of this enzyrne' activity during
hypertrophy as follows: Ribonuclease activity in the nuclear pre-
paration was determined at 0 time of the polymerase assay. No
activity could be detected. The reason for the negative result may
be that there was no ribonuclease activity present in the preparation
at 0 time or that the activity could not be measured because it was
relatively low compared to the synthetic activity of RNA polymerase.
It could also be supposed that the condition of incubation (for example,
ionic milieu) was not suitable for ribonuclease assay. Ribonuclease

activity should have been studied under other conditions, since
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this condition could be taken to be quite suitable for a polymerase

assay, partly because it is not appropriate for ribonuclease activity.

However, in the control preparation after incubation
in sysfem I and II, a measurable ribonuclease activity was obtained.
It would have been useful if an assay of the ribonuclease activity
from constricted animals had been carried out after incubation in

the Mg++ and Mn++ - (NH4)ZSO4 system.

Many other controlling factors have been described:
increased utilization of the product, (Schreiber, 1968) increased
precursor synthesis, availability of more ribosomal protein
(Hamilton et al. 1968), alteration in the DNA-RNA polymerase
linkage, (Novak and Doty, 1968) or in the timing mechanism initiating
the transcription (Baker and Yanofsky, 1968). However, this study

cannot provide a direct answer to these problems.

In conclusion, the time course of changes in RNA poly-

merase activity during the development of hypertrophy may be
summarized as follows: RNA polymerase activity in the presence
and absence of the ammonium salt shows roughly similar pattern
over a l4-day observation period, i.e. in both systems a biphasic
increase is demonstrated in the enzyme activity. However, the
magnitude of increase in the‘ enzyme activity in the Mg and Mn

activated systems was not equal in the two phases,

The early phase is characterized 4 hours after aortic
constriction. This very early increase in enzyme activity may be
the result of a de-repression (de-inhibition) of the polymerase, since
it is known that the enzyme functions below its maximal capacity.

The de-repression may occur by the aid of a protein, the synthesis

AT v tastan o A ficrs = B
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of which therefore is required for the increased rate of RNA
synthesis. Since the increased stimulation in m RNA synthesis
occurred at this stage compared to the increase in r RNA synthesis,
it is concluded that the mechanical stress caused a greater alteration
in the extranucleolar regions which is responsible for m RNA
synthesis. Thus, this extra stimulation may be also due to a
de-repression of DNA templates in addition to the removal of an

inhibitor from the enzyme.

In the late phase, the change of polymerase activity
starts around the second day, reaching its maximum about 3-4th
day following operation. In this phase much smaller stimulation
was observed in the m RNA synthesis than in the r RNA synthesis.
Other experimental data showing the greatest rate of hyperplasia
in the connective tissue during this period suggest the role of RNA
synthesis other than that by muscular tissue. The changes in the
nuclear protein synthesis in this study and the time course of
changes in protein synthesis in other work, both suggest that the
new synthesis of the enzyme itself probably contributes in the
second increase, Less stimulation observed in the presence than in

the absence of (NH4) SO4 in this phase may be eiplained that the

stimulating effect onzthe m RNA synthesis by the stress declined

below the level which could be obtained by de-repression by the salt.
Investigations on changes inRNA-ase activity following

constriction and on the type of RNA-s synthesized during the early

and late phase are required to described more definitively the bio-

chemical alterations in hypertrophying heart.




VII. CONCLUDING REMARKS

This chapter attempts to summarize the questions
which arose during the course of this study. The importance of
raising the right question was put forward in one of Beznak's
lectures (1964). She stated that a possible reason why a research
work does not provide a reasonable answer to the question may be
that the question was not put well. Unfortunately, my study pro-
duced more questions than answers, but I only hope that some of
these questions born out of this study will be starting points for
elucidating the relationship between RNA and protein synthesis in
the beginning of hypertrophy and the contro}l mechanism of the action
of RNA polymerase.

There are technical difficulties which have to be over-
come. First of all, at the present time no method has been
developed to separate the nuclei of muscle cell from the connective
tissue nuclei. It is known that the reaction to increased worgload
(experimental hypertrophy) is different in the highly differentfated
muscle cell than in the connective tissue cell. Aé a result, cellular
hyperplasia takes place exclusively in interstitial cells in experi-
mentally induced cardiac hypertrophy. Until the time when the two
kinds of nuclei can be separated, we may provide only indirect
evidence about RNA polymerase and RNA synthesis of various cell
types. '

The role played by the connective tissue should not be
underestimated because of its participation in the growth process

of heart tissue. Any alteration of the collagen content, which varies

14l
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depending upon the type of stimulus, is very likely as sociated with
alterations in muscle mechanics (Fanburg, 1970). But i is still
obscure how information is transmitted from the increased muscle
work to heart growth. Also obscure is the mechanism which main-
tains the increased tissue mass after certain tissue growth.

Another problem concerning the investigation on RNA
polymerase is that most of the work is done on crude systems and
not with pure preparations. There is a drawback that the control
mechanism cannot be investigated under these conditions, i.e. ina
crude preparation the RNA polymerase is mixed with its control
proteins. Research done on pure bacterial polymerase should be re-
evaluated by using purified mammalian system. Simultaneously,
the exact physiological milieu of the enzyme (ionic strength, etc.) has
to be defined.

Research into the biochemical relationship among the
cell organelles (mitochondria, nucleus, microsomes) has to be done,
e.g. time course of their activities at different intervals following
hypertrophy. The importance of mitochondria in particular has not
received its share of attention (McCallister and Brown, 19 69). Even
in the nucleolus, the nucleolar r RNA synthesis was investigated
separately from the nucleolar protein synthesis. Their changes
after induced protein synthesis should concurrently be studied.

It is postulated in this thesis that the factor initiating
cardiac growth in experimental hypertrophy is very likely a
protein. Neither the origin and composition, nor the mode of

action of this protein are known. The existence (synthesis) of this




protein is a fundamental requirement for the increased RNA syn-
thesis at the initial stage (Posner and Fanburg, 1968). For this
reason the mitochondrial and nucleolar protein synthesis are of
particular interest since McCallister and Brown (1969) showed an
early increase in mitochondrial protein synthesis.

Further research in this direction may greatly
clarify the mechanism of the initiation of protein synthesis and

its regulation under normal and hypertrophying conditions.
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