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ABSTRACT

The condition of arteriosclerosis was simulated in male, Wistar-
strain rats by sub-diaphragmal aortic constriction. Two days after
constrictioh, a significant (P < 0.05) increase in cardiac mass had
occurred. Significant changes in extracellular fluid volume and electrolyte
content of the left ventricle, right ventriclexand atrium were found much
sooner than changes in cardiac mass and may thus play a role as instigating
factors in the mechanism of cardiac hypertrophy.

The extracellular fluid volume was measured by a radioactive isotope
dilution method employing Sas-sulphate. Significant increases in sulphate
space and sodium content were found to occur in the left ventricle within
24 hours after aortic constriction., These increases became even more signi-
ficant (P < 0.001) at 10 days, then both parameters decréased to within
normal range between 2 and 3 weeks after aortic constriction. Close cor=-
relation (r = 0.915) was found between sulphate space and sodium content
in both ventricles of hypertrophied hearts. Total water remained remarkably
constant in the left ventricle but rose significantly in the right ventricle
of hearts with the greatest aegree of hypertrophy (over 66%,1ncrease).
Potassium content remained unchanged in the left ventricle but dropped
significantly in the right ventricle, as did total phosphate.

The same parameters were measured in different regions of normal
hearts of unoperated, 156 to 450 gram rats. It was found that sulphate
space, total water, sodium content, intracellular potassium, etc. all
reached maximal values in phe 250 to 300 gram rats and then all (except

sodium) decreased in larger rats. Because this weight group occurs at the




xiii

steepest part of the normal growth curve, these changes in water and
electrolyte values are thus associated with rapid normal growth as well
as with the accelerated growth of cardiac hypertrophy.

Possiblg reasons for the observed changes in water and electrolyte
balance are discussed from the point of view of hormonal, metabolic,

3

hemodynamic and physical changes.




CHAPTER I

Introduction

General Review of the Literature

The response of the heart to a chronic increase in work load
results in an increase in myocardial mass. This biological phenomenon
is known as cardiac hypertrophy or cardiomegaly. It is believed by
many to be a useful mechanism of adaptation but this view has been
opposed by others who consider hypertrophy to be an indication of the
inability of the heart to cope with demands made by the circulation.
In any case it is agreed that when the degree of hypertrophy exceeds
a certain limit, its usefulness is lost.

Where does this boundary of usefui hypertrophy occur? The
gross anatomical changes between normal and hypertrophied human hearts
Qere summarized and classified by Linzbach (1960). He coined the term
"physiologic hypertrophy" to describe cardiac enlargement of athletes
or labourers from a normal 300 g. to 500 g. with fibres of both left
aﬁd right ventricles becoming thicker and longer. "Pathologic hyper=-
trophy" he classified as either Meccentric" or 'toncentric' depending
on whether the pathological mechanism produced.a volume or pressure
hypertrophy. The former occurs when valvular insufficiences cause a
larger resi?ual blood volume and hence larger ventricular chambers.

On the other hand, when increased work is due to resistance to ejec=-
tion, as in aortic stenosis or hypertension, a pressure hypertrophy

results with no change in ventricular chamber size and residual blood




volume.- Above a critical level of 500 g. Linzbach showed that
dconcgntric" hypertrophy could develop into "eccentric!" hypertrophy,
all hearts becoming hypoxic above a 66% increase in size, not be=-
cauée of any change in capillary-to-fibre ratio (Shipley, = =~ -
et al, 1§37) but because the diameter of the coronary vessels no
longer increases linearly with heart mass. As this discrepancy in-
creases, the coronary reserve is finally exhausted leading to dis-
turbances of myocardial nutrition and areas of focal necroses. Be-
cause of areas of necrosis and‘scaring, the force per unit of effec-
tively contracting muscle must be greater. In this type of hyper=-
trophy the right ventricle also shows hypertrophy and dilatation due
to the elevated pressure in the pulmonary'artery resulting from
failure of the left ventricle. |

The immediate effect of an increased work load on the heart is
(a) stretching of the muscle fibres (b) increased tension per unit
fibre length or (c) both. Since the muscle fibres run parallel, when
stretched they become thinner and the interstitial spaces become wider
to a corresponding degree. Hort (1951) demonstrated this in the right
ventricular wall of the guinea pig, showing that the number of muscle
layers decreases with greater degrees of dilatation, apparently be-
cause muscle fibres of the adjacent layers would slip into the spaces.
Although the right ventricle is only half as heavy as the left ventricle,

it has roughly the same number of fibres and nuclei, although the fibres

are thinner and arranged in fewer fibre layers than in the left ventricle.




- Histological examination of hypertrophied heart muscle (Linz=-
bach 1947) indicated that in physiologic hypertrophied hearts, at
least, the increase-.in weight is not due to an increase in the number
of fibres, the fibres simply become thicker and longer. However, in
pathologic ﬁypertrophies he belieyed there to be an absolute increase
in the number of fibres, nuclei and capillaries, due to a longiéudinal
cleavage between points of anastomosis of the myocardial syncitium,
resulting in a marked increase in the number of fibre layexrs. The
question of hypertrophy (myocardial cell enlargement) vs. hyperplasia
(increase in number of myocardial cells) still remains debatable .

One of the most important findings morphologically, concerned
the distance between Z-bands in myocardium. Linzbach (1951) showed
that there was no significant differenée from Z-band to Z-band (sarco-
mere length) in normal, hypertrophied or pathologically dilateq hearts
nor between left and right.ventricular fibres. This was confirmed by
Hort (1957) whose sarcomere measurement (2.05 p) is generally accepted, -
and found to be true in many animals as well.

Thus cardiomegaly is accomplished by additiom éf sarcomeres in
series. That the cross~sectional area is increased by uniform addition
of the contractile protein, actomyosin, and not by increase in nuclear
proteins (and DNA) was shown by Grimm, et al (1963).

Experimental Models

Since the number of functional studies which could be performed

on human hearts is quite limited, experimental models for studying
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hypertrophied hearts were produced, usually by one, or a combination,

of the following methods;-

Type of Hypertrophy " Method of production

Pressure hypertrophy Partial nephrectomy,
Aortic stenosis

Anoxic hypertrophy Anaemia, High altitude hypoxia,
Coronary artery ligation, Exercise.

Nutritional hypertrophy Salt loading,

(dietary deficiencies or Bl avitaminosis.

excesses)

Hormone-induced hypertrophy _Thyroxine

Volume hypertrophy Valvulotomy

Physiological studies

Various experimental models have provided functional studies
not only of hypertrophied myocardium but of prehypertrophied myocardium
i.e. after the hemodynamic load has been applied but before actual
hypertrophy has set in. For example, Beznak (1958) has shown that be-
tween one and two hours after narrowing, the cardiac output and heart
rate drop sharply and so does the reserve force of the heért (the maxi-
mum to which the cardiac output can be raised by infusion with 3.5%
polyvinylpyrrolidone into the right side of the heart via the jugular
vein). By the end of 24 hours, tachycardia develops and by the end of
one week when the weight of the heart has increased by about 30%, the
cardiac outpdt has returned to normal, so has the heart rate and reserve
force of the heart. Many have suggested that enlarged myocardium is capable

of increased cardiac 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 hypertrophied -
by aortic constriction, chronic anaemia and thyroxine treatment were
tested for maximum output in heart-lung preparations, it was shown
that in no case was the maximum output per gram left ventricle above
that of normal rat hearts (Korecky, et al 1966). No change in resting
and developed length-tension curves between normal and hypertrophied
rat myocardium was observed by Grimm, et al (1963). Neither did they
find any change in the quality of the excitation membrane phenomenon;
electrical parameters were the same in normal hearts and those hyper=
trophied by aortic comstriction. Thus it is concluded from these and
many other studies that hypertrophied hgafts (at least up to the
critical heart weight increase of 66%) function just as well, if not
better than normal hearts "in vivo'.

Biochemical studies

Since protein synthesis is preceded by and definitely related
to an increase in ribonucleic acid (RNA) whereas cell division is
preceded by and usually follows doubling of deoxyribonucleic acid
(DNA) therefore many investigations into the amounts and ratio of RNA
to DNA in normal and hypertrophied hearts have been prompted by an
effort to sgttle the question of hypertrophy vs. hyperplasia, or both.
Norman and Carter (1961) found a considerable increase in the RNA:DNA
ratio in anaemic and hyperthyroid hearts. This indicates that cellular
enlargement is predominant in these typés of enlargement., However, the

degree of hypertrophy may be a factor as Korecky and French (1967)




showed- an increase in total DNA; RNA and protein in hearts hyper-
trophied 100% by chronic anaemia suggesting that hyperplasia occurs
above the critical weight. No significant differences in the actomyo-
sin concentration or characteristics of the contractile protein in the
enlarged fifres can be found (Griqm, et al 1963).

The few biochemical changes generally noted, are included in
a summary by Meerson (1962) of studies by Russian workers on hearts of
rabbits and dogs hypertrophied by aortic constriction. Meerson divides
the developments of compensatory hypertrophy into three stages. First,
or "transient breakdown stage!" -~ symptoms of left ventricular insuf-
ficiency are observed with chemical changes consisting of decrease of
the glycogen and phosphocreatine content of the myocardium. The weight
of the heart increases sfeadily each da&. The rate of protein synthesis,
as measured by incorporation of Sss-methionine, doubles, RNA increases
32%. Second, or "protracted stage of relatively stable hyperfunction" =
characterized by hypertrophy of the muscular fibres and absence of signs-
of cardiac insufficiency. The content of glycogen, phosphocreatine and
ATP (adenosine triphosphate) is normal. The heart weight is approxi-
mately twice that of normal. Moderate anoxia is indicated by the
accumulation of lactic acid in the myocardium. An increase in oxida=~
tion~reduction enzymes such as succinic dehydrogenase and increased
myoglobin contenﬁ may tend to overcome the development of hypoxia.
Third, or "protracted stage of progressing cardiosclerosis!" -« in this

stage cardiac insufficiency develops with myocardial fibrosis, focal




fatty degeneration and decrease of DNA concentration, rate of protein
synthesis and ATP level.

Histological studies*

As in the microscopic studies described on page 3 by Linzbach
and Hort (1951), Norman (1962) cou}d find no significant alterations
in myocardium of hypefthyroid or anaemic rats even with an electfon
microscope. However changes have been observed in ischemic hearts be=~
fore any changes could be observed by light microscope. Caulfield and
Klionsky (1959) noted the following changes in myocardium within five
minutes after onset of ischemiaj;- decrease in glycogen, clear spaces
in various portions of the muscle which they ascribed to. influx of
fluid and clumping of nucleoplasm., After ﬁwenty minutes, swelling of
the mitochondria occurred with development of coarser cristae and after
five hours an increase in the number of lipid droplets was evident.
Since ischemia is thought ts be one of the factors to cause hypertrophy
these observations may be significant.

Possible factors controlling Cardiac Hypertrophy

The ultimate question asked by all researchers on the topic,
whether in the field of Physiology, Biochemistry or Histology is, =
"What is the exact mechanism to stimulate cardiac hypertrophy and
which factor, or combination of factors, controls it?" A short sum-
mary of the possible factors follows:

1. Oxygen utilization = Since so many of the conditions leading to

hypertrophy are associated with hypoxia (anaemia, hyperthyroidism, high




altitude hypoxia, coronary artery occlusion, etc.) it has been con~
cluded by many that hypoxia or increased oxygen utilization may be
the actual stimulus that induces myocardial cell growth. Beznak
(1958) showed that immediately after aortic constriction in rats,
the arteriovenous oxygen difference increased at the same time that
the cardiac output was down. Although the total oxygen consumption
was slightly lower than normal, the tissues evidently compensated for
the diminished cardiac output by removing more oxygen from the blood.
2.  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 diastolié pressure. So the first response of the heart to increase
in blood pressure is thought by many t& be dilatation. Most of the
pathological conditions encountered by the heart would thus be capable
of producing a change in fibre length as a regulatory mechanism. A
theory based on dilatation causing myocardial injury was proposed by

Eyster in 1927,

3. Tension-time index - Another school of thought believes that

myocardial fibres do not stretch but maintain isometric contraction
with adjustments in tension only produced per unit cross-sectional
area. Rushmer, (1959) stated "when increased oxygen consumption was
not accompanied by rapid heart rate, the stroke volume increased."

Tension-time index refers to the total area under the systolic pres=-

sure curve.




4.- Tachycaxdia = Sarnoff (1958) related tension-time index énd
iﬁcreased oxygen utilization to an increase in heart rate rather than
stroke volume. Beznak (1964) suggests that a period of tachycardia
might be the triggering mechanism in every case for a weight increase

of the heart.

5. Hypertension - Genetically hypertensive rats are shown to have

relatively larger hearts than normotensive rats and this suggests to
many that hypertension may play a leading role. Most of the methods
which produce experimental hypertrophy also cause hypertension, but
the fact that hypertension énd hypertrophy are not always correlated
(Beznak 1954) seems to indicate the participation of other factors.

6. Hormonal control - Hormones are necessary to control normal

growth in animals and plants. Usually é combination of hormonal
factors is réquired. Beznak (1952) showed that hypertrophy only
occurred in hypophysectomized,constricted aorta,animals with growth
hormone and thyroxine. A humoral factor has béen demonstrated to be
necessary for the control of liver regeneration (Glinos 1958).

7. Neurogenic control -« In 1948 Beznak and Hajdu showed that

extirpation of the stellate ganglia causes a gradual increase in the
heart weight of albino rats. Nerve tissue is known to play an impor-
tant part in control of regeneration of tissue in lower animals
(Singer 1960). The role of the nervou; system in control of the heart

(e.g. vagal stimulation and bradycardia) was re-emphasized by Sarnoff

and Mitchell in 1961.
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8. Water Balance - That tissue water alterations might in some

way stimulate cardiac enlargement is not a new idea. It has long been .

known that exercised, striated muscle takes up water and Loeb (1894)
assumed that this was due to increased osmotic pressure leading to
absorption.of water within the mu§c1e fibres. The volume of muscle
fibres was thereby increased and this was thought to be followed (or
accompanied) by deposition of new material.

In 1911, Stewart reported a distinct, though small, increase
in water content of the heart in early stages of hypertrophy in dogs
on whom aortic valvulotomy had been performed.

Hastings, et al (1939) reported an increase of 10% in the
extracellular phase of heart muscle following a short ligation of a
coronary artery. This was believed tofbe the result of both an in-
crease in interstitial fluid and changes in permeability due to injury.
A few years-later, Hitchingé, et al (1942) concluded that cardiac
hypertrophy began to occur within the first three days after aortic
valvular rupture in xabbits. It was characterized within this period
by an increase in sodium chloride and water in the extracellular phase
of a magnitude amounting to interstitial edema. Hitchings et al com-
pared this transient increase in extracellular phase and other chemical
changes in early hypertrophy to changes which occur in other tissues
which have been stimulated to rapid growth by means of hormones.

Beznak (1954) noted that in a group of rats, five days after
narrowing the aortae, the percentage dry-matter content of the héarts'

had decreased compared to normal controls. Earlier (1944) Hajda and
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Beznak observed that the right ventricles behave somewhat differently
than the left (in which no appreciable change in per cent dry weight

or ash content pro mille was noticed). Regarding the right ventricle,
they observed, "Though its weight does not change there is a signi-
ficant diminution of dry elements. At the same time the ash content

is unchanged, the only posﬁible explanation is that the right ventricle
lost organic materials which were replaced by some £fluid having the
same ash content as the heart."

Krakower and Heino (1949) who produced hypertrophy in chickens
within 24 hours by feeding excess NaCl, claimed an increase in total
nitrogen and potassium as well as total water and total chloride. To
them this indicated increase$ in both extra~ and intracellular water,
but differences were not statistically.significant. Skeletal muscle
showed similar increases, therefore, interstitial edema may have been
present throughout the system.

Although a few careful studies, such as the above mentioned,
included measurements of dry weight and total water in normal and
hypertrophied hearts, the slight changes noted were not usually sig-
nificant, especially in comparison to other changes. Thus water, as
a factor involved in hypertrophy, became disregarded.

It is the purpose of the present investigation to assess any
changes occurring in water balance in cardiac muscle preceding cardiac
hypertrophy. Distribution of water between extra- and intracellular

phases will be examined in normal and in hypertrophied hearts prior to
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and during the onset of hypertrophy.

The main model uéed to produce hypertrophy is that of aortic
constriction in the rat.

A variation of the radioisotope dilution method is employed
to measure extracellular fluid vo%umes and many reasons are given
supporting Sss-sulphate as the choice of radioactive isotope for
estimation of ECF volume in myocardium.

Because changes in water balance are closely related to
changes in electrolyte balance, the final section of the work is en-
tirely devoted to measurements of sodium, potassium and phosphate in
the same regions of normal and hypertrophied hearts.

At each stage of the investigatioh, emphasis is placed on
changes in the measured parameters whiéh occur in normal hearts due
to normal growth and development. Wherever possible, values for
normal rats, covering the entire range of size of experimental ani-
mals i.e. 150 to 450 g, are given. Changes in hypertrophied hearts
are recorded as differences over and above normal, unoperated con-
trols so that normal growth factors and differences entirely due to
normal growth, are not included in changes recorded.

The review of the literature is divided into three main
categories:= 1) a general review of cardiac hypertrophy investiga=-
tions 2) a review of extracellular fluid volume research and 3)

theories regarding ion distribution in muscle tissue. The latter

two appear at the beginning of the chapters devoted to these topics.




CHAPTER I1

General Methods

1., Preparation of experimental model

Male albino rats, Wistar strain, with initial weights of 180
to 250 grams were used for all experiments; Rats were received at
7 weeks of age, weighing 160 to 200 grams. They were placed in in=-
dividual wire cages and fed Master Laboratory Cubes and tap water,
ad libitum.

Method used to produce cardiac hypertrophy:-

Aortic constriction - The constricting rings were made by
winding silver wire around a hypddermic needle of suitable diameter
(0.8 mm). The spiral was then sawed longitudinally with a very thin
blade to give a number of separate rings which are opened slightly and
filed smooth under magnification. The‘rats were anaesthetized with
ether, an incision made in abdomen and viscera displaced. The ring
was then slipped under the aorta, just below the diaphragm, and clésed

with forceps above the aorta. The viscera were replaced and incision

sutured.

Collection of Samples

All rats used in the radiocactive tracer experiments were
anaesthetized with 2% Nembutal (0.2 ml per 100 g. body weight) injected
intraperitoneally. Ether anaesthetic was used for other groups.

a) Blood samples =

For radiotracer experiments - blood was withdrawn from the

abdominal aorta using a heparinized syringe. The needle was unscrewed




14

from, syringe and blood allowed to drain into a 10 ml test tube. After
standing 10 = 20 minutes, a few polystyrene crystals were dropped into.
each test tube (to help prevent hemolysis) and sample centrifuged for
15 minutes. TFor electrolyte experiments - the abdominal cavity was
wiped, then aorta clipped below renal arteries in two places£ approxi=
mately 1/2 inch apart. Thén aorta was cut, clip released and blood
collected in 20 ml test tube. This sometimes produced mixed (venoﬁé
and arterial) blood samples but exsanguination was considered to be

a better prpcedure when electrolytes were to be measured in tissues.

b) Tissue samples =

The complete heart was excised, cleared of pericardium, attached
fat, etc., placed on slightly moist filter paper (no.-1) and dissected
into the following samples:=- étria (coﬁbined), right ventricle wall
(separated from interventricular septum), left ventricle wall (separated
from interventricular septum), septum and a sample of skeletal muscle
from upper thigh region., Samples for the tracer studies ranged from
30 to 80 mg., samples for electrolyte and total water determinations
consisted of remaining tissue. Each sample, as dissected, was lightly
blotted on no. 1 filter paper and immediately weighed on a torsion
balance and weight recorded. Weights of all samples were totalled, to

give the total heart weight in each case.

2. Radioactive analysis of clé and s35 by liquid scintillation counting

Cocktail composition - Scintillator counting solution was pre=

pared as follows:=
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‘Primary fluor = PPO (2,5-diphenyloxazole) ~ 4 g per litre solvent

Secondary fluor ~ POPOP (1,4-di 2(5-phenyl-
oxazole)~-benzene - 0.5 g perlitre solvent

Solvent = Toluene (good chemical reagent
grade) : - dissolve above in=-
gredients in small
amount of toluene and
make up to 1 litre.

a) Plasma samples = (done in duplicate) Aliquots of 0.1 ml of
plasma (measured with a 100«lambda micropipette) were pipetted into
glass counting vials., One ml of Nuclear Chicago Solubilizer (NCS) was
added. When solution clear, 15 ml of Scintillator counting fluid added.

b) Tissue samples - Weighed samples were placed directly into glass
counting vials and 1 ml of NCS added. Vials were then capped and placed
in Dubnoff vibrator with water bath set at 36° C until sample completely

dissolved and solution appeared absolutely clear against a dark back-

ground with cross lightihg. Then 15 ml of scintillator solution was

added.

Apparatus

All radioactive samples were counted in a Nuclear Chicago Liquid
Scintillation System, Mark I with Computer, Model 6860. This is a three
channel scintillation counter, geometry optimized, with external stand=-
ardization which cantbe used optionally.,

The capped, glass vials containing the liquid samples were auto-
matiéally lowered into a well-type counting chamber (température cone=

trolled at 4° C). The scintillation solution éonverts to light the
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energy of the primary particles (Beta particles) emitted by the radio=
aetiye sample. Two low=noise, 180° horizontally opposed, 13 stage,
EMI type multiplier phototubes respond to the light energy by pro=-
ducing a charge pulse which is amplified and counted by a scaling
circuit. The circuit responds to a selected range of charge pulses
(voltage pulses) and hence to the desired range of emergies. In this
way the effect of unwanted background counts is minimized.

Statistical accuracy = Because radioactive decay and emission

are random events, the longer the counting time, the closer ome
approaches the actual mean count rate. When n equals the number of
counts observed, the standard deviation for each sample, &equals

\[n . The relative standard deviation equals /n x100 o 100A/n.
. n

In order to work to 1% standard deviation i.e. for 100 to equal 1,
NG
n must be 10,000.

Therefore, each sample was counted for 20 minutes, so that at
least 10,000 counts were recorded to give standard deviation = + 17%.

Counting efficiency determined by Channels Ratio Method

A set of quenched standards is necessary for each radioactive
isotope used. These may be prepared by adding increasing amounts of
acetone to vials containing known amounts of the isotope but the com=-
mercially prepared and sealed standards which have been assayed so |
that exact disintegration per minute (d.p.m.) are known, are more
accurate. An unquenched stapdard is included in each set. This stand-

ard is used to establish the balance point (maximum count rate) with

A Y
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discriminators set at 0 and 9.9 volts, in one of the chanmnels, e.g.
channel C. 1In second channel (channel B), the upper level discri-

minator is adjusted until the counts in channel B are about 1/3 of

those in channel C. (Fig. 1) Now the ratio of counts in Channel B
. ratio of counts in Channel C

equals 0.3 for the least quenched standard.

Anything which prevents some of the light flashes from rea-
ching the photomultiplier tube is called a quencher. When quench-
ing occurs the average energy of the pulses is decreased, and the
spectrum shifts toward lower energy. If the discriminator settings
have been properly chosen, the ratio of the two channel counting
rates will change in a way which is a useful measure of the effi-
ciency. Baillie discovered this in 1960,

Channels Ratio Quench Correction Curve (Fig. 2)

From the known d.p.m. for each standard in the quenched series
and from the observed counts per minute (c.p.m.) for each standard;
the percent efficiency is calcuiated. This is plotted against the
channels ratio for each standard to give a quenching correction curve.

Corrections necessary for Radioactive counting

1) Background counts = A blank sample was counted with each
set of samples to determine background counts and to check for con=
tamination.” The background counts per minute (usually around 32 c.p.m.)
were subtracted from the total c.p.m. for each sample.

2) Radioactive decay (for §33.sulphate samples only)~ This cor=-

rection is negligible for carbon-l4 since its half-life is over 5,000:

kN
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yedrs. However, sulphur=35, having a half-life of 87.1 days, it is
necessary to correct the observed counts of standards and samples
back to the assay date. A prepared chart was used to find the per

cent decay for the particular number of elapsed days. e.g. T g717

on day 50 meant that the tracer had decayed to 67.17% since assayed, .
so counts were calculated back to T1.00 or 100% of d.p.m.

3) Quenching corrections - Substances which cause quenching
in the samples, thus preventing all the light flashes from reaching
photomultiplier tubes, include any coloured compound, hydrogen ion
concentration, water, organic substances, etc. The main cause of
quenching in these samples was the presence of hemoglobin e.g. hemo-
lysed serum or muscle samples containipg ﬁore myoglobin. Therefore,
heart muscle always showed more quenching than ske1e£31 muscle. The
channels ratio, printed by the computer for each sample, was referred
to the quench correction curve (Fig. 2) and the per cent efficiency
read for each sample. The efficiency was usually between 70 and 807%
and from this 100% of d.p.m. calculated (the absolute activity).

4) Loss due to Dead Time = the pulse pair resolution time for
the liquid scintillation counter used was 200 usec. Therefore,

. 2 -
theoretically, % counts lost = Eaﬂ—zg— x 100 where T = resolu=-
: x 60

tion time, m = count rate. Since this works out to only about 1% of

12,000 counts and would be applied to all samples, so that the ratio

of C.p.m. tissue

would not be significantly altered, therefore,
C.p.m, in serum
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this correction factor was mot included in calculations.

3. Chemical Analyses

a) Total water determination

Weighed tissue samples were placed in pre-weighed, numbered
platinum crucibles. Crucibles weré covered but a small air spacewas
left between lid and rim. They were placed in drying oven at 95° C
for 24 hours, then transferred to a vacuum oven éor 15 hours after
which they were cooled for 4 hours in a desiccator. Crucibles and
dried contents were ﬁhen weighed, at least twice to make sure they
had reached a constant weight. The tissﬁe dry weight was recorded,
the per cent dry weight to wet weight calculated; and the total water,
by difference, recorded as mliper kg wet weight of tissue.

b) Total Sodium and Potassium determinations

Dry Ashing Method = Crucibles and dried tissue contents were
placed in a muffle furnace at 500° C for 24 hours. At the end of éhis
time the furnace was turned off and the samples allowed to cool. Then
2 ml of 5N HCl was added to each crucible to dissolve the ash. Crucibles
were placed over a boiling water bath for 30 minutes., Next, the con-
tents of the crucibles were carefully transferred to 10 ml volumetric
cylinders, using a Pasteur pipette for washing 1lid and crucible several
times with Soiling, deionized,double-distilled water and a special
bulbed dropper for the actual sample transfer and washings. When com=
pletely cool, the cylinders were made up to volume (last 0.5 ml or less)

and sample transferred to labelled polyethylene storage tubes with caps.

\
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Samples were stored in the freezer and aliquots removed as needed for
electrolyte determinationms. : t!

. Alternate methods tried included water extraction methods, with
and without sonication, and wet ashing methods using 'a) concentrated
nitric b) h&amine hydroxide and c)yuclear Chicago Solubilizer.

There is not space to compare results from all the above methods,
nor was there time to test fully the merits of each. In general the
wet ashing methods had great merit in time saving, but required elabo-
rate preparation of standards because the strong solubilizers necessary
to dissolve the tissue interfered with flame photometry. Some of the
wet ashing methods affected phosphate determination results, also,
Water extraction methods offered too much variation and solutions which
appeared quite homogeneous after_sonicaﬁion, tended to block atomiser
of the flame photometer., Finally, sodium and potassium recovery studies
were performed, using the dry ashing method and this method was used for
all electrolyte values reported.

Flame Photometry

Aliquots from the 10 ml samples in storage tubes were diluted
and the clear solutions measured by flame emission on a) a Coleman
Flame Photometer, Model 21, using oxygen and natural gas as fuel or
b) a Jarrell-Ash Flame Photometer, Model 32-600, using hydrogen as fuel
and ccmpres;ed air. When the switch from a) to b) became necessary, 150
control samples were re-measured and the values showed no significant

difference between the sodium and potassium measurements taken on either

machine,

\
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Factors affecting flame photometry:

1) Hydrogen ion concentration = Standards in distilled water
and standards in 0.1 N HCl (as in samples diluted 1:100) were compared.
The value for each standard in acid was depressed and the calibration
curve shift;d toward. the right. Therefore, accurate comparison could
only be obtained by having the same concentration of hydrogen ion in
standards and blank as in samples.

2) Sodium and potassium radiation interference - Coméaring
potassium standards in distilled water with those containing excess
sodium, 25 meq/l (approximately the ratio of Na:K in serum), it was
found that excess sodium has an enhancing effect on the per cent trans-
mittance of each standard, thus shifting the calibration curve to the
left. Therefore, it was decided to incorporate in the standards, the
same proportion of Na to K as is normally found in the samples being

measured, e.g. serum 30:1, skeletal muscle 1:4 and heart muscle 1:2.

Preparation of Standards

Since samples, after dry ashing, were dissolved in HCl, and
the wide range of sample sizes required different dilutions to fall
into measureable range of the flame photometer, therefore, standards
containing different concentrations gf HCl were prepared. Also, stand-
ards containing different proportions of Na to K were prepared for
measuring serum, skeletal muscle, and heart muscle. Deionized, metal=
and glass-distilled water was used in all standards and samples and

many other precautions exercised to prevent contamination by glassware
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utensils, etc.

Stock Solution I (for K determination) = KHZPO4 was placed in
the drying oven for 4 hours and cooled. 68.045g (0.5 M) of KHyPO,
were dissolved in glass distilled water and the volume was made up to
1000 ml. T£is solution contains 500 milliequivalents of potassium per

litre.

Stock Solution II (for Na determination) = after drying for &

hours and cooling, 35.495 g (0.25 M) of NapHPO, were dissovled in glass
distilled water and the volume made up to 1000 ml. This solution con-
tains 500 milliequivalents of sodium per litre.

A concentrated working standard solution was prepared as
follows:=

20 ml of stock solution I were élaced in a 200 ml volumetric
flask and 100 ml distilled water added and mixed. 10 ml of stock
solution IT were added slowly to the above with constant stirring and
finally made up to the mark with water. This working standard contains -
50 milliequivalents of KV and 25 milliequivalents of Na™ per litre.

This concentrated working standard was used in the dilute work-
ing standards used for measuring heart muscle and one containing 50
"milliequivalents K and 12.5 milliequivalents Nat per litre was pre=-
pared for skeletal muscle gtandards. Sterox (a commercial detergent
for flame photometry) was added to standards and samples to cut down
capillary suction in atomiser.

A typical set of dilute working standards was prepared by

placing the following amounts of concentrated working standard and .
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other ingredients into a 500 ml flask and bringing to the mark with

distilled water:

TABLE I

Dilute Working Standard Solutions

for Sodium and Potassium determination in Heart Muscle

Volume of the Concentration of Dilute
conc. working Amount of 1% Sterox Working Standard
standard (ml) 5N HCl (ml) K (meq/1) Na meq/1l
1 10 ml 10 ml 0.1 0.05
2 " ' " 0.2 - 0.1
3 ‘ " n 1 .3 .15
4 . " on : .4. \' 2
5 " A "5 .25
6 n n .6 o3
8 n " .8 4
10 " n 1.0 . <5

After diluting to 500 ml each of these dilute working stand=-
ards was stored in a labelled polyethylene bottle with screw cap.

Calibration curves were prepared with each set of samples.

The average percentage error was found to be less than 1% when the
concentration of the standard solutions was within range of 0.1 meq
ion/litre to 1.0 meq ion/litre for the Coleman flame photometer and

0.01 to 0.1 meq ion/litre for the Jarrell-Ash flame photometer,
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Measuring Serum Sodium and Potassium

Serum was diluted with distilled water, therefore, standards
in distilled water only were used. Dilutions and standards ﬁeredOnein
one of two ways:= |

a)'Against separate sodium and potassium standards -' For
potassium measurement, serum was diluted}l:lOO and measured on Jarrell-
Ash photometer against potassium standards in distilled water, range
0.01 to 0.1 meq/litre. For sodium measurement, Serum diluted 1:2500

and measured against sodium standards in distilled water with range of

0.01 to 0.1 meq/litre.

“*
b) Against standards containing sodium and potassium in the
proportion of 30 to 1 (as present in normal serum) to overcome inter=

fering radiation.

Sodium and Potassium Recovery Studies

The efficiency of sodium and potassium recovery when using the
dry ashing method (page 20) was tested by adding a known amount of each
electrolyte, equal to its estimated content, to separate7samp1es of
skeletal muscle, approximately 300 mg in size each, from the left thigh
muscles of normal rats (8 male, Wistar strain) a;d comparing with cone
trol samples,600 mg, from the corresponding right thigh.

Two 300 mg samples were removed from left thighs and labelled
Left A group and Left B group. To Left A group - 0.0075 meq sodium
(in 1 ml) was added to each sample. To Left B group - 0.030 meq potas=

~ sium (in 1 ml) was added to each sample., The added electrolytes were
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in the form of chloride salts in each case. Samples were then ashed
and made up as described under General Methods (page 22). Because

of variations in the control samples, eg. sample 6 with highest

Na content and lowest K, it was decided to calculate expected éodium
and potassium in left thigh samp%es from the amounts foundrzorrespond-
ing right thigh samples, rather than from the mean in all controls.
Table IIa and IIb show the results of individual sodium and potassium
fecovery of 8 sets of thigh muscle samples. This study was repeated
several times when it was discovered that the ashing temperature had
a very significant effect on sodium and potassium chlorides and pos-
sibly on other sodium and potassium compounds present in the tissue.

It was decided that henceforth the ashing témperature would be kept

as low as was feasible for complete ashing; 500° C was the temperature
at which all samples were éshed, for all electrolyte results inlthis
study. A temperature closer to 450° C would have been better for com-
plete recovery but resulted in a small residue of insoluble black ash,

especially in the case of heart muscle samples.

c) Determination of Total Phosphate

The method used was adapted for muscle determination from
"Methods for the Determination of Phosphate, Calcium and Protein in .

Small portions of mineralized tissues" by J.E. Eastoe.

Reagents used

Ammonium molybdate-sulphuric acid reagent

118 ml of sulphuric acid was mixed with 350 ml of water and allowed to

cool.
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12.5 g ammonium molybdate (NH,)g M0709,.4H70 was dissolved in this
solution and diluted to 500 ml and stored in a polyethylene bottle.
Aminonaphthol sulphonic acid reagent

dissolve 0.10 g of 1-amino-2ﬁaphtho1-4-su1phonic acid, 2.5 g sodium

metabisulphite and 1 g of crystalline sodium sulphite (Na2803.7H20)

(or 0.5 g anhydrous Na2503)in water. Dilute the solution to 50 ml and

N

filter. This reagent must be prepared freshly each week.

Standard Phosphate solution

A stock solution containing 500 parts per million (p.p.m.) of P was

prepared by dissolving 2.196 g potassium dihydrogen phosphate (K HéPO4)
in water and diluting to 1 litre.  This was diluted 10 ml to 1 litre to
produce a 5 p.p.m. solution. |
Procedure
A portion of a solution containing 1 to 10 ug of phosphate

phosphorus was measured into a 10 ml volumetric flask and distilled water
added to approximately 9 ml. .Then 0.4 ml of ammonium molybdate-sulphuric
acid reagent was added aqd solution mixed; then 0;2 ml of aminonaphthol

sulphonic acid reagent was added and water to the mark. Solution was

mixed and placed in 13/4 inch test tubes (B and L) and immersed in a

boiling water bath for 10 minutes, then cooled in water at 15° C for 5

minutes.

The optical density of the blue solution was then measured
against water containing the same amount of HCl as the diluted samples, .

in a Bausch and Lomb Spectophotometer at 815 mu using a wide range tube

and red filter.
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Calibration curve

The phosphate content of samples was read from a calibration'
curve prepared beforehand by carrying out the above procedure on
measured volgmes of the 5 p.p.m. standard phosphate solution made up
in 10 ml flasks according to procedure (above) and containing the
same concentration of HCl as the samples. The concentration of P
(0.001 to .007 mg P) was plotted on the linear side of semilog paper
and the per cent transmittance on the log side, to give a straight
line.

It was found that this method of heating to develop the in-
tensity of the blue colour has the great advantage that the standards
and samples remain stable. Another method b& Gomori, also similar
to the Fiske and Subbéfow (1925) method was also tried but the optical
intensity continued to change, even after 24 hours, and hence the per
cent transmittance.

The Eastoe method is well suited for the determination of
inorganic phosphate and this is the only phosphate ion pfesent since
all of the organic phosphates must have been hydrolysed by the ash=-
ing method and 5 N HCl. It is a highly sensitive mgthod and small
changes in abnormal tissues can be detected.

4, Statistical Analysis'of Data

All results are given as mean value plus or minus the stand-
ard error of the mean (SEM). Student’s t-test is applied when neces-
sary to determine if differences are significant. The "P" value of

significance was considered at the 0.05 level of confidence.

Y




CHAPTER III

, Normal Growth and Hypertrophy .

Introduction

In the review of the literature, Chapter I, it was noted
that many of the characteristics of hypertrophied myocardium, at
least up to the critical heart weight (66% increase) were very
similar to those of normal leart muscle. In this study factors
occurring during normal growth will be taken into consideration in
all measured differences.

It has also been shown that some factors change during nor=
mal growth. For example, Kobayashi and Yonemura (1967) related in-
ulin space in rat skeletal muscle to the reciprocal of the weight of
the muscle (and hence the size of the rat). Changes occu;ring during
normal growth will be examined for any similar changes during hyper=-
trophy. ‘

1. Normal growth of the rat

Referring to the growth curve of the rat (Fig. 3) it is
apparent that the steepest slope and therefore, the fastest growing
period occurs between 200 and 300 grams in the male.k This is between
50 and 80 days of age and just before the skeletal muscle of the rat
was found to reach chemical maturity at 90 days (Hines and Knowlton,
'1939). They also stated that the approach of maturity is associated
with a decreased concentration of chloride and water in skeletal
muscle and serum.

Many workers have shown that the ratio of the concentration of

some ions, e.g. Na, K and Cl in the cell to their concentration in

BN
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the extracellular fluid changes in the process of embryonic develop=-

ment and as the organism approaches old age.

2. Normal heart growth

Studies on composition of human hearts at various stages of
development before and after birth show that the proﬁortion of water
falls with development and the concentration of nitrogenous constituents.
rises (Widdowson and McCance 1960).‘ The changes are smaller in cardiac
muscle than in skeletal muscle.

At birth the heart muscle is believed to have its full quota

of muscle fibres and subsequent growth is brough about by '"hypertrophy"

of existing fibres.
. t

In 1954 Beznak published an important document~showing linear
regression of heart weight on fody weight in rats. 1In normal rats in
the 120 to 240 g body weight group, the expected heart weight in mg
can be calculated from the equation 1.88 X + 232 where X.represenés .
body weight in grams. Later the equation 2.14 X + 295 was published
for Wistar strain rats available in this country (1967). These equa=

tions were obtained-by the method of least squares,

3. Criteria for determining true hypertrophy

In evaluating changes which occur before or during cardiac .
hypertrophy, it is important to determine as closely as possible the
amount of time which elapses between the application of the stimulus

to produce hypertrophy and the response of cardiac enlargement'as
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distinguished from normal growth. It has been found that the time
and degree of hypertrophy vary in different experimental models.
The cardiac hypertrophy considered in this section was produced by
aortic constriction in rats.

Although other criteria are cited in the literature (e.g.
the ratio of dry heart weight:dry body weight), the three main cri=
teria for determining the degree of hypertrophy are as follows:~

a) Ratio of heart weight:body weighf or heart weight:100 g

bodvaeight - Although this is the criterion most often used, even
in recent studies, two factors immediately skew the results. First,
this ratio is not constant even in normal animals, it varies with
the size of the animal. Fig. 4 A below shéws that when the heart
weight:body weight ratio of fifty-seven normal rats, grouped accord~

ing to size, is plotted, the ratio drops as body weight increases.

Figure 4A

Ratio of heart weight to body weight in normal rats
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Therefore, this ratio in experimental groups can only be compared
accurately with controls of the same size groups. Secondly, there
is aﬁ immediate fall in body weight following aortic comnstriction
(see Table III). The heart weight drops also, in most cases, as
one would ekpect. In 1954, Beznak showed that 1i;ear regression
exists between heart weight and body weight even in starvation.
However, in tﬁe ensuing weeks, following the initial body ﬁeight
loss after aortic constriction, great variation occurs in the rate
of body weight recovery and obviously no correlation exists between
the degree of hypertrophy and body weight recovery since some rats,
with the greatest degree of increase in absolute ca:diac mass, ree
main in the smallest group according to body weight.

b) Observed heart weight vs. expeéted heart weight, calculated

on basis of terminal body weight = From the rat's final body weight,
the expected heart weight can be calculated from equations in section
2 and the percentage deviation in the observeé heart weight of the
experimental animal calculated. This method is very reliable, with
great saving in the number of normal controls which would be necessary
so long as one is using the .exact strain of rat on which the equa-
tion was devised,

c) Direct comparison with normal controls of the same age. . -

.

Because some of the cardiac enlargement obserxved after narrowing could

reasonably be credited to normal growth and since this variable is

being considered in all other parameters dealt with in this investi-

gation, therefore it is considered here as well.. As can be seen in

RN
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Unoperated Controls

TABLE III
Effect of aortic constriction on heart and body weights

Experimental Group
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‘Table I1I, the rats on which aortic constriction has been performed
never do catch up to the unoperated controls in body weight, in fact
the gap seems to widen. However, this drop in we;ght'appears to be
due to undergoing the operation in the first place. Morkin et al
(1968) showed that after 5 days the body weight loss of sham-operated
rats was slightly greater than that following aortic constriction.

Possibly sham-operated normal rats should be used for this comparison.

4, Degree of hypertrophy

| It became apparent as the experiments progressed that the
absolute amount of cardiac enlargement foilowing aortic constriction
varied in different groups of ratﬁ. In general it appegred'that the
size of the rat when the constriction was applied was a factor’since
the degree of hypertrophy was so much greater in rats in which the
aorta was narrowed at 150 - 200 g thag in those narrowed when 250 g
in weight. Beznak (1954) also noted greater hypertrophies in raté
narrowed when smaller.

It was also found that some of the measured parameters
varied with the degree of hypertrophy. Therefore, the experimental -
groups have been classified as Series A or Series B in terms of this-
factor;

Seéies A will henceforth denote all groups in which a high
percentage increase in cardiac mass occurred.

- Series B will denote those groups in which only mild to

moderate increases in cardiac mass occurred.
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5. Location of hypertrophy

During moderate hypertrophy most of the increase in cardiac
mass occurs in the‘left ventricle and interventricular septum that is
continuous with the left ventricle. Beznak (1944) recorded these
changes and showed that the atria increased also but contributed
little to the total mass. In hearts hypértrophied above 66% level,
Linzbach has shown that the right ventricle begins to.hypertrophy also.

Method -~ Throughout the experiments, heart weights and body
weights of the control. rats and experimental group were recorded. 1In

some cases, the individual heart structures were dissected and weights

\

recorded.

The data are collected and analysed to show:

a) heart and body weight changes, in over 100 rats (Series A
and Series B combined)  following aortic comstriction at intervals of
12 hours to 8 weeks.

b) Expected heart weight calculated on the final body weight,

¢) Body and heart weights for normal unoperated controls at

the same intervals are collected.

d) bhanges in size of the atria, left ventricle, right ven-
tricle and septum of a Series A group is recorded.

e) Changes in size of atria, right ventricle, left ventricle
and septum of a Series B group are presented and compared with changes

in unoperated controls at same interval.
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Observations and Conclusions = Actual changes in the heart

and body weights of over 100 rats following aortic comstriction are
shown in Table III. Expected heart weight calculated on the final
body weight is shown in the centre column and body weight, heart weight
and ratio of H.W./B.W. are given for unoperated controls on left-hand
side of Table III. Thus, the onset of hypertrophy can be judged by the
three methods described above:-

Method 1. The ratio of heart weight per 100 g body weight is
shown -in Table III for unoperated controls and experiméntal group.
Changes after aortic constriction areéﬂso shown in Fig. 4B. It can be
‘seen that the ratio drops by the first 12 hqurs folléwing constriction
- but then rises rapidly compared with normals so that by fhe end of 2
days, it is significantly higher (P <.05) than unoperated controls.

Method 2. When the actual heart weights of the experimental
group are compared to the calculated heart weight (based on final body
weight), the cardiac mass is shown to increase significantly (P < ,05)
by 2 days after aortic constriction also. ’

Method 3. When the experimental group are compafed with un-
operated controls, the heart weight is not significantly larger until
the 4th day following constriction.

The difference; in Method 2 and Method 3 are plotted graphi-
cally in Figure 5 which shows that the difference between hypertrophied
hearts and unoperate? controls 'is usually smaller than between the

hypertrophied hearts and the heart weights calculated on final body

weight.

-
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Degree of hypertrophy

Table IV shows the changes in weight of heart structures in
Serieg A=4, a small group of rats with cardiac enlargement up to 70%
over the control group. A larger.group with smaller degree of hyper~
trophy Series B-4, also shown in Table IV. If Method 2 were used to
judge the dégree of hypertrophy this group woula be about 30% hyper=
trophied. Over normal growing controls, the degree of enlargement is
only about 15%.

It is apparent that in Series B-l the entire change in car=- -
diac mass is due to changes in the 1eft:veptric1e whereas in Series
A=4 changes in the right ventricle and at;ium are apparent at omne
week after constriction when the increase in left ventricie and sep=-

tum has éxceeded 70%. ‘
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CHAPTER IV

Fluid Shifts in Normal and Hypertropied Hearts

1. The extracellular fluid volume in heart and skeletal muscle

Introduction

In 1859 Claude Bernard in Liquides de l'organisme (Paris:
Bailliere) defined interstitial fluid as‘a special liquid in each
tissue, which does not circulate. He included it in the classifi-
cation "Anatomical ﬁ#tracellular Fluids" along with a) the circula=-
ting fluids (blood and lymph),Ab)_cerebrospinal fluid and other sta-
tionary fluids and c¢) secretions. Ne#fly a century elapsed before
Bernard's extracellular fluid (ECF). compartments were rearranged
slightly on the basis of ion'distribution, Manery (1954) defined
the physiological extracellular water as, 'Water of tﬁe plasma and
of fluids Ento which ions and small molecules diffuse freely from the
plasma i.e. liquids which resemble a plasma ultfafiltrate".

Investigation of ECF volume was closely tied in with elec~
trolyte research and both were studied in skeletal muscle sooner,
and to a greater extent, than in heart muscle. vHistological measure=
ments of interstitial spaces were reported by Hermann in 1888. ELec;
trolyte content of tissues was of great interest around the turm of
the century and by 1908 Urano associated sodium chloride with con=-
nective tissue and interstial fluids in a concentration similar to
that in plasma. During this first decade many investigations were
made concerning the mechanism which prgvented the diffusion of sodium

chloride from the tissue spaces into\the fibres and of potassium
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phosphate from the fibres into the spaces. The importance of tissue
spaces was well established by 1912 when Meigs estimated the volume
of interstitial fluid in both striated and smooth muscle to be be=-

tween 15 and 25%.

An important era in extracellular space measurement began in

. 1934 when Fenn reported that all the chloride in frog muscle diffused

freely into the surrounding medium. Thus all the chloride was assumed
to remain extracellular and from the total chloride content of the
muscle and the serum, its '"chloride space' could be calculated. TFirst
the assumption was made that the concentration of chloride in the
interstial fluid is that of an ultrafiltrate of the plasma. concentra-
tion, so two factors had to be taken into account:=

a) Water content of the plasma - Because of the presence of the
plasma proteins (7.5 g/100 ml in human plasma) the water content of
the plasma must be calculated as follows:=-

[HZ‘S_)p = 984 - (7.18 x protein conc. in g/100 ml plasma)
This equation was published by Eisenman et al (1936) as tested for
protein concentrations from 3 to §é/100 ml plasma.

b) Gibbs-Donnan equilibrium - Because the plasma proteins con=-
tribute to the total anions in the plésma and are separated from the’
interstitial fluid by'a semipermeable membrane (the capillary wall),
hence the permeable ions distribute so that the product of diffusible
anions and cations on each sidevof the membrane is equal, causing an

excess of diffusible cations in the plasma and an excess of diffusible
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anions in the interstitial fluid (Gibbs-Donnan equilibrium). The
ratio of an ion's concentration in the serum fo that in the plasma is
called its Donnan factor. In the case of cations, the plasma water
correction tends to cancel the Donnan factor but for anioms, the
Donnan and.plasma water correction act in the same direction. The
theoretical Domnan factors for different ions were calculated by Van
Slyke et al in 1923 and experimental results were in good agreement,
expecially for univalent ions, but since pH, ratio of albumen to
globplin in different species, CO2 tension, etc. were all influencing
factors, Manery (1954), from in vitro ;£qdies, suggested that the
factor r equals 0.95 shpuld be used for all neéative ions.

‘Thus the "chloride space" could be calculated as follows:

[c). = [cd, x 1000
r X({Hp p

where BHJP is the chloride concentration of the.plasma meq/1
[H20]p equals the ml water per litre of plasma
r = the Donnan factor.
Alsé it became apparent that this extracellular space was not.

a homogeneous compartment but contained connective tissue proteins
which form a network of thin, collagenous fibres which anchor the
capillaries in place. Solids of the blood and lymph. capillary walls
and nerve fibres are also part of this extracellular phase. Manery
(1954) showed that the connective tissue of muscle, like tendon, con=
tains much collagen. She also showed.that the water of the comnective

tissue cells contributes to the extracellular f}uids.' By measuring
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the amount of collagen nitrogen in the tissue, correctioh.cquld be
made for the comnective tissue present.

Autoradiographs made with S3504 (D.K. Hill 1965) show that
space between the muscle fibres is distributed in an irregular way;
its volume is made up éf pockets and occasional wide channels as
well as very narrow intexr spaces approximately 0.1 u in width.

Corrections were also introduced to give a blood-free, fat-
free, as well as connective tissue-free "chloride space'"., An ela-
borate present-day study of this naturé.is that of Moulder et al
(1966).

At the same time, other ioms, presuﬁed ;o be located extra-
cellularly, were used to determine.extraceilular "space" e.g. sodium.
However, in 1940, Yannet and Darrow warﬁed that the prediction of
intracellulaf fluid concentration from consideration of extracellular
sodium or potassium concentration may be deceptive. They had found
sodium in excess of the chloride space in dog muscle (Harrison et al
1936) and had reported data which strongly suggested that in some
tissues a considerable fraction of the chloride was not extracellular.

Thus the concept of a cell membrane impermeable to extra-
cellular electrolytes gave way to a new'theory of slight permeabilityt
of the muscle membrane to chloride ions (Boyle and Conway 1941).
Their "sieve'" or "pore'" theory included the following:=-

i) _ that diffusible ions distributed across the.cell membrane

according to the Gibbs=Donnan laws.
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ii) that electroneutrality existed on both sides of the cell

membrane.

iii) that solutions on either side ‘of the cell membrane are isog=
motic.

Now that electrolytes found in the extracellular fluid could
‘no longer be considered to remain extracellular, other small electro~
lytes were tried and new "ion spaces! méasured, e.g. thiocyanate,
thiosulphate, iodide, bromide, etc. A}so small non-electrolytes were
used, such as mannitel, sucrose, raffinose and inulin. The main cri-
teria for any substance used as.an extracellular volume indicator were
as follows:~= a) that it cross the capillary membranes with ease, but'
be excluded by the cell membrane, b) that it must not be metabolized
or become adsorbed on any extracellular site. It is not surprising,
therefore, that no ideal molecule or ion has been discovered for the
purpose. It has become more practical to speak of the "substance
space' bécause of lack of well-defined boundaries, the rapid rate of
water exchange across cell walls and lack of knowledge about cell
permeability to each specific substance.

Properties of the molecules or ions themselves, their size,
hydration, solubility, cﬁarge, etc. have been shown to affect their
distribution in the eitraceilular fluid and hence their calculated
"space". In 1965, Barr found that the volume of "space' occupied by
each molecule or ion varies inversely with its molecular size (or

hydrated radius in the.case of jons). Thus urea equilibrated with the
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entire volume of tissue water while érabinose_and mannitol equilibrate
with a@out 70% of tissue water; sucrose,raffinose and inulin with
smaller proportions and radioiodinated serum album albumin (RISA) with
“the sméllest proportion.
Num;rous comparative measurements of extracellular‘fluid
.volume based on the distribution of a variety of substances were re-
ported. For example, in 1956 Robertson and Peyser compared sucrose
space with that of chloride and sodium in myocardium. The Conway-
Boylg hypothesis was applied to calculations of chloride and sodium
"gpaces', and the intracellular chloride was assumed to be equal to
the extracellular potassium. Even then the sucrose space was con=
sistently smaller than the other nspaces"., However they concluded . .
that, "Any method for determining extraéellular volumes which takes
cbgnizance of intracellular chloride or sodium would give better re=-
sults than chloride or sodium sp;ce".

With the advent of radioactive isotopes for use in biological
tracer studies came more sensitive methods for measuring volumes of
distribution, ‘No longer mneed such large gantities of test substances
be used as to disturb the balance between compartments osmotically.
Radioactive tracers brought a new approach to the problem of how far’
sodium or chloride could be assumed to be extracellular and the volumes
of distribution of these ions could be compared with the best estimate
of the volume of extracellular fluid made with substances foreign to

~ the body. For example, in 1954 ,Cotlove compared inulin and sucrose
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spaces with chloride space in rat skeletal muscle. The chloride space
was qund to be 114 ml/kg wet weight. Cotlove showed that the inulin |
and sucrose rapidly equilibrated with 80% of this value but over a
'period'of several hours, their distribution approached that of chloride
space. Walger et al (1954) did simultaneous determinations of chloride
.and sulphate space on muscle of nephrectomized dogs. They found that
the sulphate rapidly equilibrated with about 75% of the chloride space
and unlike inulin and sucrose did not appear to penetrate further un=-
less very slowly over long distribution intervals.

A new type of study emerged with the use of radio isotopes,-
the kinetics of isotope distribution from the blood into and out of
individual tissues. It was established that each tissue exchanges
water with the plasma at an independent énd characteristic rate, that
there are "fast" aﬁd "slow! compartments and that, in general, the
rates of exchange are fastef for visceral tissues than for bone and
muscle.,

By plotting the concentration in the plasma against time, the
existence of more or less distinct fluid compartments could be deter=-
miped. A single homogeneous phase should yield a simple experimental
function. If a more complex curve was obtained, it could be analysed'
to yield a se;ies of exponeﬁtial functions with different time constants

characterizing compartments or masses which equilibrate with the plasma

at different rates.
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For example, Johnson (1955) published'"The kinetics Qf relea§e_
of sodium=24, sulphate-=35 and carbon-l4 sucrose from frog sartorius
muscle. After equilibrating muscles with -
each of thesg isotopes, the rate at which
each isotope diffuses from the tissue was
,measu:ed (a washout study) and plotted, as

at right. The change in slope of the curve

s33s0,

indicates that the substance is diffusing

from a "fast" and a "slow" combartment in , . .
' 20 40 60

the tissue. The diffusion coefficients (as minutes

.per cent of diffusion values iﬁ free solution f;r the three isotopes
were 67% for sodium-24, 63% for carbon-14 sucrose and 93% for sulphate=-
35 showing that, of the three, radioactive sulphate has the 1éast ten=-
dency to enter the cell or to become metabolized.

In 1962, Page used the "osmotic gradient' method, an intra=-
cellular microelectrode technique for determining whether an uncharged
water-soluble molecule enters the cell or remains extracellular. By
substituting sulphate for the permeable chloride in the medium and ob-
serving potassium concentration in the cell (Ki), cell volume changes
and changes in.voltage across the membrane, he showed that arabinose,'
with a hydratgd radius Bf 3.5 X entered the cell wﬂereas mannitol
(hydrated radius 4.0 )3 ) remained extracellular. inulin (diameter
around 30 X)was shown to equilibrate with 24% of the total water with=-

in 1 hour and then to slowly increase its volume. Both 0136 and Br82
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were found to have higher cell céhcéntrations than could be accounted for
from passive distribution alone. S35-sulphate was found to remain impermeant
for 5 hours, in cat papillary muscle. Maltose and sﬁcrose spaces became very’
large after long periods of distribution indicating that they may penetrate the
cell slowly e.g. by solution in the membrane, active transport, chemical or
metabolic processes, etc.

Danielson (1964) measured extracellular fluid volumes in different
areas of frog heart and found that the C14-sucrose spaces in the éinus'venosus,
atrium and ventricles did indeed continue to increase even after 40 hours
whereas a mean value of 148 ml/kg was obtained in skeletal muscle with ﬁo
change in value after a steady state was reached. Thus a substance which is
satisfactory for measuring extracellular fluid volume in one type of muscle
may be unsatisfactory in another type of muscle.

Danielson also showed that a substance may equilibrate differently in
different regions of the heart. ¢l4 mannitol reached a steady state in the
sinus venosus and skeletal muscle in 5 and 15 hours resmectively, whereas in

14{activity continued to rise over a very long period.

atrium and ventricle the C
Thus the choice éf substance used to measure extracellular fluid volume is very
important; many factors must be taken into account. There are many reasons
for considering S3s-su1phate as the best choice for use in heart muscle. - These
reasons can be summarized as follows: -

(a) s3-sulphate has been shown to equilibrate rapidly, within 4 minutes
in rat ventricle (Page and Page 1968).

(b) Mammalian heart muscle cells were found to be impermeable to sul=-

phate ions (Page 1962) possibly because the negatively charged heart cell mem=
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brane may repel divalent anioﬁs such as sulphate (Teorell 1953).

(c) The sulphate space in toad muscle is found to be greater than
" that of mannitol, sucrose or inulin, none of which are considered to pene;
trate the connective tissue (Selkurt 1963); but sulphate space is shown to
be less than that of sodium or chloride, both of which have been shown to
enter the intracellular phase.

(d) Since the ;mount of SBs-sulphate necessary is negligibie in
weight, the serum concentration is not altered; hence the osmotic pressure
of the ECF is unaffected.

(e) S35-sulphate has a convenient half-life of 87.1 days.

Like every other material used for measuring ECFlvolume, it has a
few disadvantages. It is rapidly excreted by the kidney, however this fac=
tor should not affect the serum to tissue ratio as iong as it diffuses
freely from the tissue and is not bound or metabolized to ény extent.

. Hitherto it has been considered to remain impefmeant for 5 hours
(Page 1962). Page and Page(1968) now show it to penetrate a "slow' compart-
ment during the 4 to 70 minutes of distribution time. Since}this study
was performed."in vitro" and the volumes found are very large compared to
those of other investigators (Table XVIL) it is possible that permeability
factors change in tissues isolated in artificialmedia, thus affecting measured
ion "spaces", Barclay §1959) observed that the sodium content increased
and the potassium content décreased,in isolated, perfused rat heart.

Johnson (1955) showed the coeffecient of diffusioen of Sss-sulphate
from heart muscle to be 93%. It is possible that the remaining 7% becomes

(p-5b)
part of the chondroitin sulphate B’{contained in tendon such as is present
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in heart valves. Sulphate is not used in the biosynthesis of proteins as
the S~-containing amino acid, méghionine, is essential to the diet.

" Eventually some sulphate may be incorporated into S=containing prd-
teins in the intestine and reabsorbed'(Dziewatkowski 1954) but if the distri=-
bution time is kept short the amount of protein synthesis which could occur
in the heart would be relatively small. Furthermore, sulphate ions have
usually formed ethereal conjugates with indole, phenol and -17.ketosteroids
by the time they enter the intestine.

~ Concerning the uptake 6f S35-sulphate in rat heart "in vitro", Page
and Pége (1968) show that 36 = 41% of the total muscle water has equilibra-
ted within 4 minutes after the start of perfusiorn with S3504. A second frace
tion of water equilibrates slowly in the interval between 4 and 70 minutes.
This slowiy equilibrating fraction accounts for 20% of the total water. For
the next 20 minutes i.e. 70 to 90 minutes after start of infusion, the sul-
phate space remains constant and thus about 40% of the total water content
of the muscle fails to equilibrate with sulphate ioms. The conclusion is -
thus drawn that there are three distinct water compartments'in mammalian
left ventricie.

There have been shown to be extracellular structures which might
account for the '"slow" compartment of sulphate distribuﬁion. Electron
.microscope studies by Simpsoﬁ and Oertelis (1962) revealed invaginations
of the sarcolemma of sheep ventricular muscle, indicating that interstitial
spaces are continuous with an extensive tubular system which appears to run
‘transversely into the cell interior at the longitudinal level of the Z-bands

but are blocked from the cell itself by the thick-walled membrane. Thus
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the "third" compartment might be located between the cell and the nfasth

extracellular compartment.

Since Page and Page (1968) have also shown that this '"slow" comparte

ment contains little chloride and sodium and is slowly permeable to sulphate

and sucrose, ‘they suggest that it is an extracellular compartment but that
its ionic composition is that of a cellular subcompartment. However, the
possibility that it is a cellular compartment such as the intra-mitochon-
drial water, the water within the tubﬁles of the sarcoplasmic reticulum, or
the water content of a cell type different from the myocardial cells, is
not eliminated. It has even been suggested that the cardiac mitochondria
may be divided into subcompartments (O'Brien and Brierly 1965).

Thus the previously held concepts regarding the extracellular and
intracellular fluids are changing and the -questions now ;sked are,- "What
is the relationship of the comp;rtments'to one another? What is their
ionic composition and permeability to ions? What form their boundaries?

And finally, what is.their physiological significance?
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Methods
1. Ccl%inulin space in heart and skeletal muscle

Normal rats weighing approximately 200 g. were anaesthetized with '
0.2 ml of 2% nembutal solution per 100 g body weight, injected intraperito-
neally. A lateral incision was made on each side of the back and the ren;1
pedicles tied off with thread, taking care not to include the blood supply
to the adrenal glands, cl4.inulin solution containing 5 microcuries per
0.1 ml was injected into the jugular vein in amount to give 5 microcuries
per 100 g body weight. The radioisotope was allowed to. distribute for Ome
and one-half hours. At the end of the distribution period, the rats were
anaesthetized with ether, and samples of blood, atrium, right and left ventri--
cles and skeletal muscle from the thigh region were collected and prepared
for analysis of their radioactive content, as described in Chapter II.
2. 835-sulphate space in heart and skeletal muscle

From the assayed supply of carrier-free §35~sulphate, a standard
solution was prepared in saline containing 10 microcuries per 0.1.ml. The
dose was determined, as outlined below, to give a constant specific dose of
5 microcuries per 100 g body weight. The rats were anaesthetized with 2%
nembutal (0.2 ml per 100 g injected intraperitoneally). The dose, as deter-

mined below, injected into jugular vein and the labelled solute was . allowed

to distribute for 1 hour unless otherwise stated. At the end of this period,
the rats were anaesthetized with ether. Blood samples and tissue samples of
atrium,.left ventricle, right ventricle and skeletal muscle from the thigh

region were collected and prepared for radioactive analysis as described

under General Methods, Chapter II.
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The above procedure to éetermine sulphate space in heart and skele=-
tal muscle was carried out on the following groups of rats,-

(a) A group of 25 normal rats weighing around 200 g in which the
labelled tracer was allowed to distribute for different lengths of time,
from 20 minutes to 24 houis. The results were used to determine the distri=-
bution time for the groups which followed.

(b) Three groups of rats, between 50 and 60 rats in each group, on
which aortic constriction had been performed. The first two groups avera-
ged 180 + 10 g and the last group were all around 250 g when narrowed.
The‘sﬁlphate space was determined at intervals of 1 hour, 3'hours, 7 hours,
12 hours and 24 hours after narrowing; then at périods of 3 days, 1 week,

2, 3, 4, 6 and 8 weeks post-opefatively.

(c) Normal controls - A.few of the groups included unoperated normals
of the same original size which we?e used as controls. In addition, another
group of 40 normal rats was included to cover all sizes of rat from 150
to 450 grams.

Inulin space was determined in heart and skeletal muscle of 15 rats

as described in section 1 above.

Dose determination fox 835-su1ﬁhate experiments (Figure 6)

Because of the radioactive deéay factor, a constant dose of 5 micro-
curies per 100 g body weight for various éizes of rats on different days
involved 1ené£hy calculations until a method was discovered whereby the
dose could be ascertained fmmediately from a graph plotted on semilog
paper. Since decay rate follows an exponential curve, the days elapsing

after the assay date were plotted on the linear side and the dose, in ml
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on the log side. This is shown in figure 6. Since the required dose
doubles in 87 days, dose determination lines are easily placed for the main

body weights, e.g. 200 g, 250 g. etc. For each day, starting from the assay
date, the dose for intermediate weights can be interpolated.

Calculations '

After samples were counted in the Liquid Scintillation Counter, the
corrections were applied for background, radioactive decay, quenching, etc.
as described in Chapter II. The extracellular fluid volume based 6n the
sulphate space was then calculated as followse

" (1) The plasma protein concentration of rat blood is 3.5 g/100 ml

plasma (Rauen 1956). Therefore the correction for solute volume in the

plasma becomes,= [qup : 984 - (7.18 x 3.5) = 959 ml water/litre plasma.
[33503,, x 1000

o [l ¢ Ll
T x [Ha0f,

where [%BSO;IE equals the 835-sulphate’concentration in the extracellular

water in counts per minute per litre;
{5350;]p equals the 835-sulphate concentration found in the plasma
in counts per minute per litre;
and r equals the Donnan factor, which is 0.95 for sulphate (Manery 1954).
(3) The sulphate space is thus [5350;,,1 x 1000

35
0,

Where[%sso;lm equals the counts per minute S3504 per 100 g wet tissue (after

corrections in Chapter II)
an6[$3504 Eis the 83504 concentration in the extracellular water calculated

abave.
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Observations

Distribution time for S3s-su1phate

Sulphate space was determined in atria, 1eft.ventricle, right ven;
tricle and skeletal muscle in normal rats after different distribution times
(20 minutes,.-l hour, 3 hours, 5 hours, 18 hours and 24 hours. Table V
lists the results for all distribution times up to 5 hours and the mean *
S:E.M. for all 31 rats. It is apparent from the table that SBs-sulphate
in the tissues equilibrated rapidly with the injected 83504. The values
reached in 20 minutes are not significantly different from the values after
5 hour$ although the sulphate was rapidly being excreted, as shown by the
drop in counts per.minute/ml serum and by measurihg the activity in 0.1 ml
of urine. Because the sulphate space calculations are based on the ratio
of c.p.m. tissue which is.showh,to remain constant for distributioﬁ times

c.p.m., serum
up to 5 hours, therefore there is no evidence that sulphate ions are being

adsorbed, metabolized or entering another fluid'compartment in these "in
vivo" experiments. In fact linear regression-of c.p.m. in the tissue on
c.p.m. in the serum was plotted (Figure 7) and was found to be linear in
all parts of the heart and in skeletal mnécle, but only up to 5 hours.

For distribution times of 18 and 24 hours the ratio of c.p.m. tissue

c.p.m, serum
was found to increase greatly indicating that the sulphate ions were

becoming bound or metabolized in some way or crossing a membrane into another
fluid compartment from which diffusion is slowed.
Because the mean values after 1 hour of distribution time were so

similar to the mean values for all distribution times, up to 5 hours, it

was decided to allow 1 hour for distribution time’ in all the experiments
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TABLE V

The 835-su1phate space in different regions of the heart
and in skeletal muscle after different periods of equilibration

Distribution No. Left Right Skeletal
period rats Atria ventricle ventricle muscle

20 - 30 mins & 342.0 . 199.8 210.6 - 90.0

1 hour 13 295.2 188.1 196.2 106.8

3 hours 10 310.5 . 192.6 190.8 83.7

5 hours 4 - 338.4 199.8 208.8 101.9

Mean * S.E.M. :
for total 31 307.8 + 7.9 189.9 * 4.1 196.2 *+ 6.3 101.4 + 3.9

FIGURE 7

Regression of c.p.m. in tissue on c.p.m.
in serum using S$3%-sulphate
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which followed.

Clé4-inulin and S3s-su1phate spaces compared

From Table VI it is apparent that cl4-inulin space is smaller than s35.

sulphate space in all regions of the heart in which they were determined and in

skeletal muscle., 1Inulin space remains close to 70% of sulphate space in all
tissues in which it was measured. Both sets of measurements compare well with
those of other workers. For example, Ledingham (1956) found inulin space in
rat skeletal muscle to be 75 ml/kg. Assuming sulphate space to be about 80%
of chloride space as stated by Walser et al (1954) the sulphate space measure=-
ments on cardiac muscle seemed quite reasonable for cardiac muscle but came
closer to 90% of chloride space measurements in skeletal muscle. Since inulin
'space was proven to increase its distribution with time and required extra
operative procedures (see General Methods) it was decided ta use S35-sulphate
only as extracellular fluid volume‘estimatornin experiments which follow.
Sulphate space changes in muscle during normél growth

The S3s-sulphate space measurements found in atria, right and left

ventricles and thigh muscle of 56 normal rats, grouped according to sizé, are
listed in Table VII. A gradual increase in sulphate space occurs in all parts
of tﬁe heart and in skeletal muscle as the rat grows from 150 to 300 g. The
relative amounts and changes in sulphate space in heart and skeletal muscle
as the rat grows from 150 to 450 g are shown in Figure 8. It can be seen
that atrium, with' the largest sulphate space shows the least amount of change
with growth (only 67%) whereas skeletal muscle with the smallest sulphate space
changes the most during normal growth (27%). Left ventricle increases by 17%

and right ventricle by 12%. Sulphate space reaches a maximum in all muscle
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TABLE VI

¢4 inulin space and 835-sulphate space in different regions of heart
muscle and in skeletal muscle of normal, male, Wistar strain rats
(Body weights 160 * 10 g)

Tissue cl4einulin S3s-su1phate Ratio Cl4-inulin
space No. space No. §33:§GT§EEEe
ml/kg wet wt. rats -~ ml/kg wet wt. rats

Atria 214.3% 9.5 15 308.3 £ 7.9 18 0.69

Right ventricle 139.2 + 6.1 15 - 196.2 £ 6.3 18 0.70

Left ventricle 141.7-* 5.2 15 189.9 * 4.1 18 0.72

Thigh muscle 71.5 £ 5.8 15 100.5 £ 4.0 18 0.71

TABLE VII
S35-sulphate space in different regions of the heart and in

skeletal muscle of normal, male, Wistar rats grouped according to size

Sss-sulphate space

ml/kg wet wt
Body weight No.

g rats Atrium Right Left ' Thigh
ventricle ventricle muscle

150-199 18 312.0 + 7.0 210.2

1+

3.7 199.0 £ 4.0 124.,2 £ 5.0

200=-249 16 316.9 £ 7.5 223.4* 6.9 207.7 £ 4.1 137.6 i' 8.7
250-299 7 330.4 1114.0‘ 235.8 + 10.4 233.8 * 14.2 157.8 + 13.4
300-349 6 319.0 £ 6.0 212.4 + 8.5 212.6 + 10.0 141.0 = 7.7
. 350=~399 3 289.2 +22.4 209.4 % 1.5 196.8 * 11.1 '118.8 + 8.1

400-450 6 295.6 £+ 6.7 200.1 £ 3.1 190.1 = 6.0 111.3 + >7.7
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FIGURE

§35_ SULPHATE SPACE [N RAT HEART AND SKELETAL

MUSCLE DURING NORMAL GROWTH
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"FIGURE S

EFFECT OF NORMAL GROWTH ON SULPHATE
SPACE OF RAT HEART AND SKELETAL MUSCLE
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TABLE VIII

S3s-su1phate space in different regions of the heart
and in skeletal muscle of rats, male, Wistar strain,
after aortic constriction

Interval Rats Sas-sulphate space in ml/kg wet wt.
after No. Bady wt. Atrium Right Left Thigh
coarctation g . ventricle ventricle muscle

Controls 7 185 + 6 305.0 £.7.4 211.4 % 3.5 192.1 * 4.1 ©126.7 * 6.6
1 hour 6 183 + 2 301.1 = 8.4 201.4 + 7.7 186.7 + 4.9 133.2 #10.3
*
3 hours 6 178 + 2 315.2 *11.0 233.6 *10.7 194.9 * 8.9 122.6 + 9.1
%* %*
7 hours 10 200 + 6 339,5 + 8.8 242.6 +10.1 . - 204.3 = 7.6 134.8 £ 5.9
: * *
12 hours. 11 181 + 3 346.3 + 5.8 . 2619 * 7.2 199.2 + 4.9 123.2 *14.4
* * % -
24 hours 10 172 + 4 351.0 *19.7 241.3 *17.0 215.5 + 8.6 114.4 + 7.1
* S % %* )
2 days 10 183 £ 3 344,.0 *15.1 262.6 *14.9 211.4 + 3.9 129.3 + 8.7
) * o
4 days 10 178 + 3 315.6 + 4.4 292.0 *15.2 209.4 + 9.9 132.7 £ 9.3 -
* k% *
1 week 6 189 + 4 335.2 +12.9 291.4 *16.2 223.9 + 8.9 123.1 + 6.7
Kk dek ! * ; -
10 days 13 184 + 2 342.2 +16.5 288.8 *13.4 227.6 * 5.9 122.5 + 6.0
. ek %* 35 .
2 weeks 3 197 + 8 342.,3 #10.2 287.6 * 2.0 231.6 + 9.8 137.7 £ 9.2
*
3 weeks 6 257 + 6 304.0 *15.7 255.3 *15.8 201.4 + 4.8 120.6 + 1.7
4 weeks 6 309 + 6 304.8 + 4.9 230.4 * 4.0 212.6 * 3.6 111.9 + 8.1
6 weeks 6 319 *16 313.4 +20.2 224.8 + 2.8 204.0 + 8.1 109.6 + 8.9
: %
8 weeks 5 370 #13 311.4 +17.5 244,1 +14.4 205.0 * 6.7 120.4 + 9.9
Controls 6 370 + 5 296.5 *+ 6.8 203.8 + 4.0 193.0 * 5.7 121.9 + 7.0
* P < 0.05
*¥% P < 0.001
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during the 250 to 299 g period when the rat is growing at the fastest rate
(Fig. 3). In the larger size groups the sulphate space declines. 1In Figure

9 it is appérent that sulphate space in the 400 to 450 g group is lower than

in the 150 to 199 g group.

Sulphate space in hypertrophied hearts

From Table VIII it can be seen that within 3 hours after comstriction
of the aorta there is a rise in sulphate space. This increase is significant
(P < 0.05) by the end of 3 hours in the right ventricle, by 7 hours in the
atria and by 24 hours in the left ventricle. This increase in interstitial
f£luid volume amounts to 16% in the atrium, 12.5% in the left ventricle and
17% in the right ventricle by the end of 24 hours. .The increase in sulphate

space becomes even more significant by the end of 4 days in the right ventricle

(P < 0.001) and at 2 weeks after constriction in the left ventricle (P < 0.00L1). -

Between 2 and 3 weeks after aortic constriction the sulphate space rapidly
decreases back to close to normal values in unoperated controls of the same
size.

No similar trend in sulphate space is observed in skelgtal muscle
during the same intervals, although great variation occurs in these values
which may be due in part to the sizes of the rats (Fig. 8)_or to inadvertent
analysis of‘different thigh muscles (see Discussion, Chap. VI). Following
preliminary tests, it was ;uggested that the Sas-sulphate dose be doubled to
10 microcuries pér 100 g body weight. This had no effect on sulphate space
measurements in heart muscle, but resulted in a significant increase in

sulphate space of thigh muscle (Table VI and Table ViI).
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2. The Total water content of normal and hypertrophied hearts

Method

”

(a) Water content of different regions of mormal hearts;samples of
atrium, left and right ventricles, interventricular septum and skeletal muscle
were examined for differences according to the method described on page :20.

(b) Water content of right and left ventricles only of 35 rats, during
normal growth were tested for water content

(c) Water content of different regions of hypertrophied hearts;=-
samples of atrium, right and left ventricles, interventricular septum and
skeletal muscle from Series A=4. (8 rats with extreme cardiac hypertrophy).
were examined 1 and 2 weeks after aortic constriction for water content.

(d) Water content of right and left ventricles of 57 hearts, series B-l,.
was determined at periods of 24 hours, 3 days, 1, 2 and 4 wéeks after aortic
constriction. -

Observations and discussion

From Table IX showing water content in different regions of normal
hearts and skeletal muscle, it is apparent the water content of all regions
of the heart is higher than that of skeleﬁal muscle. The atrium has the highest
water content. It is significantly higher <P1< 0.01) than the ventricles and
septum, between which no significant differences occur in normal hearts.  Other
investigators, e.g. Danielgon'(l964), ‘ have observed the
water content of the heart to be highest in the pacemaker region and.conduc-
ting tissues.

Water content of the heart during normal growth - Table X(A) gives the results

of total water determinations of left and right ventricles of 35 normal rats
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TABLE X a)

The water content of left and right ventricles of
35 normal rats grouped according to body weight

Body weight No. of " Left ventricle Right ventricle
g rats ml per kg wet wt. ml per kg wet wt.
1) 200 - 249 6 770.9 + 1,2 773.6 * 1.2
. * *
2) 250 - 299 12 773.0 £ 1.7 775.0 + 1.8
3) 300 - 349 5 767.3 * 3.9 1769.5 * 4.1
4) 350 - 399 5 758.2 * 3.2 764.8 * 1.5
5) 400 - 450 7 759.0 * 4.1 763.3 + 2.2
%* P < 0,05 .(significantly higher than groups 4) and 5)
TABLE X b)
The water content of left and right ventricles of
57 rat hearts hypertrophied by aortic comstriction
Interval Rats
after Body wt. Left ventricle Right ventricle
coarctation No. g ml per kg wet wt. ml per kg wet wt.
24 hours 10 235+ 3 - 766,5 + 2.3 775.4 + 2.9
3 days 10 254 % 3 768.5 + 0.2 775.9 + 2.8
! *
1 week 10 234 %7 772.,5 + 1.9 786.5 + 2.7
2 weeks 10 278 *12 771.7 + 2.1 773.9 * 2.8
4 weeks 9 316 £9 768.9 + 1.8 776.6 + 2.2

* P < 0.05

-l
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grouped according to size. A very definite increase followed by a decrease is
observed in both ventricles during normal growth of the rat from 200 to 450 g.
The increaseé reaches a peak in both ventricles in the 250 to 299 g group of
rats. At this time the total water content of both ventricles is significantly
elevated (P < 0.05) above both groups with body weights over 350 g.

Water content of hypertrophied hearts - Tables IX and X b) show the total

water content of both ventricles of Series A-4 and Series Be~l rats following
aortic constriction. No significant changes in total water occur in the left
ventricle no matter what degree of hypertrophy occurs. Considering that during
the intervals listed the cardiac mass has increased up to 70% (Series A-4, Table
LV) the total water in the left ventricle has remained remarkably constant.
In the right ventricle very little change occurs compared with normals of the
same size except at 1 week following aortip’constr{ction when the total water
is elevated (P < 0.05) in Series B-l rats. In Series A-4, this increase remains
significant at 2 weeks after constriction also. Thus it appears that total
water of the right ventricle va?ies with the degree of hypertrophy but only
during the first 2 weeks after dortic constriction as the sulphate space
soon returns to normal whereas the hypertrophy continﬁes to iﬁcrease;

Discussion

Sulphate space and total water in normal hearts

In normal growing hgarts it has been shown that both total water and
sulphate space reach a maximum in rats weighing 250 to 299 grams., the period
of fastest growth rate in both heart and body of the rat. In both ventr;cles
the total water and sulphate space were found to be significantly greater than

total water and sulphate measurements in all rats over 350 g in weight.




73
However the increase in total water is much less than the increase in sulphate
space. The per cent of the total water in the‘sulphate space increases from
25 to 30 % (Table 18 ). Therefore a shift of fluid must occur between compaf£-
ments within the tissﬁe. Sulphate space must have expanded either at the
expense of another extracellular compartment or a compartmént within ;he(cell.
Possible locations for this compartment were discussed in the introduction to
this chapter.

Sulphate space and total water in hypertrophied hearts

Similarly, the large increases in sulphate space following aortic constrice
tion are not accompanied by similar increases in total water. In the left ven-
tricle where all the increase in cardiac mass 6ccurs in mild hypertrophy, the
total water remains amazingly comstant. Although the actual hypertrophy is not
measurable for 2 to 4 days following constriction,depending on the criterion
used, the sulphate space is significantly'elevated'by the end of 24 hours (P <.05)
and the increase is even more significant (P <.001), compared with controls,at
the end of 2 weeks. During this time the increase in per cent of total water
occupied by the sulphate space is only from 27.5 to 30%, similar to the per
cent of total water occupied by sulphate space in normal growing hearts;during
their fastest growing period.

The same pattern of changes occur in the atria and right ventricle.

The increases in sulphate space,significant by the end of 3 and 7 hours after
constriction in these areas of the'heart,may be partly the effect of the
increased work load on thin-walled structures. Hort(1951) observed that right

ventricle muscle fibres become thinner and the interstitial spaces wider (p.2).

The per cent of the total water in the sulphate space increases to 37% of the
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total water by the end of one week. A physical decrease in the cross-sectional

area of each muscle cell could account for the apparent decrease in intracellu-

lar water.

3. Intracellular water volume

When total water has been determined and extracellular fluid volume
measured, it is very simple to calculate the intracellular fluid volume, by
difference. Obviously the validity of this datum will depend entirely on the
validity of the estimator used to measure the extracellular fluid volume. The
proper value will be obtained only if its distribution is limited to the extra=-

cellular spaces, no more, no less.

v

Intracellular water volumes in ml/kg‘wet wt. are included in Table
XVIII for normal and hypertrpphied left ventricle and in Table xix for normal
and hypertrophied right ventricle. .

It can be seen that because the total water changes so 1itt1e, the
intracellular fluid volume is lowest when the sulphate space is highest,

i.e. at 250 = 300 g in normals and at 2 weeks after aortic constriction.




CHAPTER V

Electrolyte Content of Normal and Hypertfophied Hearts

Introduction - Theories regarding ion accumulation in the cell.

Once upon a timéi a tiny, organized cell drifted in a great pre-
cambrian sea. 1Its cell wall enclosed its intracellular fluid which reflec-
;ed the high potassium and phosphate composition of a still more ancient
primordial sea, before even cell membranes existed. All fluid outside of
the cell wall was "extra" cellular. Multi-celled, complex bodies evolved
and left the sea, each cell bathed in a fluid medium resembling the pre-
cambrian sea.

To this day the cell has retained its high concentration of potas=
sium despite the fact that the predominating cation in the extracgllular
fluid is sodium. This ability of the living cell to accﬁmulate potassium
has caused redistribution of thé potassium in the earth's crust.. E. J.
Conway (1943) has shown that the concentration of potassium in the oceans
has dropped as the evolution of life progressed whereas the concentration
of sodium in the oceans continues to rise.

‘Less than a century has elapsed since it was first.recognized that
muscle ash is rich in potassium and poor in sodium, while blood contains
much sodium and little potassium. G. von Bunge (1873) was one of the first
to calculate salt concentrations on the basis of fresh weight. By the turm
of the century information regarding the electrolyte content of muscle from
many species had been collected.

Interest next centred on the mechanism which prevents the diffusion
of sodium chloride from the tissue spaces into the fibres and of potassium

phosphate from the fibres into the spaces.

% Between 1 and 1.5 billion years ago.
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Two schools of thought developed to explain this phenomenom. They
centred around the following two theories;-
a) The 6stwald-Bernstein "Membrane Theory" in which a semipermeable mem-
brane separates intra- and extracellular compartments and is permeable to
the smaller éations, hydrogen and the hydrated potassium ionm, but impermeable
to anions and to the larger hydrated sodium ion.
b) The "Phase" or "Sorption Theory" which assumes the cell to be an orga-
nized structure of molecules like a polyelectrolyte resin, the concentra=-
tion of various ions resulting from selective adsorption by the resin.

The concept of the cell as surrounded by a porous semipermeable mem=
brane was presented by Ostwald in 1890. Bérnstein (1902) extended the
theory by suggesting that the membrane potential was produced by the diffu-
sion of potassium ions through the pores.of this membrane. The theoretical
relationship between the magnitude of this diffusion potential and the potas=
sium concentrations inside and outside the cell, was formalized in an equa=-

tion derived by Nernst (1908),-

E= RT. log . ;;ll

E (Ko
where R is the Gas constant, [K] is the concentration of potassium
F n, " Faraday comnstant inside the cell,
T w 1 absolute temperature

[K] is the concentration of potassium
outside the cell,
and E is the potential across the membrane in millivolts (1n51de negative
with.respect to outside).

Taking the Donnan relationship for resting muscle into consideration=-
[, x [cdo =[xl; =[etl;

the equation becomes E = 61. 5&7£ﬁ]1 : 61.5 log [Cl o at 37°C.
[c% .
1
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The applicability of this equation was tested and confirmed by
Boyle and Conway in 1941. They increased the product of [F]O X [9%]0‘
by addition of KCl to Ringer's fluid bathing frog sartorius muscle (at 20°C).
This caused KC1 to diffuse into the muscle fibres to restore the equili=-

brium. The new values of [KJi and [pi]i were confirmed by chemical analy=~
sis.

Boyle and Conway concluded,- "Potassium in muscle(and it would seem
generally in cells) may be considered as held by the electrostatic attrac-
tion of the indiffusible ions. An osmotic balance occurs also and.the cell
maintains a definite equilibrium volume. The indiffusible anions which
hold the electrical balance with potassium are mostly esters of organic
acids and phosphoric acid. Inorganic phosphate ions diffuse into the cell and are
then changed to indiffusible phosphate complex anions. An equivalent amount
of potassium enters with the phosphate and is held when the latter become
indiffusible." Negatively charged amino acids were also believed to cross
the membrane where they became indiffusible negatively charged protein.

With this view, potassium would automatically accumulate with the
natural growth of the cell; no special mechanism being required apart from
the membrane and its characteristic permeability.

In 1946 Graham and Gerard introduced the microelectrode technique
whereby the membrane potential between the cell interior and the external
bathing solution could be measured directly. The technique was improved
by Ling and Gerard three years later (1949) and agreement between measured
and calculated potentials improved, For example, Hoffman and Suckling (1952)

found a resting membrane potential of 85 mv in dog and cat ventricle, for
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which the calculated value is 84 mv.

The introduction of isotopes into biology instigated a reconsidera-
tion of older theories about ion accumulation based on assumptions of iméer-
meability. It was discovered thattrue impermeability of the membrane is
rare and réinterpretation of older findings became necessary. To explain

the movement of ions against their electrochemical gradient, the concept of

“active transport of ions became important. In 1941, Dean suggested that

muscles keep their sodium concentration down by means of the outwardly
directed "sodium pump'. The distribution of potassium and sodium could be
accounted for by the active transport of only one of them, the other then
being in electrochemical equilibrium across the‘membrane.

Meanwhile arguments raged regarding the role of membrane transport
systems vs. fixed cytoplasmic charged sites to account for the familiar
distribution of ions in the ECF and ICF. Criticism of the membrane theory
included the following,=-

a) Innumerable different kinds of specific ion pumps would be required

for regulating the passage and distribution of,not only individual electro=~
lytes and organic ions, but also non~-electrolytes as well.

b)According to the Boyle-Conway Theory, hydrogen ions, like potassium iomns
should be distributed between the cell and its medium in the same propor-
tions but this has not been fully proven.

c) Some anioﬁs, such as certain proteins, organic phosphate compounds, etc.
alleged by the Conway=-Boyle theory and sodium pump hypothesis to 'not pene=
trate" the cell membrane, had in fact been shown to easily pass tﬁrough.‘

d) Finally, the "Membrane Theory" group were accused of assigning to the
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membrane properties of the protoplasm itself.

The Sorptional (or Phase) Theory starts with the proposition that
the disbersion medium of the protoplasm (water) is in a special state and
behaves like a non-agueous phase. The solubility of different substances
is thus significantly different from their solubility in the water of the
surrounding medium. Protoplasm is believed to have a coacervate structure.
‘Coacervates are liquid drops, rich in colloids and containing from 50 to
85% water. They are immiscible with the surrounding medium. Much research
has been done to prove that protoplasm and coacervates exhibit the same
physiéochemical properties. (Troshin 1966) Living cells, with their high
content of protein macromolecules, water,‘nuclefc acids, lipids, etc. are
believed to be a system of multiple coacervates.

The difference in adsorption of different substances (i.e. their
permeability) by the cells from the medium is basically due to their dif=-
fering capacity to be bound by the protoplasm.colloids. Thus a substance
entering the cell may be distributed as follows;~ a) in firmly bound state
(unionised) b) less firmly bound with the cell colloids, by adsorptiomal
forces (ionised) or c¢) dissolved in the mobile cation and anion fraction.
Thus there can be a high concentration of a substance in the adsorbed or
bound state and yet the substance can still enter the cell along its cone-
centration gradient, if there is a lower concentration in the dissolved
fraction.

The dependence of the concentration of a substance in the cell (CC)

on its concentration in the medium can be expressed by the formula

Cc= CK {1 + _Aco
. CsK+a
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where K is a constant showing how many times the solubility of the sub=-
in one phase (the cell) differs from its solubility in the other phase
(the medium), | ’

A, and a are constants characterizing the limit and the steepness of
rise of the isotherm of adsorption or chemical binding. It follgws from this
formula that the greater Cg (concentration in the medium), Ay, and K, the
"greater the value of C_; and the smaller the comstant a, the smaller will be
the concentration in the medium at which binding by the céll will reach its
limit.

For non-electrolytes the rate of enzymatic reactions is another fac-
tor which can lower its concentration in the cell in comparisom with its
concentration in the medium. Although the solubility of non-electrolytes
in the protoplasm is 2-3 times less than in the aqueous surroundings, mono=-
and dissaccharides as well as urea, creatinine and other non=electrolytes
do enter most cells. The capacity of the cell colloids for chemical bind=
ing or adsorption differs for non-electrolytes.‘ Some are beleived to be .
adsorbed on the micelle proteins where they function to protect the proteins
against coagulation.

Both membrane and sorptional theory adherents had difficulty explain=
ing the selective accumulation of potassium in the cell.

According to the phase theory a large proportion of the potassium
in the cell is in the "boﬁnd state" and potassium ions have greater affinity
for the macromolecules of the protoplasm than sodium. To explain the dif=
ference in "affinity" it was thought by many investigators that tﬁe more

hydrated the ion, the more weakly it adsorbed .  In view of this, the




‘ 81
weakly hydrated potassium ions will compete successfully with the sodium
jons which have a powerful hydrate shell. Ling (1952) suggested the hypo-
thesis.of fixed charges. The irreversible binding of K+, as an explana;
tion of preferential K retention by the cell, cannot be seriously consi-
dered since it fails to account for these.rapid changes in permeability.
Realizing this, Ling ﬁas extended his original fixed charge theory to
‘account for the reversibility of spécific Kt binding."In his new hypothe=-
sis, the "fixed charge-induction hypothesis" account Wéé taken of all the
known physical forces (Coulomb, van der Waal's etc) that determine the inter-
action of ions and water molecules, in calculating theAenergy of adsorption
of various cations.

The most recent revision of the Sorption Theory was suggested by
Liberman (1961). It is the PhaseéMembrane Hypothesis. The differences
between this theory and thé previous phase theories are that a comsiderable
amount of potassium and sodium are believed to be in the free (ionised)
state and also the surface layer of the protoplasm is assumed to have a
high resistance.

An important factor in the maintenance of potassium concentration
in the cell, from the point of view of both the membrane and fixed-charge
theories, is the stability of the anionic macromolecules in the cells. In
mammalian tissﬁe the maintenance of cell potassium seems to be dependent
upon respirafion. Mullins and Noda(1963) have shown phosphate loss from
frog muscle to be accompanied by a loss of cell potassium, In mammalian
muscle where the dependence on respiration is greater, the loss of phos=

phate from the cell could cause greater loss of potassium.
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In conclusion it would appear that Troshin's comment on membrane
theories applies to all theories to date;- "Each is capable of explaining
one group of facts but cannot correctly explain the totality of facts
relating to the phenomena." However, the weight of evidence at present
favours the view that the physical properties of the cell membrane, and

in particular the pore size, determine that it is the potassium ion and

‘not the sodium ion which enters the cell to balance the internal nega=-

tive charge.
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Methods

Samples of left ventricle, right ventricle, atrium, septum,
skelefal muscle and blood were collected and treated according to the
methods described in Chapter II under Chemical Analyses. Aliquots of
the preparéd samples were then used to measure the sodium and potassium
content by flame photometxry and to measure phosphate content by the

'Eastoe~method, described on p. 28.

The following groups of rats were analysed as described above:

a) Sodium and potassium conﬁent of left ventricle, right ventricle,
septﬁm, atrium and skeletal muscle of 8 normal rats.

b) Sodium and potassium content of left And right ventricles of 22 normal
rats‘grouped according to body weight.

c) Serum sodium and potassium of 29 normal rats.

d) Sodium and potassium content of left and right ventricles of a group
of 57 rats at intervals of 1 day, 3 days, 1 week, 2 weeks and 4 weeks
after aortic constriction. Another 15 rats were used as controls and
samples taken at the same intervals for coﬁparison with experimental groups.
e) Total phosphate was determined in different regions of normal hearts
and in skeletal muscle of approximately 25 normal rats.

f) Total phosphate was determined in different regions of hypertrophied
hearts from Series A, with a high degree of hypertrophy.

g) Total phésphate was determined in left and right ventricles of 57 rats

from Series B, with mild to moderate degree of hypertrophy.

Observations

Sodium and potassium content of normal hearts; comparing the different
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regions of the heart with skeletal muscle (Table XI)it can be seen that
the sodium content of all parts of the heart is much higher than the so=-
dium.content of skeletal muscle whereas the potassium content is much
higher in skeletal muscle. This finding is well documented (see Tables
XVI and kVII for sodium and potassium values found by other investigators
in cardiac and skeletal muscle). Within the heart the sodium content of
the atrium > right ventricle > septum > left ventricle. On the other hand
the atrium has the lowest potassium content of heart structures and left
ventricle has the highest. Although there is no significant‘difference
befween potassium content_of'left and right ventricles, that of the left
ventricle was found to be higher in every individual case, except one, of
73 rats. Because low sodium and high potassium values are found in some
tissues whereas high sodium values are related to low potassium values,
the sodium and potassium content of muscle appears always to vary inversely.

Table XII gives the results of grouping all normals according to
size to determine if any changes in sodium and pdtassium content of the.
ventricles result from normal growth and aging. There is a definite
increase in sodium content of the left ventricle with aging; that of the
400 to 450 g group is significantly higher than that of the 200 to 250 g
group. No changes in sodium contenf of the right ventricle occur with
aging but the potassium content of the right ventricle drops significantly
in the 400'to 450 g group. No significant change occurs in left ventricle
potassium although potassium content of both vengricles is highest in the

250 to 300 g group.
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TABLE XI

Sodium and potassium content of heart structures,
skeletal muscle and serum of normal rats

No.of Sodium . Potassium
Preparation rats meq/l or kg meq/1l or kg
Serum 29 146.6 = 1.4 4.50 + 0.07
" Left ventricle 10 30.6 + 0.5 84.7 + 0.9
Septum n 34.6 £ 0.7 78.8 + 0.9
Right ventricle " 38.8 £ 1.2 82.5 1.4
Atria " 43.8 + 0.5 70.3 + 1.2
Thigh muscle 8 17.9 = 0.3 ‘ 121.4 + 0.5
' TABLE XII

Sodium and potassium content of left and right
ventricles of normal rats grouped according to size

Body weight Sodium : Potassium
g meq/kg wet weight meq/kg wet weight

No.of Left Right Left Right

rats ventricle ventricle ventricle ventricle
200 = 249 6 30.05 38.03 84,78 82.54
: + 0.45 + 0.93 + 0.98 + 2,61
250 - 299 6 31.96 38.36 © 85.73 . 84.58
+ 0.53 + 1.34 + 0.59 + 0,85
300 - 399 4 31.38 37.34 84.93 83.19
+ 0.34 + 0.69 + 0,51 + 0,55
400 - 450 6 33.25 % 38.10 84.95 * 80.30
+ 0.61 + 0.59 + 0,37 + 0,69

* P < 0.05
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Sodium and potassium content of hypertrophied hearts

Tables XIII and XIV show the relative sodium and potassium con=
tents of rat myocardium at intervals of 1 day, 3 days, 1 week, 2 weeks
~and 4 weeks after aortic constriction. It is apparent from Table KIII
that the sodium content of both ventricles iﬁcreases aftér‘aortic con=-
striction. Within the first 24 hours there is an 11% rise in left ven-
.tricle sodium which is significant at the 95% confidence level. By the
end of 1 week sodium content has increased very significantly (P < 0.601)
in both ventricles. Between 2 and 4 weeks the sodium content decreases
until it is not significantly greater than unoperated controls of the
same size (Table XII).

No significant changes occur in po;assium content of the left
ventricle after aortic constriction but .an immediate deérease occurs in
right ventricle potassium follbwing aortic constriction. This decrease in
'poﬁassium was even more significant in a small group of series A rats in
which the potassium dropped to 77.2 meq/kg wet wt. by the end of 2 weeks
after narrowing.

Figures 10 and 11 compare sodium content and sulphate space in
left and right ventricles before and during cardiac hypertrophy. Since

changes in sulphate space and sodium content were both significant at 24
hours after aortic constriction in the left ventricle, correlation between

the two was qhecked and found to be very high (r = 0.915). Correlation

between these factors was high in both ventricles in hypertrophied hearts,
but only in the right ventricle of normal hearts.

Total phosphate in normal hearts

Table XV shows the total phosphate content of heart structures and
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TABLE XIII

The sodium content of left and right ventricles of
57 rat hearts hypertrophied by aortic constriction

Interval Rats
after Body wt. Left ventricle Right. ventricle
coarctation No. g meq/kg wet wt. . meq/kg wet wt.
Controls 6 244 *4 30.50 + 0.46 38,13 *+ 1.39
24 hours 10 235 + 3 *33,51 + 0.62 40.48 + 1.19
3 days 10 253 + 3 *33,72 + 0.56 *41.75 + 0.86
1 week 14 239 + 8 *%34,98 + 0,53 **44,10 + 1,12
2 weeks 14 298 +10 **34,92 + 0.62 40,46 *+ 1.30
4 weeks 9 316 + 9 33.40 + 0.89 ' 38.08 + 1,68
% P < 0.05 ' '
*% P < 0.001
TABLE XIV

The potassium content of left and right ventricles
of 57 rat hearts hypertrophied by aortic constriction

Interval Rats

after Body wt. Left ventricle Right ventricle
coarctation - No. g meq/kg wet wt. meq/kg wet wt.
Controls 6 244 b4 84.65 + 0.74 82.01 + 0.54
24 hours 10 235+ 3 . 85.53 + 0.76 ** 78,23 + 1.03

3 days 10 253 + 3 84.36 + 0.92 **79.89 + 1.14

1 week 14 239 +8 84.69 * 1.20 **79.11 + 0.63

2 weeks 14 298 #10 85.34 % 0.73 *%80.92 + 0.87

4 weeks 9 316+9 83.04 £ 0.99 - '80.59 + 1.04

*P < 0.05

**P < 0.02 (significantly lower than normal of same size)
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TABLE XV (a)

Total phosphate content of heart structures and skeletal

- muscle

of normal rats and rats after. aortic
constriction

Tissue

Total phosphate in mg/l00 g wet wt

Unoperated 1 week 2 weeks
controls narrowed . narrowed

Series A-4 (8 rats)

Left ventricle 260.8 + 4.2 223.1 + 5.8 216.2 + 5.3

Septum 246.9 * 4.9 245.8 * 6.1 228.1 * 8.4

Right ventricle 241.3 * 3.8 214.4 *+ 6.6 209.8 + 6.4

Atrium 213.0 * 3.6 200.0 + 3.9 187.0 + 5.5

Thigh muscle 259.0 + 4.8 256.8+ 3.5 255.4 + 6.3
“TABLE XV (b)

The phosphate content of left and right ventricles
of 49 rat hearts hypertrophied by aortic comstriction

* Series B-~l

Interval Rats

after Body wt. Left ventricle Right ventricle
coarctation No. g mg/100 g wet wt mg /100 g wet wt.
Controls 6 244 * 4 263.3 £ 4.1 246.7 + 5.2
24 hours 10 235 +3 268.2 + 2.6 250.9 + 5.4

3 days 10 253+ 3 265.3 * 3.3 233.7 * 3.7

1 week 10 239 8 *249.9 * 3.5

2 weeks 10 298 *10 261.8 + 4.0

4 weeks 9 316 =8 260.3 * 3.1
Controls 4 320%5 265,1 + 1.2

P < 0.05
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skeletal muscle in normal controls. Phosphate of left ventricle > septum >
right ventricle > atrium in normal hearts, similar to potassium distri-
bution.

Total phosphate in hypertrophied hearts

Table XV-(a) shows the phosphate content of hypertrophied hearts
in Series A-4 rats, with severe hypertrophiés. It is apparent that there
* is a significant décrease in total phosphate in all parts of the heart by
the end of 1 week after aortic constriction. A further significant de=-
crease occurs by the end of 2 weeks in these greatly hypertrophied hearts,
but no decrease is noted in skeletal muscle from the same animals. Table
XV (b) gives the results of total phosphate determinations in a Series B
group of 49 rats with mild hypertrophies. Although there is a significant -
drop in left ventricle phosphate at 1 week after consériction, no other
changes occur in left ventriéle phosphate at any time after narrowing.
Thus the decrease in total phosphate in hypertrophied hearts appears to
be greater in hearts with a greater degree of hypertrophy as was found

with potassium decreases in the right ventricle.




CHAPTER VI

DISCUSSION

Cla-inulin space vs.ASBS-sulphate space

The differences in extracellular space fractions as estimated
by radioactive inulin and sulphate were so markedly different (Table VI)
that further discussion is warranted. In the Introduction to Chapter IV

many reasons were set forth for choosing 835

=sulphate to measure' extra=-
cellular space in cardiac muscle. These reasons were based on the work
of others. The folloving reason is based on observatipns include@ in
this study.

To compare the intracellular sodium con;entrations based on.the
extracellular space measured by each estimétor, one must first apply the
corrections for water content of the pla;ma and Donnan factor to plasma
sodium value (Na)p (Table XI), which was found to be 146.6 + 1.2 meq/1.

The sodium concentration of the extracellular fluid (Na)E becomes:

(Na)E equals (Na)_ x 0.95
P 0,959

=  146.6 x 0.95 S 145.1 meq/l
0.959
From this, the concentration of sodium in the cell water (Na)g,;; is

calculated according to the following formula:

<Na)Ce1i equals (1000 x [Na]g) - (ECV . (Na)E)
' [H0]m - EGV

wherxe [Né]m represents the total sodium content of the muscle,

ECV equals the measured extracellular fluid volume in mllkg wet wt.

(Na)E is the sodium concentration of the ECF as calculated above
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and [ﬁzé]m equals the total water content of the muscle in ml/kg wet wt.
The intracellular sodium, in milliequivalents can also be calculated és‘
the Aifference between the total sodium [Nq]m (meq/kg wet wt) and the
[ﬁq]E sodium éontained in the extracellular fluid in milliequivalents.
Thus the intracellular sodium amounts and concentrations:based

on the two '"'space" indicators used are as follows:

! ¢ inulin ‘ $33-sulphate
, RV LV ) . RV Lv
Space measured 139 141 _ 196 190
ml/kg wet wt .
Total sodium 37.3 © 3l.4 37.3 31.4
meq/kg wet wt v
[Na]E meq , 20.2 20.4 Nl 28.5 27.6
lha]i meq 17.1 - 11.0 . 8.8 3.8
(by difference) . '
Total water 773.6 770.9 773.6 770.9
ml/kg wet wt. '
Intracellular water | 634.6 629.9 555.6 559.9
ml (by difference)
(Na) meq/l cell | .27 17.5 15.8 : 7.0
Cell water
3

From these derived data for sodium distribution it is apparent
that intracellular sodium calculated by Cl4-inulin space is much higher
than that calculated féom 835-su1phate space., According to inulin
measurements, from 35 to 45% of the total sodium in the tissue would
be located inside the cell, It is generally accepted that the concenQ
tration of sodium in the intracellular water is quite similar to the

concentration of potassium in the extracellular fluid. Robertson and
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Dunihue (1954) give 6,5 meq/litre of cell water as the {ntracellular
concentration of sodium in cat heayt myscle, Experjments on the kinetics
of sodium diffusion out of muscle have shown that about 95% of the sodiua
in heart muscle is freely exchangeable within 10 - 20 minutes (Holland 1964).
This leaves only 5% of the total sodium to be bound, adsorbed or hindered
by the membrane of a cellular compartment. Heart muscle has been shown to

have a higher ECF sodium concentration and a lower ICF sodium concentration

than skeletal muscle. 1In fact, ICF sodium concentration in heart muscle is
believed to be similar to ECF potassium concentration (Holland 1964), Thus
data derived by using 835-sulphate to measure ECF volume are closer to accep~
ted values than those derived by using cl4-inulin to measure ECF volume,

Page and Solomon (1960) used inulin as the ECF volume indicator in
cat heart muscle. They came to the conclusion that intracellular concentra=
tions were too large in heart szcle when inulin was used, or else theories
regarding transmembrane potentials were incorrect.

In addition, if we examine the chances of sulphate ions crossing

the cell membrane in the light of the transmembrane hypothesis as applied

nFE
to anions;- from E = RT.log,. Ay , wWe obtain Ao = € RT

where A  is the concentration of the anion outside the membrane,

Aj is the concentration of the anion inside the membrane,
n equals the valence,
and € represents the base of the Napierian or natural logarithm.,

Then at 80 mv, the generally accepted potential across striated muscle meme

brane, the ratio of A, for monovalent ions is 24 but for divalent anions,
Ap 1

A, becomes 570. Therefore there is only a small chance that a divalent

Al 1

anion, such as sulphate will cross the charged membrane. -However, if

the membrane potential drops to 20 mv for any reason, then a different
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situation ensues. For monovalent anions A, becomes 2.2and for divalent
A, 1
i . "
anions the ratio becomes 4.8 so that theoretically, at least, there is

1
a much’greater chance for divalent anions to cross the cell membrane,

but only if the membrane potential is altered or the concentration of

the anion outside the membrane becomes very large. Because the trans=
membrane potential across heart cells has been shown to bz 88 mv when

measured by microelectrodes (Robertson and Duniﬁue 1954) there.is less
chance of divalents anions crossing into heart muscle cells than into

striated skeletal muscle cells in which the transmembrane potential is
around 80 mv,

Frater et al (1959) have shown that skeletal muscle is permea=
ble to sulphate in practice, but according to this group, sulphate on
penetrating muscle fibre is distributed in less water than sodium. Thus
according to the Sorption Theory, sulphate is not included in those
anions bound or adsérbed by the cell but may be in the "free™ phase.‘

D. K. Hill (1965) limits the space within striated muscle which
is accessible to sulphate to a small fraction. From autoradiographs

made with 335

04, he estimated that only from 2.5 to 11% at the most, of
the space within the muscle fibre was occupied by the SBs-sulphate.

In Tables 18 and 19 showing calculated data for intracellular
concentrations in hypergrophied hearts a few very small negative intra-

cellular sodiim concentrations appear. This can mean one of two things;=

a) sulphate space is overestimating the ECF volume very slightly, or

b) sodium measurements are slightly low.

Page and Pagé (1968) have specifically shown, by raising the
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concentration of sulphate in the medium that in rat ventricle muscle at
least, sulphate is not being adsorbed at saturable surfaée sites or incér-‘
porated io a significant deéree into cellular compartments. However a

few sulphate molecules may find their way into the endoplasmic reticulum,
a series of iﬁvaginations and tubes through the cytoplasm which open on
the cell surface. These channels could be penetrated.by many molecules
since their radii are of the order of 1,000 angstrom units.

Another possibility is that the sulphate ion forms CaSO, when it
enters the transverse tubular system because the T-system is known to be
the site of much calcium adsorption and CasQ, has a low dissociation: .
" constant. .

It was shown in Chapter IV that S3s-sulphate equilibrated rapidly
with about 26% of the total water and remained at this level for 5 hours.
Thus it is shown that "in vivo" sulphate space in rat ventricle is much
lower than sulphage space "in vitro". Page and Page (1968) using isola-

35-sulphate equilibrated with 39%

ted, perfused rat ventricle found that S
of the total water within 4 minutes and then increased to 60% of the total
water. At no time did tpe sulphate space exceed 37% in the present study.
It seems abundantly clear that ion ''space!" measurements "in vivo" and "in

vitro" differ, possibly due to changing permeability , lower transmembrane

potential, causing higher. Nat and hence higher '"space' measurements (Intro.)
Thus m&st evidence in the literature, plus our own findings, all

. point to the fact that SBs-sulbhate’is a very good estimator of ECF volume,

even if it overestimates by 1 or 2%. When one considers the altérnatives

e.g. Low estimates of Cla-inulin which would put nearly 40% of the sodium:
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and chloride intracellularly when a distribution period of 1 hour is
used. 1If longef distribution time is used, inulin continues to increase
and in addition a constant infusion technique is necessary or an opera=
tion to tie off the renal pedicles, All things considered, S3s-su1phate
appears to come as close to the ideal substance for measuring extracel=
lularvfluid volume as any substance suggeéted in the literature.

Normal values for water and electrolytes in rat heart and skeletal muscle

a) Skeletal muscle

Values coliected from the literature for normal rat skeletal
muscle are listed in Table XVI, At first glance.it appears that the only
value all are agreed on is that of total watef content of the tissue.
The work of Sréter and Woo (1963) clarifies this somewhat. They show
that enormous variation in total sodium, potassium and inulin space
occurs depending on which skeletal muscle is analysed. Their results
rangé from 16.5 meq/kg wet wt. up to 32.1 meq/kg. They equate low
sodium values with a high proportion of white muscie fibres and high
sodium values with the proportion of red muscle fibres. Sreter and Woo
also show that inulin space varies directly with sodium values. This
could explain the variation found in sulphate space measurements in thigh
muscle in Table VIII. Various thigh muscles were used, some with red
fibres and some without. Later, in the electrolyte recovery studies,
white muscle from the thigh §as used, which could explain the slightly
‘low sodium content of 17.8 meq/kg and high éotassium value of 121.7'meq/kg.
Compared with other species, rat skeletal muscle is low in sodium.. Human,

cat and dog all have higher sodium content and lower potassium content.
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b) Cardiac muscle

Values collected from the literature for water and electrolyte content -
of normal rat éardiac musc}e are listed in Table XVII. There is not really
much basis for comparison unless the region of the heart analysed is known
since there is a difference in electrolyte content even between the ven=
tricles, Whole heart values are presumed to have higher sodium and lower
potagsium values because they include the atria and right ventricle. Also
the size of the animal should be known to compare values, since sodium
content of the left ventricle has.been shown to increase in older rats. As
was the case with skeletal muscle, rat cardiac muscle is low in sodium com-
< pared to other species. Humah, ox, dog and rabbit cardiac muscle all con=-

tain more sodium and less potassium than rat cardiac muscle. (Widdowsoné& Dickerson
1964).

The effect of normal growth on water and electrolyte balance in cardiac and

skeletal muscle of the rat

By collecting all the data on water content, sulphate space, sodium
and potassium content for normal rat hearts throughout this investigation,
many interesting and unusual findings have come to light. The fact that
all of these factors, except sodium content of the left ventricle reach a
maximum in the 250 to 300 g group is of particular interest. It is also
shown in Tables XVIII and XIX that intracellular sodium reaches a low and
intracellular potassium reacheé a high at this stage of the rat's growth.
Since it was shown in Chapter III that 250 to 300‘g stage is synchronous
with the steepest part of the growth curve (Fig. 3) in Wistar strain rats .
therefore the increases noted in sulphate space, total water, intracellulaf

potassium concentration, and the decrease in intracellular sodium may all
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be factors pertaining to rapid or accelerated muscle fibre growth.
The fact that thigh muscle and left ventricle with the lowest sulphate |
space show the greatest increases (Figures 8 and 9) may also be signi-
ficant

It is'of particular interest that Kobayashi and Yonemura (1967).
have recently discovered a relationship between size of muscle(or rat)
and inulin space. They conclude that inulin space in rat skeletal
muscle (soleus and extensor digiforum 1ongus).is related to the reci-
procal of the weight of the muscle (and hence the size of the rat).
The regression equation of the space on the reciprocal is worked out
and assumed to apply to all weights of raté between 70 and 395 g.

Lowry et al‘(1942) concluded that water and chloride decrease
in rat skeletal muscle during growth and rise again in old age (approx.
568 days). However their extracellular measurements were based entire-
ly on chloride space (calculated) and according to the report, measure=
ments were only made at the ages of 71, 153, 449 and 668 days so
changes occurring during the most rapid growth periéd may have been
missed.

The increase in total sodium in cardiac muscle of older rats
is not surprising. A decrease in potassium content was also noted
by Lowry et al (1942).

Intracellular électrolyte concentrations

Now that we have established that our sulphate space measure-
ments cannot be more than slightly higher than the true extracellular

fluid volume and our electrolyte measurements compare favourably with
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those of other investigators, we are now in a position to calculate
intracellular concentrations of sodium and potassium,

Although it has been shown that mammalian heart muscle has
at least three fluid compartments, the third compartment is really a
subcompartment.of either the extracellular or intracellular phase and
as mentioned earlier there are many possible locations for subcompart-
‘ments. Basically there is still the ECF where sodium ion predominates
and the ICF where potassium ion predominates. Therefore we can still
assume that there are two main compartments.

- The method for calculating intracellular sodium was shown on
page 90. The calculations for intracellular potassium are similar;-

First the corrections for water content of the plasma and
Donnan factor are applied to the plasma potassium value (ij which was
found to be 4.50 meq/l (Table XI); The potassium concentration of the
extracellular fluid then becomes:

(K)E equals (K)p x 0.95 From this, the concentra-

tion of potassium in the cell water (K)Cell is calculated as follows:

(1000 x (K], ) - (Ecv . (K)E)

'[H,_o]m - ECV

(K)ce1l equals

where [KJm represents the total potassium of the muscle,

ECV equals the sulphate space in ml/kg wet tissue,

(K)E is the‘potgssium content of the ECF as calculated above,
and [Hzé]m is the total water content of the muscle in ml/kg.

Table XVIII shows the electrolyte distribution in left -
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ventricle of normal and hypertrophied hearts and Table XIX shows the
electrolyte distribution in right ventricle of normal and hypertrophied
hearts. At first glance it is apparent that intracellular potassium concen=-
tration remains very constant in spite of changes in intracellular fluid
. volume. The total cation (Nat + K*) concentration of the cell remains quite
constant also when values for normal and hypertrophied ventricle are compared.
The intracellular potassium values compare well with intracellul#r concentra=
tions foﬁnd for other mammalian heart muscle. For example, Page and Solomon
(1960) reported 155 + 5 meq potassium per litre of cell water in cat papillary
muscle.

The two cases ofivery small negative values (approx. =1.5 meq/l) were
discussed previously. They are close enough to O to be within the realm
of experimental error. They are included for their relative~va1ue only.
The importance of including this derived data (negative or positive) is
to compare the changes which occur, not the absolute values. Therefore
it is the relative changes in intracellular sodium concentration which
are iﬁportant, the fact that the lowest intracellular concentrations
occur during the 250 to 299 g group in the normal hearts in both ventri-
cles and at the interval of 2 weeks after aortic constrictién in the
hypertrophied hearts.

Hypertrophied hearts - water and electrolyte shifts

The most important changes occurring in water and electrolyte balance
following aortic constriction are the changes in sulphate space and in
sodium content. The per cent increases are shown graphically in Figure 10

for left ventricle and Figure 11 for right ventricle (page 88). The increases




105

in both sulphate space and sodium content were shown to be significant
(P < 0.05) within 24 hours after aortic constriction, whereas measurable
increases in cardiac mass were not significant until 2 to 4 days after
aortic constriction (Chapter 3). Thus there is the possibility that
increased extracellular fluid and increased sodium content'of the tissue
play some role in the mechanism which stimulates cardiac hypertrophy.

Because these two factors increased concurrentiy for the first
two weeks following aortic constriction and then decreased concurrentlyl
the following week, the data were tested for correlation. It was found
to be very high between sulphate space and sodium content of hypertrophied
hearts (r = 0.915). Since sodium is the main cation in the extracellular
fluid, this relationship is not unexpected, but which factor is dependent
on the other,or if both factors are dependent on a third fa;tor, is unknown.

If we assume that the in;rease in extracellular fluid volume is
the first change to occur then the question is, "Does the fluid which expands
the extracellular phase come from the plasma or from the cell?!, In other
words, does it cross the capillary membrane or the cell membrane? This
questidn is answered by the fact that the total water remains fairly con=-
stant in spite of the changes in extracellular fluid volume. Even in the
right ventricle where a significant rise in total water was observed, the
increase in sulphate space greatly exceeds the increase in total water.
Therefore, the fluid does nﬁt come from the plasma and edema in the usual
sense does not occur. The only logical explanation, based on present know-
ledge, is that the extracellular fluid expands at the expense of another

compartment. This may be a subcompartment of the ECF or the ICF, the
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possible locations were discussed earlier. The important feature is that
it appears to be a sodium-free fluid which swells the ECF, making it hypo-
tonic. Thus sodium fons would immediately begin to diffuse into the ECF
from the plasma in order to maintain its tonicity since it is an ultrafil-
trate of the plasma. 1In this way, the total sodium content of the tissue
would increase, as observed, while the total water remains constant.

What useful purpose would it serve a heart subjected to a chronic
work load to have its ECF volume suddenly increase? There are two remote
possibilities which should be mentioned. &) It has been shown in liver
growth and regeneration that dilution of the extracellular amino acids acts
as a stimulus to protein synthesis (Glinos 1958). and b) The increase in
interstitial spaces in all regions of the heart may simply be due to changes
in the physical dimensions of the fibres caused by stretchiﬁg. In the atrium
and right ventricle the increase in sulphate space is significant long before
the increase in sodium content. Hort (1951) has shown that the number of
layers of muscle and cross sectional area decreased when stretching occurred
in thin-walled structures of the heart. Assuming that water enters to fill
the void, this could explain the decrease in intracellular &olume and the
significant drop in intracellular constituents, potassium and phosphate,
when, at :the same time, the intracellular potassium concentration is calcu-
lated to be close to normal value for rats of the same size (Table XIX).

These changes in bhysical dimensions of the muscle fibres of the
atrium and right ventricle may result from the immediate drop in cardiac
output which has been shown to follow aortic constriction (Beznak 1954),

since a drop in cardiac output could cause increased venous pressure and
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hence increased atrial and right ventricular pressure. However, although
the cardiac output returns to normal within a day or two, the sulphate space
and sodium content continue to rise significantly. Therefore, no correla-
tion appears'to exist between cardiac output and increased sulphate space.
Nor is there correlation with other hemodynamic factors, such as hyperten-
sion. Blood pressure has been shown to increase markedly after aortic
constriction (Beznak 1954) and to continue increasing lorng after the sulphate
space has returned to normal range.

What seems more likely is the assumption that sodium enters the tissue
first. What reason brings it there? One possibility is its relation to
protein synthesis. Allfrey et al (1957) have shown that the transport of
amino acids into the nucleus is strongly sodium-dependent. Since the rate
of protein synthesis has been shown to increase in the firs£ stage after
aortic constriction (Meerson 1962); thus it is quite feasible that amino acids
are being transported into the cell soon after aortic constriction and
sodium ions with them, because of their dependence on sodium. As the amino
acids are utilized, the excess sodium ions would be actively transpofted
out of the cell, and water with them, since the principle process for the
shift of water out of the cell is believed to be the net transfer of ions,
passively or actively.

This theory could also explain the observed drop in potassium
and total phosphate which appear to vary with the degree of hypertrophy.
Allfrey et al (1957) have also shown that potassium has no effect on the
incorporation of labelled amino acids, in fact the rapid concentration of

amino acids causes loss of potassium at the same time that accumulation of
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of sodium 1is observed. Thus metabolic, as well as physical and hemodyna-
mic factors might explain the observed changes.

The decreases in potassium and total phosphate which vary with
the degree of hypertrophy may both be associated with excess energy require-
ments of the cell during hypertrophy, e.g. for protein synthesis, active
transport, etc., If the phosphate complex anions reach the metabolic stage
where they are being broken down faster than they are being replaced, then
potassium ions, normally held in the cell by the negatively charged macré-
molecules (Chap.V, Introduction), would leave the cell also.

Throughout the experiments the assumption has been made that
radloactive sulphate space represents the extracellular fluid volume both
in the normal as well as in the hypertrophied myocardium, Alterations in
cell permeability of tissues normally impermeable to sulphate would result
in apparently higher values but there is no evidence to indicate that such
changes occur. Thus it is more likely that all of the sodium remains extra-
cellularly located. Manery (1954) stated that since radioactive sodium-24
equilibrates with the whole sodium space in heart muscle within 8 minutes,
there is the possibility that "excess" sodium may occupy extracellular sites,
For instance, it may become associated with an anionic polyelectrolyte,
an osmotically inactive anion in connective tissue ground substance. If
we examine the structure of chondroitin sulphatgirst)see that each of its
50 repeating disaccharide units contains two anionic binding sites.

Mineralocorticoids, growth hormone and thyroxine, all of which
have been found instrumental in producing hypertrophy experimentélly (Chap.

I, Introduction), have .also been shown to have a direct effect on the
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synthesis of connective tissue, stimulating collagen fibre synthesis and
synthesis of ground substances such as chondroitin sulphate and hyaluronic.
acid. Thus an increase in connective tissue ground substance could be one
of the first changes to occur prior to cardiac hypertrophy. This could
cause retention.of sodium,bound to chondroitin sulphate and could also
cause retention of water in the protein-polysacpharidé gel between cells
and collagen fibres. The Gibbs-Donnan effect of this chénging protein-
polysaccharide system would greatly affect water and electrolyte content
of the extracellular phase,

Furthermore, it has been shown that deoxycorticosterone acetate (DOCA)
causes precisely the same changes in water and electrolyte balance that were
observed to follow aortic constriction in the present study. Gaudino and
Levitt (1949) showed that when 30 mg of DOCA.per day were aéministered to
dogs, the extracellular space expaﬁded and reached a peak in 9 to 10 days,
then returned to normal. At the same time, intracellular fluid volume
decreased and sodium and intracellular potassium were found to be elevated.

Thus; although very few studies exist with which one can compare the
observed changes in water and electrolyte values in hypertrophied hearts,
similar shifts have been observed in studies involving experimental hyperten-
sion and hormonal changes.

Ledingham (1956) noted that inulin space rose in the whole body as
well as in skeletal and carﬂiac muscle during experimental renal hypertension
produced in rats, He also noted a significant increase in the total sodium
content of the heart and decreased potassium and intracellular éodium concen=-

tration., He later (1964) observed that the level of circulating renin increased
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for approximately the same length of time that the extracellular fluid
ﬁolume was found to increase after renal constriction.

Another study showing shifts in water and electrolyte values is that
of Willard (1968). During hypertension induced by L-triiodothyronine and
salt he observed significant increases to occur in the water, sodium, potas-
sium and chloride content of the aorta, but small increases are shown for
the heart as well.

Thus the shift of water to the extracellular phase, the retention of
sodium and the decreases in total potassium and phosphate may be related
to one or several of the factors discussed. Hemodynamic factors do not
appear to play a part and physical factors may.play a questionable if
incidental role. However there seems little doubt that metabolic and

hormonal factors are very important.




CHAPTER VII

Summary and Conclusions

1. " 835-su1phate was used to measure the extracellular fluid volume
in rat heart and skeletal muscle. It proved to give a constant ratio

of counts per minute in tissue for up to 5 hours, unlike 'in vitro"
counts per minute in serum

reports of sulphate space in rat heart muscle.

2. Cardiac hypertrophy was produced in rats by aortic constriction.
Following aortic constriction, sulphate space increases were found to be
significant (P < 0.05) by the 3rd hour in the right ventricle, by the
7th hour in the atrium and by 24 hours in the left ventricle. The
increases in sulphate space became even more significant (P < 0.001)

at 1 and 2 weeks after aortic constriction and then decreased to within

5% of normal values by the end of the 3rd week.

3. A similar increase in sulphate space was shown to occur in

normal, growing rat heart and skeletal muscle at the period when the

growth curve of the rat is steepest. When normal rats with body weights
between 150 and 450 g were grouped according to size, it was found that

the sulphate space in atrium, right and left ventricles and skeletal

muscle increased to a maximum in the 250 to 300 g group in each case

and then dropped signifiéantly in the 350 to 400 g group and fmrther in the

400 to 450 g group.

4, An increase in sodium content of the left ventricle was also

found to be significant by the end of 24 hours after comstriction (¥<0.05).
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Correlation was found to be very high (r = 0.915) between the increases
in sulphate space and the sodium content of both ventricles.
5. Because the sulphate space expands while the total water remains
constant, ﬁhe ECF must increase at the expense of another fluid cémpart-
ment, possibly-a subcompartment of the cell, since it is deduced to be
a sodium-free fluid which swells the ECF.
6. In normal hearts, total water content.~potassium(intracellular)
and sodium (of the right ventricle only) all reached maximal values in
the 250 to 300 gram rats. The values reached during this period of
rapid growth were quite similar to those of hypertrophied hearts at two
weeks after aortic constriction. A relationship is thus és;ablished
between normal growth and hypertrophy, not previously reported.
7. The decreases in total phosphate and: potassium appear té be
related to the degree of hypertrophy. They may be associated with exceésive

energy demands of the cell, leading to breakdown of phosphate complex

anions and hence fewer negatively-charged macromolecules to balance the
cations, so potassium content of the cell decreases as well.

8. The observed shifts in water and electrolytes may be associated
with hormonal changes since similar shifts have been observed by others
when deoxycorticosterone was administered and also during experimental
renal hypertension when thg amount of circulating renin was elevated.
Deoxycorticosterone has aléo been shown to stimulate connective tissue
substances such as chondroitin sulphate which has many anionic binding

sites and may thus account for sodium retention.
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