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ABSTRACT

The development of cardiac hypertrophy in response to

chronic pressure overload is known to involve some

apparently detrimental changes. Among these is the observed

depletion of myocardial norepinephrine stores. While this

fact is widely known, the precise consequences of

norepinephrine depletion on heart function have not been

clearly delineated. Theoretically, transmitter depletion

could deprive the heart of much-needed inotropic support

from the myocardial adrenergic system. The loss of

norepinephrine's tonic effects on myocardial growth and

metabolism might also lead to impaired contractile function.

A model of pressure-overload cardiac hypertrophy was

created by sUbdiaphragmatic aortic constriction in rats. The

experiments described in this dissertation were designed to

test the ability of a sUbpressor norepinephrine infusion to

replenish myocardial norepinephrine stores in these hearts,

and to modify the heart's responses to various challenges at

the end of a seven day experimental period. Study 1

evaluated heart rate, dP/dt max and peak ventricular

pressure responses to electrical stimulation of the

myocardial adrenergic nerves, and to injections of tyramine

and norepinephrine. Study 2 examined hemodynamic responses



(including cardiac index and stroke work index)

volume loading and to aortic occlusion.

to rapid

v

Results of Study I showed that the exogenous

norepinephrine supplement does, indeed, replenish myocardial

norepinephrine content in chronically aortic constricted

rats, yet at the same time, causes depression in the heart's

chronotropic and inotropic responses to electrical

stimulation of the myocardial adrenergic nerves. Study 2

revealed evidence that hearts of rats with both aortic

constriction and norepinephrine treatment perform better in

terms of stroke work index than do those of aortic

constricted rats without norepinephrine treatment. Overall,

these results suggest that replenishment of norepinephrine

stores, by itself, is not sufficient to restore impaired

myocardial adrenergic nerve function; however,

norepinephrine's direct effects on myocardial cells may

improve the heart's work performance in response to preload

stress.
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Chapter I

INTRODUCTION

1.1 OVERVIEW

Cardiac hypertrophy represents a stress-related increase in

myocardial mass, which appears to offer at least short-term

compensation. While it most commonly occurs in response to

an increased hemodynamic load, it is not yet clear whether

myocardial wall tension, itself, causes the increased

protein synthesis. Hormones may play an important

intermediary role, and may even be the principal cause of

the hypertrophy.

The biochemical correlates of cardiac hypertrophy have

been intensively investigated for the past 15 years, in an

effort to establish the chain of events culminating in

increased protein synthesis; however, this picture remains

incomplete. Also unresolved is the question of the long

term adaptive value of cardiac hypertrophy. Many

investigators in this field subscribe to the theories which

Meerson (1969) advanced, which suggest that all forms of

cardiac hypertrophy ultimately progress to heart failure.

Others believe that when the stress is moderate and of

gradual onset, the heart's function need not deteriorate.



2

This is a crucial point, since present clinical treatment

aims primarily at stress reduction, and the potential for

stimulating balanced "physiological" growth of the heart has

been largely unexplored.

Norepinephrine is recognized as the predominant inotropic

agent in the heart under normal circumstances. It may also

have the capability of directly ini.tiating protein synthesis

in the heart. Both of these influences may be largely lost

as a result of the commonly observed depletion of myocardial

norepinephrine stores during the early stage of cardiac

hypertrophy. This raises extremely important questions

regarding the consequences of this loss.

The following sections of this introduction examine in

more detail the nature of cardiac hypertrophy, our present

understanding regarding its cause, resultant changes in the

heart's performance, and the role which norepinephrine might

play in determining the successfulness of this adaptation.

1.2 HYPERTROPHY - GENERAL

1.2.1 Definition of cardiac hypertrophy

It is widely accepted that the adult mammalian heart

increases in size during normal growth, by virtue of an

enlargement of existing myocytes, rather than by hyperplasia

of these cells. This constitutes myocardial hypertrophy in

a broad sense. Such enlargement is presumably necessary to
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meet the increasing blood flow requirements of a greater

body mass. Walter and Addis (1938) noted that the

relationship between heart mass and body mass in the rat was

approximately linear and remarkably constant, despite rapid

body weight changes induced by diet and fasting.

Significant departure from this normal relationship appeared

to occur only in conditions wherein the heart's workload is

specifically affected, such as during chronic thyroxine

administration. The increment thus produced represents a

response to functional demands exceeding those for a normal

rat of the same body mass. This enlargement constitutes

hypertrophy in the more specific sense, and is the sense in

which it will be used in this dissertation.

In either normal growth, or stress-related hypertrophy,

the inability of the adult heart to increase its mass

through replication of myocytes imposes profound constraints

on its adaptive capacity. Potential problems arise with

regard to diffusion distances, genetic regulation, and

mitochondrial energy production, in relation to the

increasing cellular mass. If these and other factors do not

undergo sufficient adjustment to support the increased

demands of the hypertrophied myocytes, the period of

compensation will be limited. Some investigators, most

notably Linzbach (1960), maintain that under extreme

conditions, hyperplasia of myocytes does occur. It is

generally agreed, though, that in most clinical situations
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involving heart enlargement, the principal process occurring

is that of hypertrophy, not hyperplasia.

The heart, of course, does not consist solely of

myocytes. Interstitial cells, while only comprising 25

percent of the total mass, account for approximately 75

percent of the total number of nuclei, and are capable of

mitotic division throughout adulthood, as well (Zak, 1974).

In certain cases, particularly those in which the heart has

been damaged, it is not uncommon to find a disproportionate

increase in interstitial cell mass (Grove et ale 1969, Lund

and Twietmeyer 1979, Spann et ale 1971). This could

represent the process of scar tissue formation, or perhaps

an adaptive increase in connective tissue production.

Generally, there is a tendency for structures such as

capillaries and adrenergic nerve terminals to be "diluted"

by the increasing heart mass, in that their own growth may

be stimulated to a much lesser extent (Badeer 1972, Spann et

al. 1965).

These structures are critical in maintaining the proper

nutrition and contractile performance of the heart, and

their dilution is likely to minimize the adaptive merit of

an increased contractile mass. In most cases of cardiac

hypertrophy, there are important qualitative changes, such

as these, which may have more to do with heart function than

the overall size of the heart. Thus, while hypertrophy is

defined on the basis of heart mass, it allows no inferences
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with regard to the heart's functional state. Heart function

is the standard by which the adequacy of compensation must

be measured. The process of hypertrophy is undoubtedly of

some compensatory value, yet clinically, most cases

culminate in premature heart failure. Understanding the

degree to which quantitative and qualitative alterations of

the myocardium contribute to the heart's compensation is

critical to the proper diagnosis and treatment of heart

disease in humans.

1.2.2 Types of Hypertrophy

Most experimental treatments which lead to cardiac

hypertrophy produce significant alterations in hemodynamics

(Cohen 1974 Beznak 1962, Beznak 1955b, Ferrario et al. 1979,

Pfeffer and Frohlich 1973). This does not necessarily mean

that the hemodynamic changes were directly responsible for

the hypertrophy; however, they provide at least a convenient

means of characterizing various models in terms of what they

share. If one accepts the notion that cardiac hypertrophy

is largely a compensatory response to increased loading

conditions, it is clear that there are two basic types of

load to which the heart may be subjected. Any treatment

which increases the extent of diastolic filling of the heart

will, via the Frank-Starling mechanism, increase tension

development during systole, and tend to increase the volume

of blood that is pumped. Restriction of outflow, on the
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other hand, also increases systolic tension development, yet

with some decrease in cardiac output. The former situation,

termed "increased preload", can be produced by anemia,

arteriovenous fistula, and valvular insufficiency. The

latter situation is one of increased afterload, and is seen

in aortic stenosis and systemic hypertension. Experimental

models of systemic hypertension include subdiaphragmatic

aortic constriction (Grimm et al. 1963), renal hypertension

induced by the Goldblatt procedure (Ferrario et al. 1979)

and the combination of salt loading and deoxycorticosterone

acetate (DOCA) administration (Cohen 1974). Most forms of

exercise involve elements of both increased preload, from

the increased venous return: and increased afterload, from

the moderate rise in systolic blood pressure that generally

occurs. In all of these situations, cardiac hypertrophy

will result if the load is sufficient.

Typically, cases of increased preload result in a heart

of increased chamber volume, yet relatively normal wall

thickness, whereas increased afterload usually leads to a

heart having normal ventricular volume, but considerably

greater wall thickness (Hun-Lin et al. 1977, Sasayama et al.

1976). Humoral agents, such as sympathomimetic drugs and

thyroxine may be capable of influencing myocardial protein

synthesis directly, without causing significant increases in

either preload or afterload (Laks et al. 1973, Axelrod et

al. 1974). Lastly, there is a genetic model of slowly
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developing hypertension and cardiac hypertrophy: the

spontaneously hyperytensive rat. In this model, increased

afterload has generally been assumed to be the causative

factor in the hypertrophy; however, some evidence to the

contrary has been emerging recently (Frohlich and Tarazi

1979).

1.2.3 Relation to workload

When the heart is forced to pump greater volumes of blood

and/or against a greater pressure, the contractile elements

must generate more force per unit cross sectional area.

This may be described as wall stress. As the number of

myofibrils increases, the force that each myofibril must

generate begins to return toward normal. A reasonable

hypothesis, then, is that either the wall stress itself, or

some factor(s) present under conditions of high wall stress,

initiates a biochemical signal for increased protein

synthesis. One then must ask whether such a signal is

likely to be more related to peak wall stress, or to some

mean level of wall stress averaged across time. Provided

that wall stress can be accurately measured, it should be

possible to compare one model of cardiac hypertrophy with

another as a test of whether in fact there is a general

relationship between myocardial wall stress and the degree

of myocardial hypertrophy.
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Adequate characterization of wall stress requires that

one know the stroke volume, heart rate, ventricular and

systemic blood pressures, and ventricular geometry during

systole. This last factor is very difficult to determine

without making some critical assumptions, however an

analysis of the other factors allows one to describe the

work of the heart. If end diastolic volume of the

afterload-hypertrophied heart does not differ significantly

from that of normal controls, as has been previously

reported (Hun-Lin et ale 1977), then any relationship

between wall stress and myocardial hypertrophy should be

reflected in that between heart work and hypertrophy, as

well.

In many models of hypertrophy, such as severe aortic

constriction, it is obvious that no matter how the heart's

load is characterized, that is as either wall stress or

work, it is dramatically increased over that of controls.

This, of course, supports the hypothesis just outlined.

There are, though, some very important situations in which

the heart's workload appears to be either unchanged, or even

decreased, while hypertrophy nevertheless develops. For

instance, Axelrod et. ale (1974) tested the

hypertrophy-inducing potential of both d and 1 thyroxine in

rats. Although the d isomer did not increase either minute

work or stroke work, a significant myocardial hypertrophy

still resulted. Furthermore, both d and 1 thyroxine were
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found to be equipotent in stimulating atrial protein

synthesis in vitro. The authors concluded that the growth

promoting effects of thyroxine seem largely direct and

independent of the significant increase in flow work

produced by administration of the 1 isomer in vivo.

Isoproterenol, which leads to a marked drop in blood

pressure, is nevertheless one of the more potent means of

stimulating cardiac hypertrophy (Lin, 1973). Despite its

inotropic effects, its administration probably does not

cause a significant increase in stroke work. Sen et. ale

(1977) have analyzed a number of situations in which various

drug treatments of spontaneously hypertensive rats either

reduced heart weight without also reducing blood pressure,

or reduced blood pressure without decreasing heart weight.

Early in the development of hypertension in the

spontaneously hypertensive rat the degree of left

ventricular hypertrophy may be out of proportion to the

elevation of arterial pressure (Frohlich and Tarazi, 1979).

In a review article, Badeer (1972) suggested that increased

stroke work may be much more predictive of cardiac

hypertrophy than increased minute work. To support this

contention, he cites the facts that 1) chronic bradycardia

produced by complete atrioventricular block in dogs causes a

moderate degree of ventricular hypertrophy, even though

neither cardiac output nor mean arterial pressure are

increased (Brockman, 1965); 2) atropinization of rats
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undergoing exercise training prevents or reduces cardiac

hypertrophy (Komadel et. ale 1964); and 3) acceleration of

the dog heart by artificial pacing of the right ventricle

for periods from 13 to 29 days failed to cause any change in

heart mass, as compared to controls (Coleman et. ale 1971).

These pieces of evidence suggest that heart rate reduction

might result in increased stroke work and cardiac

hypertrophy, despite a reduction in minute work.

There are several important points which should be made

in this discussion of the relation between loading

conditions of the heart, and subsequent changes in its mass.

One is that it is very unlikely that a single unifying

theory will emerge to predict the degree of hypertrophy in

all cases on the basis of hemodynamics alone. In those

cases in which hemodynamics appear to play the major role in

the etiology of myocardial hypertrophy, there appears to be

a good argument for focusing on stroke work, or stroke wall

stress, rather than minute work or minute wall stress,

respectively (Badeer 1972). Chronic, strenuous exercise,

which presumably involves increased stroke volume and normal

or elevated mean arterial pressure, often fails to produce a

significant increase in absolute heart weight (Malhotra et

ale 1981, cutilletta et ale 1979, Dowell et ale 1975b).

Lastly, increased myocardial wall tension may trigger the

release of myocardial catecholamines, or perhaps affect the

way in which circulating hormones interact with the

myocardial cells.
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1.2.4 Hormonal Influences

In cases where the heart's stroke work is clearly elevated

by mechanical factors such as aortic constriction, hormones

may still play a permissive role in the development of

cardiac hypertrophy. For instance, Beznak (1956) found that

the same degree of aortic constriction which normally led to

significant cardiac hypertrophy in rats, failed to do so in

rats that were previously hypophysectomized. In this case,

the hypophysectomy apparently also prevented the development

of hypertension. This suggests that the hypertension that

is normally seen in response to abdominal aortic

constriction is not simply due to mechanical obstruction.

Here, the absence of hypertrophy may be due to the lack of

an afterload and/or the absence of the direct

growth-promoting influence of certain hypophyseal hormones.

Whitehorn (1971) followed this with studies which

demonstrated that thyroxine, but not growth hormone, was

critical to normal growth of the heart in hypophysectomized

rats.

The experiments of Sen et al.(1977) suggested the

possible importance of the renin-angiotensin system as an

etiologic factor in the development and maintenance of

cardiac hypertrophy in the spontaneously hypertensive rat.

Minoxidil, an anti-hypertensive agent, controlled blood

pressure in these rats, yet led to increases in plasma renin

activity and heart weight. In contrast, methyldopa, which
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also controlled blood pressure, produced decreases in plasma

renin activity and in the degree of hypertrophy. Likewise,

propranolol treatment lowered both plasma renin activity and

the degree of hypertrophy compared to controls, even though

it did not affect the development of hypertension. These

initial findings led to the suggestion that the development

of cardiac hypertrophy may parallel alterations in the level

of plasma renin activity, irrespective of the prevailing

blood pressure. This parallelism, however, did not extend

to situations in which combinations of these treatments were

used. Additionally, a prior study by Tarazi et al. (1973)

reported the development of left ventricular hypertrophy in

patients with primary aldosteronism. In this condition,

plasma renin activity is low. A subsequent experiment by

Sen et al.(1979) revealed that certain angiotensin

antagonists actually led to increased degrees of cardiac

hypertrophy in spontaneously hypertensive rats. This argues

against the concept that the renin-angiotensin system is

necessarily involved in the development of cardiac

hypertrophy.

Frohlich and Tarazi (1979) discuss all of these

observations, and suggest that the renin-angiotensin system

is but one of two principal neurohumoral factors which

influence the development of left ventricular hypertrophy.

The other is that of adrenergic stimulation and

catecholamines. They further propose this as an alternative
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explanation of the previously mentioned effects of minoxidil

and methyldopa. Since methyldopa acts centrally to bring

about blood pressure reduction, it may also reduce

myocardial adrenergic drive. Peripherally-acting

antihypertensive agents such as minoxidil, on the other

hand, lead to reflex myocardial stimulation. By this

reasoning, the alteration in level of myocardial adrenergic

tone may be the more significant consequence of a particular

treatment, with regard to modifying the degree of

hypertrophy.

In an excellent review, Ostman-smith (1981) advances this

same argument in more detail. One of her key studies showed

that chemically sympathectomized rats failed to develop

cardiac hypertrophy in response to a strenuous swimming

program, whereas non-sympathectomized rats exercised in this

same manner manifested considerable increases in heart

weight (Ostman-Smith 1976). Sympathectomy was produced in

this experiment by chronic administration of high doses of

guanethidine.

Overbeck (1979) utilized this same method for producing

sympathectomy, then compared the responses of

sympathectomized rats and sham-sympathectomized controls to

aortic constriction. Although sympathectomized rats had

lower mean arterial pressure than controls, they

nevertheless developed very significant cardiac hypertrophy.
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The hypertrophy was somewhat less (50 percent versus 75

percent) than that of non-sympathectomized aortic

constricted rats. This result seems to conflict with

Ostman-Smith's argument that change in adrenergic nerve

activity is the common mediator of various forms of cardiac

hypertrophy. The nature of the hemodynamic stress in these

two experiments was, of course, very different. The

presence of intact myocardial adrenergic nerves may be more

important to the development of hypertrophy in an exercise

model, than in a model of severely increased afterload. The

lesser degree of hypertrophy in the sympathectomized aortic

constricted rats suggests that even in the afterload model,

myocardial adrenergic nerve activity may still have an

important influence on changes in heart mass.

1.2.5 Early Biochemical and Tissue Events

Before the overloaded heart begins the process of

compensatory hypertrophy some aspect of the initial

situation must lead to a series of biochemical events

CUlminating in the stimulation of protein synthesis. The

important property may be deficiency of oxygen or ATP, or

perhaps the breakdown products of cellular proteins which

have been damaged by the stress (Rabinowitz, 1974). New

protein synthesis can occur via activation of existing

ribosomal structures, and utilizing messenger RNA molecules

that are already present. Alternatively, it may require
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activation of the genome and the synthesis of additional

messenger RNA. If the latter is true, one would expect to

see elevated levels of RNA polymerase as one of the early

events, and that actinomycin, which blocks transcriptional

activity, would likewise block hypertrophy. This, in fact,

was the result obtained by Morkin (1968). In his

experiment, it was found that actinomycin inhibited the

cardiac hypertrophy which normally follows aortic

constriction in rats. Another finding was that the usual

increase in RNA synthesis was also inhibited. More

difficult to explain is the fact that in this same

experiment, sUbstituting puromycin for actinomycin likewise

inhibited the rise in RNA production. Puromycin is a

blocker of translation, not transcription, therefore this

suggests that some protein must be synthesized first, in

order to activate the genome. The finding of Nair et. al.

(1968) that the enzyme RNA polymerase is not detectable

until approximately 12 hours after aortic constriction,

would seem to rule out the possibility that this is the

protein involved here, since the usual rise in RNA appears

after only four hours (Fanburg and Posner, 1968). Also,

since no new protein synthesis is detectable during the

first four hours, this early protein must be a minority

species. One might begin to visualize a mechanism by which

the stimulus to hypertrophy somehow initiates the

translation of a key protein, which then functions to
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de-repress the synthesis (transcription) of the RNA

necessary for the hypertrophic response. The labeling of

ribosomal RNA shows an early rise (Koide and Rabinowitz,

1969), and this is soon manifested in an increased number of

ribosomes. There does not, though, seem to be an increase

in the amount of protein synthesis per ribosome (Posner and

Fanburg, 1968). At approximately 24 hours

post-constriction, there is a sharp rise in DNA synthesis,

which a number of investigators have shown is due to a

combination of a large increase in connective tissue nuclei

(Morkin and Ashford, 1968), as well as an increase in ploidy

of the myocardial fibers (Kompmann et. al., 1966). These

findings can be summarized, then, by stating that the

earliest detectable increase in nucleic acid is that of RNA,

approximately four hours after constriction of the aorta.

This may be preceded by synthesis of a key protein.

This knowledge still

how the initial stress is

fails to answer the question as to

transduced into these biochemical

events. Two possible means of transduction have been

suggested (Rabinowitz, 1974): energy depletion of the

overworked myocardium, and myocardial wall stretch itself.

Meerson (1971) reported cardiac ATP levels to be transiently

depressed immediately after constriction of the ascending

aorta in rats. Additionally, hypoxia has been found to

stimulate cell growth in tissue culture (Hollenberg, 1971),

and to enhance RNA synthesis in the perfused heart (Berry
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et. al. 1970). It has been commonly reported that soon

after the imposition of a severe overload, the heart's

mitochondria undergo remarkable ultrastructural changes.

Albin et. al. (1973) found evidence that during this period,

mitochondrial membranes are preferentially synthesized.

Cytochrome c, a marker for inner mitochondrial membrane

synthesis, increased in concentration significantly above

controls by 24 hours after aortic constriction. This

change occurs during a period in which the mitochondria have

been seen to undergo swelling and an increase in total mass.

Pelosi and Agliati (1968) sought to investigate this

phenomenon from both an ultrastructural and biochemical

standpoint. Their study showed that in rats forced to swim

for 8 hours, there was an increase in mitochondrial size, an

increase in myocardial ATP content, and no change in oxygen

uptake by the myocardium. It was then reasoned that if

hypoxia was indeed the factor responsible for these changes,

then they should also appear in rats sUbjected to severe

hypoxia for 8 hours. This portion of the experiment,

modifications seen in

produce any

mitochondria

however, failed to of the ultrastructural

of rats exhausted by

swimming. It is possible that there may have been a greater

increase in coronary flow stimulated by the hypoxia, as

opposed to the swimming, and that differential oxygenation

at the level of the myocytes may have occurred. If this is

true, then one would expect that animals exercised under
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hyperbaric conditions would experience improved tissue

oxygenation, as compared to rats exercised in a normoxic

environment, and that this would tend to reverse the

increase in mitochondrial area and their swelling. This did

not prove to be the case. Instead, the mitochondria were

found to undergo changes analagous to those produced by the

swimming itself. In all three situations, myocardial ATP

content was increased, and oxygen uptake was unchanged. It

appears, then, that the observed mitochondrial

ultrastructural changes and increased cytochrome c synthesis

in hypertrophied hearts do not necessarily mean that the

myocardium has been depleted of organic high energy

compounds. If these hearts are not energy depleted, then

some other factor must be invloved in the initiation of

cardiac hypertrophy.

With regard to the "wall stretch" theory, Rabinowitz

(1974) pointed out that in organ culture, passive stretch of

the uterus, diaphragm and skeletal muscle results in their

enlargement. He suggests that stretch may alter the

transport properties of myocyte membranes, and in this way

make more amino acid precursors available for incorporation

into new proteins.

Efforts to further unravel the mysteries of the

transduction of mechanical stress into biochemical activity

will undoubtedly continue for some time. There is no doubt,
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though, that unless the delivery of oxygen and nutrients and

the production of high energy phosphates keeps pace with the

increase in contractile elements during hypertrophy,

myocardial damage and/or decrease in functional capacity are

inevitable. An inherent problem mentioned earlier is that

of maintaining normal intercapillary diffusion distances

during the course of hypertrophy. The growth of new

capillaries, if it occurs at all, may not suffice to prevent

focal regions of anoxia, particularly under stressful

conditions. Henquell et. ale (1977) investigated this

question by examining intercapillary distances in

stop-motion photomicrographs of hypertrophied, normally

compensated, well oxygenated rat hearts beating in situ.

Estimates were made, in each case, of the intercapillary

distance under baseline conditions, and then again following

the induction of asphyxia. The former measurement was

termed "functional intercapillary distance", and the latter,

"minimum intercapillary distance". The difference between

these two measures presumably reflects the heart's capacity

to adapt to anoxic conditions by opening additional

capillaries, thereby minimizing diffusion distances. What

was found was that for the first few weeks of hypertrophic

growth, increasing utilization of this reserve enabled the

hypertrophying hearts to maintain nearly normal

intercapillary diffusion distances at rest. As the

hypertrophy progressed, there was an increasing disparity in
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functional intercapillary distances between the normal and

hypertrophied hearts. Interestingly, this does not seem to

be the case for exercise-induced cardiac hypertrophy, in

that capillary growth maintains, or even reduces minimum

diffusion distances (Tomanek, 1970). Lund and Tomanek

(1978) measured capillary density in both aortic constricted

and spontaneously hypertensive rats, and in both cases this

parameter was markedly reduced. All of these rats also

revealed an increase in the ratio of myofibrils to cell

volume, and a decreased ratio of mitochondria to myofibril

volume.

All of these findings suggest that in the models of

pathological cardiac hypertrophy, at least, perfusion may be

inadequate even at rest. The capacity of the myocytes for

energy production may also be insufficient to meet the

increased demands of a markedly increased contractile mass.

Once again, in exercise-induced cardiac hypertrophy there

appears to be an important difference in that mitochondrial

elements increase proportionately with the myofibrillar

elements (Oscai et. al. 1971).

Another important consequence of most forms of

reduction in

These stores are

terminals, and their

is thecardiac hypertrophy

norepinephrine stores.

in the adrenergic nerve

experimental

myocardial

localized

depletion may prove to have important consequences with
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respect to the heart's ability to maintain its function

under stressful conditions. Such depletion is not a

characteristic of exercise-induced cardiac hypertrophy. The

contrasts between exercise and other models of hypertrophy

are being made to emphasize the range of qualitative

differences that may exist, even though they may entail

similar increases in myocardial mass. The next section

describes a prominent theory of the process of compensatory

cardiac hypertrophy and heart failure, by one of the

pioneering investigators in this field. This theory has

achieved widespread recognition, but is not without its

critics (Laks 1977, Zelis 1981, Wikman-Coffelt et ale 1979).

Since it presumes to apply to all forms of cardiac

hypertrophy, it is useful to consider its elements

separately to see if they fit observations in widely

differing models.

1.2.6 Meerson's Theory

Meerson (1969) has evaluated a wide range of data from his

and others' experiments, regarding the time course of

changes through the development and progression of cardiac

hypertrophy. He has further organized it into three stages:

the stage of damage, the stage of relatively stable

hyperfunction, and the stage of progressing cardiosclerosis

and gradual exhaustion. The first stage presumably begins
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with an increase in the intensity of function of structures

(IFS), which he defines as being the ratio of the maximum

pressure developed by the ventricle to the weight of the

ventricle. This is accompanied by an increased oxygen

consumption per unit mass, and after a few hours, a marked

increase in the uptake of labeled precursor into DNA, RNA

and protein. Mitochondria and "intramural nerve ganglia"

manifest initial destructive changes, followed by an

increase in their size and apparent protein synthesis toward

the end of this first stage. An increase in mitochondrial

mass is detectable first, and myofibrillar mass increases

shortly thereafter. The ratio of mitochondrial to

myofibrillar mass increases to supranormal levels by the end

of this period. Some of the intramural nerve ganglia suffer

irreversible damage, but the ones that survive appear

larger. During the second stage, the process of hypertrophy

continues, but gradually tapers off, until the oxygen

consumption per unit mass returns to normal levels. Along

with this, the rate of incorporation of precursors gradually

falls to control levels, as does the level of protein

synthesis. Once these changes have stabilized, what remains

is a more massive ventricle, with greater amounts of its

tissue components, an increased total oxygen consumption,

and a relatively normal oxygen consumption per unit mass.

Meerson theorizes that at this stage, the initial intensity

of function of structures has returned to normal, and thus
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the stimulus for further hypertrophy is absent. While this

appears to be a reasonably stable situation, he suggests

that there are nevertheless certain disturbances of

metabolism, structure, and regulation of cardiac activity

that gradually develop, and lead to inevitable degenerative

changes. These disturbances are: a decrease in myocardial

norepinephrine concentration, an increase in the

concentrations of non-protein nitrogen and lactic acid,

moderate focal cardiosclerosis, and reduced contractility.

The third stage is marked by a decrease in nucleic acid and

protein synthesis, and thus a failure to adequately renew

myofibrils and mitochondria, a decreased ATPase activity of

the myofibrils, a decrease in mitochondrial mass and the

activity of mitochondrial enzymes, decreased myocardial

content of creatine phosphate and ATP, and a further

decrease in norepinephrine concentration, along with

sclerosis of the intramural ganglia. At this point, a

vicious cycle of damage leading to dilatation, which leads

to further damage, seems to occur and accelerate the changes

leading to eventual heart failure.

The mitochondria undoubtedly have a crucial role in all

three of Meerson's stages. As producers of high energy

phosphates, they are essential to both the contractile

activity of the myofibrils, as well as to new protein

synthesis. Because of this dual significance, it is

tempting to view the mitochondria as a "transducer" which
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senses the stimulus to hypertrophy, and converts it into an

appropriate signal to the genetic apparatus for increased

protein synthesis. Justification for this speculation lies

in the fact that the mitochondria appear to be severely

taxed by the initial increase in wall stress, and the

consequent increase in requirement for energy production.

This is evidenced by the initial swelling and circumscribed

disintegration (McCallister and Brown, 1965). At this

point, it is conceivable that the mitochondria may

synthesize (or perhaps release upon their disintegration) a

protein which, in turn, de-represses nuclear DNA, and thus

turns on the necessary protein synthesis. Barath and

Kuntzel (1972) have provided evidence of a close, reciprocal

relationship between nuclear and mitochondrial genetic

activities. Another reason to suspect a central role for

the mitochondria lies in the fact that after rising to a

peak value at about the 40th day after aortic constriction,

the mitochondria/myofibril volume ratio proceeds to decline

thereafter (Meessen, 1971). Why this occurs is not known,

but it is easy to see how this progressive change might lead

the process of degeneration.

Most of the biochemical and histological data upon which

Meerson based his theory was derived from models of

afterload-induced cardiac hypertrophy. Such models are

replication,

of the ease of

the hypertrophy

convenient to investigators because

and the speed with which
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develops. Human cardiac hypertrophy develops much more

slowly, even relative to the longer lifespan. Most clinical

cases also do not have such an abrupt onset. Thus, one has

reason to suspect that experimental models of severe

afterload-induced cardiac hypertrophy may be somewhat

inappropriate to the clinical situation. In a sense, the

slowly developing hypertension and hypertrophy of the

spontaneously hypertensive rat seems on the surface to be a

better model, yet the genetic abnormalities present in this

model may be highly uncommon, or even nonexistent in humans.

Models of preload-induced cardiac hypertrophy generally

demonstrate lesser degrees of pathology than those involving

afterload (Zelis, 1981). Evaluation of heart function of

chronically preloaded hearts sometimes reveals improvement

in certain indices of performance, particularly with regard

to exercise models. While there are some exceptions,

chronically afterloaded hearts are usually reported to have

depressed myocardial function. Meerson's theory predicts

that all cases of cardiac hypertrophy eventually culminate

in failure, even though the period of compensation may be

long. Given the wide differences between models, with

respect to type and severity of initiating stress, and the

quality of biochemical and histological changes that are

observed, there is good reason to challenge the universality

of Meerson's characterization. It thus becomes important to

critically evaluate the function of the hypertrophied heart,



26

as well as any morbidity and mortality with which it is

associated. This is crucial, because present evidence does

not yet permit an unequivocal statement as to the net

compensatory value of an enlarged myocardium. Current

clinical treatment focuses on altering the loading

conditions and/or oxygen balance of the heart, irrespective

of the effect these treatments have on myocardial mass.

Understanding the functional significance of this increased

mass, per se, would permit this factor to be rationally

included in the process of optimizing treatment.

1.2.7 Influence of Cellular Calcium

Meerson (1974) postulated that the stimulus to hypertrophy

was intimately related to the ratio of ADP + p/ ATP within

the myocytes. Presumably, as this ratio is significantly

raised, the genome is stimulated to produce the necessary

proteins and enzymes that will restore the requirements of

each functional unit (sarcomere, mitochondria) to normal. At

this point, it is hypothesized that the ADP + p/ ATP ratio

is also normalized, and the stimulus for additional protein

synthesis is turned off. Most experimental treatments which

lead to cardiac hypertrophy stimulate increased contractile

activity within the myocardium. Agents with beta-adrenergic

activity (norepinephrine, isoproterenol) are believed to do

this by stimulating the influx of calcium ions. Increased

preload or afterload may do this indirectly by causing
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reflex stimulation of norepinephrine release by the

myocardial adrenergic nerves (Kjekshus and Mjos, 1972), or

may directly stimulate calcium influx by means of stretch.

In these cases, the common element is elevation of

intracellular calcium concentration. Calcium ions, by their

interaction with troponin, permit the hydrolysis of ATP and

contractile force generation, due to the chemical reaction

between actin and myosin filaments. This reaction tends to

raise the ADP + pi ATP ratio. At the same time, the

mitochondria are stimulated to produce more ATP by oxidative

phosphorylation, and as long as this replenishment of ATP is

sufficient, the normal ratio of ADP + pI ATP will be

maintained. On the other hand, if there is an inordinate

rise in intracellular calcium ions, the consequent

contractile energy expenditure can exceed the cell's

capacity for replenishment of ATP, and cause the ratio to

start declining. If Meerson's theory is correct, one would

expect that hypertrophy would be stimulated at this point,

and that it could be inhibited by any treatment which

interfered with calcium influx.

Hypoxia is clearly able to stimulate cardiac hypertrophy,

and in the aforementioned study by Genovese et. al. (1980),

it was found that verapamil, a blocker of the slow inward

calcium current, did indeed block the hypoxia-induced

hypertrophy. Malhotra et. al. (1981) noted that the uptake

and binding of calcium by the sarcoplasmic reticulum was
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increased in rats subjected to a chronic swimming program.

This contrasts with the decrease in these variables in cases

of pathological hypertrophy. It would appear that the prompt

removal of calcium ions from the area of myofilament

interaction by the sarcoplasmic reticulum during the

relaxation phase helps to limit ATP hydrolysis. The

swimming rats did develop significant cardiac hypertrophy

(15 percent), but this was considerably less than that found

in most cases of pressure-overload hypertrophy.

Aside from its potential for stimulating cardiac

hypertrophy via its effect on the ADP + pI ATP ratio, high

intracellular calcium may also be responsible for myocardial

lesions and cell death (Katz and Reuter, 1979). Fleckenstein

et. ale (1974) reported that injection of large doses of

isoproterenol was associated with considerable focal

necrosis in the myocardium, and that inhibition of calcium

influx by D600 (a methoxy derivative of verapamil) also

markedly diminished the percentage of necrotic areas. Other

treatments which decreased the isoproterenol-induced calcium

uptake into the myocardium included calcitonin (by

decreasing plasma calcium concentration), potassium chloride

and magnesium chloride. Decreased pH, induced by either

ammonium chloride administration or 10 percent carbon

dioxide respiration, also decreased calcium uptake.

Fleckenstein et. al (1974) discuss reports by others of the

effectiveness of these various treatments in the prevention

of myocardial lesions.
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Katz (1976) has proposed that under conditions of

ischemia, the shift from aerobic to anaerobic ATP production

leads to an increased intracellular concentration of

hydrogen ions, which increases calcium binding to the

sarcoplasmic reticulum, and also competes with calcium ions

for the troponin binding siteso Both effects would be

expected to decrease the rate of ATP hydrolysis from

contractile processes. He argues that this reduction in

contractile activity actually serves to improve the chances

of recovery for the ischemic region.

In view of the frequent evidence of impaired

contractility in models of cardiac hypertrophy, there seems

to be value in considering the possibility that the factor

which stimulates protein synthesis in these cases may also

directly cause myocardial damage. Depletion of high energy

phosphates consequent to calcium-induced stimulation of

contractile activity could deprive the myocytes of energy

needed for maintenance functions, and lead to cellular

damage. Increased synthesis of mitochondria and/or

mitochondrial enzymes could eventually compensate for the

deficiency in energy producing capability, and increased

number of myofilaments may improve the efficiency of energy

conversion to contractile work. However, these compensations

take time, and in the interim, irreversible damage can take

place. The potential of slow calcium current blockers such

as verapamil to limit both myocardial damage and hypertrophy
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seems promising. Such agents, of course, would reduce

myocardial contractility and overall pump performance.

Provided that this reduction does not result in inadequate

tissue perfusion, the prospects for long-term recovery

should be improved. These same concepts afford an

opportunity to explore the nature of the stimulus to cardiac

hypertrophy and to test the validity of Meerson's hypothesis

in this regard.

1.2.8 Pathological vs. Physiological Hypertrophy

It has already been mentioned that afterload-induced cardiac

hypertrophy is generally considered to be a model of

pathological hypertrophy. More will be said about this in

the next section, with regard to the relationship between

heart size and heart function. There are other models in

which the effect of reducing

was examined, in order

or eliminating the hypertrophy

to elucidate the functional

importance of the increased mass. Genovese et. ale (1980)

investigated hypertrophy due to isoproterenol and to

hypoxia. In both cases, he found that the administration of

puromycin blocked the development of cardiac hypertrophy.

What is most interesting is that in the isoproterenol model,

this was accompanied by an 85 percent mortality, as opposed

to 10 percent mortality among those treated with

isoproterenol alone. In the hypoxia model, mortality was
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only increased to 10 percent among rats receiving

simultaneous puromycin treatment. In both models, the

percentage hypertrophy in the absence of puromycin treatment

was similar. The author concluded that the cardiac

hypertrophy consequent to isoproterenol treatment has

compensatory significance, whereas the hypertrophy resulting

from hypoxia may have only minimal functional importance.

Pfeffer et. al. (1982) looked at the effects of chronic

antihypertensive treatment on heart mass and performance in

spontaneously hypertensive rats. Normally, in the latter

stages of development, these rats manifest marked

deterioration of pump performance. Those treated with

either hydralazine or guanethidine, however, did not proceed

to develop cardiac hypertrophy, and did not suffer

deterioration in myocardial function. Schaible and Scheuer

(1981) subjected female rats to an 8 week swimming regime,

which Ultimately produced a 33 percent cardiac hypertrophy.

These same rats had increased cardiac output and coronary

flow, although when normalized for left ventricular weight,

these indices were not different from control. Also

increased were peak left ventricular systolic pressure,

ejection fraction, and the velocity and extent of

circumferential fiber shortening. These results were taken

as evidence that chronic swimming in female rats leads to

enhanced contractile performance of the left ventricle,

despite a marked degree of hypertrophy. In another study of
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the effects of swimming on the rat heart, Malhotra et. ale

(1981) compared female rats undergoing a chronic swimming

program to others which were either sedentary, or subjected

to a chronic treadmill exercise program. Only the swimmers

showed an increased heart weight, as well as increases in

actomyosin ATPase activity, calcium activated myosin ATPase

activity, actin activated ATPase of myosin, and increases in

the uptake and binding of calcium by the sarcoplasmic

reticulum. The author suggests that these findings are

indicative of "physiological hypertrophy", in contrast with

"pathological hypertrophy", in which ATPase of contrac,tile

proteins and calcium binding and uptake of sarcoplasmic

reticulum are usually depressed.

In using the terms "physiological" and "pathological"

hypertrophy, there is a danger of losing sight of the

uniqueness of the adaptation made by the myocardium to a

particular stress. For instance, a heart which is forced to

operate under conditions of marginal oxygen balance might

benefit from a form of adaptation which improves the economy

of force generation, even if this is at the expense of peak

performance. Alpert and Mulieri's (1982) work on the

myothermic economy of isometric force production provides

some insight into these considerations. They utilized two

models of cardiac hypertrophy: pulmonary artery constriction

(pressure overload), and thyrotoxicosis (volume overload).

Using high sensitivity thermopiles, they were able to
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measure the heat production from right ventricular papillary

muscles in relation to the tension produced during their

contraction. This heat could then be separated into two

portions: tension dependent heat and tension independent

heat. Also measured were myosin ATPase activity, and

indices of contractility, including rate of isometric force

production, mechanical Vmax, and time to peak tension.

Pressure overload hypertrophy led to depression in

contractility, reduction in myosin ATPase activity and

decreases in both tension dependent and tension independent

heat. Changes due to thyrotoxicosis were all in the

opposite direction, except that there was no change in

tension independent heat. When tension dependent heat was

divided by the concurrent units of twitch tension, it became

evident that the pressure overloaded hearts were developing

tension more economically than those exposed to

thyrotoxicosis. The authors conclude that the

pressure-overloaded heart becomes specifically adapted to a

slow, high pressure, economical pumping, whereas hearts with

thyrotoxicosis are better adapted for fast, high volume,

uneconomical pumping. One can see, then, the danger in

limiting consideration to indices of contractility, in

determining whether a particular form of myocardial

hypertrophy is beneficial. For this, and perhaps other

reasons, some investigators object to use of the term

"physiological hypertrophy" because it risks creating a
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false dichotomy. On the other hand, it seems reasonable to

ask in each case whether the hypertrophy culminates in a

premature failure of the heart as a pump. This, of course,

is what Meerson's theory would predict. Any apparent

exceptions to this merit closer investigation, to ascertain

whether in fact they have a better balance among myofibrils,

capillaries, mitochondria and other important tissue

elements.

1.3 AORTIC CONSTRICTION MODEL

1.3.1 Location and Degree of Constriction

Reduction of aortic lumen cross-sectional area amounting to

less than 5~ percent leads to only a slight pressure

gradient across the constriction, even though the pulse

pressure "downstream" may be considerably dampened (Gupta,

1951). Degrees of constriction greater than this lead to

definite increases in pressure above, and decreases in

pressure below the constricted area. Most models of cardiac

hypertrophy utilizing aortic constriction create an initial

pressure gradient of 40-50 rom Hg. The predominant sites of

constriction are the ascending aorta, and the descending

aorta between the diaphragm and the renal arteries. In the

former case, the pressure gradient remains relatively

constant, while in the latter case, there is typically a

prolonged rise in pressure that culminates in systemic
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hypertension both above and below the constriction.

Obviously, this last situation is not one of simple

mechanical obstruction. Rytand (1938) has analyzed this

situation by comparing it to models of renal hypertension

induced by modifications of the Goldblatt technique. He

looked at the hypertrophy-inducing potential of various

sites of constriction: above, between, below and on the

renal arteries; with and without removal of a kidney. In

short, his finding was that as long as at least one kidney

was downstream from the constriction, significant cardiac

hypertrophy could be produced. In those situations where

this was not true, no hypertrophy resulted. This strongly

suggests that subdiaphragmatic aortic constriction is in a

sense a variant of renal hypertension, differing only in

that the latter does not cause the same immediate

hemodynamic effects. Beznak (1955) systematically examined

the effect of various degrees of subdiaphragmatic aortic

constriction on heart weight, morbidity, mortality, and

hemodynamics in the rat. She noted that as the inside

diameter of the constricting ring was made smaller, more

animals died, and those that survived developed greater

degrees of cardiac hypertrophy. Up to a constricted

diameter of 0.74 mm, carotid pressure also reached higher

levels. constrictions greater than this (smaller diameter)

led to lesser degrees of hypertension. The 0.74 mm

constriction in male Wistar rats weighing 150-210 grams,
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produced approximately 40 percent left ventricular

hypertrophy, with 40 percent mortality at the end of 5 days.

Malik (1974) used nearly the same degree of constriction,

but with a different constriction technique and a different

strain of rats (sprague Dawley). He produced a 26 percent

increase in the ratio of left ventricular weight to body

weight in 6 days, with a mortality of 19 percent. In

Beznak's study, increasing the constriction diameter to 0.93

rom avoided mortality altogether, but produced much less

hypertrophy. A constriction of 0.63 rom, on the other hand,

killed all the rats within one day. Thus, if it is desired

to produce a model of cardiac hypertrophy leading to

congestive heart failure, a constriction of 0.74 mm appears

close to optimal for this size rat.

1.3.2 Time Course of Hemodynamic Changes

Using a 0.74 rom constriction, with male Wistar rats of

150-235 grams, Beznak (1955b) observed an immediate drop in

femoral artery pressure from 109 to 80 mm Hg after

constriction of the aorta, while carotid pressure rose

slightly. Toward the end of the first day, though, both

were rising steadily. After 5 days, hypertension was

pr-eaerrt, above and below the constriction. At this point,

mean carotid pressure was approximately 170 mm Hg. A subset

of rats developed exceptionally large ventricles and showed
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signs of decompensation, including low carotid pressure,

dyspnea and edema. Cardiac output dropped from 48 ml/min.

to 31 ml/min. immediately after the constriction, then after

one week returned to normal.

1.3.3 Regression of Hypertrophy

Some mention has already been made of treatments which limit

the development of cardiac hypertrophy, or cause it to

decrease. It is also possible to observe regression of

hypertrophy after the initiating stimulus is removed. This

sort of experiment provides us with valuable information

regarding the relative speed of protein degradation, and the

extent to which the various qualitative changes in the

myocardium are reversible. Capasso et ale (1982), using a

model of renovascular hypertension in rats, produced a 48

percent increase in heart weight in Ie weeks. Papillary

muscle taken from hypertrophied hearts at the end of this

period manifested reduced shortening velocity, and ATPase

activity of myocardial tissue was depressed. Rats in which

systemic pressure was subsequently normalized for 10 weeks,

showed complete reversal of cardiac hypertrophy, normal

contractile properties, and normal ATPase activity. Coulson

et. ale (1977) looked at two degrees of right ventricular

overload in cats over a 10-14 day period. A 7e percent

pulmonary artery constriction led to significant right
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ventricular hypertrophy, a decrease in its contractile

function, and a severe depletion of its norepinephrine

stores. An 87 percent constriction caused similar, but more

severe changes, and produced evidence of congestive heart

failure. In the former case, removal of the constriction

was followed by normalization of right ventricular weight

and contractile function in 30 days; however, myocardial

norepinephrine depletion persisted. Relief of the more

severe constriction failed to cause regression of the

hypertrophy, and did not reverse either the depressed

contractile function, or the depletion of myocardial

norepinephrine stores. It thus appears that reversal of the

changes which take place in the myocardium during the

progression of cardiac hypertrophy is not always possible.

When it is, reversal seems to take nearly twice as long as

does the development. Marcus et. ale (1977) studied this

same phenomenon in cats with pulmonary artery constriction.

A major difference, though, is that he employed two

intermittent schedules of constriction over a two week

period. The first group of cats was exposed to equal,

alternating periods of constriction and relief of

constriction, with each period being 3.5 days long. The

second group experienced an alternating pattern of 2.3 days

constriction followed by 4.7 days of relief. Both of these

groups went on to develop significant cardiac hypertrophy,

although not as much as those cats which underwent continual
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constriction. This must be taken as further evidence that

the process of regression of hypertrophy is significantly

slower than that of its progression, otherwise the periods

of relief would have been sufficient to prevent accumulation

of protein and heart mass.

1.3.4 Heart Function of Aortic Constricted Rats

Aortic constriction typically leads to decrements in

myocardial performance. The interpretation of these changes

depends on the index chosen and the conditions under which

it is measured. The bulk of this subsection expands on the

types of measures used to evaluate heart performance and

contractility, the conditions under which they are obtained,

and the inferences they allow. The general contrast between

findings in afterload-induced cardiac hypertrophy versus

those in volume-overload hypertrophy is discussed. In

addition, the age and physical condition of rats prior to

aortic constriction have effects on the heart's performance

at the end of the experimental period. The ability of hearts

from neonatal and physically conditioned rats to exhibit

nozmaL myocardial performance following a period of

afterload-induced cardiac hypertrophy is discussed in this

section. It is a crucial observation, since it suggests

that pressure-overload hypertrophy is not necessarily

harmful, and raises the possibility that this form of heart

enlargement might be successfully treated.
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Congestive heart failure is generally defined as the

condition which exists when the heart is unable to pump an

output sufficient for the needs of the regional circulations

(Zelis, 1981)0 This condition may be further divided into

compensated and uncompensated congestive heart failure. In

the former case, cardiac output may be nearly normal at

rest, yet decreased compared to control when SUbjected to

increases in preload or afterload. This indicates that

cardiac output was being maintained by encroaching on the

heart's reserve capacity. In uncompensated congestive heart

failure, not even the full use of reserve mechanisms, such

as the Frank-Starling mechanism, increased myocardial mass

and increased neurohumoral support suffice to prevent

depression of cardiac output at rest. These considerations

form the basis for the New York Heart Association

classification of heart functional status (Criteria

Committee of the New York Heart Association, 1973).

When the heart as a pump is able to maintain a normal

cardiac output under all physiological conditions, the

individual may not reveal any overt symptoms of heart

failure. If the heart is hypertrophied, the relatively

normal cardiac output could be the result of an increased

number of contractile units, despite decreased performance

of each unit. Meerson (1969) has characterized this as his

second stage of hypertrophy and failure. He theorized that
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this decreased contractility per unit myocardial mass

ultimately worsens until the heart's function as a pump is

compromised. From both a clinical and an experimental

standpoint, therefore, it is useful to evaluate not only

global pump function, but also various measures which

reflect the performance capacity of each contractile unit.

When these latter measures indicate depressed contractility,

despite normal cardiac output, there is reason to suspect

qualitative impairment of the myocardium that may well

culminate in decompensated heart failure.

The most direct way to evaluate myocardial contractility

is to study the mechanics of either papillary muscles or

ventricular strips in vitro. Force-velocity and/or

length-tension plots can be generated and analyzed to assess

the level of intrinsic contractility. These measurements

have the advantage of being conducted under well controlled

conditions; however, they may not accurately describe the

contractility of the intact heart. Attempts to estimate

contractility of the intact heart, in situ, revolve around

isovolumetric indices utilizing dP/dt (rate of isovolumetric

pressure rise), and ejection indices employing the rate of

circumferential fiber shortening. Normalization of pump

performance measures (cardiac output, stroke volume, peak

ventricular pressure) during peak loading conditions, by

ventricular mass, may also help to "unmask" qualitative

impairment of the myocardium.
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All measurements in this dissertation were made on the

intact heart, in situ. As such, they are predominantly aimed

at evaluating the performance of the heart as a pump.

Cardiac index was chosen, since it reflects the organism's

state of compensation, and its ability to meet perfusion

needs of the regional circulations. Since in the aortic

constriction model, cardiac output must be maintained in the

face of a markedly increased afterload, stroke work index

was assessed in order to evaluate the heart's ability to

meet the combined requirements of flow generation and

pressure generation. Both cardiac index and stroke work

index were recorded during the course of maximal preloading,

to determine the extent of functional reserve capacity.

Sarnoff and Berglund (1954) initially reported the

plateau of stroke work index during maximal preload to be a

highly reproducible measurement of heart functional

capacity, and less variable than the cardiac index plateau.

Since then others, including Bishop et. al. (1964) have

suggested that the opposite is true, that is, that the

cardiac output (or cardiac index) plateau is more reliable.

They found only a 2 percent variability in this parameter

within individual animals from day to day. Both measurements

are being reported here, and they each allow somewhat

different inferences.
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The following discussion will review work by other

investigators on the contractility and overall pump function

of hypertrophied hearts, in comparison with

non-hypertrophied controls. Studies on isolated muscle

preparations will be presented first, followed by studies on

the intact heart. Although references to heart performance

and contractility appear elsewhere in the introduction, this

subsection is intended to bring into better focus present

understanding of the types of myocardial performance changes

that can occur in afterload-hypertrophied hearts. This

understanding can then serve as a background against which

the results of the present experiments can be evaluated.

Experimental Findings - Pressure vs. Volume
Overload

Despite may variations in experimental models of cardiac

hypertrophy, and in the techniques used to assess intrinsic

contractility, there appears to be a consensus that chronic

severe pressure overload leads to hypertrophy and decreased

myocardial contractility, whereas chronic volume overload

results in hypertrophy with unaltered contractility (Mason,

1976). For instance, Bing et. ale (1971) found that

trabecular muscle from rat hearts hypertrophied by aortic

constriction had decreases in isotonic shortening velocity

and in maximum isometric force generation. Similarly, Spann

et. ale (1967) noted depression in both the length-tension

and force-velocity curves in right ventricular papillary
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muscle from cats that developed right ventricular

hypertrophy in response to pulmonary artery constriction.

Capasso et. al. (1982) investigated the myocardial

contractility of rats with renovascular hypertension and

cardiac hypertrophy. They found the left ventricular

papillary muscle from these rats to demonstrate decreased

shortening velocity and increased time to peak tension,

although peak isometric tension and peak shortening were

unaltered. Along with the observed depression in

contractility, they noted a decrease in calcium-activated

actomyosin ATPase activity. Using a model of right

ventricular volume overload in cats, Cooper et. al. (1973)

observed normal length-tension curves of papillary muscles

from the hypertrophied right ventricles. Alpert and Mulieri

(1982) examined the effects of volume overload versus

pressure overload on contractility of isolated papillary

muscle from rats. In the case of volume overload, increases

were observed in the rate of isometric force production,

mechanical Vmax, and myosin ATPase activity, along with a

shortening of time to peak tension. Papillary muscle from

pressure-overloaded hearts showed opposite changes,

reflecting decreased contractility.

Dowell and McManus (1978) noted that the cardiac index

and stroke index plateaus in response to acute preload

stress were significantly depressed in hearts of adult rats

sUbjected to chronic aortic constriction. Hawthorne et. al.
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(1974) measured several indices of contractility in the

intact heart of rats with renovascular hypertension. At 72

hours following renal artery constriction, they found

increases in dP/dt at a ventricular pressure of 40mm Hg, and

in total wall force (calculated from left ventricular

pressure and geometry), but no change in the rate of

circumferential fiber shortening. Beznak (1958) reported

slight decreases in cardiac output immediately following

aortic constriction in rats. At three weeks post

constriction, the cardiac output response to peak preload

was assessed and found to be increased in the hypertrophied

hearts, despite significantly higher afterload than

controls. Ferrario et. al. (1979) reported depressed cardiac

output plateaus in response to maximal preloading, in both

renal hypertensive rats, and spontaneously hypertensive

rats. Peak stroke work of the spontaneously hypertensive

rats was greater than that of controls, due to their higher

mean arterial pressure. Treatment of the spontaneously

hypertensive rats with methyldopa normalized mean arterial

pressure, reduced heart size, and returned peak cardiac

output to nearly normal levels. This apparent improvement in

heart performance was lost when the treated spontaneously

hypertensive rats were infused with phenylephrine, to bring

their left ventricular systOlic pressure to the same level

as in the untreated rats. Indeed, under these conditions,

peak stroke work was significantly less in the treated rats
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than in the untreated ones. Pfeffer et. ale (1982) also

observed significantly depressed peak stroke index and peak

cardiac index in untreated spontaneously hypertensive rats.

Antihypertensive treatment with hydralazine and guanethidine

normalized peak cardiac index, yet led to significant

reduction in maximal peak ventricular pressure in response

to aortic occlusion, compared to untreated spontaneously

hypertensive rats. This last change was paralleled by a

decrease in the left ventricular mass to volume ratio. In an

earlier study, Pfeffer et. ale (1976) reported that although

the peak cardiac output of 82 week old spontaneously

hypertensive rats was not significantly different from

controls, normalization of the peak cardiac output values

for left ventricular mass showed significant depression by

this index.

Volume overload, on the other hand, is commonly

associated with normal or even improved pump performance and

contractility. Ross and McCullagh (1972) found that dogs

with chronic arteriovenous fistulae showed no change in the

extent of the mean velocity of shortening, and an increase

in stroke volume. Previously, Taylor (1968) worked with the

same model of hypertrophy in dogs, and had also failed to

find evidence of impaired contractility in the intact

hearts.



47

Zelis (1981) discussed the dissimilarity between

pressure-performance curves of the intact heart, and the

underlying length-tension relationship of myocardial

contractile tissue. He suggests that the line connecting

points of maximal isovolumetric pressure on a

pressure-ventricular volume plot is more reflective of the

length-tension relationship than are the performance curves

obtained during volume loading. Newman (1978) utilized a

modified Walton-Brodie strain gauge arch, which permitted

calibrated changes in muscle segment length, for the

estimation of length-tension curves in the intact left

ventricle of open-chest dogs. He showed that contractile

function of the volume overloaded ventricles without failure

were improved, when expressed as total force generation, but

normal when these values were indexed by left ventricular

wall thickness. The pressure overloaded heart also

demonstrated improved total force generation, but

normalization for increased wall thickness indicated

depressed performance in this case (Newman, 1980).

Several points are apparent from the above discussion.

One is that most measurements of intrinsic contractility

show depressed performance of hearts hypertrophied by

pressure overload, yet relatively normal performance of

volume overloaded, hypertrophied hearts. Maximum pumping

ability (cardiac output or stroke work plateau during

maximal preloading) of afterload-hypertrophied hearts tends
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to be somewhat depressed, whereas the same ability of

volume-overloaded hearts is often reported to be increased.

Improved ability of the heart to generate blood flow does

not necessarily equate with improved capacity to perform

external work (stroke work, stroke work index) or internal

work (peak ventricular pressure in response to complete

aortic occlusion). It is not uncommon for improvement in

flow generating capacity to be associated with decreases in

work capacity. This may be due to qualitative changes within

the myocardium that lead to improved contractile rate at the

expense of force or tension development. When improvements

in peak flow or peak work capacities are accompanied by

significant myocardial hypertrophy, it is useful to examine

the effect of normalizing these values by left ventricular

mass. This yields indices which reflect the performance per

unit contractile mass. Inability to maintain normal cardiac

output remains the sine qua non of decompensated heart

failure. Other measures and indices of heart muscle and pump

performance can provide evidence regarding qualitative

changes within the myocardial contractile mass. Decreases in

these values may portend eventual myocardial failure,

despite temporarily normal pump performance.

Influence of Age

and McManus (1978)

rats,

1.3.4.3

Dowell

neonatal and adult

compared

with

heart performance in

and without aortic
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after surgery, all aortic

elevations in left ventricular

pressure and weight, and were not different from controls in

terms of resting heart rate and rate of left ventricular

pressure development. With respect to peak values of flow

velocity, cardiac index, and stroke index, though,

differences between the two age groups appeared. While the

aortic constricted neonates were no different from sham

operated controls on these parameters, the corresponding

performance of aortic constricted adults was depressed.

Responses to rapid volume infusion and catecholamine

challenge were also determined, in order to assess reserve

capacity. Here again, aortic constricted neonates showed no

evidence of depression in either peak stroke volume in

response to volume infusion, or in dP/dt max increase

following isoproterenol challenge. These same responses,

however, were significantly reduced among aortic constricted

adults. Another very interesting observation was that the

ventricular function curves obtained from adult rats

immediately after aortic constriction were normal. This

indicates that the chronic, rather than acute effects of

aortic constriction are responsible for the observed

differences in heart performance. From this study, two

points are clear. First of all, constriction of the aorta

does not necessarily lead to depression of myocardial

performance. The greater plasticity among neonates may
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enable them to adapt to the increased afterload without

compromising their functional reserve. In this same study,

Dowell found evidence of muscle cell proliferation among

aortic constricted neonates, but not among aortic

constricted adults (based on incorporation of tritiated

thymidine). Perhaps the capacity for proliferation of

myocytes in neonates permits more balanced growth during

cardiac hypertrophy. The second point is that the heart's

performance per gram of heart tissue is evidently greatest

before the hypertrophy develops, since the acutely

constricted adults were able to maintain normal peak stroke

index and cardiac index in response to preloading, whereas

the heart enlargement did not enable chronically aortic

constricted adults to achieve even normal performance.

Lee et. ale (1972) also looked at age related changes in

cardiac performance in rats. The heart function in 6, 12

and 24 month old male rats was evaluated in response to

preloading with a dextran infusion, and to afterloading with

an angiotensin II infusion. Work performance was not

significantly different among these three groups in response

to the preload; however, the 24 month old rats had a

significantly smaller increment in left ventricular work

index during the angiotensin infusion, as compared to that

of the younger rats. The 24 month old rats also had

significantly greater left ventricular weight to body weight

ratios. This is another example of a more massive heart

performing at an inferior level.
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Influence of Exercise

There may be better, qualitative means by which the heart

can sustain a higher level of performance than by producing

more myofibrils. Exercise conditioning, for instance, has

been found to improve ventricular performance under stress,

despite the absence of myocardial hypertrophy. Cutilletta

et. ale (1979) submitted rats to an 8 week program of

treadmill exercise. At the end of this period, exercised

rats were compared to sedentary controls in terms of a

hemodynamic evaluation. This evaluation revealed no

differences between the two groups at rest. In response to

an increase in afterload or a period of hypoxia, though, the

exercised rats exhibited a significantly higher cardiac

index. This was true, despite the fact that there was no

evidence of cardiac hypertrophy in the exercised group. It

thus appears that these hearts had undergone qualitative

improvement, without an increase in contractile mass. When

other rats from these groups subsequently underwent aortic

constriction, the exercised rats developed significant

cardiac hypertrophy in only one day, whereas those that were

previously sedentary took 3 days to show the first evidence

of hypertrophy. The author viewed this as another

indication of an adaptive advantage conferred on the heart

by exercise conditioning.
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1.3.5 Treatments to Modify Cardiac Hypertrophy

Williams and Braunwald (1965) investigated the effect of

chronic digitoxin treatment on the course of cardiac

hypertrophy in aortic constricted rats. They found that

even though digitoxin had no effect on carotid arterial

pressure, it significantly reduced the degree of cardiac

hypertrophy due to aortic constriction. It had no effect on

the heart weight to body weight relationship in the absence

of aortic constriction. Mortality due to constriction alone

was significantly greater than it was in the group

additionally treated with digitoxin. This evidence suggests

that digitoxin treatment improves the heart's ability to

adapt to pressure overload. The fact that ventricular mass

was less in the constricted, treated group is an indication

of greater performance per contractile unit. Unfortunately,

these findings do not appear to be easily reproduced.

Cutilletta et. ale (1977), using a similar model, failed to

observe any treatment related decrease in the degree of

cardiac hypertrophy. Digitoxin treatment did produce an

increase in isovolumic contractility in both constricted and

unconstricted rats. In this study, plasma digitoxin levels

were still high at the time of hemodynamic evaluation, so it

is not clear whether the improved contractile performance is

due to an altered myocardium, or to the continued presence

of the drug. Both of these studies share the finding that

improved myocardial performance can be maintained over a few
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without an additional increment in

hypertrophy was

this notion.

mass.contractile
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smaller heart might function better.

observation that the greatest degree of

achieved in decompensating hearts supports

that

(l955b)

suggests

Beznak's

One important question to be asked in each case of heart

failure is whether the heart failed because it did not

hypertrophy enough, or because it hypertrophied too much.

Genovese's experimental results, mentioned earlier, favor

the former explanation in the case of isoproterenol induced

cardiac hypertrophy, but suggest that the cardiac

hypertrophy which accompanies hypoxia is not of critical

importance to survival. D'Ascia et. ale studied the effects

of propranolol (l977a) and of digitalis (1977b) on carotid

pressure and cardiac hypertrophy in the aortic constricted

rat. Both treatments were found to block the hypertrophy.

Propranolol additionally blocked the development of

hypertension, whereas digitalis did not. It is not too

difficult to understand the elimination of hypertrophy when

afterload is kept at normal levels. What is intriguing is

the apparent capacity of the digitalis treated heart to

maintain its function in the face of continuing

hypertension, without increasing its contractile mass. This

evidence is in support of the Williams and Braunwald study.



54

At this point, there is good reason to suspect that a

reduction in the degree of hypertrophy consequent to aortic

constriction might be beneficial. It is not enough,

however, to simply measure heart weight, resting mean

arterial pressure, and relative mortality in the treated and

untreated groups. Only a careful evaluation of heart

function under peak loading conditions can permit meaningful

inferences regarding the overall condition of each heart.

This knowledge is more important than knowing whether a

particular treatment affects heart mass. On the other hand,

if a treatment were found that consistently led to a

decrease in the degree of hypertrophy following aortic

constriction, as well as a clear increase in peak myocardial

performance, these observations would likely stimulate other

studies aimed specifically at minimizing cardiac

hypertrophy.

1.4 INFLUENCE OF NOREPINEPHRINE

1.4.1 Introduction

The heart has basically three means of increasing its

contractile performance. First, there is the Frank-Starling

mechanism, by which an increase in end diastolic ventricular

volume, and presumably "stretch" of the myocytes, leads to

an instantaneous increase in force of contraction.

Secondly, the myocardium posesses an extensive adrenergic
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innervation, which is capable of augmenting both the rate

and force of contraction at all end diastolic volumes.

Norepinephrine is the neurotransmitter in this system, and

it is localized in the adrenergic terminals. This system is

controlled by reflexes mediated by the central nervous

system. It is also possible, but not yet substantiated,

that myocardial stretch itself might effect the release of

neurotransmitter. Lastly, the heart can respond

biochemically, by initiating the synthesis of additional

contractile elements. This, naturally, occurs over a much

longer time frame than the first two mechanisms. In mammals

that are no longer growing, the first two mechanisms suffice

to permit appropriate adjustments of cardiac performance

over a wide range of physiological demands. If the

myocardial adrenergic system were to become ineffective, due

to denervation of the heart, to depletion of

neurotransmitter, or to change in responsiveness to

adrenergic agonists, cardiac hypertrophy would be the only

homeometric means of augmenting contractile force. ~fuen it

is intact, however, it is not readily apparent that any

increase in the heart's workload should lead to hypertrophy.

More likely, it is the inadequacy of the first two

mechanisms in meeting a considerable, prolonged stress, that

necessitates an increased myofibrillar mass. Under

physiological conditions, only the second mechanism - the

myocardial adrenergic system seems vulnerable to
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inactivation. The Frank-Starling mechanism operates in

diseased, as well as in healthy hearts, and the potential

for cardiac hypertrophy seems to be present in all cases, as

well. Studying the functional significance to the heart of

a loss of adrenergic support may therefore lead to clues

regarding treatment for this deficiency. One way to

approach this question is to evaluate the effects of

depleting myocardial norepinephrine stores by some means

other than aortic constriction. Alternatively, the present

study examines whether replenishing these stores in

chronically aortic constricted rats brings about any

reversal of the functional impairment typically seen in

untreated aortic constricted rats.

1.4.2 The Myocardial Adrenergic System

Newborn rats have less total catecholamine in their hearts

than adults, and of the catecholamine present, it is nearly

equally divided between epinephrine and norepinephrine. By

adulthood, though, the total amount increases by over

threefold, and most of this increase is in norepinephrine.

Lee et. al. (1970) noted that this situation is largely true

for all ma~~als. whereas non-mammals tend to have far less

total catecholamines, and a predominance of epinephrine.

The final result is a heart containing approximately 1

mcg/gm wet heart weight total catecholamines, of which 80-90
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has a

tissue

(Crout et al., 1961). Nearly all myocardial norepinephrine

is associated with the adrenergic nerve terminals

(Dahlstrom, et al., 1965), and under normal conditions most

of this resides in the storage granules, with the rest as

"free" norepinephrine in the cytoplasm (Bhagat, 1973).

Adrenergic nerves approach the heart from sympathetic

ganglia on both sides of the body, and upon reaching the

heart, follow a perivascular distribution (Randall, 1977).

They appear to be capable of changing their density in the

myocardium following certain stresses such as chronic

swimming exercise (Unge et. al., 1973). It appears that

adrenergic nerves originating in ganglia on the right side

preferentially innervate the atria and the right ventricle,

while those entering the heart from the left are associated

more with the left ventricle. From this differential

distribution, one might expect different effects from

electrical stimulation of the nerves on one side versus the

other. Furnival et. ale (1973) found this to be true in the

dog when he compared the Chronotropic and inotropic

responses of the heart to electrical stimulation of the

right and left ansae subclaviae. Stimulation of the right

ansa subclavia caused a greater chronotropic response. When

the secondary inotropic effects of heart rate and blood

pressure were prevented, stimulation of the left ansa
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subclavia resulted in an inotropic (dP/dt) response eight

times greater than that following right side stimulation.

This information is relevant to the present dissertation for

two reasons. One is that Study 1 will describe a similar

procedure applied to rats, to evaluate the function of the

myocardial adrenergic system. Knowing the difference in

functional response to left versus right side stimulation is

important to the interpretation of experimental results.

Secondly, the differential responses indicate that the

norepinephrine released upon nerve stimulation must only be

effective in the synaptic region, as opposed to having a

more uniform effect on the entire myocardium as it

circulates through the coronary system. Thus, with

contractility being measured in the left ventricle,

stimulation of the nerves whose distribution is

predominantly in the left ventricle leads to the greatest

response. The sino-atrial node is the key region

controlling heart rate, so it stands to reason that

stimulation of the nerves providing the greatest innervation

of this region will produce the greatest chronotropic

changes.

In cases of heart failure, severe depletion of myocardial

norepinephrine stores is a common observation, and about

which more will be said later. At this point, it is

pertinent to describe a key study which indicates the

functional consequences of this depletion. Covell et. al.
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(1966) produced right ventricular hypertrophy and heart

failure by means of experimental tricuspid insufficiency and

pUlmonic stenosis in dogs. This treatment caused severe

depletion of norepinephrine content and concentration in the

myocardium. In control animals, stimulation of the right

stellate ganglion resulted in large increases in both heart

rate and right ventricular contractile force. Both of these

responses were markedly reduced in dogs with heart failure.

Chronotropic and inotropic responses to exogenously

administered norepinephrine, though, were not significantly

different between these two groups. This suggests that

while the failing hearts are still capable of responding

normally to norepinephrine, their adrenergic systems are not

releasing normal quantities of this neurotransmitter upon

stimulation.

Other studies provide indirect evidence of depressed

myocardial responses to sympathetic stimulation in cases of

congestive heart failure. Beiser et. ale (1968) observed

decreased heart rate responses to graded doses of

nitroglycerin in patients with group III (NYHA class) heart

failure, compared to normals (group I) and patients with

minimal impairment (group II). Maximal heart rate in

response to exhaustive exercise was also depressed in the

group III patients. This reflects diminished responsiveness

somewhere in the baroreceptor reflex arc. Levine et. ale

(1980) observed similarly decreased heart rate responses
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from congestive heart failure patients in response to

orthostasis. In an experimental model of right heart failure

in dogs, Higgins et. al. (1972) noted decreased sensitivity

of the baroreceptor reflex in response to both hypertensive

and hypotensive stimuli. Sensitivity was depressed the most

in heart failure dogs, as opposed to normals and those with

right ventricular hypertrophy alone. Myocardial

norepinephrine concentration was also measured and found to

be markedly lower in the dogs with congestive heart failure.

White (1981) analyzed this attenuated arterial baroreceptor

control of heart rate in dogs with experimental right heart

failure, using an isolated carotid sinus perfusion

technique. He found that the change in heart rate and mean

arterial pressure in response to increased right carotid

sinus pressure was significantly reduced in cases of heart

failure. Vagotomy partially, but not totally, reduced this

difference. The effect of direct vagal stimulation was also

reduced in heart failure dogs. He concluded that both

parasympathetic and sympathetic baroreflex efferent limbs

are involved in these reduced responses. It would still be

premature to say that the transmitter depletion, per se, was

responsible for the reduced norepinephrine release. In

Covell's study, over 20 percent of the original

norepinephrine stores remained, in spite of the experimental

treatment. In some instances, myocardial nerves have been

shown to respond reasonably well until nearly 90 percent of
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the stores are depleted. Unless the stores are virtually

eliminated, as in denervation, the possibility exists that

transmitter depletion simply accompanies some other defect,

which is primarily responsible for interfering with nerve

function.

The suggestion is still strong, nonetheless, that

depletion of myocardial norepinephrine stores carries

important functional consequences. Oparil and Cutilletta

(1979) examined the effects of both central and of

peripheral sympatholytic treatments on normal and

spontaneously hypertensive rats. Treatment with 6

hydroxydoparnine caused marked reduction in norepinephrine

concentration in the brain and spinal cord, but not in

peripheral tissues such as the heart and spleen. The

opposite was true for treatment with nerve growth factor

antiserum, which almost totally eliminated myocardial

norepinephrine stores. These findings were true for both

the normal and the spontaneously hypertensive rats. Both

treatments controlled blood pressure in the hypertensive

rats, but did not generate any differences from sham treated

rats, with regard to ventricular mass, peripheral vascular

resistance, cardiac index and stroke index. Nerve growth

factor antiserum, but not 6 hydroxydopamine caused a

reduction in peak flow velocity in both normal and

hypertensinve rats, and also depressed flow acceleration

among hypertensive rats. These parameters were measured
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under resting, anesthetized conditions. Depression of

ventricular function by a treatment which virtually

eliminates myocardial norepinephrine stores provides

additional support for the notion that these stores are

important for normal myocardial function. If the importance

is evident under resting conditions, one might expect an

even greater influence of nerve growth factor antiserum on

ventricular function under peak loading conditions.

Unfortunately, the authors did not include this sort of

hemodynamic analysis.

For myocardial norepinephrine stores to be functionally

important, they must act upon release following nerve

impulses, or release by some other means. If, in fact,

there is some other physiological means for neurotransmitter

release, such as ventricular stretch itself, then a poor

myocardial response to electrical stimulation of the

adrenergic nerves does not necessarily mean that the

norepinephrine stores are absent an~/or inert. Kjekshus and

Mjos (1972) conducted a very interesting study in this

regard. In anesthetized dogs, they used atropine and

pentolinium tartrate (a ganglionic blocking agent) to

produce autonomic blockade of the heart. They then raised

ventricular pressure from 99 to 193 mm Hg by restricting

outflow, and observed marked increases in cardiac output,

dP/dt max, and myocardial uptake of free fatty acids. All

of these effects indicate adrenergic activation of the
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heart. In other dogs whose hearts were largely depleted of

norepinephrine by prior reserpine treatment, a similar

increase in ventricular pressure failed to produce any of

these effects. The authors concluded that catecholamines

are released from myocardial stores during periods of

increased intraventricular pressure, and that this release

can be independent of reflex nerve activity. They also

suggest that the catecholamine depleted heart is entirely

dependent on the Frank-Starling mechanism for the

maintenance of cardiac output.

1.4.3 Source of Myocardial Norepinephrine

Myocardial norepinephrine resides almost entirely in the

adrenergic nerve terminals. Maintenance of neuronal

norepinephrine concentration is dependent on rates of

synthesis, breakdown and reuptake. For circulating

norepinephrine to affect neuronal stores, it is important to

demonstrate that norepinephrine is taken up from the

circulation in significant quantities. Kopin and Gordon

(1963) looked at the ratio of specific activity of

norepinephrine in the heart to that in the urine during a

constant infusion of labeled norepinephrine. This ratio was

approximately .2, and the authors reasoned that in the

steady state, this was also the proportion of myocardial

norepinephrine stores that is derived from the plasma.
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Under non-control, non-resting conditions, this ratio may be

different. Most of the endogenously produced norepinephrine

derives from the aggregate "spillover" of neurotransmitter

from adrenergic nerve endings throughout the body, with only

a small fraction being produced by the adrenal medulla.

Silverberg (1978) analyzed data from humans regarding

increases in circulating norepinephrine following exogenous

norepinephrine infusion at various rates. The analysis

showed that normal adult males have a basal endogenous

plasma norepinephrine production rate of approximately 0.70

meg/min. Normalized for body weight, this works out to

around 0.01 meg/kg/min. The plasma norepinephrine metabolic

clearance rate was fairly stable regardless of the infusion

rate utilized. Since plasma norepinephrine concentration

can be calculated by dividing the infusion (or production)

rate by the clearance rate, it appears that it is nearly a

direct function of the rate at which norepinephrine enters

the circulation. From this, it would be expected that a

doubling of norepinephrine production would result in a

doubling of plasma norepinephrine concentration. Hjemdahl

(1979) observed this sort of relationship in dogs. Both

Silverberg et. ale (1978) and Goldenberg et. ale (1948)

found the average minimum pressor dose of intravenous

norepinephrine to be 0.05 meg/kg/min in humans. This

corresponds to a plasma norepinephrine concentration of

approximately 1800 ng/ml. Hjemdahl's data showed that dogs
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have similar plasma norepinephrine concentrations, and

respond similarly to infusions. Pressor effects seemed to

be present at all three infusion rates used in this study;

however, an infusion rate of 0.085 meg/kg/min was only

mildly pressor. Hjemdahl also measured metabolic effects of

the infusion, such as levels of plasma glycerol, cyclic AMP

and glucose, and found these responses to be present at

plasma norepinephrine levels within the normal physiological

range. Thus, circulating norepinephrine appears at least to

be capable of metabolic effects at levels which do not

markedly alter the hemodynamic load. This might enable it

to influence the myocardium in a hormonal capacity, possibly

altering rates of protein synthesis or other aspects of the

heart's metabolism. There is also the possibility that a

norepinephrine depleted myocardium might receive critically

needed inotropic support from elevated plasma norepinephrine

levels.

Chidsey et. ale (1965) observed elevated norepinephrine

excretion rates in patients with group III and group IV

heart failure (NYHA class), as compared with rates in group

I and group II patients. Furthermore, the norepinephrine

concentration in atrial tissue samples of patients with

heart failure was markedly lower than it was in patients

without failure. Thomas and Marks (1978) measured plasma

norepinephrine concentrations in heart patients, and found

these to be directly related to the degree of left
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ventricular dysfunction. Levine et. al. (1980) also noted

increased plasma norepinephrine concentrations in patients

with congestive heart failure. Higgins et. al. (1972)

described increased sympathetic tone in patients with heart

failure, and Kramer et. at. (1968) reported that such

patients have increased tyramine-releasable norepinephrine

stores in their peripheral vascular bed. In order to

elucidate the possible importance of this increased

adrenergic activity, Gaffney and Braunwald (1963)

administered guanethidine (Which depletes the myocardium and

other tissues of norepinephrine stores) to patients with

congestive heart failure. They reported that this treatment

clearly increased the signs and symptoms of heart failure in

patients classified as group III and group IV (NYHA class).

There is thus some evidence that elevation of plasma

norepinephrine concentration may constitute an important

physiological adaptation in cases of heart failure. In the

more severe cases, the plasma norepinephrine levels reach

approximately 2000 ng/ml, which the previously mentioned

studies showed to produce important metabolic effects.

There is evidence from a study by Haneda et. al. (1978) that

stress induced release of myocardial norepinephrine is

reduced in patients with depressed cardiac function. This

suggests that hearts of patients with heart disease may

receive inadequate inotropic stimulation from the myocardial

adrenergic system. Elevated plasma norepinephrine
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concentration may conceivably help to compensate for this

deficiency.

1.4.4 Experimental Denervation and Pharmacologic Depletion

In order to determine whether the influence of myocardial

norepinephrine is needed for normal cardiac performance, it

is useful to experimentally test the effects of specifically

destroying these stores. Two means by which this can be

accomplished are reserpine treatment and surgical

denervation of the heart, both of which can lower myocardial

norepinephrine concentration to nearly zero. Spann et. ale

(1966) employed both of these procedures on cats, then

assessed the contractility of their right ventricular

papillary muscle. He found that despite effective depletion

of norepinephrine stores, contractility was normal. A

nearly identical, earlier study by Lee and Shideman (1959),

though, revealed decreased contractility of the

norepinephrine depleted papillary muscles. The discrepancy

between these two findings may be due to the means by which

contractility was measured. Spann's study (1966) analyzed

the force-velocity relationship in addition to contractile

amplitude, and they suggested that the former measurements

may reveal a more fundamental property of contractility. It

will be recalled that in Cutilletta's experiment with nerve

growth factor antiserum, stroke index and cardiac index were
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not altered in the norepinephrine depleted hearts, yet peak

flow velocity and flow acceleration were depressed. Thus,

conclusions regarding the effect of norepinephrine depletion

on myocardial contractility depend heavily on the parameters

one chooses to measure. There is likewise controversy

regarding the effect of sympathectomy on changes in heart

mass. Ostman-Smith (1976) looked for exercise induced

changes in heart mass in normal rats, and in rats which had

been chemically sympathectomized with guanethidine. She

noted that the rats with an intact sympathetic nervous

system developed cardiac hypertrophy, whereas the

sympathectomized rats did not. She suggests that the

cardiac sympathetic nerves are essential for development of

compensatory cardiac hypertrophy in response to physical

exercise. On the other hand, Cohen(1974) failed to observe

any significant effect of intraperitoneal injections of 6

hydroxydopamine on thyroxine-induced, and

deoxycorticosterone plus salt loading-induced cardiac

hypertrophy. It is possible that the degree of

norepinephrine depletion achieved in this study was

insufficient, since Cohen used only fluorescence stains of

frozen heart sections to verify depletion. It is important

to know the exact myocardial norepinephrine concentrations.

Matoba et. ale (1981) surgically removed the superior and

middle cervical ganglia, including the sympathetic trunk,

from both normotensive and spontaneously hypertensive rats.
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Eight weeks later, blood pressure as well as

electrocardiographic and heart mass changes were evaluated.

The denervated, as opposed to non-denervated spontaneously

hypertensive rats showed normal blood pressure, significant

ECG alterations, and histological evidence of significantly

larger myocytes. There was no effect of denervation on the

heart weight to body weight ratio in either the normotensive

or hypertensive rats. None of these studies evaluated heart

function in the intact animal, under peak loading

conditions, following sympathectomy. Thus, while much

useful information has been acquired, we are left with

fundamental questions regarding the functional importance of

an intact myocardial adrenergic system.

1.4.5 Effect of Exogenous Norepinephrine Infusion

Kopin's study had shown that circulating norepinephrine is

in fact taken up by the myocardial adrenergic neurons. This

is not, though, the same as saying that a norepinephrine

infusion is capable of replenishing depleted stores of this

neurotransmitter. If intact myocardial norepinephrine

stores prove to be critical to the heart's ability to cope

with hemodynamic stress, the feasibility of treating hearts

with an exogenous norepinephrine infusion must be

norepinephrine was capable

understood.

infusion of

Gaffney et. al. (1962) observed that an

of increasing
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myocardial norepinephrine content to approximately 30

percent of normal in dogs whose stores had been drastically

reduced by prior reserpine treatment. This replenishment

was associated with an increased contractile response to

tyramine. Tyramine is believed to have its effect by

causing the release of myocardial norepinephrine stores. At

the time at which the degree of replenishment was measured

(15 minutes after stopping the infusion), arterial

norepinephrine concentration had already dropped to

pre-infusion levels. This suggests that the increased

myocardial norepinephrine content was not dependent on a

continued elevation of norepinephrine in the extracellular

fluid. The same norepinephrine infusion failed to either

replenish norepinephrine stores, or to restore the

contractile response to tyramine in the denervated hearts.

It thus appears that an intact adrenergic innervation is

essential for norepinephrine replenishment. Burn and Rand

(1960) examined a number of biological responses of

sympathetic fibers to organs such as the blood vessels, the

nicitating membrane and the iris, and the uterus following

reserpine treatment. The effects of sympathetic stimulation

and tyramine injection were absent in the reserpine treated

animals, but could be restored in most cases by infusion of

either norepinephrine, or one of its precursors. In another

acute study, Euler (1956) failed to observe any increase in

catecholamine content of the cat heart following a 30 minute
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norepinephrine infusion at the rate of 7.8 meg/kg/min. Burn

and Rand (1960) mention a personal communication by Muscholl

that intravenous infusion of an amount of norepinephrine

which was sufficient to restore the tyramine response,

failed to increase the norepinephrine content of

reserpine-pretreated rat hearts.

Taken together, this data seems to indicate the ability

of a norepinephrine infusion to replenish depleted

myocardial stores may depend on the particular situation.

If, for instance, the depletion procedure causes substantial

damage to the neurons, one would expect norepinephrine

uptake to be impaired. The size of the infusion rate and

its duration may also affect the outcome. It should also be

remembered that the point of examining these norepinephrine

depletion studies is to gain insight into the phenomenon of

such depletion consequent to cardiac hypertrophy. The

process by which myocardial stores become depleted in the

early stages of heart enlargement, though, may well be very

different from that of pharmacologic depletion or of

denervation. Unfortunately, there do not appear to be any

studies in which norepinephrine replenishment has been

attempted in hearts hypertrophied from aortic constriction.

The use of an exogenous norepinephrine infusion to

accomplish this, then, is a reasonable, but unproven

approach.
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1.4.6 Adrenergic Receptors

1.4.6.1 Influence of Exogenous Norepinephrine on Receptors

While elevation of circulating norepinephrine levels, per

se, would seem to enhance neuronal reuptake, there is

evidence that this same elevation may lead to feedback

inhibition of norepinephrine release. Langer (1973) has

reviewed some findings that support this contention. He

noted that stimulation of the presynaptic alpha receptors

with either norepinephrine or dopamine, inhibited the

release of norepinephrine; and that blockade of these

receptors by phenoxybenzamine increased neurotransmitter

release. These findings were made in the cat's nicitating

membrane, isolated guinea pig atria, and the cat's perfused

spleen. Docherty and McGrath (1979) looked at the effects

of the two agents, clonidine and yohimbine, on the

cardioacceleration responses to sympathetic stimulation in

the pithed rat. Clonidine, an alpha agonist, inhibited the

usual heart rate increases due to stimulation. The alpha

antagonist, yohimbine, reversed the abovementioned

inhibition when it was given concurrently. Yohimbine also

proved to be capable, by itself, of potentiating the

increase in heart rate under certain conditions of

electrical stimulation. Weiner (1979) has summarized a

number of substances which have been found to modify the

rate of norepinephrine release from adrenergic neurons.

Here again, alpha agonists are included among the inhibitory
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agents. Thus, there appears to be pretty much of a

consensus that norepinephrine buildup in the synaptic cleft

tends to inhibit further release from the nerve.

Conceivably, this effect could reduce the myocardial

response to adrenergic nerve stimulation, despite the

presence of adequate norepinephrine stores.

1.4.6.2 Effects of Aortic Constriction on Receptors

Depletion of myocardial norepinephrine stores that

accompanies this model of cardiac hypertrophy may result in

a reduced norepinephrine concentration in the synaptic

cleft. If this is the case, it may give rise to

supersensitivity of the myocytes to norepinephrine. Two

recent articles support this contention. Karliner et. ale

(1980) performed receptor assays in aortic constricted

guinea pigs, and discovered substantial (79 and 93 percent,

respectively) increases in alpha and beta receptor

densities, compared to controls. These findings were

accompanied by a severe reduction in myocardial

norepinephrine stores. Covell (1966) reported that in dogs

with right heart failure, norepinephrine stores were

depleted, yet right ventricular force developed in response

to exogenous norepinephrine administration was unaltered.

Others, such as Dempsey and Cooper (1968) have observed an

increased responsiveness of chronically denervated hearts to
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norepinephrine. It is not unreasonable, then to propose

that the norepinephrine depletion which follows aortic

constriction is effectively another form of denervation,

which would be expected to result in an increase in

myocardial adrenergic receptors. Limas (1979) obtained

essentially the same results in aortic constricted rats as

Karliner did in guinea pigs, so they appear to be

reproducible across species. What this means is that the

heart may be able to compensate in terms of receptor numbers

for a deficiency in neurotransmitter release. If true, the

compensation must be incomplete, otherwise there would be no

decrement in the heart's responses to myocardial adrenergic

nerve stimulation, as was observed in Covell's study. An

increased number of myocardial adrenergic receptors would

nevertheless generate a greater response of the heart to a

given norepinephrine injection. Harri (1978) found that

repeated norepinephrine injections in rats led to a

reduction in the pressor response to norepinephrine

challenge, whereas treatment with a beta blocker had the

opposite effect. This finding, in a sense, completes the

story by showing that just as denervation or norepinephrine

depletion leads to supersensitivity, chronic norepinephrine

treatment leads to receptor "down regUlation".
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1.4.7 Direct Effect of Norepinephrine ~ Myocardial Cells

Normal myocardial cells are under the continual tonic

influence of norepinephrine. Regions surrounding the

synaptic cleft, in particular, probably achieve

norepinephrine concentrations nearly ten times those in the

circulation, during nerve stimulation. Norepinephrine's

effects on heart rate and contractility are obvious;

however, this agent undoubtedly has important influences on

cell metabolism, as well. Of special interest, here, is the

possibility that norepinephrine might directly stimulate

cardiac hypertrophy. Mallov (1976) administered large doses

of norepinephrine to rats in vivo, then measured the rates

of protein synthesis in the isolated perfused hearts from

these same animals. Protein synthesis was significantly

increased in these cases. Another of Mallov's experiments

showed enhanced myocardial protein synthesis in incubating

slices of rat left ventricle following in vivo

norepinephrine injections. Epinephrine, which also caused

increased protein synthesis when administered in this

manner, failed to do so when applied directly to the

incubating slices. This suggests that some hormonal or

hemodynamic aspect of the in vivo situation is critical for

the initiation of protein synthesis. Mallov also employed

reserpine treatment, adrenal demedullation and adrenalectomy

to deplete myocardial norepinephrine stores, to determine

whether this would affect the rate of cardiac protein
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One

interpretation of 4-'h; e
....A&_- is that normal rates of protein

synthesis are not dependent on stimulation by

norepinephrine. Several investigators, including Gans and

Cater (1970), LeBlanc et. ale

Kanabus and Khairallah (1981)

(1973), Harri (1978), and

have been able to produce

cardiac hypertrophy using hypertensive doses of

norepinephrine. These studies, though, do not discriminate

between the hypertrophy inducing potential of

norepinephrine's hemodynamic effects, and the ability of

norepinephrine to stimulate protein synthesis directly.

Laks (1973) was the first to demonstrate the potential of a

sUbhypertensive norepinephrine infusion to cause left

ventricular hypertrophy. At this dosage, Laks (1971) found

norepinephrine to have some non-pressor hemodynamic effects,

such as increased heart rate and cardiac output, and

decreased peripheral resistance. These parameters were not

measured throughout Laks's earlier study on cardiac

hypertrophy: however, the acute changes just noted resemble

those normally seen during exercise. Increased diastolic

filling of the heart can significantly increase myocardial

wall stress even in the presence of normal arterial and

intraventricular pressures. Thus, even in the case of a

sUbhypertensive infusion, mechanical stress might be an

etiologic factor. In a more recent study, Laks (1979)

performed cineangiography and hemodynamic measurements on
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dogs treated with a long term subhypertensive norepinephrine

infusion. These dogs, in comparison with controls, had

significantly greater left ventricular ejection fractions.

Increased ejection fraction is usually taken as a sign of

improved myocardial function. Left ventricular end

diastolic volume was also significantly greater in the

norepinephrine treated dogs. At equivalent ventricular

pressures, this would give rise to increased wall stress,

which might then be the determining factor in stimulating

cardiac hypertrophy. Overall, there seems to be no clear

demonstration of norepinephrine's ability to directly

stimulate myocardial protein synthesis, independent of its

hemodynamic effects.

Ostman-Smith (1981) has taken a different approach to

this same question. She proposes that nearly all forms of

cardiac hypertrophy are the result of overactivity of the

myocardial adrenergic system. It is possible, for instance,

to maintain blood pressure at normotensive levels by

treating spontaneously hypertensive rats with hyrallazine

(Sen, 1974), yet the heart still hypertrophies.

Ostman-Smith suggests that hydrallazine's hypotensive

effects trigger an increase in reflex sympathetic

stimulation of the heart, which itself is the proximal cause

of the hypertrophy. Both Laks (1976) and Nair (1977) have

expressed their opinions that norepinephrine can and does

directly stimulate protein synthesis in the heart. The
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theory that release of norepinephrine is the common trigger

for hypertrophy is attractive, since it offers a plausible

explanation for many models of heart enlargement. There are

several problems with it, however. First of all, it does

not explain the cardiac hypertrophy resulting from thyroxine

administration. Secondly, Cohen's (1974) failure to observe

any diminution of hypertrophy among sympathectomized, volume

loaded rats is a disturbing piece of contrary evidence.

Ostman-Smith criticized Cohen's work in that she did not

believe the sympathectomy in that study was complete.

Nevertheless, if norepinephrine is truly a potent inducer of

cardiac hypertrophy, it is surprising that substantial

depletion of myocardial norepinephrine stores should not

cause some significant decrease in the degree of

hypertrophy. Lastly, chronic physical training in rats has

been found to result in a reduced rate of cardiac

norepinephrine turnover, along with moderate cardiac

hypertrophy (Ostman, 1972). This reduced turnover probably

reflects decreased sympathetic tone to the heart. If this

is true, it means that the development and maintenance of

hypertrophy occurs despite a reduced basal influence of

norepinephrine on the myocytes. Norepinephrine clearly has

the potential to stimulate hypertrophy, and it may also be

important as a permissive factor. The proposal that

myocardial norepinephrine release is a common denominator

for hypertrophies of differing etiology has considerable
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merit, but is not without its shortcomings. As with the

"wall stress" and "hypoxia" theories, it becomes very

difficult, experimentally, to view the putative "hypertrophy

stimulus" in isolation. Perhaps more likely is the

possibility that hypertrophy can be stimulated by several

factors, of which norepinephrine is one.

1.4.8 Depletion of Norepinephrine Stores

Aside from pharmacologic depletion and denervation,

myocardial norepinephrine stores can be depleted by quite a

number of stresses, including increased afterload (Spann,

1965; Chidsey, 1964; and Fischer, 1965), anemia (Swann and

Contrera, 1976), isoproterenol injections (Dhalla, 1971),

and severe exercise (Ostman, 1972). These same stresses are

all capable of stimulating cardiac hypertrophy. Marked

decreases in norepinephrine concentration and content

normally occur within the first couple days following the

stress's onset. In the aortic constriction model, the

degree of norepinephrine depletion is directly related to

the severity of constriction (Spann, 1965). The precise

mechanism by which these stores become depleted is not

completely understood, since there are several neuronal

processes that might be involved. Bhagat (1973) has

described the relationship between norepinephrine synthesis,

breakdown, release, uptake and storage in the neuron, under
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conditions of normal and increased nerve impulse traffic.

It seems clear that any stress which stimulates

norepinephrine release will thereby place an increased

demand on neuronal synthesis, unless changes in

norepinephrine breakdown and reuptake can fully compensate.

Bhagat (1973) observed increases in both norepinephrine

synthesis and reuptake in rats during periods of high

sympathetic activity associated with cold exposure. An

increased rate of norepinephrine synthesis has also been

demonstrated in the rat's myocardial adrenergic neurons

during electrical stimulation (Gordon 1966a), and during

exercise (Gordon, 1966b). These neurons are thus capable of

dramatically increasing their rate of transmitter release,

without suffering any reduction in stores. A severe,

prolonged increase in impulse traffic, though, will

eventually lead to norepinephrine depletion. Some

investigators have proposed that in these severe cases there

is a diminished capability of the myocardial adrenergic

neurons for reuptake and binding of norepinephrine (Fischer,

1965; Mueller and Axelrod, 1968). A possible defect in

capacity for uptake and binding would also be suggested by

the relatively lesser ability of an exogenous norepinephrine

infusion to elevate myocardial norepinephrine concentration

in rats sUbjected to aortic constriction, in comparison to

controls. Spann (1965) found this to be true for guinea

pigs in which the aortic constriction was severe enough to
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lead to congestive heart failure. In his experiment, 2

mg/kg norepinephrine was given over a period of one hour.

The myocardial norepinephrine concentration was still

increasing at the end of this hour, and it is therefore not

known how much higher it would have risen, had the infusion

been continued. Perhaps the most important point with regard

to the present study is that the myocardial norepinephrine

concentration of aortic constricted guinea pigs did, in

fact, respond to a norepinephrine infusion, albeit to a

lesser extent than controls. This is evidence for the

feasibility of replenishing myocardial norepinephrine stores

in this manner.

In some cases, relief of the stress brings about

restoration of normal myocardial norepinephrine stores

(Dhalla, 1971, Coulson, 1977, Braunwald et al., 1976). For

most clinical cases and experimental models of cardiac

hypertrophy, however, the initiating stress persists, or

becomes even more severe.

it is desirable to

myocardial adrenergic

therefore,

presence of severe

From

function

stress.

a treatment standpoint,

find some way to restore

despite the continuing

Although the rate of

norepinephrine release is not necessarily related to its

concentration within the neuron, depletion of norepinephrine

stores indicates the inability of neuronal synthesis to keep

pace with norepinephrine losses. This imbalance could well

have serious implications regarding the heart's ability to

maintain its compensation.
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Chapter II

STATEMENT OF THE PROBLEM

2.1 EXPERIMENTAL EVIDENCE

There is evidence in the clinical and experimental

literature that:

1. Severe cardiac hypertrophy is usually accompanied by

decreased myocardial norepinephrine stores.

2. Chronotropic and inotropic responses of hypertrophied

hearts with norepinephrine depletion, to electrical

stimulation of the myocardial adrenergic nerves, is

depressed.

3. In patients with congestive heart failure,

circulating norepinephrine levels are considerably

elevated.

4. Afterload-induced cardiac hypertrophy often leads to

depressed myocardial performance, decreased

myocardial norepinephrine stores, and reduced

responsiveness of myocardial adrenergic nerves to

stimulation.
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2.2 CURRENT QUESTIONS

Questions that have not yet been resolved include:

1. Can the decreased myocardial norepinephrine

concentration be replenished by exogenous

norepinephrine infusion?

2. If replenishment occurs, will this restore myocardial

adrenergic nerve function?

3. Whether or not replenishment occurs,

performance enhanced by the infusion?

2.3 RATIONALE FOR THIS STUDY

is myocardial

The heart undergoing severe hypertrophy and failure contains

significantly less norepinephrine per gram of myocardial

tissue than the normal heart. This appears to be

accompanied by a decreased release of norepinephrine by the

myocardial adrenergic nerves. In this case, the myocytes

are presumably deprived of normal norepinephrine levels in

the synaptic cleft. This would tend to limit the inotropic

and metabolic influence of norepinephrine on these cells.

It has been argued that the elevated plasma norepinephrine

concentration seen in patients with advanced congestive

heart failure represents an adaptation which may help to

restore norepinephrine's influence on the myocardium.

Conceivably, an exogenous norepinephrine infusion might

prevent myocardial norepinephrine depletion from occuring.
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If it does, this could restore the ability of the adrenergic

nerves to provide inotropic support to the heart. If it

does not, or if the nerves remain refractory to stimulation,

the infusion may nonetheless have important direct effects

on myocardial performance.

2.4 SUMMARY OF EXPERIMENTAL PLAN

Two studies have been conducted. The first examined the

influence of subpressor norepinephrine infusion on

myocardial adrenergic nerve function in control rats and in

rats with severe aortic constriction. This study was

directed at questions I and 2. The second study

investigated norepinephrine's influence on myocardial

performance with respect to maximal preload and afterload,

in hypertrophied and non-hypertrophied hearts. This study

dealt with questions I and 3.
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Chapter III

MATERIALS AND METHODS - GENERAL

3.1 EXPERIMENTAL ANIMALS

Male Wistar rats were used throughout these experiments.

They were individually caged and fed laboratory chow ad

libitum. During the experimental period, they were weighed

daily and water intake was recorded by means of a piece of

tape on the water bottles, on which the water level could be

marked. On the evening prior to the initial operation,

solid food was withheld. This preoperative fast was

arranged primarily to minimize food stored in the

gastrointe~tinal tract, since aortic constriction was

necessarily placed above the mesenteric artery. It was

reasoned that this would minimize the immediate blood flow

demands of digestion, until the rat was able to recover from

surgical trauma. Having the stomach relatively empty also

facilitated placement of the constricting ligature around

the aorta.
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3.2 OPERATION

3.2.1 Experimental Groups

Rats were randomly placed into four groups, A through D.

Four operations were performed each day, with the order of

operations being systematically varied to minimize bias

between groups in this regard. The same was true for the

order in which final hemodynamic evaluations were performed

at the end of the experimental period.

3.2.2 Anesthesia

Nembutal (50 mg/kg) was used for all surgical procedures

except the initial operation in study 2. For that,

halothane was administered via a nose cone. This change was

made in an attempt to reduce postoperative recovery time,

and thereby improve survival.

3.2.3 Norepinephrine Infusion

Norepinephrine was infused by means of an Alzet model 2001

osmotic minipump with a silastic catheter attached to permit

intravenous delivery. These pumps are designed to infuse at

the rate of one microliter per hour for eight days. The

experimental period was seven days in all cases, thus the

pumps continued to operate through the last day. Infusion

rate was determined by the concentration of norepinephrine

bitartrate in the pump reservoir.
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While the pumping rate is known, there was initially some

question as to the stability of norepinephrine within the

pump. If significant oxidation occurred during the

experimental period, this would proportionately reduce the

effective norepinephrine infusion rate. To ensure that this

was not occurring, a bioassay, using rat aortic strips, was

conducted to determine the viability of various

norepinephrine solutions left sitting under normal

laboratory lighting for one week. All of the week old

solutions showed equal potency. Norepinephrine

concentration in these samples was 1 mg/ml, which is the

same as that used in the pump for a 175 gram rat, to achieve

a .05 meg/kg/min infusion rate. Furthermore, Laks (1979)

reported norepinephrine solutions to be stable for one week

in the infusion pump he used for norepinephrine

administration to dogs. Lastly, personal correspondence

with Dr. J. Kanabus revealed that his lab had monitored a

continued and undiminished pressor response, for one week,

to administration of pressor levels of norepinephrine via

the Alzet pump in rats. The norepinephrine in his

experiment was dissolved in distilled water, without any

antioxidants or chelating agents to minimize norepinephrine

breakdown.
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3.2.4 Blind Procedure

A method was devised to keep the investigator blind to

catheter contents until both the experiment and data

analysis were completed. This consisted of making a pair of

file marks on the internal stainless steel flow moderator

for pumps without norepinephrine. The marks were made just

prior to filling. Pumps that contained norepinephrine were

paired with those that did not. All pumps for the day's

operations were placed in a circular rack in a 37 degree

centigrade water bath for four hours to prime them. They

were positioned such that a pump containing norepinephrine

was always opposite one containing only ~ll~ infusion

vehicle. Before a pump was selected for implantation, the

rack was rotated 20-30 partial turns so that the

investigator was totally unaware of its contents. At

autopsy, the pump was removed without examining its marking,

and was simply labeled with the rat's identification number

until all recordings were analyzed. At this point, flow

moderators were removed, and identification of catheter

contents was recorded. This procedure prevented

investigator bias between the norepinephrine and sham

infusion groups, with regard to such things as the tightness

with which the constricting ligature was made, and the

analysis of recordings.
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3.2.5
Aortic constriction

Surgical constriction of the abdominal aorta was produced by

the method of Grimm et. ale (1963), sometimes referred to as

the needle-ligature method. In this procedure, a 0.5 cm

segment of the suprarenal abdominal aorta is cleared of

connective tissue, a blunt, curved 21 or 22 gauge needle

laid alongside it, and a tight ligature tied around both the

aorta and the needle. At this point, the needle is

withdrawn, leaving a ligature with an inside diameter

approximately the same as that of the needle used for the

tie. The ligature size can be verified at autopsy by

removing it and reinserting the needle originally used.

With practice, this procedure leads to a fairly consistent

constriction. Producing the same degree of constriction in

larger rats obviously requires that a larger gauge needle be

used. A 22 gauge needle, for instance, produces good

results in rats of 150-200 grams, but unacceptably high

mortality in 250 gram rats. For rats of this size, a 21

gauge needle is appropriate.

Evaluation of the degree of hypertrophy in rats of

different body weights is best made by comparing actual

ventricular weight to that predicted from the heart weight

to body weight relationship for sham-operated rats. This

method is superior to use of the heart weight to body weight

ratio, since this ratio normally declines with increasing
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body weight. Beznak (1955b) established a regression

equation for ventricular weight versus body weight in male

Wistar rats, as shown in Figure 1.

This same figure shows a similar regression lin.e obtained in

this lab. Also shown are regression lines for three groups

of rats in which cardiac hypertrophy was produced using

three degrees of aortic constriction.
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16
7

n
30
52
16.90

.90

.93
= .00311 BW + .1611
= .00350 BW + .2124

HW
HW

Figure!. Heart Weight/Body Weight Relationship. The four
solid lines represent the least squares regression lines for
heart weight/body weight relationships in sham operated
rats, and rats undergoing three degrees of aortic
constriction. The number of observations (n) appears above
each line, as well as the diameter of constriction (rom),
where applicable. The dashed line represents data from
Beznak's (1955b) study. Line equations are given below
(HW=heart weight in grams, BW=body weight in grams).

Situation Equation E
1. sham operation HW = .00245 BW + .1587 .97
2. Beznak - sham Ope HW = .00241 BW + .1590
3. aortic const. >.914 HW = .00283 BW + .1514
4. aortic const. ~.914

>.736
5. aortic const. ~.736
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3.2.6 Preliminary study

Prior to the development of the Alzet osmotic minipump, it

was difficult to conduct chronic infusion studies in small

laboratory animals. Consequently, there is scarcely any

data in the literature on the effects of chronic intravenous

infusion of norepinephrine in rats. Several studies

(LeBlanc et. ale 1973; Harri, 1978; and Gans and Cater,

1970) reported the effects of daily injections of

norepinephrine in oil. If one presumes that the

norepinephrine is released from the oil phase at a fairly

constant rate, the effective infusion rate can be estimated.

These estimates, and the resulting changes in heart mass are

shown in Table 1.

The first objective of this dissertation was to determine

the broad dose-response effects of chronic norepinephrine

infusion on cardiac hypertrophy and on mortality. Figure 2

reveals that an infusion rate of 2.5 meg/kg/min is clearly

lethal by itself, and that a dose of .25 meg/kg/min causes

increased hypertrophy and mortality among rats having mild

aortic constriction.

The .25 meg/kg/min dose by itself did not lead to

significant hypertrophy or mortality during one week;

however, it is clear that this dose is too high to benefit

the myocardium. Acute studies in rats (Harri, 1978), dogs
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TABLE 1

Effects of Chronic Norepinephrine Infusion

Author Species Dose Duration
Studied

Effects

Laks et.al.(1973) dogs

Laks et.al.(1979) dogs

Mallov (1973) rats

Harri (1978) rats

Gans and Cater
(1970) dogs

LeBlanc et.al.
(1973) rats

.052

.052

*.694

*.080

*.625

*.208
*.694

6-63 LVW: +13.7

15 EF: +46.0

(1-2 days) PR: +200

2.5-5.5 HW: + 9.4(x)

7-8 HW: +44.0
PR: +200

3 HW/BW: +12.0(x)
3 HW/BW: +17.0(x)

Kanabus and
Khairallah (1981) rats **1.000

**2.000
1
1

LVW/BW: + 4.9
LVW/BW: +27.9

a. All doses are given in meg/kg/min. Effects are expressed
as percent change from control. Symbol definitions are as
follows: PR = rate of incorporation of labeled amino acids
into ventricular tissue slices. In the two cases in which
this was measured, increases of over 200 percent above
control were reported. EF = ejection fraction: LVW = left
ventricular wet weight: HW = total ventricular wet weight:
LVW/BW = left ventricular weight to body weight ratio: HW/BW
= total ventricular weight to body weight ratio.
b. Infusion rates preceded by a (*) were estimated from the
author's daily injection doses of norepinephrine in oil
(intramuscular), assuming that the norepinephrine was
released into the circulation at a fairly constant rate.
c. Infusion rates prededed by (**) indicate that the Alzet
osmotic minipump was used for norepinephrine administration.
d. A (x) indicates that the percent changes shown were
estimated from the author's graphical data, since tabular
data was unavailable.
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Figure 2. Preliminary Study Chronic Norepinephrine
Effects. This figure shows the relative hypertrophy
produced by several one week long norepinephrine infusion
rates, by a .914 mm diameter aortic constriction, and by a
combination of this degree of aortic constriction and a .25
meg/kg/min norepinephrine infusion (also for one week).
Relative hypertrophy is defined here as the ratio of actual
ventricular weight, divided by the value which would be
predicted by the regression line for sham-operated rats
(Figure 1). Significantly greater mortality (chi square: P <
0.01) was noted in the group with the 2.50 meg/kg/min
infusion versus the group receiving .25 meg/kg/min. There
was also significantly greater mortality (chi square: P <
0.05) in the group receiving the combination of aortic
constriction (.914 mm diameter) and the .25 meg/kg/min
infusion, compared to the group with only aortic
constriction.
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(Hjemdahl, 1979), and humans (Silverberg, 1978) suggest that

the pressor threshold is approximately 0.05 meg/kg/min

(Table 2).

As discussed earlier, it can be estimated that basal

norepinephrine production is approximately 0.01 meg/kg/min

in all three species. Thus, the 0.05 meg/kg/min infusion

rate was selected for study 1 and study 2 since it is

significantly greater than basal production, yet

sUbstantially below the dose known to have deleterious

effects when used in combination with aortic constriction.

It was reasoned that if any infusion rate of norepinephrine

has the potential for replenishing myocardial norepinephrine

stores in aortic constricted rats, without increasing

myocardial work and/or damage, the rate of .05 meg/kg/min is

a good first approximation.
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TABLE 2

Effects of Acute Norepinephrine Infusion

------------------------------------------------------------
Author Species Dose Hemodynamic Effects

Studied
------------------------------------------------------------
Gaffney et.al. (1962) dogs 5.000 CF: + (w)

Silverberg (1978 ) humans .010 (x)
humans .050 MAP: + (y)

Goldenberg (1978) humans .010 (x)
humans .050 MAP: + (y)

Hjemdahl et.al.(1979) dogs .017 MAP: + 5.0
dogs .085 MAP: + 15.0
dogs .420 MAP: + 50.0

Laks et . al. (1971 ) dogs .045 MAP: + 13.0
HR: + 25.0
co: + 38.0

TPR: - 18.0
dogs .303 MAP: + 19.0

HR: + 6.0
co: + 13.0

TPR: 7.0

Harri (1978) rats .120 MAP: + 10.0 (z)

a. All doses are given in meg/kg/min. Explanations of
symbols are as follows. CF = contractile force measured by
Walton-Brodie strain gauge; MAP = mean arterial pressure in
rom Hg; HR = heart rate; co = cardiac output in ml/min; and
TPR = total peripheral resistance in rom Hg x min/mI. Numbers
represent percent change from control, with regard to the
parameter measured
b. The meaning of letters in parentheses is as follows. The
(w) indicates that in reserpine pre-treated dogs, a 15
minute infusion at this rate significantly increased the
contractile force response to tyramine injection. An (x)
means that this was determined to be the basal endogenous
norepinephrine production rate in humans. The (y) indicates
that this was determined to be the pressor threshold in
humans. The (z) refers to the fact that the value was
estimated from the author's graph, since no tabular data was
available.
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HEMODYNAMIC MEASUREMENTS

Blood Pressure

3.3

3.3.1

All blood pressure measurements

catheters attached to
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were made using

either Statham P23dB

(study 1), or Beckman type 4-327-C (stUdy 2) transducers.

The transducer signal was amplified and recorded in

conjunction with a Beckman type R4ll dynograph recorder.

Daily calibrations were made against a column of saline.

Conversion to rom Hg was made by dividing em saline by 1.36.

3.3.2 Heart Rate

Heart rate was determined by running the recorder at a speed

of 1 em/sec, counting the individual heart beats over a 10

em span, and multiplying this number by 6 to obtain the

beats per minute.

3.3.3 dP/dt

The left ventricular pressure signal was fed to a Beckman

type 9879 dP/dt coupler, and recorded on a separate channel

of the R41l recorder. The procedures used to obtain the

pressure signal are described in the respective methods

sections for study 1 and study 2. Recorder gain was

maintained at a set level throughout an experimental series,

and responses were originally measured in rom pen deflection.

Conversion of rom deflection to absolute units of dP/dt was
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accomplished by generating a whole series of pressure pulses

using a small rubber bulb connected by a short length of

tUbing to the transducer. Paired observations of

graphically determined rate of pressure rise, and

corresponding deflection on the dP/dt channel were then

plotted, and the regression line for the relationship was

determined. This is shown in Figure 3.

The slope of this regression line was then used as a

conversion factor.
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Figure~. dPjdt Calibration. This figure represents the
relationship between dPjdt max, as determined graphically
from the ventricular pressure recording, and the
corresponding pen displacement in mm on the dPjdt channel.
The points shown were generated by a series of pulses from a
pneumatic bulb attached directly to the pressure transducer.
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3.3.4 Cardiac Output

Cardiac output was determined by the thermodilution

technique. The reliability of using this method in small

animals was pioneered by Cooper et. ale (1963), Evonuk

(1963) and Lin et. ale (1970). This was the most difficult

hemodynamic measurement to obtain, so the inherent

assumptions and possible sources of error will be discussed.

The formula used was as follows:

CO = KVi(Tb-Ti)/ j" Tbdt, where:

K = 60 diSi/dbSb

di,db = specific gravity of saline, blood (g/ml)

Si,Sb = specific heat of saline, blood in

cal/gram/degree centigrade

Vi = volume of room temperature saline injected

Ti,Tb = temperature of saline, blood in degrees

centigrade

5 Tbdt = area under the thermodilution curve

The following values were used (see below):

di = 1.005

db = 1.050

Si = 0.997

Sb = 0.870

These yielded a constant, K, of 65.81
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Values for the specific gravity and specific heat of

blood were obtained from Mendlowitz (1948), and those for

saline, from Ganz and Swan (1974). Mendlowitz (1948) has

described the effect of changes in hematocrit on the

specific heat and specific gravity of blood. Since it is

the product of these that determines the constant, and this

product is only slightly altered over wide fluctuations in

hematocrit, this provides some confidence that the assumed

value holds true during the hemodilution that necessarily

follows a rapid saline infusion as used in study 2.

Thermistor probes were constructed using

micro-mini thermistors mounted at the end of

Fenwal GC32MCI

PE50 catheter

tUbing. Leads were soldered to the ends of 35 gauge

insulated copper wire, and the exposed ends were insulated

with "liquid tape" diluted in toluene. The assembly was

then coated with epoxy adhesive and drawn back through the

catheter tUbing so that the thermistor bead itself protruded

slightly. Leads from the thermistor probe were connected to

a YSI telethermometer bridge, and the telethermometer output

was recorded on the R4ll dynograph. During measurements,

the thermistor probe was inserted a distance of 2.5 cm into

the left carotid artery, to place its tip at the aortic

arch. This probe was utilized to record the dilution curve,

as well as body temperature. Thermistors were calibrated

against a mercury thermometer which could be read with an

accuracy of .05 degrees centigrade. Figure 4 shows a

typical calibration plot.
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Figure!. Thermistor Calibration. The abscissa indicates
the telethermometer reading in degrees Centigrade, and the
ordinate indicates the corresponding temperature reading
from a mercury thermometer. Both the telethermometer and
thermometer were readable with an accuracy of .05 degrees.
Data points were observed during the course of gradual
cooling of an insulated, continuously stirred water bath,
with thermistor and telethermometer immersed and in close
approximation.
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Sensitivity of the entire thermistor-bridge-recorder system

was assessed by determining total vertical pen travel during

the course of cooling. A styrofoam container with fitted

lid was filled with water at 44-45 degrees centigrade, and a

magnetic stirring bar was used to provide good mixing. A

mercury thermometer and the thermistor were mounted close

together and immersed in the water. Recorder sensitivity

settings during this calibration were the same as those used

during sUbsequent cardiac output determinations. The

average value obtained from these measurements was 101.3

rom/degree centigrade, with a standard deviation of 1.9.

Expressed in terms of degrees centigrade per mm vertical

deflection, the corresponding values are .00987 and .00018,

respectively.

Variations in actual injectate volume from the presumed

volume are a potentially large source of error. This

problem was solved by utilizing a Hamilton 5cc gastight

syringe with type PB 600-1 repeating injector, as a means of

consistently injecting 100 microliters of room temperature

isotonic saline into the right atrium. Reproducibility of

injected volume was determined by weighing 25 successive

injections on a Mettler analytic balance. The mean

injectate mass was .1002 grams, with a standard deviation of

.00129. Correcting for the specific gravity of room

temperature saline (1.005 gm/ml), this equates to a mean

volume of .0997 ml, with a standard deviation of .0013.
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Since 2.5 cm length of the PE90 injection catheter was

inserted into the right jugular vein, the assumption was

made that the portion of injectate present in this catheter

segment was at body temperature. This represents 0.014 ml,

and thus the bolus of room temperature saline was estimated

to be 0.086 ml for each .100 ml injection. A five foot

length of PE90 tubing extending from the Hamilton syringe

was exposed to room temperature. The measurement was made

using a mercury thermometer, readable in increments of 0.05

degrees centigrade, with its bulb immersed in a beaker of

equilibrated saline. This was done to stabilize against

minor temperature fluctuations.

Thermodilution curves were extrapolated to baseline by

choosing 5 points at equal distances along the time axis,

and lying between 90 and 40 percent of the peak value.

These points were plotted on semilog paper and connected

with a straight line. Additional points were chosen to

extrapolate the curve to the baseline. The curve was then

cut from the chart with a scalpel, and weighed on a Mettler

analytic balance. This technique of curve integration

assumes reasonable uniformity of paper density. To ensure

this was so, and to obtain a value for conversion of curve

mass to curve area, three 10000 square millimeter segments

were cut from the beginning, middle, and end of each day's

recordings. These were weighed and averaged. This average

value was used to calculate curve areas for the curves
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paper density

with a standard

contained within that record. Overall mean

was found to be 5.62 mg/square centimeter,

deviation of .178.

There are several potential sources of fixed error in the

cardiac output measurement. These include differences

between actual and measured injectate temperature, estimates

of the specific heat and specific gravity of saline and

blood, and the estimated portion of each injection which

constitutes the room temperature bolus. These errors are

not of primary concern in this study, because the focus is

on relative values between groups. Nevertheless, the

absolute values obtained proved to be reasonably close to

others in the literature, as discussed below.

One means of assessing the overall reliability of cardiac

output estimation is to compare successive measurements in

the same animal. In the present study, a large number of

dilution curves were generated following cessation of the

saline preload, during which time cardiac output was

gradually returning to baseline. The assumption was made

that below a left ventricular end diastolic pressure of 10

mm Hg, this decline was reasonably linear, and that cardiac

output at each point in time should be approximately the

same as the average of adjacent measurements. Points were

obtained in this manner, and cardiac output of the n th

observation was plotted against the average of the n-l th

and n+1 th observations. This is shown in Figure 5.
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Figure ~. Reliability of Cardiac Output Determination. The
abscissa indicates individual cardiac output observations
during the course of the gradual decline in cardiac output
following cessation of the preload stress. Only values
associated with left ventricular end diastolic pressures
less than 10 rnrn Hg were included. These were then plotted
against the average of the preceding and subsequent cardiac
output values (ordinate) for each observation.
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In terms of absolute value, cardiac output determinations

from the thermodilution technique are typically higher than

those obtained by other means such as flow probes, and

methods based on the Fick principle. These considerations

are discussed by Lin et al (1970). They found cardiac

output, as estimated by the thermodilution technique, to be

related to the body weight of male Wistar rats by the

equation: CO = 3.826 x body weight to the power .582. In

the present work, the cardiac output of sham-operated,

closed-chested male Wistar rats was determined to be 102.7

ml/min. This value agrees well with the value of 105.6

ml/min., which would be predicted from the equation of Lin

et ale (1970) for rats of this body weight (299.3 grams).

3.4 AUTOPSY

Following an overdose of nembutal, the heart and lungs were

quickly excised, blotted and weighed on a Mettler analytic

balance. Where norepinephrine determinations were to be

made, the heart was quickly placed on crushed ice,

dissected, weighed and homogenized in 5 ml of ice cold .4N

perchloric acid with 5 mg sodium metabisulfite, before lung

weight was determined. Homogenization was accomplished

within 5 minutes of the heart's excision. These homogenized

samples were centrifuged at 10000 x G for 15 minutes in a

Beckman model L3-40 ultracentrifuge, and the supernatant was
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stored frozen until analysis. Norepinephrine assay was

performed by Dr. William Raum M.D., Ph.D., at Harbor-UCLA

Medical Center, using a radioimmunoassay technique. Details

of the procedures used are contained in a methods paper by

Raum and Swerdloff (1981). Lungs were kept in a small

moisturized container until they were weighed. In all cases,

a small longitudinal slice of left ventricle was separated

and used for dry weight determination. This piece and the

lungs were oven dried at 100 degrees centigrade for one day,

then removed, allowed to cool to room temperature, and

weighed again. The pre and post-drying weights were used to

calculate the percent dry weight. In each autopsy,

verification of the placement and size of the constricting

ligature and of the minipump catheter's position was made.

Any other significant observations such as aortic rupture,

intestinal ishemia, hemorrhagic lungs, and fluid in the

thorax were also noted.

3.5 STATISTICAL METHODS

Analysis of group differences with regard to individual

parameters was made by the Duncan MUltiple Range Test. This

test was used because it corrects for bias inherent in

making multiple paired comparisons. Where significance was

found (this test only indicated whether each comparison was

significant at the P < 0.05 level), the actual significance

value was estimated by
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following up with an unpaired t-test. Treatment effects

regarding individual parameters were evaluated by analysis

of variance. In study 2, analysis of covariance was

employed to assess differences between groups, regarding the

relationship between left ventricular end diastolic

pressure, and the performance parameters such as cardiac

index and stroke work index. To accomplish this analysis, a

reciprocal transformation of the independent variable, left

ventricular end diastolic pressure, was made in order to

linearize the data. This transformation appeared to be

warranted, in that the coefficients of correlation were all

above .80, and graphical plots of the error variance using

the transformed scale, revealed no significant departure

from linearity.
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Chapter IV

STUDY 1

4.1 MATERIALS AND METHODS

4.1.1 Experimental Treatment

Male Wistar rats having initial body weights of 140-250

grams were used in this study. They were fed ad libitum, and

randomly grouped into four treatment categories as follows:

A. sham aortic constriction sham infusion

B. sham aortic constriction

C. aortic constriction (22 G)

D. aortic constriction (22 G)

.05 meg/kg/min NE

infusion

sham infusion

.05 meg/kg/min NE

infusion

4.1.2 Initial Operation

4.1.2.1 Implantation of Osmotic Minipurnp

A 6 em silastic catheter was attached to each minipump, and

filled with the same contents as the pump reservoir. This

construction was exactly as described in Alzet Technical

Bulletin, Summer 1977 vol 1 #2. The catheter tip was

plugged with silastic adhesive, and a slit valve was created

by a transverse puncture, just before the plugged section,
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using a 25 gauge needle. This permitted the infusate to be

released, yet inhibited backflow of blood into the catheter.

This was a precaution to avoid inactivation of

norepinephrine within the pump-catheter system. Pumps

contained norepinephrine bitartrate dissolved in deionized

distilled water, except for the "sham" pumps, which

contained only water. Pumps were primed in 37 degree

centigrade isotonic saline for 4 hours, to ensure that they

reached their nominal pumping rate at the time of

implantation. Each pump was placed subcutaneously over the

right scapula, through a small neck incision, and the

catheter was inserted a distance of 2.5 cm into the right

jugular vein. The neck incision was then closed, using 3-0

surgical silk suture.

4.1.2.2 Aortic Constriction

This was accomplished as previously described, through a

laparotomy, and using a 22 gauge needle as a guide and 3-0

silk surgical suture for the ligature. Sham constriction

consisted of a laparotomy, and placement of a loose ligature

around the aorta.
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Nerve stimulation in this study required the construction of

a suction electrode. This was fashioned by heat shrinking

the tip of a pasteur pipet to the approximate diameter of

the cervical sympathetic trunk. This was mounted on a 1 cc

plastic syringe having internal and external electrodes made

with 35 gauge silver wire. These wires were connected to a

Grass S9 Stimulator. The internal electrode extended to .5

cm from the pipet tip, as did the external electrode. The

syringe and tip were filled with Tyrode's solution.

4.1.4 Hemodynamic Measurements

Figure 6 shows the overall layout used for the final

evaluation of hemodynamic responses to electrical

stimulation of the sympathetic trunk, and to tyramine and

norepinephrine injections.

4.1.4.1 Electrical Stimulation

At the end of the seven day experimental period, each rat

was anesthetized with 50 mg/kg nembutal, and a midline neck

incision was made. First, with the aid of a Bausch and Lomb

dissecting microscope~ the right carotid was dissected free

from connective tissue, and both the vagus nerve and the

cervical sympathetic trunk were carefully isolated. A fluid

filled PE50 catheter, attached to a Statham P23dB pressure
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Figure.§.. Schematic Diagram:
arrangement of equipment, and
for the hemodynamic evaluation
experimental period.

Study!. This depicts the
the surgical procedures used
at the end of the seven day
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transducer, was then inserted into the right carotid to

measure arterial pressure and heart rate. This catheter was

then advanced until a ventricular pressure pulse was

observed. This signal was used to obtain baseline heart

rate, peak ventricular pressure, and dP/dt. Next, the

sympathetic trunk was cut, and the tip of the caudal section

was drawn into the tip of the suction electrode. The

electrode was held in position by a table stand and clamps.

The "pocket" formed by the incision was filled with Tyrode's

solution to ensure adequate contact with the external

electrode. The nerve trunk was stimulated with monophasic

pulses of 1 volt, 5 msec duration and a frequency of

10/second, using a Grass S9 Stimulator. Previous tests

found these stimulus parameters to produce the maximal

responses. Increments in peak ventricular pressure, heart

rate, and dP/dt normally reached a plateau within 15

seconds, and at this point the values were recorded.

Stimulation was then discontinued, allowing hemodynamics to

return to baseline. Next, the sympathetic trunk on the left

side was isolated and stimulated in the same manner. This

stimulation occurred approximately 10 minutes after right

side stimulation.
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4.1.5 Pharmacological Responses

A fluid filled PE90 catheter was inserted into the left

femoral vein. This was used to inject doses of tyramine and

norepinephrine. Tyramine was injected first because this

acts by releasing endogenous norepinephrine stores, and its

purpose was, in fact, to assess the state of myocardial

norepinephrine stores. A prior injection of norepinephrine

might interfere with this observation. The effect of

norepinephrine injection, on the other hand, does not depend

on the level of myocardial norepinephrine stores, and thus

their depletion by prior tyramine injection should not

interfere with observations regarding the myocardium's

responsiveness to circulating norepinephrine. The dosages

employed, 200 ug/kg for tyramine, and 10 ug/kg for

norepinephrine, were chosen because these appeared to be

more than sufficient to produce maximal responses (Gaffney

et aI, 1962; Newman, 1977). Tyramine injection occurred 10

minutes following left side stimulation, and norepinephrine

injection was made 5 minutes later. In each case, pre and

post-injection peak ventricular pressure, heart rate, and

dP/dt were recorded.
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4.1.6 Autopsy/Norepinephrine Samples

Rats were killed with an overdose of nembutal, and the heart

and lung weights were determined as previously described. A

subgroup of rats representing all four treatment protocols

was used primarily for determination of ventricular

norepinephrine concentration. This subgroup was not exposed

to the electrical or pharmacological stimulation, since

these evaluations might acutely alter the state of

myocardial norepinephrine stores. A catheter was inserted

into the left carotid just prior to sacrifice, in order to

gather additional data regarding mean arterial pressure and

heart rate at the end of the seven day experimental period.

4.2 RESULTS

4.2.1 Body Weight and Mortality

Figure 7 shows that the final body weights of rats surviving

aortic constriction for 7 days is significantly lower than

those of unconstricted rats.

Norepinephrine infusion does not appear to significantly

influence final body weight. All four experimental groups

were virtually identical in initial body weight, when

initial body weights of non-survivors are included (data not

shown). The survivors in group C, though, had significantly

lower initial body weight than did rats in group A.

Evidently, the smaller rats in that group were more likely

to survive. These same rats probably had a slightly lesser
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Figure 2. Body Weights: Study!. This figure indicates
initial body weights and body weights at the end of the
seven day experimental period. Only those rats surviving the
full seven days were included. Note that the final body
weight of aortic constricted rats (Groups C and D) is
significantly less that that of non-aortic-constricted rats
(Groups A and B, P < 0.01).
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degree of effective aortic constriction, since their aortas

were presumably smaller, whereas the ligature size was

constant for all rats. There was no mortality in groups A

and B. Groups C and D had 51.4 and 50.0 percent mortality,

respectively.

4.2.2 Ventricular Weight

Absolute wet and dry ventricular weights in both aortic

constricted groups were significantly greater than those

found among unconstricted rats (p < 0.01). Norepinephrine

treatment had no significant effect on these parameters

(Figure 8).
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Figure~. Total Ventricular Weight: Study!. Clear bars
represent absolute wet weight (grams) of combined left and
right ventricular mass. Hatched bars represent dry
ventricular mass. These values were obtained by mUltiplying
the percent dry weight of a small slice of left ventricle
(see text), by total ventricular mass. Note that both wet
and dry mass of aortic constricted groups (C and D) are
significantly greater than those of non-aortic-constricted
groups (A and B).
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4.2.3 Lung Weight

There were no significant differences among the four groups

with respect to either wet or dry lung weight among

survivors (Figure 9).

Some tendency may have existed toward increased lung weight

in the aortic constricted groups (not significant). When

these values were normalized for body weight, it was noted

that the dry lung weight to body weight ratio in group D was

significantly greater than that of either group A or group B

(Table 3, P < 0.05).
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Figure~. Lung Weight: Study!. Clear bars represent
absolute wet lung weight (grams), and hatched bars indicate
dry lung weight. No significant inter-group differences were
noted, with regard to these measures.
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TABLE 3

Body and Tissue Weights, and Indices of Tissue Weights

Study 1 - Survivors

Group IBW FBW HWW HWW/FBW

A 174.6 (4.3) 210.5 (6.2) .5995 (.0132) 2.889 ( .099)

B 172.9 (5.0) 212.6 (6.6) .5699 (.0170) 2.687 ( .032 )
*A ***A, ***B ****A, ****B ****A, ****B

C 162.3 (2.9) 187.2 (4.9) .7970 ( .0237) 4.326 ( .199)
***A, ***B ****A, ****B ****A, ****B

D 166.3 (2.8) 182.1 (5.9) .7826 (.0247) 4.376 ( .198)
------------------------------------------------------------
Group HWD HWD/FBW LWW LWW/FBW
------------------------------------------------------------

A .1284 (.0053) .6153 (.0282) 1.1216 ( .0538) 5.392 ( .273 )

B .1250 (.0050) .5863 (.0121) 1.0821 ( .0480) 5.106 ( .166 )
****A, ****B ****A, ****B

C .1685 (.0064) .9128 (.0448) 1.2432 (.1262) 6.897 ( .880)
****A, ****B ****A, ****B *A, *B

D .1684 (.0055) .9383 (.0388) 1.3074 (.1618) 7.488 (1.115)

Group LWD LWD/FBW

A .2176 ( .0081) 1.045 (.045)

B .2203 ( .0104) 1.036 (.033)

C .2549 ( .0242) 1.407 ( .168)
*A, *B

D .2741 ( .0328) 1.565 ( .223 )

a. Explanation of symbols: IBW = initial body weight in
grams; FBW = final body weight in grams; HWW = wet
ventricular weight in grams; HWW/FBW = ventricular weight to
body weight ratio, in grams/kg; HWD = dry ventricular weight
in grams; HWD/FBW = dry ventricular weight to body weight
ratio, in grams/kg; LWW = wet lung weight; L~~/FBW = wet
lung weight to body weight ratio, in grams/kg; LWD = dry
lung weight; LWD/FBW = dry lung weight to body weight ratio,
in grams/kg.
b. Significant differences are indicated by one to four
asterisks above the data entry (p < 0.05, 0.02, 0.01, and
0.001, respectively), and alongside the letter of the group
with which it differs. Numbers in parentheses represent the
standard error of the mean.
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4.2.4 Norepinephrine Content and Concentration

Norepinephrine content was significantly lower in group C,

as compared to all other groups (Figure 10).

In addition, analysis of variance indicated that aortic

constriction was associated with depressed norepinephrine

content (p < 0.02). In group D, though, norepinephrine

content did not differ from that of groups A or B. The same

pattern held for norepinephrine concentration, except that

here, group D was lower than group B, but not significantly

lower than group A (Figure 11).

While both norepinephrine content and concentration appeared

to be consistently greater in groups receiving

norepinephrine infusion, this difference was not quite

significant by analysis of variance. The same analysis

revealed a significant effect of aortic constriction on

norepinephrine concentration (p < 0.02).
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Figure 10. Norepinephrine Content: Study!. Norepinephrine
content of total ventricular mass, in ng norepinephrine, is
depicted in this figure. Note that the group with aortic
constriction, but without norepinephrine supplementation
(Group C) has significantly less norepinephrine content than
that of groups A, Band D (p < 0.01, 0.001 and 0.05,
respectively). Analysis of variance indicates a significant
treatment effect of aortic constriction (p < 0.02),
confirming that in this experiment, aortic constriction led
to significant depletion of norepinephrine content.
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Figure 11. Norepinephrine Concentration: Study!. The
ordinate in this figure is in ng norepinephrine/gram total
ventricular mass. As indicated, the norepinephrine
concentration of group C is significantly less than that of
groups A and B (P < 0.01). Group D's norepinephrine
concentration is significantly less than that of group B (P
< 0.05), but not less than that of group A.
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4.2.5 Hemodynamics

The four experimental groups did not differ significantly in

resting mean arterial pressure, heart rate or dP/dt max

(Figures 12A,B,C).

Since the constriction was sufficiently severe that it would

be expected to cause marked hypertension, further analysis

was aimed at determining whether there was heterogeneity

within each aortic constricted group. In failing hearts,

the blood pressure progressively declines, and it seemed

possible that each aortic constricted group might contain

subgroups of hypertensive rats on the one hand, and rats

with low pressure and failing hearts, on the other. Figure

13 shows this to be the case.

Groups A and B were unimodal, and groups Band D were

bimodal. The profile of aortic constricted rats was

significantly different from that of unconstricted rats

(chi-square, p < 0.01). Norepinephrine appeared to have no

influence on these frequency distributions.
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Figure l2A-12C. Resting Hemodynamics : Study l. These mean
arterial pressure, heart rate and dP/dt max values were
obtained from resting, anesthetized, closed-chested rats at
the end of the seven day experimental period. No significant
inter-group differences were noted. dPjdt max values were
originally obtained in mm deflection on the dPjdt channel,
then converted to absolute units, using the conversion
factor of 506.6 mmHgjsec/mm deflection.



139

12A 150

....
OJ
J:

E 100
E.....
a..
<C
:E

50

- 1 7 18

1 9 1 8 ·

·. ·
~

· .
·
·

~
. ·-,

··
·
·

....
I:

128 'E...
en-ctl 400Ql
.c.....
w
I-
<C
ex: 200
I-
ex:
<C
w
J:

1 9 1 8 1 7 1 8
~

·· ·
'. · '.··
· ·· ··

~ ·· .. ·
· .

··
1618

1 7
15

-,

l- ·····
.

'-

·
·

12C
....
(J

Ql
en...

5000OJ
J:

E
E

x 2500ctl

E-'0...
a..
'0

AC

NE

A 8

+

C

+
D

+
+



140

Figure 13. Blood Pressure "Profile" : Study 1:.. This
represents a further analysis of the same data from which
figure l2A was derived. It reveals the presence of two
subgroups within each of the aortic constricted groups:
those rats that became hypertensive, and those with
hypotension, and presumably failing hearts. The difference
between the aortic constricted groups (C and D) and the
non-aortic-constricted groups (A and B) is statistically
significant by the chi-squared test (p < 0.01).
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Responses to electrical and pharmacological
stimulation

Paired t-tests indicated that group A responded

significantly on all parameters and to all stimuli. Group

Bls peak ventricular pressure and dP/dt max responses to

right sympathetic trunk stimulation were not significant.

Group D had a non-significant heart rate response to right

sympathetic trunk stimulation. Both aortic constricted

groups (C and D) failed to show significant heart rate

responses to left sympathetic trunk trunk stimulation. The

results of unpaired t-tests are discussed at more length

below.

4.2.6.1 Heart Rate

There were no significant differences in heart rate among

the four groups, prior to stimulating the right sympathetic

trunk (Figure 14A).

Heart rate following right sympathetic trunk stimulation was

significantly depressed in group D, compared with groups A

and C (p < 0.05). The heart rate increment in group D was

also significantly less than that of group A (p < 0.05).

Analysis of variance showed that in general, norepinephrine

treatment was associated with significantly lower

post-stimulation heart rate (p < 0.05).
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Figure 14A-14D. Heart Rate Responses to Right Sympathetic
Stimulation, Left Sympathetic Stimulation, Tyramine
Injection and Norepinephrine Injection. Shown in this
figure are the heart rate values before and after each of
four stimulations: electrical stimulation (1 volt, 5 msec,
10/sec) of the right and left cervical sympathetic trunks,
tyramine injection (200 meg/kg), and norepinephrine
injection (10 meg/kg). Groups are labeled as follows:

Group Label Treatment
A 0 0 sham constriction/sham infusion
B 0-- - - -0 sham constriction/NE infusion
C • • aortic constriction/ sham infusion
D • - ---.. aortic constriction/NE infusion

Group differences with regard to pre-stimulation values,
post stimulation values, and heart rate increments were
tested for significance by both the Duncan MUltiple Range
Test and the unpaired t-test. Where pre- and
post-stimulation values were found to be significantly
different, this is noted by an asterisk(s) at either end of
the group's line. Significant differences in heart rate
increments are indicated by a t adjacent to the
post-stimulation end of the line. Results of analysis of
variance are depicted in a similar manner, except that the
treatment abbreviation (i.e. AC or NE) is used in place of
the group letter (i.e. A,B,C or-D). --
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In response to left cervical sympathetic trunk

stimulation, groups B,C and D showed significantly lesser

increases in heart rate than did group A (Figure 14B, P <

0.05, 0.02, and 0.02, respectively). Additionally,

post-stimulation heart rate was significantly depressed in

group D, compared to group A (p < 0.05). Here, aortic

constriction was found to be significantly associated with

depression in heart rate increments (analysis of variance, P

< 0.01). Figure 14E shows a comparison of the heart rate

increments to left and right sympathetic stimulation.

Tyramine injection caused similar heart rate changes in

all four groups, and no significant differences of any sort

were found by the Duncan Multiple Range Test (Figure 14C).

Analysis of variance, though, revealed a significant

interaction between the effect of aortic constriction and

that of norepinephrine infusion (p < 0.05). In this case,

it appears that norepinephrine treatment led to lesser

increases in heart rate among unconstricted rats, yet had

the opposite effect among aortic constricted rats.

No significant differences in pre-stimulation heart rate,

post-stimulation heart rate, or heart rate increment were

noted in response to norepinephrine injection (Figure 14D).

Furthermore, no treatment effects of either aortic

constriction or chronic norepinephrine infusion were found

by analysis of variance.
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Figure 14E. Heart Rate Responses: Significant Results. This
figure shows the increments in heart rate produced by right
and left sympathetic trunk stimulation, and indicates the
significant differences that were found. Note that the
responses of groups B,e and D were each found to be
significantly less than that of group A, with respect to
left sympathetic trunk stimulation (p < 0.05, 0.02, and
0.02, respectively).
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4.2.6.2 dP/dt max

Resting dP/dt max was significantly greater in group ethan

in the other three groups, prior to right sympathetic trunk

stimulation (Figure 15A, A: P<0.05, B: P<0.01, D: P<0.05).

Analysis of variance indicated significant treatment effects

of both aortic constriction (P<0.05) and of norepinephrine

infusion (P<0.05) on these initial dP/dt values, as well.

The direction of these effects suggests that aortic

constriction was associated with higher, and norepinephrine

infusion with lower, initial dP/dt values. After right side

stimulation, dP/dt max remained higher in group C than in

either group D (p < 0.05) or group B (p < 0.01); however,

there were no significant differences in dP/dt max

increments among the groups.

Prior to left sympathetic trunk stimulation, there were

no significant differences among the groups (Figure 15B).

Group D exhibited a post-stimulation dP/dt max that was

significantly below that of groups A and C (p < 0.01 and

0.05, respectively), as well as an increment which was

significantly less than that of groups A and B (p < 0.001

and 0.01, respectively). Analysis of variance indicated that

norepinephrine trea~~ent was associated with significantly

lower post-stimulation dP/dt max values (p < 0.02). This

analysis also showed that both aortic constriction and

norepinephrine treatments were related to reduced increments

in dP/dt max (P < 0.01 and 0.05, respectively). Figure 15E
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Figure lSA-1SD. dPjdt ~ Responses to Right Sympathetic
Stimulation, Left Sympathetic Stimulation, Tyramine
Injection and Norepinephrine Injection. This figure shows
pre- and post-stimulation values of dPjdt max in response to
each of four stimulations. Stimuli descriptions and labels
are the same as in the description for figures 14A-14D.
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shows a comparison of dP/dt max increments to left and right

sympathetic stimulation.

No significant differences

treatment groups, with regard

either tyramine injection or

(Figures l5C,15D).

were noted among the four

to dP/dt max responses to

to norepinephrine injection

Peak Ventricular Pressure

By analysis of variance, it is apparent that initial peak

ventricular pressure, peak ventricular pressure following

right sympathetic trunk stimulation, and the respective

pressure increments were all significantly greater in aortic

constricted rats than in unconstricted rats (Figure 16A).

These same parameters were lower in norepinephrine-infused

rats than in rats not receiving norepinephrine infusion.

Group comparisons bear this out (see Figure 16A for

significance levels.

Prior to left sympathetic trunk stimulation, peak

ventricular pressure was significantly higher in group C,

compared to groups A and B (Figure 16B, P < 0.05).

Post-stimulation peak ventricular pressure was also greater

in group C, in comparison to group B (p < 0.05). Analysis

of variance indicated that aortic constriction was

associated with significantly greater pre- and

post-stimulation peak ventricular pressure (p <0.01, 0.05,
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Figure 15E. dP/dt ~ responses: Significant Results. This
figure shows the increments in dP/dt max produced by right
and left sympathetic trunk stimulation. Note that Group D,
which received both treatments, had significantly depressed
responses compared to those of group A (p < 0.001) and group
B (p < 0.01). Also, analysis of variance indicates that
aortic constriction treatment and norepinephrine treatment
are each associated with depressed dP/dt responses (p <
0.01, 0.05, respectively).
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Figure 16A-16D. PVP Responses to Right Sympathetic
Stimulation, Left Sympathetic Stimulation, Tyramine
Injection and Norepinephrine Injection. This figure shows
pre- and post-stimulation values of peak ventricular
pressure in response to each of four stimuli. Stimuli
descriptions and labels are the same as in the descriptions
for figures 14A-14D.
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Prior to and following tyramine injection, peak

ventricular pressure was greater in group C, compared to the

other groups (Figure 16C). Analysis of variance indicated a

significant treatment effect of aortic constriction on

pre-stimulation peak ventricular pressure (p < 0.02), and of

both aortic constriction (p < 0.01) and norepinephrine (p <

0.05) on post-stimulation peak ventricular pressure.

Group C's peak ventricular pressure values, prior to

norepinephrine injection, were also elevated above the other

groups (Figure 16D). Post-stimulation peak ventricular

pressure was greater in group C than in groups A and B, and

also greater in group D than in group B. Analysis of

variance revealed significant treatment effects of both

aortic constriction (p < 0.001) and norepinephrine (p <

0.05) on pre-injection peak ventricular pressure, and of

aortic constriction (p < 0.001) on peak ventricular

immediately following the norepinephrine injection.

4.2.6.4 Comparison of Compensated vs. Decompensated Hearts

Figure 13 suggested that a subgroup of rats within each

aortic constricted group was in a state of decompensated

heart failure. In order to assess the possibility that the
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Figure 16E. PVP Responses: Significant Results. This figure
shows the increments in peak ventricular pressure produced
by left and right sympathetic trunk stimulation. Note that
by analysis of variance, aortic constriction was found to
produce greater, and norepinephrine treatment, lesser, rises
in peak ventricular pressure, in response to right
sympathetic trunk stimulation.
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responses to electrical and pharmacological stimuli, just

described, may be different in these subgroups, a further

analysis was conducted. Groups C and D were each divided

into two groups: those with final mean arterial pressures

equal to or less than 120 rom Hg, and those with pressures

greater than this. Three rats in each group fell into the

lower category, and these presumably represented the

decompensated hearts. There were no significant differences

between compensated and decompensated hearts within either

treatment group. As an additional test of whether

decompensated hearts respond differently than compensated

ones, responses from decompensated hearts in groups C and D

were pooled, and compared to the pooled responses of

compensated hearts from these two groups. This analysis

revealed two significant differences. The dP/dt max

responses to either tyramine injection or to norepinephrine

injection were greater in the decompensated hearts (Figure

l5F, P < 0.01).
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Figure 15F. dP/dt max responses: Failing vs. Non-Failing
Hearts. is figure shows the increments in dP!dt max in
response to either tyramine injection or to norepinephrine
injection. No significant differences were noted among the
original four groups. However, when failing hearts in both
constricted groups were compared with non-failing hearts,
the failing hearts were found to have significantly greater
responses to these stimuli (p < 0.01).
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Figure 15F. dP/dt max responses: Failing~. Non-Failing
Hearts. is figure shows the increments in dP!dt max in
response to either tyramine injection or to norepinephrine
injection. No significant differences were noted among the
original four groups. However, when failing hearts in both
constricted groups were compared with non-failing hearts,
the failing hearts were found to have significantly greater
responses to these stimuli (p < 0.01).
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4.3 DISCUSSION

Aortic constriction in this experiment appears to be severe

enough to cause decompensated congestive heart failure in a

significant number of the rats. Evidence for this is the

high mortality rate, the bimodal distribution of mean

arterial pressures among aortic constricted rats, and

autopsy findings among those that died. These autopsies

generally revealed a fluid-filled thoracic cavity and

grossly hemorrhagic and edematous lungs. Under such a

severe afterload, other investigators have found marked

decreases in both the content and concentration of

myocardial norepinephrine (Spann et. ale 1964, Chidsey et.

ale 1964, and Fischer et. ale 1965). This finding was

repeated here. Supplemental norepinephrine infusion in

aortic constricted rats does appear to have either prevented

this depletion, or to have replenished the stores following

an initial depletion (Figure 10). Norepinephrine content

may be more reflective of the state of norepinephrine

storage within individual myocardial adrenergic nerve

terminals than norepinephrine concentration, since the

number of nerve terminals might remain relatively constant

while they become "diluted" by the increased ventricular

mass. Both wet and dry ventricular mass were significantly

increased by this degree of aortic constriction. The degree

of hypertrophy is even more significant if heart weight to
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however, this was avoided,

since the results were clear without resorting to any such

adjustments. Norepinephrine treatment did not significantly

affect ventricular weight in any of the groups.

The finding of a depressed response to myocardial

adrenergic nerve stimulation, which Covell (1966) noted in

failing dog hearts, was essentially repeated here, using the

model of aortic constriction in rats. Treatment of these

rats with a supplemental norepinephrine infusion appears to

lead to relatively normal myocardial norepinephrine content,

yet paradoxically, to further depression in the heart's

responses to myocardial adrenergic nerve stimulation.

Indeed, norepinephrine-treated unconstricted rats (group B)

showed evidence of reduced heart rate responses to such

stimulation. In all cases in which analysis of variance

indicated a significant treatment effect of norepinephrine

on these responses, the direction of the effect was to

depress them. The findings just noted may be further

evidence for the significance of presynaptic alpha

adrenergic receptors, in the regUlation of neurotransmitter

release. According to several studies mentioned in the

introduction (Langer 1973, Weiner 1979, Docherty and McGrath

1979), high levels of alpha agonist in the vicinity of the

adrenergic nerve terminals may act to inhibit further

release of norepinephrine. The inhibition is seen as part

of a classical negative feedback mechanism which might help
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to conserve neurotransmitter. Exogenous norepinephrine may

have this effect, in addition to that of providing a source

for norepinephrine reuptake. To the extent that the

original aim was to restore relatively normal adrenergic

nerve function, the net result of norepinephrine infusion

appears to be counterproductive.

Responses to tyramine injection were examined as a

measure of the releasable norepinephrine stores in each

group. Duncan Multiple Range tests and unpaired t-tests

showed no significant differences among the four groups in

their responses to tyramine injection. with regard to heart

rate responses, analysis of variance indicated that

norepinephrine infusion enhanced the responses of aortic

constricted rats, while it depressed the responses of

unconstricted rats. This might be explained in terms of

presynaptic alpha receptor inhibition as follows: In

unconstricted rats, the amount of tyramine-releasable

norepinephrine stores may be near maximal, and the infusion

would not be expected to significantly elevate them. At the

same time, though, it may be acting via the presynaptic

alpha receptors to inhibit norepinephrine release. In

aortic constricted rats, in which myocardial norepinephrine

stores are clearly depleted, the potential for enhancing the

tyramine response by replenishing the norepinephrine stores

may be relatively greater than the inhibitory effects

resulting from the stimulation of presynaptic alpha

receptors.
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are

presumably not dependent on the state of myocardial

norepinephrine stores. Responses of the four groups to this

challenge were used as an indication of the degree to which

postsynaptic events might be responsible for the overall

diminished responses to myocardial adrenergic nerve

stimulation. Prior to norepinephrine ill j ect.Lon , peak

ventricular pressure was elevated in rats with aortic

constriction, and depressed in those rats receiving chronic

norepinephrine infusion. There were not, though, any group

or treatment effects on increments of heart rate, peak

ventricular pressure,

norepinephrine injection.

or dP/dt max in response to

If myocardial adrenergic receptor number increases as the

state of decompensation progresses, the hearts with the

greatest decompensation would be expected to be the most

responsive to circulating norepinephrine. The observation

that decompensated hearts had significantly greater

responses to tyramine injections and norepinephrine

injection supports recent findings of increased number of

myocardial beta adrenergic receptors in cases of chronic

severe aortic constriction (Karliner et. ale 1980, Limas

1979) . Tyramine releases norepinephrine from peripheral

adrenergic neurons as well as from myocardial neurons,

therefore plasma norepinephrine can be elevated by this

agent, even if myocardial norepinephrine stores are
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depleted. The response to tyramine might, then, be more

dependent on the heart's sensitivity to circulating

norepinephrine than to the condition of its norepinephrine

stores. Since the decompensated hearts showed similarly

elevated responses to both tyramine and norepinephrine

injections, it seems likely that both observations reflect

increased sensitivity to circulating norepinephrine in these

hearts.

4.4 SUMMARY

Overall, it appears that the myocardial cells in all four

treatment groups were capable of responding normally to

norepinephrine. Myocardial adrenergic nerve function,

though, was depressed by either aortic constriction or

chronic subpressor norepinephrine infusion. The

norepinephrine infusion seemed to have no positive effects

on responses to nerve stimulation, in spite of its apparent

ability to replenish depleted norepinephrine stores. It

thus seems that in this model of cardiac hypertrophy,

supplementation with a subpressor norepinephrine infusion is

clearly not beneficial to myocardial adrenergic nerve

function. This does not preclude the possibility that

another means of replenishing the depleted norepinephrine

stores might be more effective. Specifically, any agent

which enhances the buildup and storage of norepinephrine in

the adrenergic nerve terminals, without activating
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presynaptic alpha receptors, might have more desirable

consequences on nerve function.

The effects that have been observed provide information

regarding the state of norepinephrine storage within the

myocardial adrenergic nerve terminals, and the

responsiveness of this system to electrical stimulation.

The principal focus has thus been on presynaptic events.

Quite another question is that of the heart's ability to

respond to mechanical preload and afterload. It is

conceivable that norepinephrine treatment may have a

beneficial effect on these responses, even though it clearly

failed to enhance myocardial adrenergic nerve function.
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Chapter V

STUDY 2

5.1 MATERIALS AND METHODS

5.1.1 Experimental Treatment

This study utilized male Wistar rats of 215-279 grams. They

were randomly grouped into the same four treatment protocols

as in Study 1, except that a 21 gauge needle was used for

the ligature. The initial operation differed somewhat, as

described below.

5.1.2 Norepinephrine Infusion

In this study, the Alzet pump was placed in a subcutaneous

pocket formed outside the right abdominal wall, through an

incision overlying the right femoral vein. The catheter tip

was fed through the femoral vein for a distance of

approximately 4 cm, to place its tip in the vena cava, just

above the iliac bifurcation. This change was made necessary

because cardiac output was being determined in these rats,

and it was essential to leave the right jugular vein

available for injection of room temperature saline. This

incision was closed with wound clips. The pumps were filled

with either isotonic saline or a saline-norepinephrine
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solution, and 0.4 percent ascorbate added, to retard

autooxidation of norepinephrine. This was done as an

additional precaution, even though the analysis mentioned in

the general methods section suggested that no significant

oxidation was occurring.

5.1.3 Aortic Constriction

Aortic constriction was accomplished by the needle-ligature

method, however a 21 gauge needle was used as a guide. This

was necessitated by the fact that larger rats were being

used than those in study 1. The rationale for utilizing 250

gram rats this time was that the cardiac output

determination compromised the left carotid artery, and

another artery upstream from the constriction needed to be

found for measurement of mean arterial pressure. The

brachial artery was suitable for this purpose in the 250

gram rats, but was too difficult to cannulate in the 150

gram rats.

5.1.4 Hemodynamic Evaluation

Rats were anesthetized with nembutal (50mg/kg) and placed on

a heating pad mounted to the operating board. This

maintained body temperature at 38 degrees centigrade, 2

degrees centigrade (range). A midline neck incision was
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made, and a tracheal tube (PE190) inserted. The PE90

injection catheter was then placed in the right jugular

vein, and the thermistor probe in the left carotid. Before

any further surgery, three successive dilution curves were

produced to verify the correct placement of catheter and

probe, and to obtain an initial cardiac output value. A

PE90 catheter was placed in the left femoral vein, and a

PE50 catheter connected to a Beckman type 4-327C pressure

transducer was inserted into the left brachial artery.

Arterial pressure, heart rate and cardiac output were all

measured prior to opening the chest. At this point, the

tracheal tube was connected to a Harvard Model 680 rodent

respirator set at a tidal volume of 6-7 ml, and a frequency

of 40/minute.

The chest was opened via a midline thoracotomy, and the

pericardium was opened widely (refer to Figure 17).

A suture was passed through the heart's apex and used to

stabilize the heart's movements. Another Beckman pressure

transducer was fitted with a short 10 em length of fluid

filled PE90 catheter tUbing. The end of this tUbing was

beveled at approximately 45 degrees, passed through the

chest wall for stability, and carefully advanced through the

left ventricular wall until a clear ventricular pressure

pulse was obtained. The suture was anchored with tape to

prevent the heart from sliding off the ventricular catheter.

The low end of the ventricular pressure signal was highly
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Figure 17. Schematic Diagram: Study~. This depicts the
arrangement of equipment and surgical procedures used for
the hemodynamic evaluation at the end of the seven day
experimental period.
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amplified to record left ventricular end diastolic pressure.

The same pressure signal was fed to another channel for

dP/dt measurement. Preloading was accomplished by a Harvard

model 600-000 infusion pump set to deliver 8.7 ml/min. A 5

foot length of PE90 catheter tUbing was extended from the

syringe mounted on this pump, through a 40 degree centigrade

water bath, and attached to the femoral vein catheter. This

system enabled a rapid preload to be administered without

causing a continual shift in core temperature.

5.1.4.1 Response to Preload

Once all catheters were properly positioned, a 5-10 minute

stabilization period was allowed, until all recordings

appeared steady. Preinfusion heart rate, left ventricular

end diastolic pressure, mean arterial pressure and cardiac

output were determined, then the pump was turned on.

Dilution curves were generated approximately every 10

seconds. Once mean arterial pressure and dP/dt were

observed to reach their peak, and even begin to decline

somewhat, the infusion was turned off. Preliminary studies

showed that both peak stroke work and peak cardiac output

occurred before this point. Following cessation of the

infusion, hemodynamics continued to be recorded as left

ventricular end diastolic pressure returned toward normal.
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5.1.4.2 Response to Aortic Occlusion

Approximately 10-15 minutes normally elapsed before left

ventricular end diastolic pressure fell below 6 mm Hg, and

at this point the hemodynamic response to complete aortic

occlusion was determined. For this, peak ventricular

pressure and dP/dt were the recorded parameters. A segment

of the ascending aorta, just above the ventricles, was

cleared and then totally occluded with a hemostat for 3-5

seconds. During the occlusion, mean arterial pressure could

be seen to fall nearly to zero, thus verifying that the

occlusion was complete. This was repeated a total of five

times, separated by 15-20 second periods to permit the

ventricle to recover. The three highest peak ventricular

pressure and dP/dt peaks for each occlusion were averaged,

and the mean of the three highest averages was recorded as

the overall response.

5.1.5 Autopsy

Autopsy was conducted as previously described, to obtain wet

and dry weights of the heart and lungs. One difference was

that in this study the right and left ventricles were

dissected apart, and their separate weights determined. The

right ventricular free wall was removed by cutting along its

junction with the septum. Right ventricular weights refer

to the free wall of the right ventricle, and left
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ventricular weight to the left ventricular wall plus

interventricular septum. Norepinephrine assay was performed

on a homogenate of the left ventricle, by methods detailed

elsewhere (Raum and Swerdloff 1981).

5.2 RESULTS

5.2.1 Body Weight and Mortality

Neither initial nor final body weight differed significantly

among the experimental groups (Figure 18).

There did, though, appear to be a tendency toward lower

final body weight in the aortic constricted groups. No rats

died in groups A or B. Among aortic constricted rats, 33

percent of those in group C, and 24 percent of those in

group D died before the end of the seven day experimental

period. This slight difference in mortality was not

statistically significant.
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Figure 18. Body Weights
initial body weight, and
day experimental period.
days were included.

Study ~. This figure indicates
body weight at the end of the seven
Only those surviving the full seven
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5.2.2 Ventricular Weights

The absolute heart weights among aortic constricted rats was

very significantly greater than that of unconstricted rats

(Figure 19, P < 0.001).

This was true, despite their lower final body weights, and

therefore the evidence for cardiac hypertrophy was clear,

without resorting to any technique for indexing heart weight

by body weight. The fact that dry ventricular weight was

also significantly greater indicated that the increased wet

mass was due to actual tissue growth, and not merely to

fluid accumulation. Most, if not all of the total

ventricular hypertrophy was due to hypertrophy of the left

ventricle (Figure 20).

There appeared to be a slight tendency for right ventricular

hypertrophy (Figure 21), and this was found to be

significant with respect to ratios of right ventricular

weight/final body weight among the four groups (Table 4).
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Figure 19. Total Ventricular Weight: study 2. Clear bars
represent absolute wet weight in grams of combined left and
right ventricular mass. Hatched bars represent dry
ventricular mass. Note that both wet and dry mass of
aortic-constricted groups (C and D) are significantly
greater than those values of non-aortic-constricted groups
(A and B; P < 0.001, and 0.01, respectively).
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Figure 20. Left Ventricular Weight: Study~. The ordinate
in this figure represents the wet or dry mass in grams of
the combined left ventricular free wall plus
interventricular septum. Note the presence of significant
left ventricular hypertrophy in the aortic-constricted rats
(P < 0.001).
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Figure 21. Right Ventricular Weight: Study 2. The ordinate
in this~igure represents the wet or dry mass, in grams, of
the right ventricular free wall. Dry weight was determined
by drying the entire right ventricle at 100 degrees
Centigrade for 24 hours. The only significant difference
found was the greater right ventricular wet mass in group D,
compared to that of group A (P < 0.05). In conjunction with
figures 19 and 20, this illustrates that it is predominantly
the left ventricle that hypertrophied in response to aortic
constriction.
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TABLE 4

Body and Tissue Weights, and Indices of Tissue Weights

study 2 - Survivors

Group IBW FBW LVW LVW/FBW
------------------------------------------------------------

A 246.3 (3.3) 299.3 (5.1) .5886 ( .(177) 1.9605 (.0537)

B 248.3 (4.7) 289.6 (8.4) .5820 ( .(148) 2.0220 (.0623)
****A, ****B ****A, ****B

C 249.5 (3.9) 273.3 (11.0) .7629 ( .(330) 2.8061 ( .(887)
****A, ****B ****A, ****B

D 250.2 (3.4) 275.8 (8.9) .7850 (.0260) 2.8793 (.1287)

Group RVW RVW/FBW LVD LVD/FBW

A .1487 (.0072) .4954 (.0179) .1305 ( .(044) .4358 (.0379)

B .1502 (.0064) .5234 (.0287) .1238 ( .(044) .4298 ( .(168)
****A, **B ***A, ****B ****A, ****B

C .1662 (.0062) .6110 (.0135) .1611 ( .0(61) .5934 (.0174)
*A ***A *B ****A, ****B ****A, ***'~B

D .1701 (.0070) .6262 (.0360) .1662 ( .(057) .6082 ( .(245)

Group RVD RVD/FBW LWW LWW/FBW

***C, *D
A .0318 (.0015) .1060 (.0032) 1.8406 (.2978) 6.107 ( .861 )

B .0327 (.0013) .1136 (.0061) 1.9098 (.2363) 6.698 ( .957)

C .0338 (.0015) .1238 (.0021) 1. 5778 (.1005) 5.809 (.424)
*c

D .0354 (.0017) .1297 ( .0(73) 2.2388 (.1696) 8.323 ( .798 )
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TABLE 4 (continued)

Body and Tissue Weights, and Indices of Tissue Weights

Study 2 - Survivors

Group L~ LWD/FBW

A .2937 (.0210) .9822 (.0526)

B .2989 (.0186) 1.0426 (.0808)

C .2875 (.0204) 1.0452 (.0594)
*A, *B, *c **A, *B, *c

D .3953 (.0385) 1.4706 (.1732)

a. Explanations of symbols are as follows: IBW = initial
body weight; FBW = final body weight; LVW = left ventricular
wet weight: LVW/FBW = left ventricular weight to body weight
ratio; RVW = right ventricular wet weight; RVW/FBW = right
ventricular weight to body weight ratio; LVD = left
ventricular dry weight; LVW/FBW = left ventricular dry
weight to body weight ratio; RVD = right ventricular dry
weight; RVD/FBW = right ventricular dry weight to body
weight ratio; LWW = wet lung weight; LWW/FBW = wet lung
weight to body weight ratio; LWD = dry lung weight; and
LWD/FBW = dry lung weight to body weight ratio. All weights
are in grams. Ratios are in grams tissue weight, divided by
kg final body weight. Numbers in parentheses indicate
standard error of the mean.
b. One to four asterisks indicate the level of significance
of the data entry (p < 0.05, 0.02, 0.01, and 0.001,
respectively) above which it appears, in comparison with the
group(s) indicated.
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5.2.3 Lung weights

Figure 22 shows that group D's wet lung weight was

significantly greater than that of group C, and its dry

weight was significantly greater than all the other groups.

This indicates a tendency toward edematous changes.

The fact that the dry weight was even more elevated, on a

percentage basis, suggests that the added total mass

contained a significant amount of blood, since blood has

approximately the same percent dry weight as normal lung

tissue (Altman 1961).
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Figure 22. Lung Weight: Study~. Clear bars represent the
absolute wet lung weight, and hatched bars indicate dry lung
weight. Note that wet lung weight in group D is
significantly greater than that of group C (P < 0.01).
Also, dry lung weight of group D is significantly greater
than that of all other groups (P < 0.05).
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5.2.4 Norepinephrine content and concentration

No significant differences in left ventricular

norepinephrine content were observed (Figure 23).

There appeared to be a tendency toward slightly greater

norepinephrine content in the norepinephrine treated groups,

but this was not significant. Norepinephrine concentration

was clearly depressed in both aortic constricted groups

(Figure 24).
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Figure 23. Norepinephrine Content: Study~. Norepinephrine
content of left ventricular mass, in ng norepinephrine per
left ventricle, is depicted in this figure. No significant
inter group differences were noted.
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Figure 24. Norepinephrine Concentration: Study~. The
ordinate in this figure represents ng norepinephrine/gram
left ventricular mass. Note the significant depression of
norepinephrine concentration in the aortic constricted
groups (C and D), in comparison to that of rats without
aortic constriction.
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5.2.5 Hemodynamics

Figure 25 illustrates the observations made regarding

cardiac output, mean arterial pressure, heart rate, and left

ventricular end diastolic pressure at sequential points

during the hemodynamic evaluation.

In general, it was noted that both cardiac output and mean

arterial pressure fell considerably upon opening the chest.

The rapid volume load with isotonic saline drove the cardiac

output well above the closed-chest levels, but merely

restored the original mean arterial pressure. Cardiac

output in the double sham group (group A) was significantly

greater than that of all other groups at the start of the

preload. Peak cardiac output was significantly depressed in

group C, compared to group A (p < 0.05). In addition, Table

5 shows that peak stroke work index of group D was

significantly greater than that of group A (p < 0.05).

Group D manifested higher mean arterial pressure than all

other groups in the closed-chest situation, but this

difference disappeared upon opening the chest. At the peak

of the preload stress, mean arterial pressure in both aortic

constricted groups was significantly greater than that of

group A (p < 0.05). Group D also had higher mean arterial

pressure than group B (p < 0.05).
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Figure 25. Hemodynamics Study ~. This is a composite
representation of cardiac output, mean arterial pressure and
left ventricular end diastolic pressure at various stages of
the hemodynamic evaluation at the end of the experimental
period. The data was collected at four points in time, as
indicated on the abscissa. Approximately 15 minutes
intervened between stages. Values of these parameters
corresponding to the point at which stroke work index was
maximal are shown. Values at other end diastolic pressures
are not depicted in this figure. An analysis of heart
performance at all left ventricular end diastolic pressures
appears in figures 29-34. Note the elevated closed-chest
mean arterial pressure in group D, compared to all other
groups. Note also that at the peak of the infusion, only
group C has a cardiac output that is significantly depressed
below that of group A.
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TABLE 5

Peak Performance Measures and Indices during Preload Stress

Group CO CI SW SWI
------------------------------------------------------------

A 149.2 (7.0) 494.8 (27.1) .4115 ( .0346) 1.3671 (.1248)

B 137.9 (7.1 ) 472.2 (15.5) .4071 ( .0143) 1.4053 ( 0556)
*A

C 124.1 (7.3) 443.6 (25.9) .4376 (.0306) 1.5628 (.1019)
*A

D 136.2 (6.4) 491. 7 (23.0) .4705 (.0302) 1.6961 (.1039)
------------------------------------------------------------
Group CO/LV\v SW/LVW dP/dt (r) dP/dt (a)
------------------------------------------------------------

A 253.6 (17.6) .6974 ( .0656) 8.56 ( .44) 7023 (361)

B 238.4 (8.6) .7111 (.0344) 8.50 ( ·54) 6974 (443)
****A, ****B

C 163.9 (12.6) .5770 (.0463) 9.72 ( .61) 7975 (501)
****A, ****B

D 177.4 (9.3) .6144 (.0430) 10.00 ( .58) 8205 (476)

a. Explanations of symbols are as follows: CO = cardiac
output in ml/min; CI = cardiac index in ml/min/kg final body
weight; SW = stroke work in gram meters per beat; SWI =
stroke work index in gram meters/beat/kg final body weight;
CO/LVW = cardiac output divided by left ventricular wet
weight (ml/min/gm); SW/LVW = stroke work divided by left
ventricular wet weight (gram meters/beat/gm); dP/dt (r) =
maximum rate of left ventricular pressure rise, expressed in
relative units of rom deflection on recording; dP/dt (a) =
absolute values for maximum rate of left ventricular
pressure rise in rom Hg/sec. Numbers in parentheses
represent standard error of the mean.
b. One to four asterisks above a data entry indicate the
significance of its difference (p < 0.05, 0.02, 0.01, and
0.001, respectively) from the group(s) indicated.
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No significant differences in heart rate were noted by

the Duncan MUltiple Range Test. Analysis of variance

indicated a significant interaction between aortic

constriction and norepinephrine treatments, with regard to

heart rate just prior to volume loading (p < 0.05). The

proper interpretation of this is that norepinephrine

treatment tended to depress heart rate in unconstricted

rats, and to elevate it in aortic constricted rats.

Left ventricular end diastolic pressure was significantly

higher in the aortic constricted groups than in group A,

just prior to preloading (p < 0.05). This might be related

to the observation of their greater total peripheral

resistance at this point (Figure 26, Group C: P < 0.05, D: P

< 0.001).

At the peak of the preload, total peripheral resistance was

still greater in the two aortic constricted groups than in

group A (Group C: P < 0.01, D: P < 0.05). Figure 27 shows

maximal rates of pressure development and of ventricular

relaxation during the preload stress.

The only significant differences found were the greater

relaxation rates in the aortic constricted animals, compared

to those in unconstricted rats (p < 0.05).
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Figure 26. Total Peripheral Resistance Study 2. The
ordinate in this figure indicates relative units of total
peripheral resistance (mmHg x min/ml), using the formula:
TPR = (I~P-LVEDP)/cardiac output. It can be seen that total
peripheral resistance is greater in aortic constricted rats,
both before and at the peak of preloading, in comparison
with rats in group A.
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Figure 27. Peak dP/dt ~: Study~. Data for this graph
was originally obtained as relative units (mm deflection on
the dP/dt channel), then converted to absolute units, using
the conversion factor of 820.5 (rnmHg/sec/mm deflection)
which was obtained by averaging dP/dt max calibrations made
on five occasions during the course of this study. The
calibration method was as shown in Figure 3. Clear bars
represent peak rate of pressure rise during the preload
stress (dP/dt max +). Hatched bars refer to maximal rate of
pressure fall (dP/dt max -) during the preload stress. Note
the significantly greater relaxation rates in groups C and
D, in comparison to group A.
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5.2.6 Blood Pressure Profile

By separating each group into subgroups according to initial

mean arterial pressure (closed chest), frequency plots were

made as shown in Figure 28.

Since there is no reason to suspect normal or subnormal mean

arterial pressure in rats with severe aortic constriction,

except in the presence of heart failure, this plot provided

some information as to the incidence of heart failure within

each aortic constricted group. It can be seen that while

three of the ten rats in group C had mean arterial pressures

equal to or less than 120 mm Hg, none of the twelve rats in

group D had pressures this low. The frequency distribution

of group D was significantly different from that of group C

by the chi square test (p < .05).
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Figure 28. Blood Pressure "Profile" study 2. This
represents a further analysis of the same data from which
mean, closed-chested values in figure 25 were obtained.
Note that the distribution in group D differs significantly
from that of group C (P < 0.05).
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5.2.7 Response to Preload

The primary hemodynamic data measured during the preload

stress is given in Tables 6A through 6D.

Typical scatterplots of stroke work are shown in Figures 29

and 30.

Only data corresponding to left ventricular end diastolic

pressures equal to or greater than 17.5 mm Hg was used,

since much of the data obtained at higher end diastolic

pressures was considered to be unreliable, due to the

frequent presence of arrhythmias and declining performance

indices. This data was clearly non-linear; however, when

the dependent variable was plotted against the reciprocal of

left ventricular end diastolic pressure, the data assumed a

reasonably linear form, and was amenable to linear

regression analysis. The reciprocal transformation was

chosen because this is an asymptotic function, and the data

itself appeared to have this character. Linear regression

analysis was performed on the transformed data, then the

data was replotted on the original coordinates. The least

squares regression lines have been drawn for the

scatterplots, as shown.

Analysis of covariance indicated that over the entire

range of end diastolic pressures, cardiac index was

generally elevated in group A, in comparison to all other

groups (Figure 31, P < 0.01).
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TABLE 6A

Primary Hemodynamic Data for Group A during Preload Stress

Rat Number FBW LVW LVEDP HR MAP co dP/dt

1

2

3

4

5

6
7

8

.298

.298

.288

.292

.327

.316

.306

.294

.6056

.6589

.5035

.6433

.6260

.5951

.5514

.5685

2.8
7.2
8.8

13.5
16.4
4.0

10.0
15.4
1.5
3.8
6.2

11.3
16.8
1.3
4.4

16.0
16.7
17.4
2.8
9.0
3.3
2.0
6.5
8.0

13.0
17.0
3.5

16.8

462 56
450 85
444 93
438 92
432 81
450 93
450 130
438 135
486 70
480 105
456 110
456 108
444 100
468 75
444 112
444 111
450 109
456 108
390 65
396 96
438 66
600 75
588 110
576 123
564 125
552 120
486 85
468 116

61.3
116.5
117.2
127.7
135.2
85.0

147.1
139.1
76.6

125.4
143.6
188.0
157.9
63.8

118.4
163.6
153.9
155.6
93.2

125.5
76.4
72.4

102.5
107.2
134.4
120.1
89.3

110.9

5.0
7.5
8.0
7.5
6.5
5.5
6.0
6.5
7.5
9.5
9.5
8.5
8.0
7.0
9.5
8.5
8.5
8.0
6.5
7.0
7.0
7.5

10.0
10.0
10.0
9.5
9.0
9.5

a. Explanation of symbols is as follows. FBW = final body
weight in kg; LVW = left ventricular wet weight in grams;
LVEDP = left ventricular end diastolic pressure in rom Hg; HR
= heart rate in beats/minute; MAP = mean arterial pressure
in MM Hgi CO = cardiac output in ml/mini and dP/dt = maximal
rate of left ventricular pressure rise, in relative units
(rom deflection on recording). These statements apply to
tables 6B, 6C and 6D, as well.
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TABLE 6B

Primary Hemodynamic Data for Group B during Preload Stress

-----------------------------------------------------------
Rat Number FBW LVW LVEDP HR MAP CO dP/dt

-----------------------------------------------------------
1 .280 .5295 4.0 474 107 60.0 5.5

7.3 462 137 103.1 6.0
8.4 462 135 97.4 6.0

2 .275 .5959 4.5 432 72 57.6 7.5
8.0 414 125 106.1 10.5

14.5 390 105 93.4 H!J.0
14.0 408 112 117.4 9.5

3 .268 .4642 2.5 438 86 44.3 7.0
7.8 420 132 108.2 10.0

13.4 420 124 115.3 9.0
4 .300 .5933 2.0 438 60 39.3 5.5

5.2 414 98 94.2 8.0
6.6 444 110 108.2 9.0
9.6 444 110 128.9 9.0

14.8 444 102 136.8 8.0
16.4 438 95 137.1 7.5

5 .291 .5827 3.0 408 68 62.8 5.5
9.5 426 120 130.9 9.0

14.6 420 105 131.7 7.5
6 .230 .5756 4.3 426 80 42.7 9.0

5.9 354 105 79.7 10.0
16.0 426 106 111.9 9.0

7 .310 .6600 4.0 432 75 76.6 7.0
9.6 474 116 122.6 8.5

17.3 450 117 125.6 8.5
8 .317 .5673 3.8 372 64 84.5 4.5

7.3 378 88 121.8 6.0
17.4 378 96 135.5 7.5

9 .304 .5704 2.5 426 50 62.0 4.5
4.4 414 77 93.6 4.5
6.5 426 93 116.0 5.0

10.9 426 100 122.5 5.0
16.7 420 96 143.5 5.0

10 .340 .6345 3.1 462 79 68.4 7.0
5.1 456 107 109.5 8.5
8.2 450 115 131.8 9.0

16.9 426 95 176.6 7.5
-----------------------------------------------------------
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TABLE 6C

Primary Hemodynamic Data for Group C during Preload Stress

-----------------------------------------------------------
Rat Number FBW LVW LVEDP HR MAP CO dPjdt

-----------------------------------------------------------
1 .284 .8674 4.1 360 65 94.8 7.0

8.2 378 100 103.9 8.0
2 .244 .6969 3.8 402 80 65.3 8.5

17.0 384 125 91.5 10.0
3 .255 .6767 3.4 522 95 45.9 7.5

10.0 510 142 115.0 10.0
13.0 504 140 103.8 9.5
15.5 504 130 155.7 9.0
17.5 498 115 142.9 8.5

4 .313 .6694 2.7 420 90 80.6 7.0
9.9 408 III 137.0 7.5

16.0 408 III 114.0 7.5
5 .320 .8589 5.3 378 65 67.3 6.0

7.2 372 89 107.7 7.0
17.0 378 113 104.8 8.0

6 .286 .7554 3.'7 516 115 61. 7 12.5
5.2 504 150 120.2 13.5
7.4 486 157 136.9 13.0

11.2 474 159 142.4 12.0
7 .252 .7547 2.9 426 50 34.3 6.5

5.1 426 95 81.4 9.0
6.7 420 110 82.5 9.0
8.0 438 123 94.1 9.5

10.0 438 120 89.7 9.5
9.0 438 114 84.8 9.0
9.0 438 101 111.9 8.5

10.0 438 92 106.2 7.5
11.5 432 83 96.7 7.0
15.0 432 80 102.6 6.5

8 .323 .8215 4.4 462 87 72.7 10.0
12.3 444 138 140.8 10.5

9 .252 .8012 3.3 378 88 65.7 9.0
7.6 372 116 108.0 10.0

13.8 378 132 94.0 10.5
-----------------------------------------------------------
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TABLE 6D

Primary Hemodynamic Data for Group D during Preload Stress

-----------------------------------------------------------
Rat Number FBW LVW LVEDP HR MAP CO dP/dt

-----------------------------------------------------------
1 .247 .8463 2.4 414 62 40.3 5.5

8.0 408 88 82.7 7.5
15.1 408 102 97.3 7.5

2 .213 .7249 2.5 426 77 41.5 11.0
6.2 420 129 75.5 11.5

11.0 426 140 105.1 11.0
16.9 432 140 114.7 11.0

3 .288 .9546 2.8 468 70 36.2 6.5
6.3 438 117 104.8 9.5
7.9 438 130 118.6 10.0

11.5 420 130 134.4 9.5
14.2 432 129 138.0 9.5
15.2 432 126 153.9 9.0
16.3 432 122 164.5 9.0

4 .304 .7382 3.0 492 III 68.6 10.0
4.9 492 151 136.7 12.0
8.0 486 166 130.0 12.0

15.9 492 165 140.4 12.0
15.0 486 158 160.7 11.0

5 .328 .8032 5.0 498 125 83.7 11.0
6.9 486 155 127.9 12.0

12.2 492 170 129.6 12.0
17.4 498 168 121.0 12.0

6 .304 .8348 5.0 438 85 60.6 9.0
6.3 464 120 107.2 11.0
8.9 420 143 112.6 11.0

16.1 438 147 121. 7 11.0
7 .248 .6838 2.9 330 57 33.0 7.0

7.0 336 104 94.8 9.5
9.0 336 105 113.2 9.0

14.3 336 90 108.3 8.0
8 .305 .7868 5.0 450 48 55.6 6.0

6.7 444 80 109.4 9.5
8.9 438 98 131.2 10.0

13.2 438 108 130.7 10.0
9 .289 .7044 5.5 456 95 75.2 8.5

8.3 444 125 104.7 10.0
10 .265 .6656 3.3 480 94 56.6 10.0

4.4 468 133 112.1 11.0
6.8 468 145 125.1 11.5

12.8 456 149 133.4 11.0
11 .280 .8673 5.2 468 77 56.9 8.0

10.0 462 115 112.1 IeJ.0
-----------------------------------------------------------
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Figure 29. Stroke Work Index Scatterplots: Groups A and B.
This figure is a plot of data points for stroke work index
versus left ventricular end diastolic pressure. Group A is
represented by the open circles, and group B by the closed
circles. All points were derived from the primary data in
tables 7a and 7b. The least squares regression lines (see
text) have been drawn for group A (solid line), and for
group B (dashed line).
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Figure 30. Stroke Work Index Scatterplots: Groups C and D.
This figure is a plot of data points for stroke work index
versus left ventricular end diastolic pressure. Group C is
represented by the open triangles, and group D by the closed
ones. All points were derived from the primary data in
tables 7c and 7d. The least squares regression lines (see
text) have been drawn for group C (solid line), and for
group D (dashed line).
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Figure 31. Cardiac Index during Preloading. This figure
includes the least squares regression lines for cardiac
index versus left ventricular end diastolic pressure for
groups A through D. Analysis of covariance indicates that
curves a, c, and D all lie significantly below curve A (P <
0.001, 0.01, and 0.01, respectively), assuming the slopes do
not differ significantly. Only the slope of curve D was
found to differ significantly from that of curve A (P <
0.02). If the assumption of common slope is abandoned,
analysis of adjusted means indicates that there are no
significant differences between groups at an end diastolic
pressure of 17.5 mm Hg.
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When the differences at high end diastolic pressure (17.5 rom

Hg) were compared, they were found to be non-significant.

Group D's slope on the transformed coordinates was

significantly greater (more negative) than that of group A

(p < 0.02). This equates to a steeper curve on the original

coordinates.

When cardiac output was indexed by left ventricular

weight (Figure 32), it was quite obvious that both aortic

constricted groups exhibit depressed performance at all end

diastolic pressures (p < 0.001).

Group B's curve lay significantly below that of group A,

overall (p < 0.01); however, there was no significant

difference at an end diastolic pressure of 17.5.

work index showed

were significantly

33, P < 0.05 and

Analysis of left ventricular stroke

that the slopes of curves C and D

different than that of curve A (Figure

0.01, respectively).

Analysis of covariance revealed no significant

differences in the elevations of these curves;

overall

however,

significance tests of the

diastolic pressures showed

adjusted means

that above an

at

end

high end

diastolic

pressure of 10 rom Hg, group D's curve lay significantly

above all others (see Figure 33 for significance levels).

Stroke work per unit left ventricular mass was lower,

overall, in groups C and D, compared to group A (Figure 34,

P < 0.01).



219

Figure 32. Cardiac Output/Left Ventricular Weight during
Preloading. This is the same representation as in figure
31, except that the ordinate indicates the ratio of cardiac
output (ml/min) to left ventricular weight (grams). None of
the slopes differ significantly. Curves B, C, and D all lie
significantly below curve A (P < 0.01, 0.001, and 0.001,
respectively). Curves C and D also lie significantly below
curve B (P < 0.001 in both cases).



~ CD 0(,)

\
I
I
I
I
\
\
I
\
\
\
I
\
\
\
\
\
\
\
\
\

\
\

"",,
-,

' ........... , ,
CD (.)0

~

220

~ -OJ
J:

E
U)

E-
W
a:
::J

V en
en
w
a:

C\J a.
U
~
0

0 I-en«
c

co C
Z
W

U)
a:-e
-I
::J
U

V a:
I-
Z
W

C\J >
I-
U.
W
-I

o
o
rt')

o
o
C\J

o
o

( lHE>13M '1\~S~'tfl::!E> . NI~ )

IHe>13M °"°1 I .inaino ovrcavo



221

Figure~. Stroke Work Index during Preloading. In this
figure, the regress~on lines from figures 29 and 30 are
shown together. The slopes of curves C and Dare
significantly greater than that of curve A (P < 0.05 and
0.01, respectively). At left ventricular end diastolic
pressures greater than 10 mm Hg, curve D lies significantly
above curves A, Band C. At 17.5 mm Hg, the significance of
these differences are P < 0.01, 0.001 and 0.05,
respectively.
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Figure 34. Stroke Work/Left Ventricular Weight during
Preloading. The least squares regression lines for this
index are shown here. None of the slopes differ
significantly. Assuming equal slopes, analysis of covariance
indicates that curves C and D lie significantly below curve
A {P ( 0.001 and 0.01, respectively). If the assumption of
equal slopes is abandoned, analysis of adjusted means
indicates that at a left ventricular end diastolic pressure
of 17.5 mm Hg, only curve C lies below curve A (P < 0.05).
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At a left ventricular end diastolic pressure of

though, only curve C lay significantly below curve

0.05). None of the slopes differed significantly.
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17.5,

A (p <

5.2.8 Response to Afterload

Peak ventricular pressure following complete aortic

occlusion was very significantly greater in both aortic

constricted groups, compared to the groups without aortic

constriction (Figure 35, P < 0.001).

Normalization of these values for left ventricular mass

eliminated the apparent "advantage" of hypertrophied hearts,

and instead, indicated slight depression in the

contractility of group D, compared to group B (Figure 36, P

< 0.05).

Peak dP/dt max following complete aortic occlusion was

likewise elevated in groups C and D (Figure 37).

Again, normalization for left ventricular mass yielded an

index which reflected comparable performance per unit

contractile mass among the four groups (Figure 38).



226

Figure 35. Peak Ventricular Pressure Response to Aortic
Occlusion. Note the significantly greater response of
aortic constricted rats (groups C and D) , compared to
non-aortic-constricted rats (groups A and B, P < 0.001).
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Figure 36. Peak Ventricular Pressure/Left Ventricular Weight
Response- to---Aortic Occlusion. The only significant
inter-group difference regarding this index is the
significantly lesser response of group D, compared to group
B (P < 0.05).
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Figure 37. dP/dt ~ Response to Aortic Occlusion. Note the
significantly greater response of aortic constricted rats
(groups C and D), compared to group A (P < 0.001) and to
group B (P < 0.02).
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Figure 38. dP/dt max/Left Ventricular Weight Response to
Aortic OCclusion. No significant differences were noted.
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5.3 DISCUSSION

The degree of aortic constriction used in this study

resulted in significant left ventricular hypertrophy.

Norepinephrine treatment did not affect left ventricular

mass, but did result in greater lung weights in aortic

constricted rats. This could reflect either inadequacy in

the left ventricle's ability to pump against the increased

afterload, or perhaps a direct effect of norepinephrine on

the lung tissue. It is important to keep in mind the fact

that organ weights were determined after a severe preload,

and the observed edema may not have been present beforehand.

In this case, one would infer that the

norepinephrine-infused aortic constricted rats were more

susceptible to pulmonary edema. Although

norepinephrine-infused, aortic constricted rats had slightly

greater (not significant) right ventricular weights than the

sham infused aortic constricted rats, this small difference

disappeared when right ventricular weight was normalized for

body weight. This suggests that the right ventricle was

under no greater load in group D than in group C. Mean

arterial pressure and total peripheral resistance were

significantly higher in group D, and these factors may have

contributed to a slightly greater backup of blood and/or

fluid into the lungs of group D's rats during volume

loading.
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Norepinephrine concentration, but not content, was

significantly decreased in both aortic constricted groups.

Norepinephrine treatment did not result in any significant

effects; however, a consistent tendency toward slightly

greater levels in the norepinephrine infused groups was

noted. If the number of adrenergic terminals remained

constant, but simply became "diluted" by the increased left

ventricular mass, it could be argued that intraneuronal

norepinephrine stores were not, in fact, depleted. If this

were the case, it would seem less likely that exogenous

norepinephrine infusion would raise norepinephrine levels,

since each terminal's stores may have been near maximal.

This is not necessarily true, though, since in exercise

hypertrophied hearts, both norepinephrine content and

concentration actually increase (Ostman, 1972). In any

event, whatever effects norepinephrine had on heart

performance in this study, they were clearly not

attributable to alterations in myocardial norepinephrine

stores.

with regard to resting, closed-chest hemodynamics, the

only statistically significant observation was the clear

elevation of mean arterial pressure in group D, compared to

all other groups. Group B's pressure was also slightly, but

not significantly, greater than that of group A. Thus, what

was intended to be a subpressor infusion of norepinephrine

may have been somewhat pressor. On a per kg basis, this
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same norepinephrine infusion rate showed no evidence of

raising mean arterial pressure in an earlier study (study

1). Rats in this earlier study weighed approximately 175

grams, and the physiological response to the same per

kilogram infusion rate may have been slightly less. It

remains possible that the present finding was largely due to

a reduced number of failing hearts in group D, as compared

to group C. In the absence of heart failure, the degree of

aortic constriction used here typically leads to mean

arterial pressures in the 160-180 rom Hg range, and an

average of 157 rom Hg is not unusually elevated. There is

actually more reason to suspect mean arterial pressure in

group C to be unusually low, or that it is the result of

averaging pressures from failing hearts with pressures from

those rats whose hearts were successfully compensating for

the increased outflow resistance. Thus, it may be that the

norepinephrine infusion was helping the hearts of aortic

constricted rats to maintain an elevated workload, rather

than being a hypertensive infusion, per see As mentioned

earlier, group B's mean arterial pressure was not

significantly greater than that of group A. The important

point to be made here is that the norepinephrine infusion

rate in this study seems to have been at, or perhaps

slightly above the pressor threshold, and yet by itself was

not significantly increasing the work of the heart. This

provided the intended opportunity to assess its effect on
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myocardia1 norepinephrine stores, and to evaluate its

potential to improve heart function.

Examination of peak values of performance indices during

volume loading revealed several significant differences

among the groups. One of the more important ones was the

significantly higher peak left ventricular stroke work index

in group D, compared with group A. This, coupled with the

fact that group C's peak cardiac output was significantly

lower than that of group A, suggests that norepinephrine

treatment might lead to improved performance among aortic

constricted rats. On the basis of peak values alone,

though, no significant differences in performance between

group C and group D were found, even though group D's values

were consistently higher than those of group C. A more

sensitive, detailed examination of myocardial performance in

relation to left ventricular end diastolic pressure was

possible by linear regression analysis and analysis of

covariance on the scatterplots obtained during the entire

course of the preload.

In Figures 31 and 32, the most obvious fact is that

groups B, C and D were all significantly depressed below

group A. particularly at low end diastolic pressures. This

could mean either that their performance was impaired at

common states of diastolic stretch, or that greater end

diastolic pressure was required to produce the same stretch
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as was produced by much lower end diastolic pressure in

group A. In other words, it is possible that ventricular

compliance in groups B,C, and D was much less than that of

group A. That all groups attained nearly the same peak

cardiac index furnishes some support for this argument.

Along the same lines, Parker and Case (1979) noted that the

optimal filling pressure for hypertrophied hearts was 18-20

rom Hg, compared to 10-12 rom Hg in normal hearts. It is

reasonable to suspect that the hypertrophied left ventricle

is less compliant than the non-hypertrophied one; however,

it was somewhat surprising to find the curve for

non-hypertrophied, norepinephrine-infused hearts (group B)

to so closely resemble curves C and D on this plot. If, in

fact, all three groups had left ventricles with decreased

compliance, some factor other than increased total

ventricular mass must have been operating in group B. One

possibility is that the norepinephrine infusion stimulated

connective tissue growth within the myocardium in such a way

as to decrease ventricular compliance. The other

possibility is that despite a mass that is equal to that of

group A, hearts in group B may have had a different

geometry. For instance, if the growth of these hearts

during the experimental period involved a lesser increase in

intraventricular volume, and a greater increase in wall

thickness than was the case for group A, both of these

differences would have tended to decrease the degree of wall
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stretch for a given end diastolic pressure. In this case,

it could be grossly misleading to make inferences about the

length-tension relationship in the myocardium from analysis

of the relationship between end diastolic pressure and

myocardial performance. Figure 32 simply shows that cardiac

output, per unit myocardial mass, was even more depressed in

the aortic constricted groups.

The demand made on the myocardium by severe aortic

constriction is that of maintaining cardiac output in the

face of a markedly increased afterload. For this reason,

left ventricular stroke work index is perhaps a better

measure of the adequacy of compensation. Figure 33

indicates that there were no significant differences in

overall curve elevation among groups A,B, and C. Group D,

though, was significantly elevated above all others at end

diastolic pressures greater than 10 rom Hg. Thus, there is

some evidence that the norepinephrine infusion improved

myocardial performance in aortic constricted rats. It must

be cautioned, however, that even this index does not

directly translate to the true length-tension curve for the

heart. Zelis (1981) has recently emphasized that only

during complete aortic occlusion, or at end systolic

pressure does the heart's performance reach its full

potential, for a given state of myocardial stretch. For

this reason, the responses of peak ventricular pressure and

dP/dt max during complete aortic occlusion were measured.
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Figures 35 and 37 show that both responses were greater in

the hypertrophied hearts. Meerson (1969) suggested that the

ratio of peak ventricular pressure during complete aortic

occlusion to left ventricular mass was a fundamental index

which reflected the functional condition of the myocardial

tissue. By this index, group D appeared to perform somewhat

less adequately than the other groups (Figure 36). This

observation must somehow be reconciled with the fact that

left ventricular stroke work index in this group was

elevated above all the others (above end diastolic pressure

of 10 rnm Hg). The explanation for this apparent discrepancy

may lie in recognizing that responses to maximal preload do

not represent the full contractile potential of the heart,

and that some hearts may utilize a greater portion of their

reserve capacity during volume loading (Zelis 1981). This

could occur, even though maximal performance potential was

the same, or even slightly reduced, in comparison to other

groups.

The subpressor norepinephrine infusion continued

throughout the hemodynamic evaluation, and may have been

providing critical inotropic support to the myocardium.

This support could have been more effective in boosting the

response to preload, than in augmenting performance during

aortic occlusion. While it would be interesting to know the

heart's performance following cessation of the infusion, one

of the specific questions being addressed in this study is
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how well the hypertrophied myocardium performs under the

continuing influence of this level of circulating

norepinephrine. This situation simulates what occurs in the

body in advanced stages of heart failure, where endogenous

norepinephrine production is considerably elevated. The

study by Kjekshus and Mjos (1979) suggests that under severe

afterload, there is an active tension-induced release of

norepinephrine into the myocardium, which greatly increases

performance. During aortic occlusion, this could

conceivably maximize norepinephrine concentration in the

synaptic cleft, to the point that any added influence of

circulating norepinephrine would be negligible. Thus, if

the higher level of circulating norepinephrine in group D

was responsible for the observed elevation in stroke work

index during maximal preload stress, this relative advantage

over group C could have been lost under the condition of

complete aortic occlusion. If this interpretation is

correct, though, one is left to consider why group B's

response to preload stress was not greater than that of

group A. One approach would be to propose that chronic

norepinephrine infusion leads to classical "down-regulation"

of myocardial adrenergic receptors, such that the influence

of circulating norepinephrine would be considerably reduced.

Laks (1979), for instance, found it necessary to increase

the norepinephrine infusion rate in three steps in order to

maintain chronic stimulation just below the pressor
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threshold in dogs. This sort of incremental rise in

infusion rate was not feasible in the present experiment.

On the other hand, two recent studies (Limas, 1979,

Karliner, 1980) indicate that rat hearts which have been

caused to hypertrophy by means of subdiaphragmatic aortic

constriction, exhibit markedly increased numbers of

myocardial adrenergic receptors. As a result, the

subpressor norepinephrine infusion may be considerably more

effective as a source of inotropic support in the

hypertrophied myocardium than in the non-hypertrophied one.

Some differences and similarities between study 1 and

study 2 need to be acknowledged. The first of these is that

in study 1, the Alzet pump catheter was placed with its tip

in the right atrium, whereas in study 2, the catheter was

inserted into the femoral vein. Rats in study 2 were, of

necessity, larger (to permit cannulation of the brachial

artery), and received a different size ligature. Due to the

significantly greater mortality among aortic constricted

rats in study 1, as well as their greater ventricular weight

to body weight ratios, it appears that these rats were

subjected to greater hemodynamic stress. This might explain

the fact that norepinephrine content in group C rats of

study 1 was significantly depressed, while norepinephrine

content of group C rats of study 2 was not. If a

norepinephrine infusion is only able to alter norepinephrine

content in hearts that have become depleted of this
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transmitter, one could postulate that when the stress is not

severe enough to cause norepinephrine depletion, the

infusion would have much less effect. This seems to be the

most reasonable explanation of the observed restoration of

norepinephrine content in study I, but its failure to

significantly elevate norepinephrine content above normal in

either study. It was mentioned previously that group D rats

in study 2 had higher resting, closed-chest mean arterial

pressure than the other groups, while mean arterial pressure

of group D rats in study 1 did not differ from normal. Two

possible reasons for this difference have already been

discussed. It was also noticed at autopsy that catheters

placed in the right atrium (study 1) appeared to have more

fibrous adhesions than those placed in the inferior vena

cava (study 2). The adhesions might have, to some extent,

impeded delivery of norepinephrine, and thereby permitted

some of it to become inactivated prior to entering the

circulation. Resting, closed-chest heart rates also tended

to be higher in study 2 rats, than they were among study 1

rats. In short, the fact that the rats in study 2 were

larger, older, and subjected to different initial and final

operations may have given rise to some differences in the

parameters measured. However, the pattern of responses to

aortic constriction, with respect to heart mass, mean

arterial pressure, norepinephrine concentration, mortality,

and autopsy findings, was the same in both studies. In
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addition, resting mean arterial pressure and dP/dt max, as

well as the absolute values of myocardial norepinephrine

content and concentration were not significantly different

between double-sham rats (group A) in the two studies.

5.4 SUMMARY

Chronic sUbpressor norepinephrine infusion was found to have

no effect on the degree of hypertrophy due to aortic

constriction in rats, and it failed to restore normal

myocardial norepinephrine concentration. Myocardial

norepinephrine concentration, but not content, was

significantly depressed by aortic constriction in this

study. Mean arterial pressure was significantly greater

among norepinephrine infused, aortic constricted rats;

however, this may reflect a lower incidence of heart failure

than in aortic constricted rats without the infusion. Left

ventricular stroke work index, in response to rapid saline

preload, was significantly elevated in norepi.nephrine

infused, aortic constricted rats, above all other groups.

The peak ventricular pressure and dP/dt max responses to

complete aortic occlusion, though, were certainly no greater

in this group, when the results were normalized for left

ventricular mass.

There is reason to believe, then, that chronic subpressor

norepinephrine infusion results in improved myocardial
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performance in aortic constricted rats, in response to

preload stress. Since the response to maximum afterload was

not also elevated in this group, there is some question as

to whether the actual reserve capacity of these hearts is

increased. Whatever the mechanism is, it does not seem to

be dependent on the restoration of myocardial norepinephrine

concentration.
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Chapter VI

EFFECT OF HEART GEOMETRY ON HEART FUNCTION

An important consideration in interpreting the results of

heart performance curves is the relationship between left

ventricular end diastolic pressure and the true state of

sarcomere stretch at different levels within the myocardium.

If one assumes for the moment that the heart is spherical,

with an inner volume, Vi, a tissue volume, Vt, and an

overall volume, VA = Vi + Vt, the inner and outer radii can

be calculated as shown in figure 39.

For a given increase in ventricular filling, X, and

assuming heart tissue is relatively incompressible, the new

inner volume becomes Vi' = Vi + X, and overall volume is

now Va' = Vi + vt + X. The formulas for the respective

radii are also shown in Figure 39.

Since circumference is directly proportional to radius,

the percent of stretch that the added volume causes at the

inner sphere's equator is (ri' - ri)/ri, and at the outer

sphere's equator is (ro' - ro)/ro. It may be intuitively

obvious at this point that a given increment in ventricular

filling will cause a greater percent stretch along the inner

equator than along the outer one. To better illustrate
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Figure 39. Model of Left Ventricular Wall Stretch. This
diagram-.- and the accompanying equations-are for reference
with regard to the discussion in Chapter VIof the text.
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this, these equations will be applied to some experimentally

derived and some assumed values for ventricular dimensions

in male Wistar rats of approximately 280 grams body weight.

The average open chest stroke volume before preload in study

2 was approximately .15 ml, and this occurred at end

diastolic pressures in the 2-4 mm Hg range. Peak stroke

volume in this same experiment was approximately .32 ml at

slightly over 15 mm Hg end diastolic pressure. Pfeffer et

al (1981) reported the percent ejection for Wistar rats in

their experiment to be in the 60-80 percent range, at an end

diastolic pressure of 20 rom Hg. For purposes of this

illustration, a value of 70 percent will be assumed to hold

true for all groups, at both low (less than 5 rom Hg) and

high (greater than 15 mm Hg) end diastolic pressures.

Tissue volume was estimated by dividing the mean wet left

ventricular mass by 1.06, which is the specific gravity of

blood, and was assumed to be reasonably close to the

specific gravity of heart tissue.

Hun-Lin, et al. (1977) studied the functional morphology

of volume hypertrophied rat hearts, and found no significant

differences in the end diastolic volume of pressure

hypertrophied hearts compared to that of non-hypertrophied

controls. Thus, he present assumption of equal end

diastolic volumes for all groups is reasonable. End

diastolic volumes for the two end diastolic pressures were

estimated by dividing stroke volume by the assumed percent
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ejected volume. This yields the values of .21 ml and .46 ml

as estimates of end diastolic volume at end diastolic

pressures of less than 5 mm Hg, and of more than 15 mm Hg,

respectively. The other values in the table below follow

from the schematic diagram and the previous equations.

Units for Vi, Vt and Vo are in cubic centimeters, and units

for ri, ro and t are in milimeters.

At end diastolic pressure less than 5 mm Hg:

Group

A

B

C

D

Vi

.21

.21

.21

.21

Vt

.55

.55

.72

.74

Vo

.76

.76

.93

.95

ri

3.72

3.72

3.72

3.72

ro

5.69

5.69

6.09

6.13

t

1.97

1.97

2.37

2.41

At end diastolic pressure greater than 15 mm Hg: (The

increment in end diastolic volume is .25 ml in this example)

A

B

C

D

.46

.46

.46

.46

.55

.55

.72

.74

1.01

1.01

1.18

1.20

4.82

4.82

4.82

4.82

6.25

6.25

6.58

6.62

1.43

1.43

1. 76

1.80

The percentage increases in inner and outer radii, ana hence

the percentage stretch along the inner and outer "shells" of

the myocardial wall are as indicated below:

A

B

29.6

29.6

9.8

9.8
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D

29.6

29.6

8.0

8.0
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It can be seen from this analysis that sarcomeres in the

outermost shell of the ventricle will be stretched to a much

lesser extent than those in the innermost shell.

Furthermore, in hearts with concentric hypertrophy such as

those in groups C and D, the percent length change in the

outermost sarcomeres is even smaller. Thus, in concentric

hypertrophy, the added ventricular mass is at an inherent

disadvantage for geometric reasons alone, even if it has

normal contractile potential. This is because even maximal

ventricular filling fails to make full use of the

length-tension relationship for fibers in this region. If,

for instance, performance begins to plateau at approximately

20 percent stretch, perhaps less than half the potential

increment above resting force production will be achieved by

these fibers. A 2 percent lower degree of stretch may

actually represent a 10 percent deficiency in added force

generating ability. Conversely, it could be stated that the

hypertrophied myocardium might have more to gain from

additional diastolic stretch than would the

non-hypertrophied myocardium. Working against the

possibility of greater stretch, though, would be the

generally observed lower compliance of pressure overloaded

hypertrophied hearts. The function curves in figures 31
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through 34 tend to support this notion, since performance

was much more depressed at low end diastolic pressures than

at high ones. The possibility that the hearts in group B

might have had thicker walls and reduced compliance, despite

the fact that they were not hypertrophied, was discussed

previously. Although the present discussion suggests that

increased ventricular wall thickness, per se, is

disadvantageous, reduced end diastolic and end systolic

ventricular volumes would tend to reduce myocardial wall

tension and oxygen consumption. The norepinephrine infusion

might, through its inotropic influence, lead to increased

ejection fraction at a smaller end diastolic volume, thus

maintaining normal stroke volume. Net myocardial oxygen

consumption mayor may not be altered under these

conditions, since norepinephrine's direct effect would be to

increase oxygen consumption, but the ·indirect effect of

decreasing left ventricular pumping volumes would tend to

lower oxygen consumption. The same type of norepinephrine

influence could be operating on hearts in group D.

Unfortunately, ejection fractions and end systolic volumes

were not estimated in this study.

Many explanations have been

poorer performance of hearts

overload, as has been covered

proposed for the generally

hypertrophied by pressure

in the introduction. The

suggests that

of themselves

present

geometry

analysis

in and

changes in ventricular

can lead to decrements in
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myocardial performance. Decreased left ventricular

compliance tends to limit diastolic filling, and hence,

limit overall utilization of the Frank-Starling mechanism.

In addition, the progressively lesser degrees of stretch in

epicardial regions reduces the contribution which can be

made by increments in myocardial mass to total contractile

performance. Both difficulties stem from the inherent

limitations of heterometric autoregulation in the heart. To

the extent that the process of cardiac hypertrophy falls

short of meeting circulatory demands, inotropic support via

either the myocardial adrenergic nerves, or circulating

norepinephrine may be essential.
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Chapter VII

OVERALL SUMMARY

The key findings in study 1 were:

1. Chronic subpressor norepinephrine infusion restored

norepinephrine content in hearts of aortic

constricted rats.

2. Norepinephrine treatment had no effect on heart

weight.

3. Responses of heart rate and dP/dt max to electrical

stimulation of the myocardial adrenergic nerves were

depressed by either aortic constriction or

norepinephrine treatment.

4. Increments in heart rate, dP/dt max and peak

ventricular pressure in response to either tyramine

injection or to norepinephrine injection did not

differ significantly among the four groups.

5. Norepinephrine treatment had no significant effect on

either growth rate or survival among aortic

constricted rats.

In study 2, the key findings were:

1. Norepinephrine concentration, but not content, was

significantly depressed by aortic constriction, and

treatment with a subpressor norepinephrine infusion
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did not result in any significant elevation of either

the content or the concentration of norepinephrine in

the myocardium. Mortality was also less than it was

in study 1, suggesting that the degree of aortic

constriction was somewhat less severe.

2. Norepinephrine infusion had no effect on ventricular

weights.

3. Blood pressure was significantly higher in the group

receiving both aortic constriction and norepinephrine

treatment, in comparison to all other groups. Among

unconstricted rats, norepinephrine treatment led to a

slight, but non-significant elevation of mean

arterial pressure.

4. The group with both aortic constriction and

norepinephrine treatments demonstrated significantly

greater values for left ventricular stroke work index

at end diastolic pressures greater than 10 rom Hg, in

comparison to all other groups.

5. Peak ventricular pressure and dP/dt max in response

to aortic occlusion, when normalized for left

ventricular mass, were not significantly different in

the group receiving both aortic constriction and

norepinephrine treatment, compared to the group

sUbjected only to aortic constriction. Similarly,

neither of these groups differed significantly from

the double sham group on these indices.
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6. Norepinephrine infusion had no significant effects on

either growth rate or on mortality among aortic

constricted rats.

The following conclusions are drawn from these results:

1. Subpressor norepinephrine infusion is capable of

replenishing myocardial norepinephrine content in

aortic constricted rats, but despite this, it appears

to impair, rather than help myocardial adrenergic

nerve function.

2. Norepinephrine treatment has no clear effects on

either growth or survival of aortic constricted rats.

3. Chronic subpressor norepinephrine infusion, by

itself, leads to reduced myocardial performance at

low end diastolic pressures, but not at high ones.

4. Aortic constriction, by itself, leads to impaired

myocardial performance, per unit left ventricular

mass, at all end diastolic pressures.

5. Rats receiving chronic subpressor norepinephrine

treatment, in addition to aortic constriction, had

hearts which performed better in terms of left

ventricular stroke work index than all other groups,

for end diastolic pressures greater than 10 rom Hg.

6. Myocardial contractility, as assessed by responses

per unit left ventricular mass to complete aortic

occlusion, were comparable in all four groups, with a

tendency for the group receiving both aortic
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constriction and norepinephrine treatment to perform

slightly worse by this index.

Overall, the findings in these two studies do not permit

a simple statement regarding whether chronic subpressor

norepinephrine infusion is beneficial in the treatment of

rats subjected to aortic constriction. The depressed

responses to myocardial nerve stimulation that were seen in

study 1 to result from this infusion would seem to further

deprive the heart of inotropic support. It is not yet known

whether this support is critical in such cases. What is

clear from study 1 is that replenishment of myocardial

norepinephrine content by means of this infusion, in no way

improves the heart's response to adrenergic nerve

stimulation. The opposite, in fact, is the case. It is

furthermore unlikely that the depression in responses to

nerve stimulation is due to insensitivity of the myocardial

cells themselves to norepinephrine, since the responses to

norepinephrine injection were comparable in all four groups.

The myocardial cells of hearts sUbjected to chronic severe

pressure overload may, though, suffer some loss of function

due to loss of the tonic influence of norepinephrine as

myocardial norepinephrine concentration decreases. The

inability of the subpressor infusion of norepinephrine to

improve myocardial adrenergic nerve function does not

prevent it from having direct effects on the myocytes that
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may improve myocardial function. Study 2 has furnished some

evidence that this may be occurring. A problem in

interpretation arises, since the apparent improvement occurs

in response to preload stress, but not in response to

afterload stress. The study by Alpert and Mulieri (1980)

suggests that myocardial adaptation during the course of

cardiac hypertrophy may lead to qualitatively different

performance capacities, such as a relatively greater peak

rate of force generation, as opposed to maximal force

generating ability. Such differences may be due to a shift

toward the synthesis of a different myosin species. If

norepinephrine acts at least partly in this manner, it would

not be surprising to find that it has a positive influence

on some contractility indices, but not on others. In any

event, one would expect that if norepinephrine's effect in

the present experiments was markedly beneficial, there would

be less mortality in the aortic constricted, norepinephrine

supplemented group. The difference in mortality was in this

direction, but was not significant. The finding of

significantly improved myocardial performance with respect

to left ventricular stroke work index suggests that the

observed elevation of plasma norepinephrine concentration in

patients with heart failure may in fact be providing

important inotropic support. The practical implications of

this, such as the advisability of utilizing beta blockers in

these patients, and the search for better inotropic agents
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deserve further study. The potential for improving overall

myocardial function by restoring normal function of the

myocardial adrenergic system remains. If this is possible,

it is already clear that restoration of myocardial

norepinephrine content is not the only requirement.



Axelrod, G.B.,
effects and
thyroxine.

260

BIBLIOGRAPHY

Albin, R., R.T. Dowell, R. Zak, M. Rabinowitz. Synthesis and
degradation of mitochondrial components in hypertrophied
rat heart. Biochem. J. 136:629-637, 1973.

Alpert, N.R., and L.A. Mulieri. Heat, mechanics, and myosin
ATPase in normal and hypertrophied heart muscle. Fed.
Proc. 41:192-198, 1982.

Anden, N.E., T. Magnussen and B. Waldeck. Correlation
between noradrenaline uptake and adrenergic nerve
function after reserpine treatment. Life Sci. 19:1964.

Axelrod, J. Noradrenaline: fate and control of its
biosynthesis. Science 173:598-606, 1971.

A.A. Whitbeck and J. Cohen. Hemodynamic
hypertrophy-inducing potential of d- and 1

Can. J. Physiol. Pharmacol. 52:496-499, 1974.

Badeer, H.S. Development of cardiomegaly: a unifying
hypothesis explaining the growth of muscle fibers, blood
vessels and collagen of the heart. Cardiology 57:247-261,
1972.

Barath, Z. and H. Kuntzel. Cooperation of mitochondrial and
nuclear genes specifying the mitochondrial genetic
apparatus in neurospora crassa. Proc. Natl. Acad. Sci.
USA 69:1371-1374, 1972.

Beiser, G.D., S.E. Epstein, M. Stampfer, and R.E. Goldstein.
Impaired heart rate response to sympathetic nerve
stimulation in patients with cardiac decompensation
(abstract). Circulation 37,38 suppl. VI:40, 1968.

Berry, A.J., F.A. Kruger and A.M. Weissler. Stimulation of
myocardial RNA synthesis by hypoxia (abstract).
Circulation 41 and 42 suppl.III: 111-61, 1970.



261

Beznak, M. The effect of different degrees of
sUbdiaphragmatic aortic constriction on heart weight and
blood pressure of normal and hypophysectomized rats.
Can. J. Bioch. Physiol. 33:985-994, 1955a.

Beznak, M. Changes in heart weight and blood pressure
following aortic constriction in rats. Can. J. Bioch.
Physiol. 33:995-1002, 1955b.

Beznak, M. Cardiac output in rats during the development of
cardiac hypertrophy. Circ. Res. 6:207-212, 1958.

Beznak, M. Cardiovascular effects of thyroxine treatment in
normal rats. Can. J. Biochem. 40:1647, 1962.

Bhagat, B.D. Regulation of norepinephrine contents in
cardiac sympathetic neuron during high impulse activity:
alterations in monoamine oxidase activity. In: Recent
Advances in Studies on Cardiac structure and Metabolism
vol. 3. edIted by N.S-.-Dhalla. Baltimore, University Park
Press, pp. 343-356, 1973.

Bing, O.H.L., S. Matsushita, B.L. Fanburg, and H.J. Levine.
Mechanical properties of rat cardiac muscle during
experimental hypertrophy. Circ. Res. 28:234-245, 1971.

Bishop, V.S., H.L. Stone and A.C. Guyton. Cardiac function
curves in conscious dogs. Am. J. Physiol. 207(3):677-682,
1964.

Braunwald, E. Mechanism of Contraction of the Normal and
Failing Heart. Boston, Little, Brown, 1976-.--

Burn, J.H. and M.J. Rand. The effect of precursors of
noradrenaline on the response to tyramine and sympathetic
stimulation. Br. J. Pharmacol. 15:47-55, 1960.

Capasso, J.M., J.E. Strobeck, A. Malhotra, J. Scheuer and
E.H. Sonnenblick. Contractile behavior of rat myocardium
after reversal of hypertensive hypertrophy. Am. J.
Physiol. 242:H882-H889, 1982.



262

Chidsey, C.A., E. Braunwald and A.G. Morrow. Catecholamine
excretion and cardiac stores of norepinephrine in
congestive heart failure. Am. J. Med. 39:442-451, 1965.

Chidsey, C.A., G.A. Kaiser, E.H. Sonnenblick, J.F. Spann and
E. Braunwald. Cardiac norepinephrine stores in
experimental heart failure in the dog. J. Clin. Invest.
43(12):2386-2393, 1964.

Cohen, J. Role of endocrine factors in the pathogenesis of
cardiac hypertrophy. Circ. Res. 34,35 suppl.II:49-57,
1974.

Cooper, G., F.J. Puga, K.J. Zujko, C.E. Harrison and H.N.
Coleman. Normal myocardial function and energetics in
volume-overload hypertrophy in the cat. Circ. Res.
32:140-148, 1973.

Cooper, T., T. Pinakatt and A.W. Richardson. The use of the
thermal dilution principle for measurement of cardiac
output in the rat. Electron. BioI. Eng. 1:61-65, 1963.

Coulson, R.L., S. Yazdanfar, E. Rubio, A.A. Bove, G.M.
LeMole and J.F. Spann. Recuperative potential of cardiac
muscle following relief of pressure overload hypertrophy
and right ventricular failure in the cat. Circ. Res.
40(1):41-49, 1977.

Covell, J.W., C.A. Chidsey and E. Braunwald. Reduction of
the cardiac response to postganglionic sympathetic nerve
stimulation in experimental heart failure. Circ. Res.
19:51-56, 1966.

Criteria Committee of the New
Nomenclature and criteria for
the heart and great vessels,
Little, Brown, p.286, 1973.

York Heart Association.
diagnosis of diseases of

Seventh Edition. Boston,

Crout, R.J., C.R. Creveling and S.
Norepinephrine metabolism in rat brain and
Pharmacol. Exp. Ther. 132:269-277, 1961.

Udenfriend.
heart. J.



Sodt. Functional
Appl. Physiol.

263

Cutilletta, A.F., K. Edmiston and R.T. Dowell. Effect of a
mild exercise program on myocardial function and the
development of hypertrophy. J. Appl. Physiol.
46(2):354-360, 1979.

Cutilletta, A.F., L. Erinoff, A. Heller, J. Low and S.
Oparil. Development of left ventricular hypertrophy in
young spontaneously hypertensive rats after peripheral
sympathectomy. Circ. Res. 40(4):428-434, 1977a.

Cutilletta, A.F., M. Rudnik, R.A. Arcilla and R. Straube.
Effect of prophylactic digitalization on the development
of myocardial hypertrophy. Am. J. Physiol.
233(5):H600-H604, 1977b.

Dahlstrom, A., K. Fuxe, M. Mya-Tu and B.E.M. Zetterstrom.
Observations on adrenergic innervation of dog heart. Am.
J. Physiol. 209:689, 1965.

D'Ascia, C., F. Rengo, E. Manzo, C. Petrillo, A. Giunta, G.
Brevetti e M. Condorelli. Effetto protettivo del beta
blocco sulla ipertrofia miocardica da stenosi aortica nel
ratto. Boll. Soc. Ita1. Cardiol. 22(7):1101-1108, 1977a.

D'Ascia, C., F. Rengo, E. Manzo, C. Petrillo, A. Giunta, B.
Trimarco e M. Condorelli. Studio comparativo sull'effetto
protettivo di alcuni digitalici sUll'ipertrofia
miocardica da stenosi aortica nel ratto. Boll. Soc.
Ital. Cardiol. 22(7):1109-1116, 1977b.

Dhalla, N.S., V. Balasubramanian and J. Goldman. Biochemical
basis of heart function - III. Influence of isoproterenol
on the norepinephrine stores in the rat heart. Can. J.
Physiol. Pharmacol. 49:302-311, 1971.

Docherty, J.R. and J.C. McGrath. An analysis of some factors
influencing alpha-adrenoceptor feedback at the
sympathetic junction in the rat heart. Br. J. Pharmacol.
66:55-63, 1979.

Dowell, R.T., A.F. Cutilletta and P.C.
evaluation of the rat heart in situ. J.
39(6):1043-1047, 1975.



264

Dowell, R.T. and R.E. McManus III. Pressure-induced cardiac
enlargement in neonatal and adult rats. Circ. Res.
42(3):303-310, 1978.

Dowell, R.T., C.M. Tipton and R.J. Tomanek. Cardiac
enlargement mechanisms with exercise training and
pressure overload. j. Mol. Cell. Cardiology. 8:407-418,
1976.

Evonuk, E. A thermal dilution method for the estimation of
cardiac output in small animals. In: Temperature: its
Measurement and Control in Science and Industry, part 3,
edited by J.D. Hardy. London, Reinhold, pp. 83-86, 1963.

Fanburg, B.L. Experimental cardiac hypertrophy.
J. Med. 282:723-732. 1970.

Fanburg, B.L. and B.I. Posner. Ribonucleic acid
experimental cardiac hypertrophy in
Characterization and kinetics of labeling.
23:123-135 6 1968.

N. Engl.

synthesis in
rats. I.
Circ. Res.

Ferrario, C.M., M.M. Spech, R.C. Tarazi and Y. Doi. Cardiac
pumping ability in rats with experimental renal and
genetic hypertension. Am. J. Cardiol. 44:979-985, 1979.

Fischer, J.E., W.D. Horst and I.J. Kopin. Norepinephrine
metabolism in hypertrophied rat hearts. Nature
5000:951-953, 1965.

Fleckenstein, A., J. Janke, H.J. Doring and O. Leder.
Myocardial fiber necrosis due to intracellular calcium
overload a new principle in cardiac pathophysiology. In:
Recent Advances in Studies on Cardiac Structure and
Metabolism, vol. i: Myocardial Biolog~, edited by N:8:
Dhalla. Baltimore, University Park Press, 1974.

Frohlich, E.D.
sole factor
hypertrophy?

and R.C. Tarazi. Is arterial pressure the
responsible for hypertensive cardiac

Am. J. Cardiol. 44:959-963, 1979.



Furnival, C.M., R.J.
inotropic effects
efferent cardiac
230:137-153, 1973.

265

Linden and H.M. Snow. Chronotropic and
on the dog heart of stimulating the
sympathetic nerves. J. Physiol.

Gaffney, T.E. and E. Braunwald. Importance of the adrenergic
nervous system in the support of circulatory function in
patients with congestive heart failure. Am. J. Med.
34:320-324, 1963.

Gaffney, T.E., C.A. Chidsey and
relationship between the
adrenergic nerve block by
Circ. Res. 12:264, 1963.

E. Braunwald. Study of the
neurotransmitter store and
reserpine and guanethidine.

Gaffney, T.E., D.H. Morrow and C.A. Chidsey. The role of
myocardial catecholamines in the response to tyramine.
J. Pharmacol. Exp. Ther. 137:301-305, 1962.

Gans, J.H. and M.R. Cater. Norepinephrine induced cardiac
hypertrophy in dogs. Life Sci. 9(1):731-740, 1970.

Ganz, W. and H.J.C. Swan. Measurement of blood flow by the
thermodilution technique. In: Dye Curves: The Theory and
Practice of Indicator Dilution, edited. by D.A.
Bloomfield.~altimore, University Park Press, 1974.

Genovese, A., M. Chiariello, G. Ferro, A.A. Cacciapuoti, and
M. Condorelli. Myocardial hypertrophy in the rat
correlation between two experimental models. Jpn. Heart
J. 21(4):511-517, 1980a.

Genovese, A., M. Cacciapuoti, D. W. DeAlfieri, S. Latte and
M. Condorelli. Inhibition of hypoxia-induced cardiac
hypertrophy by verapamil in rats. Basic Res. Cardial.
75:757-763, 1980b.

Goldenberg, M., K.L. Pines, E.F. Baldwin, D.G. Greene and
C.E. Roh. The hemodynamic response of man to
norepinephrine and epinephrine and its relation to the
problem of hypertension. Am. J. Med. 5:792-806, 1948.



266

Gordon, R., J.V.O. Reid, A. Sjoerdsma and S. Udenfriend.
Increased synthesis of norepinephrine in the rat heart on
electrical stimulation of the stellate ganglia. Mol.
Pharmaco1. 2:610-613, 1966a.

Gordon, R., S. Spector, A. Sjoerdsma and S. Udenfriend.
Increased synthesis of norepinephrine and epinephrine in
the intact rat during exercise and exposure to cold. J.
Pharmaco1. Exp. Ther. 153:440-447, 1966b.

Grimm, A.F., R. Kubota and W.V.
myocardium in cardiomegaly.
1963.

Whitehorn.
Circ. Res.

Properties of
12(1):118-124,

Grove, D., R. Zak, K.G. Nair and Aschenbrenner. Biochemical
correlates of cardiac hypertrophy IV. Observations on
the cellular organization of growth during myocardial
hypertrophy in the rat. Circ. Res. 25:473-485, 1969.

Gupta, T.C. and C.J. Wiggers. Basic hemodynamic changes
produced by aortic constriction of different degrees.
Circulation 3:17-31, 1951.

Haneda, T., Y. Miura, K. Miyazawa, T. Sato, K. Shirato, T.
Honna, T. Nakajima, T. Arai, K. Kobayashi, H. Sakuma, K.
Yoshinaga and T. Takishima. Reduced response of cardiac
norepinephrine release to isometric handgrip exercise in
heart failure. In: Recent Advances in Studies on Cardiac
Structure and Metabolism. vol. -r2, edited by T.
Kobayashi, Y. Ito and G. Rona. Baltimore, University
Park Press, pp. 383-387, 1978.

Haneda, T., Y. Miura, T. Arai, T. Nakajima, T. Miura, T.
Honna, K. Kobayashi, H. Sakuma, M. Adachi, K. Miyazawa,
K. Yoshinaga and T. Takishima. Norepinephrine levels in
the coronary sinus in patients with cardiovascular
diseases at rest and during isometric handgrip exercise.
Am. Heart J. 100(4):465-472, 1980.

Harri, M.N.E. Metabolic and cardiovascular responses to
prolonged noradrenaline load and their antagonism by beta
blockade in the rat. Acta Physiol. Scand. 104:402-414,
1978.



Hawthorne, E.W., J.E.
Left ventricular
first week of
instrumented dogs.
1974.

267

Hinds, W.J. Crawford and R.J. Tearney.
myocardial contractility during the
renal hypertension in conscious
Circ. Res. 34,35 suppl 1:223-234,

.~~'. .

Henquell, L., C.L. Odoroff and C.R. Honig. Intercapillary
distance and capillary reserve in hypertrophied rat
hearts beating in situ. Circ. Res. 41(3):400-408, 1977.

Hickson, R.C., G.T. Hammons and J.O. Holloszy. Development
and regression of exercise-induced cardiac hypertrophy in
rats. Am. J. Physiol. 236(2):H268-H272, 1979.

Higgins, C.B., S.F. Vatner, D.L. Eckberg and E. Braunwald.
Alterations in the baroreceptor reflex in conscious dogs
with heart failure. J. Clin. Invest. 51:715-724, 1972.

Hjemdahl, P., E. Belfrage and M. Daleskog. Vascular and
metabolic effects of circulating epinephrine and
norepinephrine in dogs. J. Clin. Invest. 64:1221-1228,
1979.

Hollenberg, M. Effect of oxygen on growth of cultured
myocardial cells. Circ. Res. 28:148-158, 1971.

Hood, W.P. Jr.
ventricular wall
by N.R. Alpert.
445-452, 1971.

Dynamics of hypertrophy in the left
of man. In: Cardiac Hypertrophy, edited

London, New York, Academic Press, pp.

Hun-Lin, L., K.V. Katele and A.F. Grimm. Functional
morphology of the pressure- and volume-hypertrophied rat
heart. Circ. Res. 41(6):830-836, 1977.

Kanabus, J. and P.A. Khairallah. Initiation of
hypertrophy by angiotensin II and catecholamines
role of blood pressure and adrenergic blocking
(abstract). Fed. Proc. 39(3) part 1:1640, 1980.

cardiac
and the
agents



268

Karliner, J.S., P. Barnes, M. Brown and C. Dollery. Chronic
heart failure in the guinea pig increases cardiac alpha-1
and beta adrenoceptors. Eur. J. Pharmacol. 67:115-118,
1980.

Katz, A.M. Effects of ischemia on the contractile processes
of heart muscle. In: Congestive Heart Failure.
Mechanisms, Evaluation and Treatment, edited by D.T.
Mason. New York, Dun-Donnelly, pp. 77-83, 1976.

Katz, A.M. and H. Reuter. Cellular calcium and cardiac cell
death. Am. J. Cardiol. 44:188-190, 1979.

Kjekshus, J. and O.D. Mjos. Effect of increased afterload on
the inotropic state and uptake of free fatty acids in the
intact dog heart. Acta Physiol. Scand. 84:415-427, 1972.

Koide, T. and M. Rabinowitz. Biochemical correlates of
cardiac hypertrophy II. Increased rate of RNA synthesis
in experimental cardiac hypertrophy in the rat. Circ.
Res. 24:9-18, 1969.

Kopin, I.J. and E.K. Gordon. Origin of norepinephrine in the
heart. Nature 4900:1289, 1963.

Kramer, R.S., D.T. Mason and E. Braunwald. Augmented
sympathetic neurotransmitter activity in the peripheral
vascular bed of patients with congestive heart failure
and cardiac norepinephrine depletion. Circulation
38:629-634, 1968.

Laks, M. Norepinephrine - The producer of myocardial
cellular hypertrophy and/or necrosis and/or fibrosis. Am.
Heart J. 94(3):394, 1977.

Laks, M.M., G. Callis and H.J.C. Swan. Hemodynamic effects
of low doses of norepinephrine in the conscious dog. Am.
J. Physiol. 220(1):171-173, 1971.



269

Laks, M.M., D. Garner and V. Wong. Increased ejection
fraction produced by a long-term subhypertensive infusion
of norepinephrine in the conscious dog. Am. Heart J.
98(6):732-735, 1979.

Laks, M.M. and F. Morady. Norepinephrine - the myocardial
hypertrophy hormone? Am. Heart J. 91(5):674-675, 1976.

and H.J.C. Swan. Myocardial
by chronic infusion of
norepinephrine in the dog.

Laks, M.M., F. Morady
hypertrophy produced
sUbhypertensive doses of
Chest 64(1):75-78, 1973.

Langer, S.Z. The regulation of transmitter release elicited
by nerve stimulation through a presynaptic feedback
mechanism. In: Frontiers in Catecholamine Research.
Proceedings of the 3rd international catecholamine
symposium held at the University of Strasbourg,
Strasbourg, France. Edited by E. Usdin and S.H. Snyder.
pp. 543-549, 1973.

LeBlanc, J., J. Vallieres, M. Bureau, A. Labrie, Y. Deshaies
and C. Vachon. Chronic treatment with catecholamines and
the cardiovascular system. In: Recent Advances in
Studies on Cardiac Structure and Metabolism vol 3:;
edited by N.S. Dhal1a. BaltImOre, London, Tokyo,
University Park Press, pp. 527-532, 1973.

Lee, J.C., L.M. Karpeles and S.E.
changes of cardiac performance in
Physiol. 222(2):432-438, 1972.

Downing. Age-related
male rats. Am. J.

Lee, W.C., J.M. Lew and C.S. Yoo. Studies on myocardial
catecholamines related to species age and sex. Arch.
Int. Pharmacodyn. Ther. 185:259-268, 1970.

Lee, W.C. and F.E. Shideman. Role of myocardial
catecholamines in cardiac contractility. Science
129:967-968, 1959. Limas, C.J. Increased number of beta
adrenergic receptors in the hypertrophied myocardium.
Biochim. Biophys. Acta 588:174-178, 1979.



270

Levine, T.B., K.A. Gross, and J.N. Cohn. Sympathetic and
renin response to orthostasis in congestive heart failure
(abstract). Am. J. Cardiol. 45:433, 1980.

Limas, C.J. Increased number of beta-adrenergic receptors
in the hypertrophied myocardium. Bioch. Bioph. Acta 588:
174-178, 1979.

Lin, Y.C. Hemodynamics in the rat with isoproterenol induced
cardiac hypertrophy. Res. Commun. Chern. Pathol.
Pharmacol. 6(1):213-220, 1973.

Lin, Y.C., C.A. Dawson and S.M. Horvath. The expression of
cardiac output in the albino rat, rattus rattus. Compo
Biochem. Physiol. 33:901-909, 1970.

Lund, D.D. and R.J. Tomanek. Myocardial morphology in
spontaneously hypertensive and aortic-constricted rats.
Am. J. Anat. 152:141-152, 1978.

Lund, D.D., T.A. Twietmeyer,
Independent changes in
connective tissue in rats
aortic constriction and
13:39-44, 1979.

P.G. Schmid and R.J. Tomanek.
cardiac muscle fibers and
with spontaneous hypertension,
hypoxia. Cardiovasc. Res.

Malhotra, A., S. Penpargkul, T. Schaible and J. Scheuer.
Contractile proteins and sarcoplasmic reticulum in
physiologic cardiac hypertrophy. Am J. Physiol.
241:H263-H267, 1981.

Malik, A.B., J.M. Shapiro, J. Yanics, A. Roja1es and A.S.
Geha. A simplified method for producing rapid ventricular
hypertrophy in rats. Cardiovasc. Res. 8:801-805, 1974.

Mallov, S. Effect
synthesis in rat
187:482-494, 1973.

of sympathomimetic drugs on
heart. J. Pharmacal. Exp.

protein
Ther.

Mallov, S. Effect of sympathomimetic amines and monoamine
oxidase inhibitors on protein synthesis in rat heart.
Bioch. Pharmacol. 25:1645-1651, 1976.



271

Marcus, M.L., D.L. Eckberg, J.L. Braxmeier and F.M. Abboud.
Effects of intermittent pressure loading on the
development of ventricular hypertrophy in the cat. eire.
Res. 40(5):484-488, 1977.

Mason, D.T. Regulation of cardiac performance in clinical
heart disease. Interactions between contractile state,
mechanical ~bnormalities and ventricular compensatory
mechanisms. In: Congestive Heart Failure. Mechanisms,
Evaluation and Treatment, edited by D.T. Mason. New York,
Dun-DonnellY;-pp. 111-128, 1976.

Matoba, T., H. Toshima, K. Adachi,
Cardiac hypertrophy accelerated
sympathectomy in spontaneously
Experientia 37:736-737, 1981.

K. Ohta and T. Ito.
by left cervical
hypertensive rats.

Axelrod. Abnormal cardiac
isoproterenol-treated rats.

McCallister, B.D. and A.L. Brown, Jr. A quantitative study
of myocardial mitochondria in experimental cardiac
hypertrophy. Lab. Invest. 14:692, 1965.

Meerson, F.Z. The myocardium in hyperfunction, hypertrophy
and heart failure. Circ. Res. 25(1) suppl. 2, 1969.

Meerson, F.Z. Mechanism of hypertrophy of the heart, and
experimental prevention of acute cardiac insufficiency.
Br. Heart J. 33(suppl):100-108, 1971.

Meerson, F.Z. Development of modern components of the
mechanism of cardiac hypertrophy. Circ. Res. 34,35, suppl
11:58-63, 1974.

Meessen, H. Structural bases of myocardial hypertrophy. Br.
Heart J. 33(suppl):94, 1971.

Mueller, R.A. and J.
norepinephrine storage in
Circ. Res. 23:771-777, 1968.

Nair, K.G. and S. Dhurjaty. Catecholamine-induced
hypertrophy. Am. Heart J. 94(3):393-394, 1977.



272

Nair, K.G., A.F. Cutilletta, R. Zak, T. Koide and M.
Rabinowitz. Biochemical correlates of cardiac
hypertrophy I. Experimental model; changes in heart
weight, RNA content and nuclear RNA polymerase activity.
Circ. Res. 23:451-462, 1968.

Newman, W.H. A depressed response of left ventricular
contractile force to isoproterenol and norepinephrine in
dogs with congestive heart failure. Am. Heart J.
93(2):216-221, 1977.

Newman, W.H. Volume overload heart failure: length-tension
curves, and response to beta-agonists, calcium ions, and
glucagon. Am. J. Physiol. 235(6):H690-H700, 1978.

Newman, W.H. and J.G. WebD. Adaptation of left ventricle to
chronic pressure overload: response to inotropic drugs.
Am. J. Physiol. 238:H134-H143, 1980.

Oparil, S. and A.F. Cutilletta. Hypertrophy in the
denervated heart: a comparison of central sympatholytic
treatment with 6-hydroxydopamine and peripheral
sympathectomy with nerve growth factor antiserum. Am. J.
Cardiol. 44:970-978, 1979.

Oscai, L.B., P.A. Mole and J.O. Holloszy. Effects of
exercise on cardiac weight and mitochondria in male and
female rats. Am. J. Physiol. 220:1944-1948, 1971.

Ostman, I., N.O. Sjostrand and G. Swedin. Cardiac
noradrenaline turnover and urinary catecholamine
excretion in trained and untrained rats during rest and
exercise. Acta Physiol.. Scand. 86:299-308, 1972.

Ostman-Smith, I. Prevention of exercise-induced cardiac
hypertrophy in rats by chemical sympathectomy
(guanethidine treatment). Neuroscience 1:497-507, 1976.

Ostman-Smith, I. Cardiac sympathetic nerves as the final
common pathway in the induction of adaptive cardiac
hypertrophy. Clin. Sci. 67:265-272, 1981.



273

Overbeck, Henry W. Cardiovascular hypertrophy and
"waterlogging" in coarctation hypertension. Role of
sympatho-adrenergic influences and pressure. Hypertension
1(5):486-492, 1979.

Pagano, V.T. and M.A. Inchiosa. Cardiomegaly produced by
chronic beta-adrenergic stimulation in the rat:comparison
with alpha-adrenergic effects. Life Sci. 21:619-624,
1977.

Parker, J.O. and R.B. Case. Normal left ventricular
function. Circulation 60:4-12, 1979.

Pelosi, G. and G. Agliati. The heart muscle in functional
overload and hypoxia - a biochemical and ultrastructural
study. Lab. Invest. 18(1):86-93, 1968.

Petch, M.C. and W.G. Nayler. Concentration of catecholamines
in human cardiac muscle. Br. Heart J. 41:340-344, 1979.

Pfeffer, M.A. and E.D. Frohlich. Hemodynamic and myocardial
function in young and old normotensive and spontaneously
hypertensive rats. Circ. Res. 32,33 supple 1:28-35, 1973.

Pfeffer, J.M., M.A. Pfeffer; P. Fletcher, M.C. Fishbein and
E. Braunwald. Favorable effects of therapy on cardiac
performance in spontaneously hypertensive rats. Am. J.
Physiol. 242:H776-H784, 1982.

Pfeffer, M.A., J.M. Pfeffer and E.D. Frohlich. Pumping
ability of the hypertrophying left ventricle of the
spontaneously hypertensive rat. Circ. Res. 38(5):423-429,
1976.

Posner, B.I. and B.L. Fanburg. Ribonucleic acid synthesis in
experimental cardiac hypertrophy in rats II. Aspects of
regulation. Circ. Res. 23:137-145, 1968.

Rabinowitz, M.
hypertrophy.

overview on pathogenesis of cardiac
Circ. Res. 34,35 suppl 11:3-11, 1974.



Raum, W.J. and R. Swerdloff.
epinephrine and norepinephrine
Life Sci. 28:2819-2827, 1981.

274

A radioimmunoassay for
in tissues and plasma.

Ross, J. Jr. and W.H. McCullagh. Nature of enhanced
performance of the dilated left ventricle in the dog
during chronic volume overloading. Circ. Res.
30:549-556, 1972.

Rytand, D. The renal factor
coarctation of the aorta.
1938.

in arterial hypertension with
J. Clin. Invest. 17:391-399,

Sarnoff, S.J. and E. Berglund. Ventricular Function. I.
Starling's Law of the Heart studied by means of
simultaneous right and left ventricular function curves
in the dog. Circulation 9:706-718, 1954.

Sasayama, S.,
Bishop and
to chronic
1976.

J. Ross Jr., D. Franklin, C.M. Bloor, S.
R.B. Dilley. Adaptations of the left ventricle
pressure overload. Circ. Res. 38:172-178,

Scott, N.A., R.A. DeSilva, B. Lown and R.J. Wurtman.
Tyrosine administration decreases vulnerability to
ventricular fibrillation in the normal canine heart.
Science 211:727-729, 1981.

Sen, S., C. Tarazi and F.M. Bumpus. Cardiac hypertrophy and
antihypertensive therapy. Cardiovasc. Res. 11:427-433,
1977.

Sen, S., R.C. Tarazi and F.M. Bumpus. Cardiac effects of
angiotensin antagonists in normotensive rats. Clin. Sci.
56:439-443, 1979.

Schaible, T.F. and J. Scheuer. Cardiac function in
hypertrophiE!d hearts from chronically exercised female
rats. J. Appl. Physiol. 50(6):1140-1145, 1981.



275

Silverberg, A.B., S.D. Shah, M.W. Haymond and P.E. Cryer.
Norepinephrine: Hormone and neurotransmitter in man. Am.
J. Physiol. 234(3):E252-E256, 1978.

Spann, J.F., R.A. Buccino and E.H. Sonnenblick. Contractile
state of cardiac muscle obtained from cats with
experimentally produced ventricular hypertrophy and heart
failure. Circ. Res. 21:341, 1967.

Spann, J.F., C.A. Chidsey, P.E. Pool and E. Braunwald.
Mechanism of norepinephrine depletion in experimental
heart failure produced by aortic constriction in the
guinea pig. Circ. Res. 27:312-321, 1965.

Spann, J.F., C.A. Chidsey and E. Braunwald. Reduction of
cardiac stores of norepinephrine in experimental heart
failure. Science 145:1439-1441, 1964.

Spann, J.F., E.H. Sonnenblick, T. Cooper, C.A. Chidsey, V.L.
Willman and E. Braunwald. Cardiac norepinephrine stores
and the contractile state of neart muscle. Circ. Res.
19:317-325, 1966.

Spann, J.R., E.H. Sonnenblick, E.D. Harris Jr. and R.A.
Buccino. Connective tissue of the hypertrophied heart.
In: Cardiac Hypertrophy, edited by N.R. Alpert. London,
New York, Academic Press, pp. 141-145, 1971.

Swann, J.W. and J.F. Contrera. Depletion of cardiac
norepinephrine during two forms of hemolytic anemia in
the rat. Circ. Res. 38(3):179-184, 1976.

Ross Jr. Left ventricular
aorto-caval fistula with

fluid retention. J. Clin.

Taylor, R.R., J.W. Covell and J.
function in experimental
circulatory congestion and
Invest. 47:1333-1342, 1968.

Thomas, J.A. and B.H. Marks.
congestive heart failure. Am.
1978.

Plasma norepinephrine in
J. Cardio1. 41:233-243,



276

Tarazi, R.C., M.M. Ibrahim, E.L. Bravo and H.P. Dustan.
Hemodynamic characteristics of primary aldosteronism. N.
Engl. J. Med. 289:1330-1335, 1973.

Tomanek, R.J. Effects of age and exercise on the extent of
the myocardial capillary bed. Anat. Rec. 167:55-62,
1970.

Unge, G., E. Mandache and A. Ljungquist. The sympathetic
myocardial innervation in various forms of experimental
cardiac hypertrophy. Acta Pathol. Microbiol. Scand.
sect. A. 81:366-375, 1973.

Walter, F. and T. Addis. Organ work and organ weight. J.
Exp. Med. 69:467-483, 1939.

Weiner, N. MUltiple factors
norepinephrine consequent to
Proc. 38(8):2193-2202, 1979.

regulating the release of
nerve stimulation. Fed.

White, C.W. Abnormalities in baroreflex control
rate in canine heart failure. Am. J.
240:H793-H799, 1981.

of heart
Physiol.

Whitehorn, W.V. Effects of
growth and function. In:
N.R. Alpert. London, New
1971.

hypophyseal hormones on cardiac
Cardiac Hypertrophy, edited by

York, Academic Press, pp.27-37,

Wikman-Coffelt, J., W.W. Parmley and D.T. Mason. The
cardiac hypertrophy process. Analyses of factors
determining pathological vs. physiological development.
Circ. Res. 45:697-707, 1979.

Williams, J.F. and E. Braunwald. Studies on digitalis XI.
Effects of digitoxin on the development of cardiac
hypertrophy in the rat sUbjected to aortic constriction.
Am. J. Cardiol. 16:534-539, 1965.

Wurtman, R.J.
Co., 1966.

Catecholamines. Boston, Little, Brown and



277

Zak, R. Development and proliferative capacity of cardiac
muscle cells. Circ. Res. 34,35 supple 2:17-26, 1974.

Zak, R. and M.
hypertrophy.

Rabinowitz. Molecular aspects of cardiac
Annu. Rev. Physiol. 41:539-552, 1979.

Zelis, R., S.F. Flaim, A.J. Liedtke and S.H.
Cardiocirculatory dynamics in the normal and
heart. Annu. Rev. Physiol. 43:455-476, 1981.

Nellis.
failing




