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ABSTRACT 

Catecholamines have been implicated in the regulation of cardiac 

hypertrophy. The serial injection of a catecholamine (epinephrine, 

norepinephrine or isoproterenol) will increase cardiac muscle mass. 

In a canine model of left ventricular hypertrophy secondary to aortic 

coarctation, the endogenous catecholamine which increased in circula

ting blood in parallel with increased myocardial mass was epinephrine. 

The adrenal medulla is the major source of plasma epinephrine. The 

medullary release of catecholamines into the inferior vena cava occurs 

following stress-induced sympathetic stimulation. The stress of coarc

tation imposed by inflating a balloon implanted intraluminally in the 

descending aorta resulted in epinephrine plasma levels 3.5-fold above 

basal levels, concurrent with increased left ventricular wet weight to 

body weight ratios of 1207= above control. This response was blocked 

by propranolol, a nonselective beta-adrenergic receptor antagonist, 

thereby implicating beta-adrenoceptors in the regulation of cardiac 

hypertrophy. 

In order to further assess the involvement of epinephrine in the 

myocardial growth process, bilateral adrenal medullary denervation was 

performed on dogs. After denervation, plasma levels of epinephrine 

were essentially zero. Without epinephrine, left ventricular hyper

trophy was not demonstrable after aortic constriction. In fact, there 

was a decreased myocardial wet and dry weight ratio, suggesting epi

nephrine might provide basal sympathetic tone to the heart. Since 
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epinephrine has beta-1 and beta-2 agonistic properties, and antagonism 

by propranolol is nonspecific, we wanted to determine the precise 

pharmacological nature of the receptor(s) involved. The heart contains 

both beta-1 and beta-2 receptors with a predominance of the former 4:1. 

It has been suggested that these subtypes subserve similar physiologi

cal responses; however, the precise role of the cardiac beta-2 receptor 

is unknown. 

The nature of the cardiac beta receptor coupled to the trophic 

response was evaluated in a mouse model during embryogenesis. Mice 

were used because of the high cost of dogs and the necessity to use 

large numbers of animals to determine receptor specificity. Previous 

studies suggested the generality of beta-receptor coupling in heart to 

increased ornithine decarboxylase activity and increased tissue mass. 

At 18 days of development, the fetal murine heart responded to 

epinephrine or isoproterenol with a 200-300% increase in ornithine 

decarboxylase activity. These increases were not inhibited by: (1) 

prazosin, an alpha-1 receptor antagonist, (2) yohimbine, an alpha-2 

receptor antagonist, or (3) metoprolol, a beta-1 receptor antagonist. 

The stimulation of ornithine decarboxylase was blocked by propranolol. 

Thus, it appeared a beta-2 inhibitor was required to prevent stimula

tion by nonselective alpha- or beta-adrenergic agonists. To further 

evaluate the specific nature of the receptor coupled to the trophic 

response, terbutaline, a specific beta-2 agonist, was injected directly 

into each fetus alone or with either propranolol or metoprolol. Terbu

taline resulted in a 3-fold stimulation of ornithine decarboxylase 
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activity either as a single agent or with metoprolol. The stimulation 

of ornithine decarboxylase activity was blocked by simultaneous pro

pranolol administration. 

The pharmacological results in the fetal mouse heart suggested 

that beta-2 adrenergic stimulation was coupled to increased ornithine 

decarboxylase activity, a marker of cellular hypertrophy. In order 

to concurrently measure heart weights and plasma catecholamine levels 

after serial beta-2 stimulation, the use of a large animal model was 

necessary. Therefore, the dog model of myocardial hypertrophy after 

aortic constriction was utilized. Dogs subjected to aortic coarctation 

and treated with metoprolol, a beta-1 receptor antagonist, developed 

significant ventricular hypertrophy and markedly elevated plasma 

epinephrine levels. In noncoarcted dogs treated with terbutaline, a 

specific beta-2 agonist, ventricular weight increased to 150% above 

control and circulating epinephrine was elevated 4-fold. These data 

support the concept that hypertrophic growth occurs selectively in 

response to beta-2 adrenergic receptor stimulation in the heart. 



INTRODUCTION 

At an early stage in his experiments on the reactions of biologic 

stress, Hans Selye (1936) discovered that epinephrine released from the 

adrenal medulla was capable of eliciting the alarm reaction leading to 

general stress adaptation. He was later to venture a prediction "that 

research on stress will be most fruitful if it is guided by the theory 

that we must learn to imitate — and if necessary to correct and 

complement — the body's own autopharmacologic efforts to combat the 

stress factor in disease" (Selye, 1956). 

The heart is an organ which is essential to life. Heart disease 

is the leading cause of death in the U.S. Understanding the cardiac 

growth process during development, as well as the pathological irregu

larities which develop with aging, has always been of extreme interest. 

Two broad categories of voluminous research regarding the heart exist 

in the literature. One general focus is the study of the functional 

aspects of the heart as a pump, while other studies evaluate the heart 

as a muscle, including its growth processes. When reviewing literature 

related to cardiac investigation, one is impressed by the universal 

inability to correlate changes in mechanical properties of the heart 

with the biological signal which initiates tissue growth. This physi

ological link between cause and effect prompted the studies reported 

here. 

1 
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Catecholamines have been repeatedly implicated in the initiation 

of cardiac hypertrophy in studies of exogenously administered isopro

terenol, norepinephrine or epinephrine (Fisher et al., 1965; Nair et 

al., 1968; Stanton et al., 1969; Feldman and Russell, 1972; Ostman et 

al., 1972; Laks et al., 1973; Bartolome' and Slotkin, 1976; Byus et al., 

1976; Franco-Morselli et al., 1977; Bareis and Slotkin, 1978). Gans 

and Cater (1970) reported that hypertensive doses of norepinephrine 

produced cardiac hypertrophy in dogs. Because of the experimental 

design, it was not possible to determine if the hypertensive dose led 

to increased afterload on the heart which was then responsible for the 

resulting hypertrophy, or whether there was a direct effect of nor

epinephrine on cardiac tissues. Laks et al. (1973) suggested that 

hypertrophy was the result of a direct cardiac tissue effect. They 

found that subhypertensive doses of norepinephrine led to significant 

hypertrophy when chronically administered (6 to 63 weeks) to dogs. 

However, plasma concentrations of norepinephrine or other endogenous 

catecholamines were not measured in this study. 

Since plasma catecholamine levels, particularly adrenal medullary 

epinephrine, are known to increase in response to acute and repeated 

stress (Kvetnansky", 1973; Matlina, 1976; Mikulaj et al., 1976; Kopin 

et al., 1978), it is possible that epinephrine and/or norepinephrine 

could contribute to cardiac hypertrophy in response to mild or severe 

cardiac overload. 



The major mechanical stimulus to the myocardium, in the absence 

of genetic factors or ongoing processes such as aging or disease, is 

increased work of the ventricle (Meerson, 1962; Linzbach, 1969; Meer-

son, 1969; Zak, 1973; Grossman et al., 1975; Tarazi et al., 1977; 

Bugaisky et al., 1978; Zak et al., 1979). If the increased work is 

volume-induced, adaptation of the ventricle is a process of eccentric 

hypertrophy, whereas concentric hypertrophy occurs when the work is 

pressure-induced (Linzbach, 1969; Russell et al., 1971; Frohlich and 

Tarazi, 1979). Grossman (1975) has proposed that pressure-induced 

hypertrophy results in an increase in sarcomeres in parallel, whereas 

hypertrophy secondary to volume overload leads to an increase of sar

comeres in series. Therefore the hypertrophic process is not uniform 

but adapts to suit the nature of work imposed on the muscle. Regard

less of the origin of increased work on the heart or the hypertrophic 

process which results, it is not understood how a mechanical event is 

transformed into a biochemical response, i.e., increased protein syn

thesis and muscle mass. Pressure or volume overload are thought to 

lead to increased ventricular wall tension and greater stretch of 

muscle fibers (Wikman-Coffelt et al., 1979), thus augmenting end-

diastolic sarcomere length (Laks, 1974) which then activates the growth 

process. Pressure, per se (Schreiber et al., 1978), or muscle fiber 

stretch (Vandenburg and Kaufman, 1979) are reported to activate the 

genetic apparatus of myocardial cells resulting in increased protein 

(Schreiber et al., 1966), nucleic acid (Fanburg and Posner, 1968; 

Morkin and Ashford, 1968), and myosin (Zak, 1973) synthesis which is 

characteristic of muscle fiber hypertrophy. 



A more complex situation than simple, direct cause-and-effeet 

relationships between increased pressure/stretch and hypertrophy must 

exist. A required series of biochemical events occurs, resulting in 

the transfer of stimuli (trophic hormone, drug administration, mitogens) 

from the cell membrane through cytoplasmic events to nuclear gene acti

vation, ultimately resulting in the synthesis of new RNA and protein 

(Russell et al., 1976). Frohlich and Tarazi (1979) evaluated factors 

other than increased afterload on cardiac hypertrophy, and noted that 

regression of cardiac hypertrophy did not necessarily follow reduced 

pressure load. Studies by Hall et al. (1953) demonstrated decreased 

cardiac hypertrophy after surgical cure of experimental hypertension. 

However, hypertrophy was not prevented or reversed by vasodilator drugs, 

although blood pressure was reduced (Sen et al., 1974; Sen et al., 

1977). In the same studies, methyldopa and captopril reversed hyper

trophy concurrent with blood pressure control. 

Other factors which could be significant in modulating hyper

trophy include the renin-angiotensin system. However, in low renin 

hypertension (Brunner et al., 1972) and primary aldosteronism (Tarazi 

et al., 1973), left ventricular hypertrophy occurs. Also, hypertrophy 

is induced by competitive angiotensin antagonists (Sen et al., 1979). 

The key to regulation of cardiac hypertrophy appears to lie in an 

understanding of the early sequential cascade of biochemical events 

involved in a trophic response (Russell et al., 1976). The major steps 

related to a membrane-generated trophic response are: adenylate cyclase 

activation, increased cyclic AMP, cyclic AMP-dependent protein kinase 

activation, the phosphorylation of non-histone chromosomal protein, 
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messenger RNA synthesis, the induction of ornithine decarboxylase, 

increased polyamine biosynthesis, and increased protein synthesis. 

This trophic cascade is regulated by circulating hormones impinging on 

target tissues through specific receptors (Russell and Haddox, 1979). 

This approach does not deal with neural activation as it relates to 

the function of the heart as a pump, but rather with a mechanism by 

which the heart adapts to increased stress, which is frequently coupled 

to its ability to act as an effective pump. Basic to the understanding 

of this approach is the recognition of the ability of biogenic amine 

trophic hormones, such as norepinephrine or epinephrine, to bind to 

individual myocardial cells resulting in an increased rate of macro-

molecular synthesis. The earliest and most reliable marker of the 

initiation of these events is a dose-dependent increase in ornithine 

decarboxylase activity (Russell, 1970). 

Ornithine decarboxylase (EC 4.1.1.17, ODC) is the rate-limiting 

enzyme in the biosynthesis of polyamines, compounds which are the 

organic cations of the cell (Russell and Durie, 1978). ODC catalyzes 

the formation of putrescine, a diamine, from the amino acid ornithine. 

Putrescine is converted sequentially to spermidine and spermidine to 

spermine by a propylamine transfer from decarboxylated S-adenosyl-L-

methionine. The accumulations of spermidine and ribosomal RNA are 

parallel in all growth-stimulated tissues that have been studied 

(Cohen, 1971; Bachrach, 1973; Russell, 1973; Russell and Durie, 1978). 

Recent evidence suggests that the capacity to enhance ribosomal RNA is 

related to a posttranslational modification of ODC by its product 

putrescine (Russell, 1981). 
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After the administration of polypeptide trophic hormones such 

as growth hormone in liver (Russell and Snyder, 1969), ODC induction 

exhibits a remarkably constant pattern of expression. Because of its 

short half-life of 10 to 15 minutes (Russell and Snyder, 1969), the 

enzyme activity increases to a maximum within 4 to 6 hours of stimu

lation and rapidly decreases as the stimulus declines or disappears. 

All studies to date have shown that the induction of ODC is a consis

tent response to polypeptide, steroid and amine hormones suggesting 

that target tissues for hormones could be ascertained using ODC as 

a biological or pharmacological marker (Russell, 1980). 

Many studies have indicated that catecholamines administered in 

vivo or in vitro result in (i) stimulation of ODC activity in heart and 

(ii) subsequent hypertrophy (Fisher et al., 1965; Stanton et al., 1969; 

Gans and Cater, 1970; Russell et al., 1971; Feldman and Russell, 1972; 

Laks et al., 1973; Warnica et al., 1975; Byus et al., 1976; Nair et 

al., 1976; Bartolome' et al., 1977; Bareis and Slotkin, 1978; Fuller and 

Hemrick, 1978; Thadani and Schanberg, 1979). Byus et al. (1976) showed 

that the administration of isoproterenol (2 mg/kg, s.c.) to rats twice 

daily for 10 days resulted in cardiac hypertrophy to 1507o which rapidly 

declined after injections were stopped. A single injection of norepi

nephrine, 2 mg/kg, i.p., to rats resulted in a 6-fold increase in 

cardiac ODC activity within 4 hours (Fuller and Hemrick, 1978). 

Numerous studies have implicated catecholamines in the rapid 

generation of cyclic AMP in the heart (Schreiber et al., 1971; Byus et 

al., 1976; Keely et al., 1978). Increases in cyclic AMP and activation 

of cyclic AMP-dependent protein kinase in target tissues have been 
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linked to the induction of ODC after the administration of polypeptide 

hormones (Russell and Haddox, 1979; Russell, 1980). The generality of 

an increase in ODC activity in tissues that are stimulated to increase 

biosynthesis or grow makes it an important early marker of the growth 

process. Ornithine decarboxylase was used in this study to identify 

hormones which stimulate the trophic cascade in the heart. 

Purpose 

The purpose of these studies was to investigate the mechanical, 

pharmacological and biochemical events which lead to increased protein 

synthesis resulting in cardiac enlargement. Compensatory cardiac 

hypertrophy following increased work has been recognized and studied 

for many years. However, there has not been a delineation at the 

molecular level of the physiological signal(s) which might directly 

stimulate myocardial cells to enlarge. 

Trophic hormones are known to exist for numerous tissues such as 

liver and kidney. If a trophic hormone(s) specific for the heart 

could be identified, then the various causes of cardiac hypertrophy 

such as anemia, aortic stenosis, pulmonary hypertension, etc., might 

be explained and potentially ameliorated on the basis of a final common 

pathway. Catecholamines have been repeatedly implicated in cardiac 

hypertrophy, and plasma levels of norepinephrine and epinephrine are 

known to fluctuate with increased stress secondary to adrenomedullary 

secretion. Therefore, studies were designed to test whether endogenous 

catecholamines function as trophic hormones for the heart. Also, if 

plasma catecholamines were found to be linked to cardiac hypertrophy, 
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studies to identify the receptor coupled to the growth response in the 

heart would be attempted. Knowledge of specific receptor type could 

provide information which might aid in developing new drug therapy for 

heart disease. 



METHODOLOGY 

Canine Experiments 

Indwelling Catheter Insertion 

Mongrel dogs (10.5-28.6 kg) were maintained on light from 0700 to 

1900 hours and leash-walked daily to familiarize them with both the 

environment and the investigator. This was accomplished preoperatively 

in all study animals so that postoperative handling would be a routine 

experience. 

The dogs were anesthetized with 30 mg/kg i.v. sodium pentobarbital 

and endotracheal intubation connected to a Bird Mark 7 respirator. An 

electrocardiograph including leads I, II, III, AVL, AVR and AVF was 

obtained and ECG monitoring continued throughout the procedure. All 

surgical procedures were performed aseptically. All animals were 

given prophylactic cephalothin (1 g) intravenously prior to incision. 

Exposure of the left carotid artery, left external jugular vein, left 

femoral artery and vein, and right femoral vein were accomplished for 

catheter implantation (Fig. 1). A right femoral arterial catheter 

(8 Fr. Cordis Ducor #523-833) was inserted a short distance, connected 

to a Trantec 800 S/N 1230 transducer and arterial pressure monitored 

on an Electronics for Medicine VR-6 oscillograph. This pressure 

tracing was utilized to document distal mean arterial pressure. 

The left carotid artery was ligated, a Cordis Ducor angiographic 

catheter (8 Fr. 80 cm, #524-833) was inserted and the tip located near 

the aortic arch. Placement was approximated by external anatomical 

9 
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SWAN-GANZ CATHETER 

IN PULMONARY ARTERY 

INFERIOR VENA CAVA 

CATHETER TIP 

Femoral vein 

Femoral artery 

LEFT CAROTID ARTERY 

CATHETER TIP 

AORTIC ARCH 

FOGARTY BALLOON 

CATHETER TIP 

Renal artery 

Renal vein 

FEMORAL ARTERY 

CATHETER 

FIGURE 1. INTRAVASCULAR LOCATION OF IMPLANTED CATHETERS 



distance. The catheter was secured, coiled and tunneled subcutaneously 

to the back of the neck. A Leur-lock 3-way stopcock (Cobe Laboratories) 

was attached. Patency was verified by flushing with heparin sodium 

(Abbott Laboratories, Panheparit^ 2 units/ml in 0.97° saline). The left 

external jugular was ligated; a Swan-Ganz thermo-dilution catheter was 

floated into the pulmonary artery and position confirmed by noting the 

characteristic pressure wave form. This catheter was used for measure

ments of cardiac output. The catheter was secured to the vessel, and 

the excess catheter length was coiled and attached to the back of the 

animal's neck. The neck incision was closed in layers with 000 chromic 

and 000 silk sutures. Through the left groin incision, the femoral vein 

was identified, isolated, and ligated. A Cordis Ducor angiographic 

catheter (8 Fr. 80 cm, #523-833) was introduced and inserted to a dis

tance which placed the tip of the catheter in the inferior vena cava 

above the adrenal vein. The catheter was secured to the vein and excess 

catheter was coiled subcutaneously in the groin. This venous catheter 

was tunneled subcutaneously to the animal's lower back. A 3-way stop

cock was attached and secured to the skin with 00 proline suture. 

Patency was verified by flushing with heparinized saline. 

Through the left groin incision site, the femoral artery was iso

lated and ligated with 00 silk suture. A Fogarty venous thrombectomy 

catheter (8 Fr. inflatable diameter 13 mm, Edwards Laboratories, 

#32-080-8E) was placed in the artery, extending to a location between 

the aortic arch and renal artery. This catheter provided an intra

luminal method of acutely coarcting the aorta by inflating its balloon 

tip after the animal recovered from the operative procedures. The 
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balloon was inflated with sterile 0.9% NaCl so that in case of rupture, 

a physiologically tolerated solution would be released. The Fogarty 

catheter was coiled subcutaneously adjacent to the Cordis venous cathe

ter, tunneled subcutaneously to the back, exited through a small (1 cm) 

skin incision and attached to the skin with 00 proline suture material. 

The wound in the left groin was closed in layers with 000 chromic and 

00 proline suture. 

After the catheter insertion procedures, the proximal and distal 

arterial catheters were connected to transducers, the Fogarty balloon 

catheter was fully inflated with 2.5 ml sterile saline and distal mean 

arterial pressure reduced to zero. Saline was withdrawn to a volume 

which maintained a 50-mm Hg systolic pressure gradient between proximal 

carotid artery and distal femoral artery pressures, and the remaining 

volume was removed. The volume of sterile saline remaining was recorded 

as that volume necessary to elicit 507« coarctation of the descending 

aorta. The volume required ranged from 0.35 to 0.65 ml. Three days 

postoperatively the procedure of recording pressures was repeated and 

the predetermined volume of normal saline instilled into the balloon 

catheter. The 50% constriction of the aorta was confirmed by proximal 

and distal arterial pressure recordings as shown in Figure 2. For the 

experimental group undergoing continuous coarctation, saline was left 

in the balloon catheter for the duration of the experiment and the sys

tolic pressure gradient monitored daily. In control dogs, coarctation 

was for one minute and the fluid removed. Figure 2 is an arterial 

pressure tracing (paper speed of 25 mm/sec) which is representative of 

all experimental animals. 
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The animals recovered from anesthesia in the operating suite 

before transfer to the original kennel area. A wide plastic collar 

(Elizabethan style) was placed around their necks allowing mobility, 

while preventing the animals from either biting or scratching at the 

external catheter stopcocks. The dogs were fed a regular diet and 

received no further treatment for up to 10 days except for prophylactic 

antibiotics, which consisted of 500 mg intravenous cephalothin twice 

daily for 24 hours postoperatively. Rectal temperatures were monitored 

each morning between 0700 and 1000 to screen for any infective process. 

Adrenal Denervation 

Those animals to be included in the adrenal denervation studies 

were first implanted with indwelling catheters as described above. 

In addition, through bilateral flank incisions, the adrenal glands were 

located and the sympathetic trunk, lateral to the spine as it passes 

through the diaphragm, was isolated. Three nerve branches, one greater 

splanchnic and two lesser splanchnic, enter the posterior lateral 

aspect of the adrenal gland and innervate the medullae (Redisch, 1968). 

A segment 1 cm in length was removed from each nerve proximal to entry 

into the glands. The vasculature and therefore the function of the 

adrenal cortex was preserved. All postoperative management of the 

animals remained consistent with other treatment groups. 

Drugs and Dosages Utilized 

The propranolol treatment group of dogs received 240 mg propran

olol hydrochloride orally (Inderal®, Ayerst Labs, New York, NY) twice 

daily at 0700 and 1900 hours beginning 3 days prior to coarctation 



(Hanson et al., 1976). Metoprolol tartrate (Lopressor^, Ciba-Geigy, 

Ardsley, NY) was given orally at a dosage of 25 mg twice daily, at 

(R) 
0700 and 1900 hours (Johnsson, 1980). Terbutaline sulfate (Brethine**, 

Ciba-Geigy) treated animals were given 5 mg orally twice daily at 

0700 and 1900 hours (Nilsson et al., 1972). 

Data Collection Techniques 

Daily between operation and planned aortic coarctation procedures, 

the dogs were leash-walked and allowed to accommodate to the area and 

investigator for 20 minutes. 

The plastic collar was removed and patency of the arterial lines 

was evaluated by flushing each catheter with 10 ml heparinized saline, 

2 units heparin (Abbott)/ml 0.9% sodium chloride. Backflow was force

ful enough to require pressure on the syringe to prevent accidental 

blood loss. Anticoagulation within the catheter lumen was maintained 

by instilling 2 ml 100 unit/ml heparinized saline. Venous catheters 

were flushed in the same manner as arterial lines. Venous blood return 

was observed for ease of withdrawal. If resistance occurred and cathe

ter occlusion or kinking was suspected, aseptic insertion of a guide 

wire (J-wire #395769, Argon) through the catheter length reestablished 

patency. 

All catheter skin sites were examined daily for security and/or 

local signs of infection. Povidone iodine ointment was applied to the 

cutaneous/catheter interface daily. After replacing the collar, the 

animal was returned to the kennel area. This daily procedure required 

approximately 45 minutes. 



Seventy-one dogs were included in these studies: 10 control 

(coarctation and release), 10 coarctation, 10 coarctation plus pro

pranolol, 5 propranolol alone, 10 sham adrenal denervation, 8 adrenal 

denervation, 10 adrenal denervation plus coarctation, 4 metoprolol plus 

coarctation, and 4 terbutaline alone. On the third postoperative day, 

the animals were studied. After a 20-minute accommodation period, 5-ml 

carotid arterial and venous (inferior vena cava) blood samples were 

collected. Proximal and distal arterial pressures were monitored. 

A series of five consecutive cardiac output determinations was made 

utilizing an Edwards cardiac output computer (9520A, American Hospital 

Supply Corp., Santa Ana, CA). The Fogarty balloon was inflated and 

coarctation was documented by a 50-mm Hg systolic arterial pressure 

gradient. 

Blood samples were collected daily at 24, 48, 72 and 96 hours 

postcoarctation. Serum Na+, CI , CO2, K+, glucose, and levels were 

obtained from Clinical Laboratories, Arizona Health Sciences Center. 

Catecholamine levels were assayed by the investigator. After collec

tion of 96-hour samples and a post-study ECG, animals were sacrificed 

with intravenous sodium pentobarbital. Intravascular catheter tip 

location was confirmed by dissection and visualization. Through a left 

lateral thoracotomy incision, the heart was dissected and excised. 

The heart was trimmed and wet weights of left ventricle, septum and 

right ventricle recorded. Dimensions in centimeters of ventricular 

free wall and septum were measured as follows: septum, between the 

aortic valve and left ventricular apex; left ventricle, directly behind 

the posterior mitral valve leaflet and above the posterior papillary 
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muscle; right ventricle, one-half the distance between the apex and 

tricuspid valve (Laks et al., 1973). Samples of each tissue were 

removed and weighed separately, placed in a vacuum drying oven at 

60°F for 48 hours, and tissue dry weights were obtained. 

Catecholamine Determinations 

Plasma catecholamines were assayed as described by Passon and 

Peuler (1973), and modified by Cat-A-Kit® (Upjohn, Kalamazoo, MI). 

The procedure utilizes a single isotope assay for epinephrine, norepi

nephrine and dopamine using the enzyme catechol-o-methyl-transferase 

3 
(COMT) to catalyze the transfer of a H-methyl group from S-adenosyl-

3 
L-methionine-[ H-methyl] to epinephrine, norepinephrine and dopamine. 

3 3 
The resulting products, [ H]metanephrine, [ Hjnormetanephrine and 

3 
[ H]-3-methoxytyramine are isolated by silica gel thin-layer chroma

tography with a solvent of tertiary amyl alcohol/toluene/methylamine, 

3 
6:2:3 (v/v/v). Each labeled derivative, with the exception of [ H]-

3 
3-methoxytyramine, is converted to [ H]vanillin by periodate oxidation 

and extracted. The radioactivity in each extract is proportional to 

the amount of norepinephrine or epinephrine in the sample. Standards 

are run routinely to determine the recovery rates of known amounts of 

amines. 

The 3-methoxytyramine is not susceptible to periodate oxidation 

and therefore serves to differentiate dopamine from the other two 

catecholamines. The radioactivity attributable to each catecholamine 

was determined by scintillation spectrometry. Sensitivity of the assay 

is in the range of 2-5 picograms for epinephrine and norepinephrine 
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and 15-20 picograms for dopamine per 50-jul sample. The blood samples 

were collected in evacuated tubes containing an anticoagulant, EGTA, 

90 mg/ml, and an antioxidant, reduced glutathione, 60 mg/ml at a pH 

of 6.0-7.4. Twenty /il of this solution was required for each one ml 

of blood collected. The samples were centrifuged in a refrigerated 

centrifuge (4°C) at 5000 x g for 10 minutes and the plasma separated 

utilizing a disposable pipet. Plasma was frozen at below -20°C until 

the time of assay. Catecholamine content in frozen plasma is stable 

for at least three months under these conditions. 

Murine Experiments 

CD-I mice (Charles River) housed in a 12-hour photoperiod were 

studied. Gestational age of the fetuses was estimated after 24-hour 

exposure of 1 female to 12 males. Females with vaginal plugs at 24 

hours were separately caged, and plug observation counted as day 1. 

Murine embryonic heart growth rate is very rapid, e.g., a 2- to 3-fold 

increase per 24 hours (MacDowell et al., 1927; Wildenthal, 1973); there

fore, a gestational age was approximated from a 24-hour mating period. 

Also, individual differences in cardiac weights have been noted in the 

same litter. Variations occur between litters in postnatal studies of 

ODC sensitivity to drug stimulation. Therefore, to normalize the data 

so that ODC-activity could be compared to the precise growth status of 

the heart, protein content per heart was plotted versus the estimated 

age (Fig. 3). The gestational age for each embryonic heart assayed was 

then determined from the average of individual protein content. 
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13 15 17 19 21 

Estimated Day of Embryogenesis 

Figure 3. Protein Content per Fetal Murine Heart versus Estimated Age. 

The protein content of the 10,000 x g supernatant from the homogenized 
fetal hearts was determined by the dye binding method of Bradford 
(1976), normalized per heart, and plotted vs. the estimated day of 
embryogenesis. Each data point represents the mean + S.D., n = (day 
13) 10, (day 15) 7, (day 17) 10, (day 19) 16, (day 21) 46. 
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In studies of the developmental pattern (unstimulated) of ODC 

activity, fetuses were examined at days 13 through 21 of gestation. 

The concentration of isoproterenol required to stimulate increased 

fetal heart ODC activity (Fig. 4) was determined in a dose-response 

experiment with embryos close to term (average 0.23 mg protein per 

heart, estimated 20 days of gestation). The mothers were injected 

(0.5 ml saline, s.c.) with varying amounts of the beta-adrenergic 

agonist and 4 hours later, the time of maximal response in adult rat 

heart (Fuller and Hemrick, 1978), fetal mouse heart ODC activity was 

determined. As shown in Figure 4, 1 mg/kg, the lowest dose producing 

a consistent response, promoted a 60% increase in ODC activity, while 

maximal ODC levels (420% above basal) were achieved with 10 mg/kg 

isoproterenol. The response to the drug was biphasic since higher 

concentrations were less effective. This decrease in efficacy could 

be the result of drug-induced cytotoxicity, since at concentrations 

of 100 mg/kg or greater, fetal was exceeded.. Bars represent the 

mean + S.D. of the measurements of 4-6 separate heart pools, except 

for the highest dose, due to significant fetal death. 

In experiments assessing effects of various adrenergic agonists 

and antagonists, 17- to 18-day fetuses were utilized. Drugs were 

administered by intraperitoneal or subcutaneous injection of the mother 

except where placental transfer of isoproterenol was evaluated and in 

terbutaline experiments. In the placental transport or terbutaline 

studies, the mother was anesthetized with ether, the fetuses exposed 

by laparotomy and each individual fetus injected in the area of the 

hip. The abdominal incision was closed with a continuous suture and 



Control 2 10 
mg/kg 

lsoproterenol 

50 100 

Figure 4. Isoproterenol Dose-dependent Increase in Ornithine Decar-

boxylase Activity. 
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Isoproterenol stimulates a dose-dependent increase in ODC activity of 
the fetal mouse heart. Mothers were injected s.c. with the indicated 
dose of isoproterenol or saline (control) 4 h prior to assay of the 
fetal heart ODC activity. Bars represent the mean+ S.D. of the mea
surements of 4-6 separate h~art pools, except for the highest dose at 
which there was significant fetal death. 



the mother was allowed to recover from the anesthetic. Saline-treated 

controls underwent sham laparotomy. Four hours following drug admin

istration, the mothers were killed by cervical dislocation and fetuses 

of both sexes were delivered by caesarean section. The fetal hearts 

were rapidly excised with the aid of a dissecting microscope, blotted 

to remove excess blood, weighed on ice and quickly frozen by immersion 

in liquid nitrogen. The hearts were frozen at -80°C until assay. 

Ornithine decarboxylase activity was assayed by the method of 

Russell and Snyder (1969). Frozen tissue (10-20 mg) was homogenized 

with a Tissumizer (Tekmar) at 4°C in one ml of 50 mM NaHPO^-KHPO^, pH 

7.2, containing 5 mM NaF, 0.1 mM EDTA, 2 mM dithiothreitol and 0.06 mM 

pyridoxal phosphate. The homogenates were centrifuged at 10,000 x g 

for 5 minutes and two 200-yul aliquots of the resulting supernatant 

assayed for 0DC activity. Incubations were conducted at 37°C for 60 

minutes. The 0DC enzymatic reaction was initiated by the addition of 

0.2 /iCi L-[*^C]ornithine (50 mCi/mmole) (Amersham) and cold ornithine 

as substrate to a final concentration of 0.25 mM. To assess the effect 

14 
of pyridoxal phosphate, release of was determined by incubating 

an equivalent amount of tissue supernatant in the presence of 4-bromo-

3-hydroxyl-benzyloxyamine dihydrogen phosphate, and amount of release 

was subtracted from the sample value. The enzymatic reaction was 

terminated by addition of 0.2 ml of 1 M citric acid after 60 minutes. 

The assay tubes were allowed to equilibrate for another 15 minutes and 

14 
the CO2 evolved was trapped by 20 ̂ 1 of 2 N NaOH on a 3 MM filter 

paper (Whatman) suspended above the reaction mixture in a plastic well 

(Kontes). The filter paper was then placed in toluene-Omnifluor (New 
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England Nuclear) and radioactivity determined in a liquid scintillation 

spectrometer. Specific activity of the enzyme was expressed as pico-

moles CC>2 liberated per minute per mg protein. Protein content of the 

tissue supernatants was determined by the Bradford dye binding method 

(1976). 

Pharmacological agents utilized in the murine experiments and 

sources include: L-ornithine hydrochloride, d,1-propranolol hydro

chloride, and d,1-isoproterenol sulfate obtained from Sigma Chemical 

Company, St. Louis, MO; terbutaline sulfate and metoprolol tartrate 

obtained from Ciba-Geigy, Ardsley, NY; Susphrini^1:200 from Cooper 

Laboratories, Inc., Wayne, NJ; epinephrine aqueous solution 1:1000 from 

Eli Lilly and Company, Indianapolis, IN; and prazosin hydrochloride 

obtained from Pfizer Laboratories, New York, NY. Yohimbine was a gift 

from Dr. William Roeske, University of Arizona. 



RESULTS 

Synopsis 

Plasma epinephrine, norepinephrine and dopamine have been serially 

measured in parallel with myocardial hypertrophy in the aortic outflow 

resistance canine model. The circulating endogenous catecholamine which 

increased 3-fold concomitant with left ventricular hypertrophy was 

epinephrine. Norepinephrine or dopamine levels were not significantly 

different from time-matched and weight-matched controls. Dogs treated 

with the nonspecific beta-adrenergic antagonist, propranolol, failed 

to exhibit hypertrophy, even though plasma epinephrine levels were 

significantly elevated. Therefore, a beta receptor function was 

implicated as being responsible for signaling macromolecular synthesis 

resulting in ventricular hypertrophy. 

To further elucidate the nature of the beta receptor involved, 

the fetal murine heart was tested. Various alpha- and beta-adrenergic 

agonists or antagonists were utilized at day 17-18 of embryogenesis. 

At this developmental age the specific enzyme marker of growth, ODC, 

has been shown to be stimulated to 400% above the mean control. These 

studies revealed that only the nonspecific beta-adrenergic antagonist, 

propranolol, demonstrated the ability to block ODC increases following 

the injection of epinephrine or isoproterenol. Terbutaline, a beta-2 

specific agonist, also increased ODC 3-fold, and this increase was not 

blocked by metoprolol but was inhibited by propranolol. To allow for 

concurrent measurement of plasma catecholamines, a large animal model 

24 



25 

was necessary; therefore, the specific beta-adrenergic agents utilized 

in murine heart were tested in the coarctation dog model. Terbutaline 

increased the ventricular to body weight ratios 1.5-fold with a 4-fold 

concurrent increase in epinephrine plasma levels. These increases were 

prevented by propranolol and not by metoprolol. Therefore, this beta-

receptor-coupled response appeared to be related to beta-2 stimulation 

in the heart. 

Canine Experiments 

Clinical Laboratory and Hemodynamic Results 

Results of daily serum electrolytes (Na+, CI , CC^, K+), glucose 

and T^, assayed by the Clinical Laboratories, University of Arizona, 

were all within normal laboratory limits. 

Hemodynamic evaluation utilizing a Swan-Ganz thermodilution cathe

ter located in the animal's pulmonary artery was without consistent 

success. The entrance site of the Swan-Ganz into the external jugular 

vein was impinged upon by the Elizabethan collar worn by the dogs to 

protect other catheter sites, which resulted in disruption and malfunc

tion of the catheter. Eventually, these technical problems were solved 

using a vascular introducer through which the Swan-Ganz was inserted 

and remained patent. Thereafter, in case of disruption or malfunction 

of the Swan-Ganz catheter, replacement through the introducer was accom

plished easily in the unanesthetized animal. Due to these technical 

problems, sufficient data for statistical analysis were not obtained. 

However, measurements which were obtained indicated no changes in C.O. 

with propranolol treatment or coarctation. 



Figure 5 demonstrates multiple, simultaneous measurements obtained 

from an unanesthetized, open-chested dog preparation pretreated for 14 

days with propranolol (240 mg, p.o., BID). Initial heart rate was 200 

bpm (paper speed 25 mm/s), dP/dt 1000 mmHg/s, cardiac output 5 L/min, 

systolic aortic pressure (abdominal aorta) 100 mmHg, LV systolic pres

sure 100 mmHg, and LVEDP 8 mmHg. The balloon of a Fogarty catheter 

(located in the descending aorta at the diaphragm) was incrementally 

inflated. A systolic pressure gradient between aorta and left ventricle 

of 12-15 mmHg was observed (Fig. 5, top panel). Simultaneously, no 

other variables changed. With further inflation of the balloon (center 

panel), the systolic pressure gradient increased to 50 mmHg. Simulta

neous measurement of C.O., H.R., dP/dt and LVEDP showed no change from 

baseline, even though afterload was markedly increased. The pressure 

gradient at this point was identical to that maintained in the coarcta

tion groups of dogs in the hypertrophy studies. Left ventricular 

failure did not occur at this level of coarctation. Afterload was 

further increased by volume in the Fogarty balloon (Fig. 5, bottom 

panel). Cardiac output fell to 3 L/min, LV systolic pressure increased 

to 150 mmHg, aortic pressure fell to 60 mmHg (a 90-mmHg gradient), 

LVEDP increased to 20 mmHg, H.R. was decreased to 160 bpm, and dP/dt 

was elevated to 1200 mmHg/s. Left ventricular failure continued until 

the aortic pressure gradient was eliminated by deflation of the Fogarty 

balloon. 
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Figure 5. Effects of Propranolol on Acute Hemodynamics with Imposed 

Afterload. 
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Heart Weight Results 

Table 1 shows the dogs' body weight and resulting heart weight in 

3 groups used in these studies. Total body weight represents weights 

obtained on the day of sacrifice. Preoperative body weights were also 

obtained, and animals whose weight decreased were not included in the 

data analysis. Data are expressed as mean + SEM. Control mean weight 

was 18.9+4.9 kg; the coarctation experimental group mean weight was 

17.2+3.4 kg; and dogs with coarctation plus propranolol throughout the 

postoperative period had weights of 16.9+0.9 kg at termination. An 

additional group of 5 dogs received oral propranolol as the only treat

ment and weighed 17.0+1.2 g/kg at sacrifice. In controls left ventricle 

plus septum (LV+S) wet weight in grams was 74.6+17 compared to 80.6+8.5 

in the coarctation group and 67.7+3.2 in the group with coarctation plus 

propranolol. Propranolol-treated dogs had LV+S weights of 62.5+1.9 g. 

The total ventricular weights were 101.9+16 g (control), 111.3+12 g 

(coarctation), 92.9+4.3 g (coarctation plus propranolol) and 86.9+3 g 

(propranolol). 

Right Ventricular Weight 

Table 2 demonstrates the contribution of the right ventricle to 

total ventricular wet weight. Although the right ventricles were not 

weighed directly, weights were obtained by simple subtraction of the 

LV+S gram weight from the LV+S+RV gram weight. The right heart data 

from 15 dogs is representative of all animals in these studies. In the 

control group, right ventricular weights ranged from 17.8 g to 41.0 g 

for a mean of 29.3+4.7 (26.6% of the total ventricular weight). In the 
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Table 1. Heart Wet Weight Values in Control, Coarctation and 

Propranolol-treated Dogs 

Left Ventricle, 

Left Ventricle Septum and Right 
Treatment Body Wt. (kg) and Septum Ventricle 

Groups at termination (LV+S) (g) (LV+S+RV) (g) 

Control 

Dog 1C Dog 6C 28.6 17.7 114.3 68.1 155.3 93.2 

Dog 2C Dog 7C 25.0 14.2 101.2 58.2 139.3 79.3 

Dog 3C Dog 8C 12.0 18.6 51.5 69.9 69.3 95.1 

Dog 4C Dog 9C 20.6 22.0 71.9 91.3 99.0 126.9 

Dog 5C Dog IOC 15.0 15.0 60.1 59.7 82.5 79.1 

Mean + SEM* 18.9 + 4.9 74.6 + 17 101.9 + 16.5 

96-hour coarctation 

Dog IE Dog 6E 16.2 15.2 69.9 82.0 96.2 110.8 
Dog 2E Dog 7E 16.5 18.2 69.2 80.1 95.3 108.8 

Dog 3E Dog 8E 24.0 19.1 115.9 91.7 157.9 129.4 

Dog 4E Dog 9E 16.4 15.1 71.7 73.8 94.7 105.3 

Dog 5E Dog 10E 20.4 10.5 103.3 48.4 146.6 67.6 

Mean + SEM* 17.2 + 3.4 80.6 + 8.5 111.3 + 12.6 

96-hour coarctation 
with propranolol 

Dog IP Dog 6P 21.0 18.6 83.2 71.2 113.6 98.0 

Dog 2P Dog 7P 15.6 13.8 66.4 55.2 92.5 74.1 

Dog 3P Dog 8P 16.5 15.0 67.9 59.3 93.1 83.3 

Dog 4P Dog 9P 17.2 21.4 65.4 86.0 89.6 118.7 

Dog 5P Dog 10P 16.7 12.8 70.6 52.1 96.7 69.5 

Mean + SEM* 16.9 + 0.9 67.7 + 3.2 92.9 + 4.3 

*The arithmetic mean + standard error of the mean (SEM) was determined 
for each variable for use in future calculations and determination of 
significance by the student's t-test (two-tailed, unpaired data). 



Table 2. Right Ventricle Wet Weight as a Percentage 

of Total Ventricular Mass 

Controls LV+S+RV (g) LV+S (g) 

Dog 1C 155.3 114.3 
Dog 2C 139.3 101.2 
Dog 3C 69.3 51.5 
Dog 4C 99.0 71.9 
Dog 5C 82.5 60.1 

Mean + SEM* 

RV (g) 

41.0 
38.1 
17.8 
27.1 
22.4 

29.3 + 4.7 

Percentage 

26 
27 
26 
27 
27 

(mean 26.6%) 

96-hour coarctation 

Dog IE 96.2 
Dog 2E 95.3 
Dog 3E 157.9 
Dog 4E 94.7 
Dog 5E 146.6 

Mean + SEM* 

69.9 
69.2 
115.9 

71.7 
103.3 

26.3 
2 6 . 1  
42.0 
23.0 
43.3 

32.1 + 9.7 

27 
27 
27 
24 
30 

(mean 27.0%) 

96-hour coarctation plus propranolol 

Dog IP 113.6 83.2 30.4 27 
Dog 2P 92.5 66.4 26.1 28 
Dog 3P 93.1 67.9 25.2 27 
Dog 4P 89.6 65.4 24.2 27 
Dog 5P 96.7 70.6 26.1 27 

Mean + SEM* 26.4 + 4.5 (mean 27 

*The arithmetic mean + standard error of the mean was determined 
for the right ventricular weight of each group. The student's 
t-test was used to determine the level of significance between 
groups. No group differed from any other group. 
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experimental 96-hour coarctation group of 5 dogs, the right ventricular 

weight ranged from 23.0 g to 43.3 g with a mean of 32.1+9.7 (27.0%). 

The propranolol-treated group of 5 animals with coarctation had a right 

ventricular weight range of 24.2 g to 30.4 g, with a mean of 26.4+4.5 

(27.2%). Total right ventricular percentage in the 15 dogs was 26.9%. 

Left Ventricular Hypertrophy 

Table 3 demonstrates the extent of cardiac hypertrophy (percent of 

control) based upon wet weight to body weight ratios. The control group 

had LV+S to body weight ratios ranging from 3.49 to 4.29 g with a mean 

of 3.96+0.13. In the aortic coarctation group of experimental dogs, 

the LV+S to body weight ratio ranged from 4.19 to 5.39 g/kg with a mean 

of 4.69+0.12 which differed from controls and the propranolol coarcted 

group (p 0.01). Percent hypertrophy at 96 hours postcoarctation as a 

percent of control ranged from 106 to 1367- with a mean of 1187.. In the 

coarctation group treated with propranolol, LV+S to body weight ratios 

ranged from 3.79 to 4.26 g/kg with a mean of 4.01+0.11. Hypertrophy as 

a percent of noncoarcted control in this group was 101.47°. The differ

ence between mean values for the 96-hour coarctation group and the 96-

hour coarctation plus propranolol group was significant at the p 0.01 

level. Mean LV+S to body weight ratio for the propranolol coarcted 

group was 157. less than coarctation alone. In 5 dogs treated with 

propranolol without coarctation, LV+S to body weight ratios ranged from 

3.07 to 4.0 g/kg with a mean of 3.73+0.22 g/kg (947, of control). 



Table 3. Extent of Heart Hypertrophy in Dogs in Response to 

Coarctation with and without Propranolol 

Left Ventricle + 
Controls Septum Wt. (g)/ 
(Coarctation and release) Body Wt. (kg) 

Dog 1C Dog 6C 3.99 3.85 

Dog 2C Dog 7C 4.05 4.10 

Dog 3C Dog 8C 4.29 3.76 

Dog 4C Dog 9C 3.49 4.15 

Dog 5C Dog IOC 4.00 3.98 

Mean + SEM 3.96 + 0.13 

96-hoi:r coarctation 

Hypertrophy 
at 96 hours 

(% of control) 

Dog IE Dog 6E 4.31 5.39 
Dog 2E Dog 7E 4.19 4.40 
Dog 3E Dog 8E 4.83 4.80 
Dog 4E Dog 9E 4.37 4.89 

Dog 5E Dog 10E 5.06 4.61 

Mean + SEM 4.69 + 0.12 1187= 

96-hour coarctation 
and propranolol 

Dog IP Dog 6P 3.79 3.83 
Dog 2P Dog 7P 4.26 4.00 
Dog 3P Dog 8P 4.12 3.95 

Dog 4P Dog 9P 3.80 4.02 
Dog 5P Dog 10P 4.23 4.07 

Mean + SEM 4.01 + 0.11* 

*Data differ from control and propranolol-coarctation groups (p ̂  0. 

^Data differ from 96-hour coarctation group (p < 0.01). 



Dry LV+S tissue weights (g/kg body weight) in control dogs were 

0.92+0.01 compared to coarcted dogs, 1.26+0.02, and coarcted plus pro

pranolol, 0.98+0.02. Hypertrophy as percent of control based upon dry 

tissue weights showed greater differences than wet weight percentages. 

Dry weight percentages were: control (1007.), coarcted (137%), and 

coarcted plus propranolol (107%). 

Left ventricular wall thickness (cm) measured above the posterior 

papillary muscle and directly behind the posterior mitral valve leaflet 

was recorded. These dimensions of the left ventricle were increased by 

1387» of control in the coarcted group (N=10), with a mean of 1.15+0.08 

cm (control) and 1.60+0.01 cm (coarcted) (N=10). 

In dogs treated with metoprolol, a beta-1 specific antagonist, and 

subjected to aortic outflow impedance by balloon inflation, cardiac 

hypertrophy involving the LV+S was 1177. of control (Table 4). The range 

was 113-1227,. Mean LV+S to body weight ratio was 4.65+0.2 g/kg (N=4). 

Terbutaline (beta-2-specific) treated dogs developed left ventricular 

hypertrophy which was 1437, of control dogs and had LV+S to body weight 

ratios of 5.66+0.42 g/kg (N=4) (Table 4). 

Electrocardiogram 

Preoperative and postcoarctation ECGs were obtained in conscious 

animals. Dogs were in the upright lying position (prone) during the 

ECG procedure. Figure 6 is a representative ECG of a coarcted dog 96 

hours after inflation of the balloon catheter (1 mV standard, paper 

speed 25 mm/s). ECG changes were: (1) increased QRS amplitude in the 

limb leads, and (2) inverted T waves. ECG changes are a clinical 



Table 4. Heart Weights after Metoprolol or Terbutaline 

LV+S (g) LV+S (g/kg) % Hypertrophy 

Coarctation plus 72.8 4.82 
Metoprolol (N=4) 72.5 4.53 

86.6 4.48 
70.5 4.76 

Mean + SEM 4.65 + 0.20 117 

Terbutaline (N=4) 101.4 5.83 
86.9 5.72 
80.3 5.39 

102.2 5.68 

Mean + SEM 5.66 + 0.42 143 
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indication of potential left ventricular hypertrophy but not conclusive 

evidence for hypertrophy. Increased QRS amplitude was a consistent 

finding; however, axis shift and T wave inversion were not uniformly 

observed. Dogs treated with propranolol developed widening of the QRS 

complex and shortening of the Q-T interval. Decreased heart rate was 

observed in propranolol-treated dogs; however, this was not a universal 

finding. 

Plasma Catecholamine Levels after Coarctation 

Determinations of catecholamine plasma levels at various times 

after aortic outflow impedance (coarctation) indicated a 2- to 3-fold 

increase in venous (IVC) epinephrine levels within 24 hours (Table 5). 

The arterial (carotid) epinephrine level was significantly elevated 

at 96 hours postcoarctation (Fig. 7). The mean arterial value of 

epinephrine after coarctation was only 1/3 to 1/2 the venous level. 

The mean arterial value of norepinephrine was approximately 507o of that 

detected in the venous sample in coarcted dogs. In controls, arterial 

and venous epinephrine and norepinephrine levels were almost identical. 

This would indicate an increased catecholamine clearance by the lung in 

this model of coarctation-induced hypertrophy. Venous dopamine concen

tration (Table 6) varied widely and was unchanged in the coarctation-

hypertrophy group (118.4+23 pg/ml) when compared to control (119.2+22 

pg/ml). Changes in epinephrine and norepinephrine venous-arterial 

levels, which afterload imposed in this model, resulted in statistically 

significant epinephrine increases (p <£• 0.01) in arterial blood only at 

96 hours postcoarctation. 



Table 5. Catecholamine Plasma Levels before and after Aortic 

Coarctation 

EPINEPHRINE (pg/ml) 
Arterial Venous 

Range Mean±SEM Range Mean±SEM 

24-h control 94-101 98+ 2 93-106 99± 4 

48-h control 76-122 101±13 92-147 116± 16 

72-h control 104-131 116± 8 92-108 100± 5 

96-h control 84-101 93± 5 97-118 110± 7 

24-h postcoarctation 32-104 71±21 210-415 288± 64* 

48-h postcoarotation 53- 98 79± 13 252-382 317± 38+ 

72-h postcoarctation 92-305 178±65 327-382 346± IS* 

96-h postcoarctation 165-199 mill* 235-397 336± 51+ 

NOREPINEPHRINE (pg/ml) 
Arterial Venous 

Range Mean±SEM Range MeaniSEM 

24-h control 199-326 265137 164-366 235± 66 

48-h control 175-295 222±37 187-258 225± 21 

72-h control 298-361 327±18 176-389 257± 66 

96-h control 132-264 179±43 143-295 237± 48 

24-h postcoarctation 137-373 235±71 233-650 427±121* 

48-h postcoarctation 160-327 231±50 195-492 329± 87 

72-h postcoarctat i, on 171-376 267±60 249-486 384± 70 

96-h postcoarctation 196-348 274±44 337-657 448±105 

Data determined from 10 control and 10 postcoarctation dogs. 

*Data differ from control groups (p < 0.05). 

^Data differ from control groups (p < 0.01). 

t 
Data differ from control groups (p < 0.001) 
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Table 6. Venous Dopamine Levels in the Dog after Aortic Coarctation, 

Adrenal Medulla Denervation and Propranolol 

Dopamine (pg/ml) 
Treatment Range Mean ± SEM 

Control 64-182 119.2 ± 22 

Coarctation 39-175 118.4 ± 23 

Adrenal medulla 
denervation 8.5-102 48.3 ± 16* 

Propranolol 5- 99 60.0 ± 17* 

^Compared to control (p < 0.01). 



The effect of propranolol (240 mg orally twice daily) on plasma 

epinephrine and norepinephrine levels is shown in Table 7. At all 

times sampled in propranolol control dogs, epinephrine was consistently 

low, ranging from 38-52 pg/ml, compared to controls without propranolol 

of 99-131 pg/ml (Table 5). Plasma norepinephrine levels in propranolol-

treated, non-coarcted dogs appeared to be diminished when compared to 

nontreated controls, although not significant statistically because of 

the wide variation in values. Dopamine levels were also observed to be 

reduced after propranolol administration (Table 6). 

The propranolol postcoarctation levels of norepinephrine remained 

essentially unchanged from control. However, the arterial and venous 

epinephrine levels were elevated above control (p 0.01) at 24, 48, 72 

and 96 hours after .aortic balloon inflation. The epinephrine increase 

to 156 pg/ml was 3.5-fold above control; however, the levels failed to 

reach the 300-350 pg/ml level found in the coarcted, nonpropranolol-

treated animals. With beta-blockade and coarctation, left ventricular 

hypertrophy did not occur (Table 3). A comparison of the mean plasma 

levels in each group is depicted in Table 8. 

Due to (1) the apparent inconsistency of the lung in extracting 

these biogenic amines in this cardiac afterload model, (2) the consis

tent 3-fold increase in adrenal venous effluent epinephrine levels at 

24, 48, 72 and 96 hours postcoarctation, and (3) arterial and venous 

epinephrine elevations (p ̂  0.01) after propranolol plus coarctation, 

circulating venous catecholamine levels were selected for subsequent 

monitoring. There was significant hypertrophy ranging from 1067.. to 

136% of control at 96 hours in dogs subjected to coarctation (p 0.01) 
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Table 7. Effect of Propranolol on Plasma Catecholamine Levels 

during Aortic Coarctation 

EPINEPHRINE (pg/ml) 
Arterial Venous 

Range Mean±SEM Range Mean! :SEM 

24-h control 47- 58 52± 3 42- 50 46± 2 

48-h control 44- 52 48± 2 36- 48 42± 4 

72-h control 33- 46 36± 3 34- 43 38± 3 

96-h control 34- 51 41± 4 33- 52 42± 5 

24-h postcoarctation 165-199 187± 17* 156-226 197± 15* 

48-h postcoarctation 103-306 176± 29* 63-198 130± 27* 

72-h postcoarctation 92-167 126± 16* 91-176 144± 18* 

96-h postcoarctation 111-162 144± 11* 105-176 135± 16* 

24-h control 

48-h control 

72-h control 

96-h control 

Arterial 
Range Mean±SEM 

NOREPINEPHRINE (pg/ml) 
Venous 

131-328 

82-270 

101-326 

197-321 

186± 45 

121± 46 

162± 53 

285± 29 

Range 

143-318 

88-172 

120-246 

182-313 

Mean±SEM 

258± 37 

126± 42 

172± 18 

210± 82 

24-h postcoarctation 

48-h postcoarctation 

72-h postcoarctation 

96-h postcoarctation 

212-324 266± 28 

182-412 284± 56 

134-610 260±119 

272-483 278± 77 

120-203 187± 21 

95-142 116± 66 

114-233 179± 48 

73-260 172±106 

Data determined from 5 control and 10 postcoarctation dogs. Both the 
control and coarctation groups received propranolol. 

*Data differ from control (p < 0.01). 
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Table 8. Comparison of Mean Venous Epinephrine and Norepinephrine 

Levels in Control, Postcoarctation, Propranolol, and 

Propranolol plus Coarctation Dogs 

EPINEPHRINE (pg/ml) 

24 h 48 h 72 h 96 h 

Control (N=10) 99± 4 116±16 100± 5 110± 7 

Postcoarctation (N=10) 288± 64* 317±38f 346±18+ 336± 51 

Propranolol (N=5) 46± 2 42± 4 38± 3 42± 5 

Propranolol plus 
Coarctation (N=10) 

197± 15; 130±27/ 144±18; 135± 16 

NOREPINEPHRINE (pg/ml) 

24 h 48 h 72 h 96 h 

Control (N=10) 235± 66 225±21 257±66 237± 48 

Postcoarctation (N=10) 427±121* 329±87 384+70 448±105 

Propranolol (N=5) 258± 37 126±42 172±18 210± 82 

Propranolol plus 187± 21 116±66 179±48 172±106 
Coarctation (N=10) 

*Data differ from control (p < 0.05). 

*Data differ from control (p < 0.001). 

*Data differ from control (p < 0.01). 

"^Data differ from propranolol alone (p < 0.01). 



(Table 3). In control dogs who underwent the operation and insertion 

of catheters plus coarctation and release, there was no detectable 

increase in epinephrine at any time during the experiment. However, 

in certain cases, there was a late increase in the level of circulating 

norepinephrine suggesting increased sympathetic activity. 

Having shown that circulating epinephrine was the particular endog

enous catecholamine which increased in dog plasma concomitant with left 

ventricular hypertrophy, subsequent studies were designed to manipulate 

the physiological source of epinephrine. If blood-borne epinephrine 

were directly responsible for ventricular hypertrophy, its elimination 

should alter the hypertrophic process. 

Table 9 indicates the extent of left ventricular hypertrophy in 

4- and 7-day sham-coarcted dogs, 4- and 7-day coarcted dogs, and dogs 

after 4 and 7 days of coarctation plus adrenal medulla denervation. 

Adrenal medulla denervation not only blocked hypertrophy but resulted 

in a decreased heart weight/body weight ratio compared to sham-coarcted 

controls. This suggested that normal levels of circulating epinephrine 

might be necessary for maintenance of normal heart weight/body weight 

ratios. Cardiac hypertrophy was not increased at 7 days postcoarctation 

above the level at 4 days. 

Venous epinephrine levels after coarctation without adrenal dener

vation were elevated over sham-coarcted control levels at all times 

measured (Table 10). However, in dogs that were both coarcted and 

denervated, venous epinephrine levels were 3-10% those of the 96-hour 

coarcted group. Plasma norepinephrine levels remained in the same range 
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Table 9. Extent of Left Ventricular Hypertrophy after Coarctation 

with and without Adrenal Medulla Denervation 

4-day sham coarctation 
(N=6) 

7-day sham coarctation 
(N=4) 

Body Weight 
(kg) 

20.7 ± 2.9 

19.2 ± 4.1 

Left Ventricle + 
Septum Wt. (g)/ 

Body Wt. (kg) 

Hypertrophy 
96 hours 

(7, of control) 

4.0 ± 0.1 

4.1 ± 0.1 

4-day coarctation (N=6) 19.8 ± 2.0 4.7 ± 0.1* 

7-day coarctation (N=4) 21.3 ± 1.8 4.8 ± 0.05' 

118  

120 

4-day denervation (N=4) 18.3 ± 2.1 3.6 ± 0.1 

7-day denervation (N=4) 19.6 ± 1.7 3.5 ± 0.2* 

90 

85 

4-day coarctation plus 
denervation (N=6) 21.2 ± 1.8 

7-day coarctation plus 
denervation (N=4) 18.6 ± 1.6 

3.8 ± 0.1 

3.5 ± 0.07 

95 

88 

Data are expressed as the mean ± SEM. 

^Compared with sham-coarcted group (p < 0.01). 

^Compared with denervated only group (no difference). 



Table 10. Mean Venous Epinephrine and Norepinephrine Levels after 

Aortic Coarctation and Adrenal Medulla Denervation 

Sham coarctation (N=6) 

Epinephrine 

Norepinephrine 

24 hours 

99± 4 

415±105 

(pg/ml plasma) 
48 hours 72 hours 96 hours 

116± 13 

225± 21 

100± 4 

320±86 

110± 7 

325±52 

Aortic coarctation (N=6) 

Epinephrine 288± 64* 317± 38* 246±18* 336±51* 

Norepinephrine 427±121 230±115 384+70 343±84 

Denervation only (N=6) 

Epinephrine ND 8± 7* ND 21±10* 

Norepinephrine 420± 96 242±112 210±42 283±101 

Aortic coarctation plus 
denervation (N=6) 

Epinephrine 

Norepinephrine 

9± 9 

397± 97 

10± 6 

210± 24 

16± 7 

208±31 

29± 9 

324±99 

Data are expressed as the mean ± SEM. ND = nondetectable. 

*Data differ from sham (p < 0.05). 

t 
Data differ from sham and aortic coarctation (p < 0.C01). 
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in coarcted denervated dogs as in the coarcted only group. Dopamine 

levels after adrenal denervation were reduced (p 4. 0.01) compared to 

control (Table 6). 

A comparison of venous epinephrine plasma levels after adrenal 

denervation with sham- and coarcted levels is shown in Figure 8. Dogs 

who underwent adrenal denervation had epinephrine blood levels of essen

tially zero compared to a normal circulating level of 110+7 pg/ml at 96 

hours after sham operation. Therefore, adrenal denervation resulted in 

unchanged norepinephrine levels and reduced plasma epinephrine and 

dopamine. In addition, after adrenal denervation, cardiac hypertrophy 

did not occur. 

Murine Experiments 

Results of an experiment to determine the developmental pattern of 

ODC in basal (unstimulated) heart are shown in Figure 9. At all stages 

of embryogenesis examined, there was significant enzyme activity in the 

fetal mouse heart. At 13 days of gestation, the earliest time hearts 

could be dissected, ODC activity was maximal (27 pmol/min/mg protein) 

and declined progressively throughout the remainder of gestation. The 

change in basal activity of ODC paralleled the changing growth rate of 

the heart as determined by increments in organ protein content (Fig. 3). 

To insure that maternal injection of isoproterenol (Fig. 4) was 

comparable to direct fetal administration, intramuscular injections of 

2 mg/kg and 10 mg/kg were given to fetuses at 17 days of gestation. 

All those receiving 10 mg/kg died, but ODC activity was stimulated in 

the hearts of fetuses given 2 mg/kg (Table 11). Stimulation after the 
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Figure 9. Changes in Ornithine Decarboxylase Activity in the Fetal 

Mouse Heart during Embryogenesis. 

The activity of ODC (• • ) in mouse hearts obtained at the indicated 
day of gestation was assayed as described in "Methodology". Each data 
point represents the mean -h S.D. of measurements of 3 or 4 heart pools. 
The rate of growth of the heart (0 0) was calculated as the percent 
increment in heart protein during each 2-day period (as in Figure 3). 



Table 11. Fetal Heart Ornithine Decarboxylase Activity after 

Fetal or Maternal Injection 

Ornithine Decarboxylase 
Activity 

(pmol/min/mg protein) 

17-day Fetus 

Isoproterenol 49.5 + 6.3 (N=8) 

Saline 12.1 + 2.5* (N=6) 

Isoproterenol plus propranolol 6.2 + 0.9* (N=6) 

Mother 

Isoproterenol 54.0 + 4.7 (N=5) 

Saline 8.2 + 0.9* (N=5) 

Isoproterenol plus propranolol 5.8 + 0.06* (N=5) 

*Data differ from isoproterenol alone group (p •<£. 0.001). 

Fetuses were injected intramuscularly in the hip area (2 mg/kg). The 
average weight of the fetuses at 17 days was 500 mg so they received 
5/jg/25>ul. Mothers received 10 mg/kg isoproterenol, s.c. 
Propranolol (10 mg/kg, s.c. maternal or I.M. fetal) was given 10 min 
prior to isoproterenol in the mothers but simultaneously in fetuses. 



direct fetal injection did not differ from that of injected mothers. 

These experiments were added in proof of the stimulation of fetal beta 

receptors after maternal injection. Propranolol administration blocked 

the isoproterenol-induced increase in ODC activity after either fetal 

or maternal injection (p ̂  0.001). 

To study the maturation of the heart trophic response to beta-

receptor stimulation, the ability of maternal isoproterenol injections 

to elevate fetal heart ODC activity was examined throughout embryogene-

sis (Fig. 10). Isoproterenol (10 mg/kg) or saline was administered 

i.p. in a volume of 0.5 ml to mothers at the indicated days of gesta

tion. The activity of ODC was measured 4 h after drug administration. 

Each point represents fetuses from one mother (N = 8-12 fetuses). The 

beta-agonist promoted an increase in cardiac enzyme activity at all 

times assayed during fetal development. Although basal ODC activity 

declined from 13 to 17 days of embryogenesis, administration of isopro

terenol elevated the enzyme activity higher than the peak basal levels 

detectable at 13 days; highest drug-stimulated activity (57 pmol/min/mg 

protein) occurred at 16-17 days of gestation. After this, the elevated 

ODC activity detectable in response to isoproterenol administration 

declined, although the magnitude of the stimulation remained at a level 

ca. 2.5- to 3-fold above control until birth. Companion litters at all 

stages of embryogenesis also were tested with 2 mg/kg isoproterenol to 

evaluate for possible changing sensitivity to adrenergic stimulation 

during maturation. A similar response pattern to that of 10 mg/kg was 

obtained at the lower dose, although the extent of the increase in ODC 

activity was never as great as that promoted by the higher dose. 
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Figure 10. Isoproterenol Stimulation of Ornithine Decarboxylase Induc

tion in Fetal Mouse Heart at Different Times of Gestation. 

Isoproterenol (10 mg/kg, 0) or saline (control, •) was administered 
i.p. to mothers at the indicated days of gestation. The activity of 
ODC in the fetal heart was measured 4 h after administration of the 
drug. See text for details. 



The trophic response to beta-adrenergic stimulation in fetal mouse 

heart is compared to the chronotropic response in Figure 11. Chrono

tropic response was studied (Chen et al., 1979, 1980) in fetal hearts 

from mice of the same colony used for the current studies. Heart rate 

_3 
response was not statistically elevated after isoproterenol (10 M) at 

13 days. At 17 days, a time when we found 3-fold ODC stimulation, the 

chronotropic response was 131% above basal (Chen et al., 1979, 1980). 

The beta-receptor was efficiently coupled to the trophic response, as 

assessed by increased cardiac ODC activity, from 13 days of gestation 

through birth, with peak effects demonstrable at 16-17 days of develop

ment. The chronotropic response to isoproterenol administration 

increased progressively in magnitude until birth. 

Since it appeared that the trophic response to beta-adrenergic 

stimulation preceded the chronotropic response, the postulation that 

receptors coupled to the trophic response might have different pharmaco

logical properties than those coupled to the chronotropic response was 

investigated. At 17-18 days of development (Table 12), administration 

of epinephrine (1 mg/kg, s.c.) elevated ODC activity 3007o above basal 

levels 4 h after administration. Isoproterenol (10 mg/kg, i.p.) 

similarly resulted in a 4-fold increase in ODC activity. Susphrini^ a 

sustained release suspension of epinephrine, also elevated ODC activity 

in fetal heart to 200% above control levels. Terbutaline (10 jug/10 /il), 

administered intramuscularly to each fetus, resulted in ODC activity 

3 times that of control levels. 
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Figure 11. Changes in Trophic and Chronotropic Response of Fetal Mouse 

Heart during Embryogenesis. 

The percent increase stimulated by isoproterenol above basal ODC 
activity in the fetal heart at the indicated days of embryogenesis was 
calculated from the data in Figure 9. The data showing the change in 
heart rate of th^ fetal mouse heart in response to a maximally stimu
lating dose (10 M) of isoproterenol are taken from Roeske et al. 
(1979). 
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Table 12. Effects of Adrenergic Agonists and Antagonists on Ornithine 

Decarboxylase Activity in the Fetal Murine Heart 

Ornithine Decarboxylase 
Activity Percent 

Drug(s) (pmol/min/mg protein) of Control 

Control (saline) 12.1 + 2.5 100 

Yohimbine 12.7 + 1.2 105 

Prazosin 13.6 + 0.9 119 

Metoprolol 13.8 + 1.6 114 

Propranolol 12.5 + 1.4 103 

Isoproterenol 49.5 + 6.3* 409 

Epinephrine 37.5 + 2.8* 301 

Susphrine-^ 26.4 + 3.0* 218 

Terbutaline 37.2 + 3.2* 308 

Isoproterenol + Propranolol 6.2 + 0.9 51 

Isoproterenol + Metoprolol 43.5 + 6.0* 360 

Isoproterenol + Prazosin 39.9 + 2.6* 330 

Isoproterenol + Yohimbine 37.6 + 5.4* 311 

Epinephrine + Metoprolol 38.1 + 4.0* 315 

Terbutaline + Propranolol 9.8 + 0.8 82 

Terbutaline + Metoprolol 49.7 + 3.3* 411 

*Data differ ! [from controls (p 0.001) 

All experiments were conducted on fetal hearts at 18 days of gestation. 
Each value represents duplicate determinations of pools of at least 5 
fetal hearts. Each value contains data from 5 to 10 separate samples. 
Data are expressed as the mean + SEM. 



The effects of isoproterenol were not inhibited by yohimbine (10  

mg/kg, i.p.), an alpha-2-receptor antagonist; prazosin (1 mg/kg, i.p.)> 

an alpha-l-receptor antagonist; or by metoprolol (10 mg/kg, i.p.), a 

beta-l-receptor antagonist. However, the increase in ODC activity was 

blocked (517o below basal level) by propranolol (10 mg/kg, i.p.), a non

selective beta-receptor antagonist. Further, epinephrine stimulation 

of ODC activity was not inhibited by metoprolol, and the ODC activity 

remained elevated (3007., above control). The stimulatory effect of 

terbutaline was likewise blocked by propranolol and not by metoprolol. 

These results could not be attributed to drug-induced cellular toxicity 

or direct enzyme antagonism because the inhibitors failed to reduce the 

control enzyme activity (Table 12). 

Beta-2 Receptor Dog Studies 

Fetal murine heart experimental results implicated the adrenergic 

beta-2 receptor as the particular receptor coupled to the cascade of 

events in the heart leading to macromolecular synthesis and ventricular 

hypertrophy. In 4 dogs with elevated aortic outflow impedance and 

concurrent treatment with the beta—1 specific adrenergic antagonist 

metoprolol (25 mg, orally twice daily; Carlsson et al., 1972), plasma 

epinephrine levels were elevated 300% of baseline control (Table 13). 

At 96 h after aortic constriction plasma epinephrine levels were signif

icantly increased (p 0.001) to 339+21 pg/ml (mean + SEM) compared to 

control levels of 101+12 pg/ml. Norepinephrine plasma levels were not 

different from control when measured at 24, 48, 72 and 96 h. In fact, 

norepinephrine levels reflected a slight decrease (not statistically 
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Table 13. Effects of Metoprolol Treatment 

Coarctation 
Baseline 24 h 48 h 72 h 96 h 

Venous Epinephrine (pg/ml) 

Range (N=4) 97-121 235-328 284-376 317-378 245-382 

Mean + SEM 101+ 12 297+ 18* 321+ 22* 342+ 36* 339+ 21* 

Venous Norepinephrine (pg/ml) 

Range (N=4) 187-371 192-289 145-301 172-297 158-284 

Mean + SEM 268+ 32 226+ 21 235+ 64 218+ 43 205+ 28 

LV+S/Body Weight Ratio (g/kg) 

Control 

Range 3.49-4.29 4.58-4.83 

Mean + SEM 3.96+0.13 4.67+0.02* 

Percent Hypertrophy 100% 11770 

*Data differ from baseline or control (p 0.001). 



significant) from 268+32 pg/ml at baseline to 205+28 pg/ml at 96 h, 

suggestive of an overall attenuation of sympathetic activity. In this 

series left ventricular hypertrophy averaged 117% above control and 

left ventricle plus septum to body weight ratios were 4.67+0.02 g/kg. 

Therefore, treatment with a beta-1 antagonist failed to inhibit hyper

trophy. 

Terbutaline, a specific beta-2 adrenergic agonist, was adminis

tered p.o. (5 mg twice daily) following the catheter implantation 

operation (N=4). After 96 h (no coarctation), the LV+S to body weight 

ratio had increased to 5.66+0.8 g/kg. This represented a 1.4-fold 

change, which was the largest ventricular weight increase observed. 

Plasma epinephrine levels measured at 24, 48, 72 and 96 h were elevated 

to 400-6007= above basal levels; the highest level was 601+38 pg/ml and 

occurred at 96 h. 
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Table 14. Oral Terbutaline Administration 

Baseline 24 h 48 h 72 h 96 h 

Venous Epinephrine (pg/ml) 

Range (N=4) 96-124 

Mean + SEM 108+ 11 

342-419 415-536 491-537 572-618 

381+ 26* 484+ 60* 518+ 42* 601+ 38-

Venous Norepinephrine (pg/ml) 

Range (N=4) 206-371 

Mean + SEM 284+ 42 

239-411 247-388 201-342 213-418 

278+ 39 315+ 67 228+ 49 277+ 83 

LV+S/Body Weight (g/kg) 

Control 

Range 3.49-4.29 

Mean + SEM 3.96+0.13 

5.42-6.01 

5.66+0.8* 

Percent Hypertrophy 100% 143% 

*Data differ from baseline or control (p 4. 0.01). 



DISCUSSION 

Canine Studies 

The dog model of aortic constriction-induced left ventricular 

hypertrophy demonstrated consistent heart weight increases after 96 h. 

Resulting heart weight (LV+S) to body weight ratios of 4.69+0.12 (g/kg, 

mean~ SEM) were elevated to 118% above controls. The control ratio 

of 3.96~0.13 compared favorably with the data of Tomita (1966) who 

reported a mean ratio of 4.0, N = 31. These similar control values are 

supportive of reproducibility, and this may be useful when comparing 

heart weight changes in a population of mongrel dogs. However, these 

data may not be comparable to other results with highly inbred animals 

whose organ weight to body weight ratios should show less variability. 

Fox and Reed (1969) reported normal right ventricular wet weights in 

mongrel dogs which were 26% of total ventricular mass. In 15 dogs in 

this study, the right ventricle contributed 26.9% of total weight, 

indicating that the right ventricle was of normal weight and not hyper

trophied. Hypertrophy assessed by dry tissue weights showed even 

greater variation than wet weights; therefore, cardiac edema was elim

inated as a potential artifact in these studies. Electrocardiographic 

changes observed in the coarcted dogs were not specific indicators of 

left ventricular hypertrophy (LVH), although certain ECG changes in 

humans have been correlated with potential LVH (Estes, 1974). These 

changes include increased QRS amplitude, which was universal in these 
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hypertrophied dogs, while T wave inversion and left axis shift occurred 

less frequently. Ehrlich and Rodriguez-Lopez (1978) have documented 

parallel increases in left ventricular end-diastolic pressure (LVEDP) 

with LVH. Our pressure data were not sufficient for statistical evalu

ation; however, the results of an acute hemodynamic study indicated 

that LVEDP only increased when the heart was in failure. 

Utilizing this reproducible dog model of LVH, serial plasma 

samples were collected at 24, 48, 72 and 96 h postcoarctation or coarc

tation release (control). Serum electrolytes, glucose, and levels 

were within normal limits throughout the study. Since elevation can 

result in cardiac hypertrophy (Beznak, 1967), this potential effect was 

monitored and eliminated as causative in these studies. Interestingly, 

in hypophysectomized rats (Beznak, 1969), cardiac hypertrophy usually 

induced by unilateral nephrectomy (with deoxycorticosterone and salt 

loading) does not result. The replacement injection of growth hormone 

fails to restore the hypertrophic response. However, injection of 

with growth hormone will restore hypertrophy under hypophysectomized 

conditions. exerts its effect via direct nuclear stimulation, while 

steroid and amine trophic hormones act through membrane-stimulated 

cytoplasmic receptors which subsequently translocate to the nucleus. 

Both stimuli result in identical ultrastructural myocardial hypertrophy 

(Oppenheimer et al., 1974; MacLeod, 1975). Since cardiac hypertrophy 

occurs frequently in the euthyroid state, the hypophysectomy model 

poses pertinent questions. Hypophysectomy not only depletes TSH but 

removes all of the anterior pituitary hormones including adrenocortico-

trophic hormone, ACTH. The adrenal gland cortical cells require ACTH 
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for steroidogenesis and corticosteroids are required for the synthesis 

of an adrenal medullary enzyme phenylethanolamine-N-methyl transferase 

(PNMT)(Axelrod, 1965). PNMT which exists only in the adrenal medulla 

(Axelrod, 1965) catalyzes the conversion of norepinephrine to epineph

rine. Therefore, in the hypophysectomized rat, norepinephrine is not 

converted to epinephrine. In addition, serial injections of epinephrine 

will cause hypertrophy in euthyroid rats (Keely et al., 1978). Although 

T^ is not required in excess for cardiac hypertrophy to occur, T^ may 

have a permissive effect through its direct nuclear action. This hypo

thesis is indirectly supported by the work of Combest et al. (1980) who 

demonstrated additive T^ and aminophylline effects on ODC induction in 

rat liver. Aminophyl1ine, a phosphodiesterase inhibitor, increases 

cyclic AMP by inhibiting its breakdown which subsequently, in a trophic 

response, results in increased RNA and protein synthesis in the target 

tissue. T^ is not coupled through increased cyclic AMP in its protein 

synthetic activity since hypophysectomized, stressed rats failed to 

hypertrophy (Oppenheimer et al., 1974; Macleod et al., 1975). A lack 

of plasma epinephrine potentially due to decreased PNMT secondary to a 

decrease in ACTH may have been involved. The replacement of hyperthy-

roid doses of T^ then could be acting independently or, due to the 

hypermetabolic conditions which are present in hyperthyroidism, could 

be additive with catecholamines. These questions remain to be resolved. 

Plasma catecholamine levels measured in the coarcted dog models 

demonstrated a 2- to 3-fold increase in venous epinephrine within 24 h, 

and a 2-fold increase was maintained throughout the 96-h experimental 

period. The increase in plasma norepinephrine levels was significant 
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only at 24 h (p <. 0-05) and varied widely at all times measured. Lake 

et al. (1976) indicated that plasma norepinephrine levels might be used 

to evaluate sympathetic nervous function in man because of rapid blood 

level fluctuation secondary to stress. Our variable norepinephrine data 

apparently reflect sympathetic removal function variability. The other 

catecholamine measured in these studies was dopamine. The origin of 

plasma dopamine is not fully understood. Lishajko (1970) demonstrated 

secretion of dopamine from isolated perfused adrenal glands of sheep, 

and dopamine has been shown to be present in adrenal venous effluent in 

the anesthetized cat (Hemple and Mannl, 1967). Species differences in 

basal plasma dopamine concentrations, which were generally low and 

variable with the highest range in the dog (20-437 pg/ml), have been 

reported by Buehler (1978). To evaluate the possibility that plasma 

dopamine might contribute to the cardiac hypertrophic response, dopa

mine levels were measured in each dog model tested (Table 6). Dopamine 

concentrations in plasma were variable and were not increased in the 

coarctation-hypertrophy group. In agreement with Buehler (1978), who 

reported reduced but detectable amounts of plasma dopamine in adrenalec-

tomized rats, these data reflect reduced dopamine levels after adrenal 

denervation or propranolol administration. The fact that ventricular 

hypertrophy occurred with levels of dopamine equal to control levels in 

the dog model suggests that dopamine in physiological concentrations 

does not specifically cause cardiac hypertrophy. 
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Many factors can affect venous and arterial levels of catechola

mines. Because the heart's blood supply is from the arterial side 

through the coronary arteries, changes in venous-arterial level differ

ences are probably related to variable tissue uptake. Both epinephrine 

and norepinephrine (4:1) are discharged into the blood from the adrenal 

medulla and act as hormones at distant organs. Norepinephrine is pri

marily released from sympathetic nerves as a naurohumor and acts locally 

(von Euler, 1956). Uptake of plasma epinephrine by tissues was studied 

in animals after physiological amounts of tritium-labeled epinephrine 

were given i.v. (Axelrod et al., 1959; Whitby et al., 1961). Within 

2 min after administration of [ H]epinephrine, heart, spleen, lung and 

adrenal gland took up the largest amounts of radioisotope. The heart 

took up 277o, suggesting that epinephrine discharged from the adrenal 

medulla into the blood could serve to stock myocardial stores. Since 

arterial epinephrine levels were less than venous in our coarctation 

model, except at 96 h postcoarctation, it is important to note that 27% 

of the measured arterial epinephrine was potentially taken up by the 

heart. In hyperthyroid rat heart, uptake is less than in normal hearts 

(Wurtman et al., 1963). Although uptake was less, a larger fraction of 

circulating epinephrine was shunted to the enlarged hyperthyroid heart. 

In hyperthyroidism there is an increase in cardiovascular responsiveness 

to catecholamines (Axelrod, 1965). This is in agreement with the report 

by Williams et al. (1977) that thyroid hormone can regulate the number 

of cardiac beta-adrenergic receptors. Stiles and Lefkowitz (1981) have 

reported that thyroid hormone also can modulate beta-adrenergic agonist 

affinity as well. 
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The lung has been implicated in the removal of catecholamines from 

plasma (Gillis et al., 1977; Will et al., 1977). The earliest reference 

to uptake of noradrenaline by lung was by Whitby et al. (1961) who 

3 
injected [ H]-+-noradrenaline in the cat. Their studies indicated that 

lung iji vivo has the capacity to take up and concentrate noradrenaline 

and also to degrade it by metabolic conversion. Ginn and Vane (1968) 

found that lungs of both cats and dogs removed up to 36% of intravenous 

noradrenaline infusions, while adrenaline was unaffected during its 

passage through the lung, confirming the earlier observations of Whitby 

et al. (1961) and Elliot (1905). Noradrenaline uptake by lung is known 

to occur in many species, including man (Gillis et al., 1972). 

Catecholamine plasma levels determined in this study from arterial 

and venous sampling are not in total agreement with previous studies. 

Epinephrine did not appear to be removed by the pulmonary circuit in 

control animals, which agrees with earlier reports. Additionally, those 

animals receiving propranolol treatment also demonstrated no venous to 

arterial epinephrine plasma level differences. Howevers norepinephrine 

in control animals showed no differences between venous and arterial 

levels, and in fact, arterial levels in certain cases were higher. The 

situation with norepinephrine in control dogs treated with propranolol 

was different. Venous levels were consistently higher than arterial 

levels, demonstrating removal by uptake into tissues. This might be 

explained by the fact that propranolol is known to be sequestered in 

lung tissue (Hayes and Cooper, 1971; Blanck and Gillis, 1979) and might 

affect the metabolism or uptake of norepinephrine. Both epinephrine 

and norepinephrine demonstrated 40-2007<> lower arterial levels in the 
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postcoarctation state in those animals receiving no drug treatment. 

This disappearance of epinephrine and norepinephrine indicates that 

plasma clearance is altered in an unknown manner as a function of 

coarctation. This might be explained on the basis of increased cardiac 

output secondary to aortic outflow resistance; however, in the acute 

coarctation experiment, cardiac output was not altered until the heart 

failed. In the propranolol treatment group after aortic coarctation, 

arterial levels were 2-fold above venous levels, which would suggest 

that either outflow resistance caused by coarctation or drug treatment 

was affecting release of this catecholamine by the lung. 

Another explanation for differences in plasma catecholamines when 

compared to earlier determinations would be the assay methods employed. 

Ten years ago the most commonly used assay methods were based on the 

conversion of catecholamines to highly fluorescent derivatives. Sub

sequently, other methods, such as radioenzymatic and gas or liquid 

chromatography, have appeared. Most methods require extraction of 

catecholamines from plasma before assay, concentrating the amines and 

isolating them from substances liable to interfere. The presence of 

interfering substances was a serious problem with earlier fluorimetric 

methods (Callingham, 1967). These interfering substances could decrease 

specificity and may have interrupted the ability to accurately identify 

norepinephrine and epinephrine as separate entities. A radioenzymatic 

assay method was utilized in the studies reported here which involves 

the conversion of catecholamines to O-methylated derivatives by action 

of catechol-0-m?uhyl transferase (COMT). The radioactive methyl donor 

is labeled S-adenosyl-L-methionine. The radioactive derivatives are 
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then extracted and counted by liquid scintillation. Passon and Peuler 

(1973) demonstrated the feasibility of carrying out this methylation 

step directly in plasma with no pretreatment of the sample. Peuler and 

Johnson (1977) made it possible to reduce the sample volume to 50^1, 

and these modifications yielded sensitivities of 1 pg/ml for norepi

nephrine and epinephrine and 6 pg/ml for dopamine. 

It is also possible that regional shunting of blood, perhaps as a 

function of coarctation, might modify the amount of uptake capacity to 

which the venous blood has been subjected before sampling (Roizen et 

al., 1975). If the assay method and the area of blood sampling are 

considered potential limitations, then catecholamine plasma levels can 

provide valuable information, if viewed in the context in which they 

were obtained. 

Propranolol produced an overall reduction of plasma catecholamine 

level. The decrease in plasma epinephrine was similar to the reduction 

of acetylcholine-induced (splanchnic nerve stimulation) release of 

epinephrine from the adrenal medulla by propranolol in the studies of 

Serck-Hanssen, 1974. Propranolol may attenuate cholinergic stimulation 

of the medulla due to its membrane-stabilizing (local anesthetic) 

action. Propranolol is equipotent as a local anesthetic as lidocaine 

on cardiac muscle strips (Morales-Aquiler/ et al., 1965). However, the 

plasma concentration required for this activity '(greater than 10/^g/ml) 

is 100 times that required for beta-blockade (Fitzgerald, 1969). These 

levels were not measured in our studies but with doses of 480 mg p.o. 

daily, it is probable that the membrane effects were present. Decreased 

norepinephrine has been noted by Adler-Grashinsky and Langer (1975) who 
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reported blockade of beta adrenoceptors reduced release of transmitter 

norepinephrine in guinea pig atria. Decrease in norepinephrine also 

was shown in vivo in cardiac sympathetic fibers in the anesthetized dog 

(Yamaguchi et al., 1977). 

Propranolol is rapidly and completely absorbed in dogs, with peak 

plasma levels observed in 1 hour and plasma half-life of 45 minutes. 

Rapid distribution throughout the body occurs, with the highest levels 

observed in the lung, liver and brain (Hayes and Cooper, 1971). The 

duration of the beta-blocking effect of propranolol is dose-dependent 

and elimination-dependent, declining linearly with time (McDevitt and 

Shand, 1975). As a result, higher doses have a prolonged effect, 

suggesting that propranolol exhibits zero order kinetics in its bio

logical effect-, whereas the chemical t^ exhibits first-order kinetics 

(McDevitt and Shand, 1975). At the oral doses used in these studies, 

the assumption that beta-blocking drug levels were maintained through 

the study was supported by frequent attenuated heart rate, decreased 

plasma catecholamine levels, and inhibition of cardiac hypertrophy. 

Having shown that the particular endogenous catecholamine which 

increased 3.5-fold in dog plasma concomitant with left ventricular 

hypertrophy was epinephrine, subsequent studies were designed to elim

inate the major source of circulating epinephrine. Since the adrenal 

medulla is responsible for the majority of plasma epinephrine, inter

ruption of the cholinergic innervation to the medulla should result in 

decreased plasma epinephrine levels. In addition, if plasma epinephrine 

were directly responsible for ventricular hypertrophy, its elimination 

should alter the hypertrophic process. Adrenal medulla denervation in 
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dogs prevented coarctation-induced left ventricular hypertrophy, with 

heart weights in both the denervation and denervation plus coarctation 

groups 85-95% of control. At 7 days there were no differences between 

denervation and coarctation plus denervation groups. Concurrent with 

the heart weight changes, venous epinephrine levels were elevated over 

3007» in sham-denervated controls at all times measured. However, in 

dogs that were both coarcted and denervated, venous epinephrine levels 

were 3-10% that of the 96-h coarcted group. Denervation essentially 

eliminated plasma epinephrine whereas plasma norepinephrine levels re

mained in the same range as control, suggesting a specific effect of 

epinephrine in relation to cardiac hypertrophy. The ability to produce 

cardiac hypertrophy in various animal models by the injection of cate

cholamines (Fisher et al., 1965; Nair et al., 1968; Stanton et al., 

1969; Feldman and Russell, 1972; Ostman et al., 1972; Laks et al., 

1973; Bartolome' and Slotkin, 1976; Byus et al., 1976; Franco-Morselli 

et al., 1977; Bareis and Slotkin, 1978), as well as the correlation of 

venous epinephrine elevations to acute hypertrophy in the coarcted dog 

model, further support the hypothesis that humoral epinephrine regu

lates cardiac hypertrophy. 

Murine Experiments 

Catecholamines have a trophic effect on the heart, promoting 

increases in tissue protein, RNA and polyamine biosynthesis (Russell 

and Snyder, 1969; Stanton et al., 1969; Casti et al., 1977; Fuller 

and Hemrich, 1978; Zak and Rabinowitz, 1979). One of the earliest 

biochemical changes detectable in the cardiac trophic response after 
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beta receptor stimulation by administration of isoproterenol or norepi

nephrine is increased activity of ornithine decarboxylase (EC 4.1.1.17, 

ODC), the rate-limiting enzyme in the polyamine biosynthetic pathway 

(Russell and Snyder, 1969; Russell, 1970; Warnica et al., 1975; Barto-

lome' et al., 1977; Thadani and Schanberg, 1979). Because of the rapid 

and large fluctuations in enzyme activity after tissue stimulation 

(Russell and Snyder, 1969), the activity of ODC is a sensitive marker 

for assessing the presence or absence of a tissue response to a pharma

cological stimulus (Slotkin, 1979; Russell, 1980). 

Increased cardiac macromolecular biosynthesis in adult and devel

oping animals produced by catecholamines has been studied extensively; 

however, the time at which the heart becomes responsive to trophic 

stimulation by adrenergic agents is unknown. As discussed by Bartolome 

et al. (1977), the developmental factors governing heart responsiveness 

to adrenergic stimulation include: (i) establishment of sympathetic 

innervation, (ii) development of cardiac beta receptors, and (iii) 

acquisition of cellular competence to respond to receptor stimulation. 

In the developing mouse heart, atrial innervation is thought to be 

complete after 15-16 days of gestation (MacDowell et al., 1927; Wilden-

thal, 1973) and the appearance of cardiac beta receptors precedes this, 

with 14% of the adult density level apparent at 13 days (Chen et al., 

1979). These early receptors are functionally coupled to adenylate 

cyclase activation (Chen, 1980) but do not mediate a marked heart rate 

response (Wildenthal, 1973; Roeske, 1979). 



70 

In an experiment in which the developmental pattern of unstimulated 

ODC in the heart was determined, there was significant enzyme activity 

present at all stages of embryogenesis. At 13 days of gestation, ODC 

activity was maximal and then declined progressively until birth. 

Isoproterenol-stimulated cardiac ODC was examined on days 13 through 21 

of embryogenesis, and the beta agonist promoted an increase in cardiac 

enzyme activity at days 13 through 21. The highest drug-stimulated 

activity (57 pmol/min/mg protein) occurred at 16-17 days of gestation. 

The stimulated ODC activity elevation remained detectable until birth 

in response to isoproterenol, although the magnitude of the stimulation 

was 2- to 3-fold above control. If the trophic response of the fetal 

heart to beta-adrenergic stimulation is compared to the chronotropic 

response, the development of the cardiac trophic response appears to 

precede expression of the chronotropic response. This is in agreement 

with the ability to detect beta receptors during murine heart develop

ment prior to the development of significant responsiveness to beta 

agonists, as measured by a detectable heart rate response (Wildenthal, 

1973; Roeske, 1979). Although the comparison of j^n vitro findings con

cerning the chronotropic response with in vivo trophic stimulation is 

subject to question, heart rate changes measured on freshly isolated 

hearts under stable control conditions avoids the confusing influence 

of secondary changes in heart rate produced by neural or humoral fac

tors. This comparison is further substantiated by almost identical 

results on the chronotropic responses which were obtained in different 

laboratories (Wildenthal, 1973; Roeske, 1979). The similarity of these 

results is supportive to these comparisons even though the timing of 



developmental studies might be different in separate laboratories. 

Since the trophic response apparently precedes the chronotropic re

sponse, the question of whether the receptors coupled to the trophic 

response have different pharmacological properties than those coupled 

to the chronotropic response was examined. 

The heart has been shown to contain beta-adrenergic receptors 

which respond to both beta-1 and beta-2 stimulation (Barnett et al., 

1978; Minneman et al., 1979). In addition, since catecholamines pos

sessing both alpha and beta agonistic properties increase cyclic AMP 

and ODC in heart (Keely et al., 1975; Warnica, 1975; Byus et al., 1976; 

Keely et al., 1978; Bareis et al., 1978; Filler, 1978), the specific 

nature of the receptors coupled to the ODC response in fetal murine 

heart were evaluated with both alpha and beta agonists and antagonists. 

At 18 days of development, the agonists, isoproterenol (nonspecific 

beta), epinephrine (nonspecific alpha and beta), Susphrine*-^ (nonspe

cific alpha and beta), and terbutaline (beta-2-specific) all elevated 

ODC activity greater than 2-fold. The adrenergic antagonists, yohimbine 

(specific alpha-2), prazosin (specific alpha-1), metoprolol (specific 

beta-1) and propranolol (nonspecific beta), when administered alone 

caused no significant change in the basal level of ODC activity. Com

binations of these agonists and antagonists resulted in at least 3-fold 

increases in the activity of ODC except in the case of antagonism by 

propranolol. Of primary importance is that only in the instance of 

beta-2 receptor blockade did ODC activity decrease. The stimulatory 

effect of terbutaline, a specific beta-2 agonist, was not blocked by 

the beta-1 antagonist, metoprolol, but was inhibited by propranolol. 
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These results could not be attributed to drug-induced cellular toxicity 

or direct enzyme antagonism because inhibitors did not reduce control 

enzyme activity. Therefore, the receptor in the heart related to the 

induction of ODC appears f.o be beta-2 in nature. These data are in 

agreement with the results of Veldhuis, Harrison and Hammond (1980) who 

examined catecholamine modulation of ODC in isolated granulosa cells 

from immature porcine ovarian follicles. In their studies, catechol

amines produced concentration-dependent increases in ODC activity and 

the effects of epinephrine were not inhibited by alpha-receptor antag

onists but were blocked by propranolol and timolol, the nonspecific 

beta-receptor antagonist. Further, the preferential beta-2 antagonist, 

butoxamine and not the beta-1 antagonist metoprolol, inhibited ODC 

stimulation by epinephrine. Terbutaline, the preferential beta-2 

agonist, at low doses, stimulated ODC activity in a dose-dependent 

manner. 

Thus, in two mammalian tissues, heart and ovary, which contain 

populations of both beta-1 and beta-2 adrenergic receptors, the growth 

response as indicated by increased ODC activity is coupled preferen

tially to the beta-2 adrenoceptor. 

Beta-2 Receptor Dog Studies 

The implication that adrenergic beta-2 responses in mouse heart 

were coupled to ODC, the cellular marker of subsequent growth, led to 

experiments in which (i) organ growth and enlargement could be easily 

assessed, and (ii) concurrent serial plasma catecholamines were easily 

obtainable. For these reasons the dog model of left ventricular hyper

trophy was utilized. 
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In coarcted dogs given metoprolol, plasma epinephrine levels were 

elevated 3-fold whereas norepinephrine or dopamine plasma levels were 

not different from control. These animals exhibited left ventricular 

hypertrophy, demonstrated by increased wet and dry LV+S to body weight 

ratios. Treatment with metoprolol (specific beta-1 antagonist) failed 

to inhibit hypertrophy. Metoprolol has been shown to inhibit the car

diac stimulant effect of norepinephrine to a greater extent than 

isoproterenol or epinephrine in the isolated cat heart (Carlsson et 

al., 1972). This is interesting due to the fact that the adrenergic 

transmitter norepinephrine has a much higher affinity for beta-1 than 

for beta-2 receptors, and inversely, epinephrine has a higher affinity 

for beta-2 than beta-1 (Arnold, 1980). It has been suggested that the 

cardiac rate and contractility responses to norepinephrine are mediated 

by beta-1 receptors whereas those of epinephrine, to a more significant 

degree, would be mediated by beta-2 receptors (Carlsson et al., 1972; 

Ablad et al., 1975). 

When metoprolol is administered orally, maxim1u~ beta blockade is 

obtained after 1-2 hours, and significant beta blockade is maintained 

over a 24-hour period when 200 mg metoprolol is given in sustained 

release form (Johnsson et al., 1980). Based upon the 200-mg dose in 

man, it was assumed that a 50-mg daily dose of metoprolol in an average 

18-kg dog would not only sufficiently block beta-1 receptors but would 

be effective during a 24-hour period. At this dose of metoprolol, the 

heart rate response to exercise was frequently attenuated. The heart 

rate response was the only subjective assessment made to evaluate the 

effectiveness of metoprolol at the doses given. Scriabine (1979) has 
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noted, however, that a decrease in cardiac output or heart rate is no 

longer considered the "sine qua non" of beta-adrenoceptor blockade. 

Since plasma epinephrine levels were elevated and hypertrophy occurred, 

cardiac responses to plasma epinephrine were obviously not antagonized 

at these doses of metoprolol. 

Terbutaline possesses selective beta-2 receptor-stimulating action 

and these pharmacological properties were described in the studies by 

Persson and Olsson (1970). Terbutaline is a resorcinol derivative with 

phenolic hydroxyl groupsd in the 3,5 positions and therefore would not 

be expected to be metabolized by catechol-O-methyl transferase (COMT) 

(Persson and Persson, 1972). After oral administration of terbutaline 

sulfate, 5 mg, peak serum levels were obtained after 3 hours and signif

icant levels were maintained up to 10 hours (Nilsson, 1972). In dogs 

administered terbutaline orally for 96 h, LV+S to body weight ratios 

increased to 5.66+0.8 g/kg. This heart weight was the largest ventri

cular weight observed in our treated animals. Plasma epinephrine levels 

at 96 h in the absence of aortic coarctation with terbutaline were ele

vated 350-6007» above basal levels. It is possible that these increased 

epinephrine levels were secondary to increased cardiac output caused by 

terbutaline. Carlstrom and Westling (1970) investigated the circulatory 

effects of terbutaline given subcutaneously in normal human subjects. 

They found that 0.5-mg doses of the drug caused a doubling of cardiac 

output. Such an increase in cardiac output would concurrently increase 

the amount of blood-borne products such as the increased epinephrine to 

be delivered to the myocardial cells in these studies. Increased avail

ability of hormone could be related to the marked increases in left 



ventricular weights attained in this group of animals. Another possi

bility would be the contribution of terbutaline acting directly on the 

cardiac cells in an additive fashion with the endogenous epinephrine 

released from the adrenal medulla, which, at its highest level, was 

measured at over 600 pg/ml. These plasma levels, however, could 

represent both epinephrine and terbutaline since the catecholamine 

assay might identify terbutaline in plasma as a catecholamine. This 

potential additive effect should be investigated further by treatment 

with terbutaline following adrenal denervation. These dog studies 

support the data obtained in the fetal murine heart that the beta-2 

receptor is intimately involved in the cardiac hypertrophic process. 
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CONCLUSIONS 

A dog model of reproducible left ventricular hypertrophy was 

developed which had the major advantages of: (i) arterial and venous 

blood sampling from indwelling catheters; (ii) recovery from surgery 

prior to experimentation; (iii) little or no stress related to blood 

sampling; (iv) aortic constriction could be accomplished in unanes-

thetized animals; and (v) hemohynamic parameters were easily measured. 

Utilizing this dog model, increased plasma epinephrine levels released 

from the adrenal medulla were consistently associated with cardiac 

hypertrophy. Norepinephrine and dopamine were not significantly 

changed. The specific effect of epinephrine as a mediator of cardiac 

hypertrophy secondary to afterload stress was investigated by bilateral 

adrenal medulla denervation. After denervation, plasma epinephrine 

levels were essentially zero and cardiac hypertrophy failed to occur. 

Norepinephrine and dopamine levels were again unchanged. This led to 

the conclusion that epinephrine, through either its alpha- or beta-

adrenergic effects, was involved in the cardiac hypertrophy process. 

Treatment of animals with intact adrenals subjected to aortic constric

tion with propranolol attenuated the plasma epinephrine level increases 

and prevented cardiac enlargement. These experiments implicate beta-

adrenergic receptors in the cardiac tissue trophic response. 

Since it was known that the beta receptor was coupled through a 

cyclic AMP-mediated induction of ornithine decarboxylase (ODC), which 

is a specific cellular marker of physiological growth processes, it was 

reasoned that assessing ODC activity changes subsequent to adrenergic 
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agonists and antagonists could possibly further our understanding of 

epinephrine-induced cardiac hypertrophy. Due to the need to test large 

numbers of pharmacological agents as well as the requirement for large 

numbers of animals, the fetal mouse heart model was used. In these 

experiments, ODC activity was increased by adrenergic agonists with 

both alpha and beta properties. Stimulatory effects of these agonists 

were inhibited only in the instance of beta-2 receptor blockade. The 

beta-2-specific agonist, terbutaline, elicited a 3-fold increase in 

enzyme activity. These results suggested that stimulation of beta-

adrenergic receptors resulted in the trophic cascade in heart 

specifically mediated by beta-2 receptors. 

Viewed in the physiological perspective, these results in dog and 

mouse mod?ls support the concept that epinephrine is released from the 

adrenal medulla and is transported to the heart where it exerts its 

hormonal trophic effect by interaction with beta-2 adrenergic recep

tors. If this conclusion is correct, then the final common pathway for 

the stimulus to cardiac growth, whatever the mechanical aberration, 

would be that of epinephrine acting as a trophic hormone for the heart. 

Additionally, whether this generalization would hold true for other 

species, such as man, remains to be investigated. 

Recommendat ions 

The classical endocrinological experiment should be performed in 

order to substantiate this theory. Epinephrine should be removed from 

the organism by ablation or denervation of the adrenal medulla, and 

cardiac hypertrophy should fail to occur when a stimulus previously 
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known to induce hypertrophy is applied. Further, epinephrine should 

be then chronically infused at plasma levels associated with induced 

cardiac hypertrophy to assess whether resupplying the hormone produces 

the expected biological effect. Such an experiment will be difficult 

due to the instability of epinephrine. The constant infusion of epi

nephrine in unrestrained animals by implantable infusion pump subjects 

epinephrine to exposure to body temperature for a prolonged period of 

time (days) and results in degradation of the amine. Nonetheless, 

this problem is currently being evaluated and the experiment will be 

attempted. 

The conclusions from the present studies should stimulate the! 

development of more specific drugs to modulate cardiac hypertrophy in 

those instances when such growth is detrimental and work imposed 

exceeds functional capacity resulting in myocardial heart failure. 

This study suggests that beta-2 antagonists would inhibit epinephrine-

induced pathological hypertrophy. 
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