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ABSTRACT 

Maturation of B-adrenergic responses has been of in

terest to pharmacologists for sometime. Most of the studies 

up to now were based on physiological or pharmacological 

preparations either in vivo or in vitro. In these studies it 

could not be determined whether the alterations observed 

were due mainly to developmental changes at the receptor 

level, or coupling to adenylyl cyclase, or other post-

receptor elements. 

The purpose of this study is to explore the maturation 

of cardiac adrenergic responses by examining simultaneously 

the physiological responses, the receptor activity, and 

adenylyl cyclase activity in the developing mouse heart. I 

wish to examine alterations of receptor and adenylyl cyclase 

activity during ontogenesis to determine whether they can be 

related to well-known developmental changes in the physio

logical response to exogenous catecholamines. 

The chronotropic response of fetal and young neonatal 

hearts to 8-adrenergic receptor agonists was examined in 

organ culture. The results agreed with previous reports that 

responses to adrenergic agonists gradually increase with 

advancing age. The heart rate response was stereospecific 

and was inhibited by a B-adrenergic blocker. The 

xii 
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3-adrenergic receptor and adenylyl cyclase activities were 

measured in the same tissue. Since the 3-adrenergic re

ceptor assay had never been applied to this system before, 

the characteristics of ligand binding were examined to in-

3 3 sure that [ H]-Dihydroalprenolol ([ H]-DHA) was bound to 

the relevant receptor. Similar considerations were applied 

to the adenylyl cyclase assay. 

Studies of cardiac 8-adrenergic receptors and 

adenylyl cyclase were conducted during development after 

the optimal conditions for the measurements were achieved. 

Prior to birth, both receptor density and adenylyl cyclase 

activity increased with fetal age. This result indicates 

the involvement of these components in the maturation of 

the physiological response. Interestingly, both receptor 

and activity of adenylyl cyclase appear before the heart 

rate response can be induced by isoproterenol, suggesting 

a deficiency in the excitation-contraction coupling at this 

stage. After birth, there was a rapid increase in the 3-

adrenergic receptor density, reaching a maximum in the 

second week and gradually declining to the level at birth 

in the adult. However, the activity of adenylyl cyclase 

did not follow the receptor fluctuation as might be pre

dicted. Suggestions are offered to explain the postnatal 

receptor peak and the discrepancy between receptor and 

cyclase activities. 



CHAPTER 1 

INTRODUCTION 

The heart of the adult mammal is richly supplied with 

sympathetic nerves. The release of norepinephrine from the 

nerve endings provides one of the fundamental mechanisms for 

the modulation of cardiac contractility (Randall, 1977; 

Braunwald et al., 1963). Generally, the response of the 

heart to adrenergic agents gradually increases with advancing 

age. This view is based on the physiological and pharma

cological experiments using heart preparations in tissue 

baths or in vivo (Downing et al., 1969; Friedman, 1972; 

Robkin, Shepard, and Dyer 1976; Hall, 1957; Wildenthal, 

1971). However, the basic mechanism responsible for this 

maturation process is unknown. There are many steps between 

the drug-receptor interaction and the manifestation of 

physiological responses. The limiting factor for maximal re

sponse could be one or more of these steps. 

It was the intent of the research described in this 

dissertation to examine the development of cardiac 3-

adrenergic receptors, adenylyl cyclase, and physiological 

responsiveness in the mouse from 13 days of gestation to 

adult animals to delineate the interrelationship between 

the different components of the process. 

1 
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1,1. Sympathetic Nervous Control 
of the Heart 

1.1.1. Sympathetic Neurotransmitter of the Heart. 

Cannon and Uridil (1921) found that adrenergic nerve 

stimulation can cause the release of a substance similar to 

epinephrine in many respects. Dale, in 1933, introduced the 

term adrenergic neurones and thus emphasized the relation 

between the neurotransmitter and adrenaline. Finally, von 

Euler (1956) identified the neurotransmitter in adrenergic 

neurones as norepinephrine. 

1.1.2. 3-Adrenergic Receptors of the Heart. 

The catecholamines (norepinephrine and epinephrine) 

exert their effect by interacting with specific receptors. 

The existence of multiple types of adrenergic receptors was 

first suggested by the result of Dale (1906). By using a 

series of agonist drugs, Ahlguist (1948) demonstrated that 

there are two distinct potency series for the effects of 

various physiological responses which he suggested are 

mediated by two distinct types of adrenergic receptors. He 

termed them a and 3 type. The a-adrenergic receptors, 

generally thought of as the "excitatory" adrenergic receptors, 

mediate effects of catecholamines on vasoconstriction and on 

the contraction of uterine musculature and other types of 

smooth muscle. The 3-ardrenergic receptors, on the other 

hand, mediate catecholamines action on the heart and 
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lipolysis in fat cells, relax vascular and uterine smooth 

muscle, and control glycogenolysis in hepatic cells and 

skeletal muscle. The development of specific a-(phento-

lamine, phenoxybenzamine) and 3-(dichloroisoproterenol, 

propranolol) adrenergic antagonists further confirmed the 

validity of this classification. "More recently, B-

adrenergic receptors have been subdivided into two types: B1 

and B2 (Lands et al., 1967; Furchgott, 1967). The major 

difference between these two types of 3-adrenergic receptors 

is that norepinephrine is very potent at B^-adrenergic re

ceptors, about l/3rd to l/4th as potent as isoproterenol 

whereas norepinephrine is quite weak at B2-a&cenergic 

receptors, only about l/100th or less the potency of 

isoproterenol. The B-^ — adrenergic receptors are found in 

adipose and cardiac tissues. They are preferentially 

blocked by practolol and other B^ selective adrenergic 

receptor antagonist. When stimulated, the cardiac 3-

adrenergic receptors mediate positive chronotropic and 

inotropic effects. 

The 3-adrenergic receptors are located on the outer 

surface of the effector cells (Reuter, 1974; Venter, 1978). 

The interaction between the catecholamines and 3-adrenergic 

receptors causes stimulation of adenylyl cyclase which con

verts adenosine triphosphate to adenosine 31, 5'-

monophosphate (cAMP). 
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1.1.3. Adenylyl Cyclase Activity of the Cardiac Tissue. 

The enzymatic conversion of ATP to cAMP was first 

described by Sutherland and Rail and their co-workers 

(Sutherland, Rail, and Menon, 1962; Rail and Sutherland, 

1962; Murad et al., 1962;.Klainer et al, 1962). Adenylyl 

cyclase [ATP pyrophosphate-lyase (cyclizing), EC4.6.1.1] 

was found to require ATP and Mg , to be particulate bound, 

and to be present in the tissues from at least four phyla. 

In every case tested, the enzyme activity was always stimu

lated by NaF. Different hormones stimulated the enzyme 

activity in a tissue specific manner. 

Sutherland and his associates were also the first 

group to demonstrate that stimulation of myocardial adenylyl 

cyclase by catecholamines in broken cell preparations was 

mediated by a (^-adrenergic receptor (Murad et al., 1962). 

Subsequently, a large number of investigators have studied, 

in some detail, the pharmacological characteristics of the 

adenylyl cyclase-coupled 3-adrenergic receptors. In all 

respects the specificity of the adenylyl cyclase-coupled $-

adrenergic receptors was identical to the specificity of the 

3-adrenergic receptors as determined by pharmacological 

techniques in intact tissues (Rosen, Erlichman, and Rosen, 

1970; Grunfeld, Grollman, and Rosen, 1974; Mayer, 1972; 

Lefkowitz, 1975; Kaumann and Birnbaumer, 1974; Mukherjee, 

Caron, Coverstone et al., 1975). These findings support the 
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the contention that the 8-adrenergic receptors coupled to 

adenylyl rclase are the physiologically relevant 8-

adrenergic receptors. 

The current working model of the mechanism by which 

catecholamines lead to an increased production of cAMP is as 

follows. First, the catecholamine interacts in a reversible 

way with a specific 0-adrenergic receptor, presumably a pro

tein located in the plasma membrane of the sensitive target 

cell (Robison, Butcher, and Sutherland, 1967). The 8-

adrenergic receptor binding sites appear to be proteins be

cause exposure to proteolytic digestion, elevated temperature, 

3 or denaturants markedly decrease the [ H]-DHA binding in 

membranes (Limbird and Lefkowitz, 1976a). Catecholamine re

ceptor interaction then activates the enzyme adenylyl 

cyclase in some as yet undefined mechanism. A variety of 

factors within the cell membrane may modulate this signal 

transmission, including membrane phospholipids and guanyl 

nucleotides (Bilezikian and Aurbach, 1974; Cassel and Selinger, 

1978; Maguire, van Arsdale and Gilman, 1976; Rethy et 

al., 1972). Once the enzyme is activated, the level of cAMP 

increases, and this presumably mediates specific 3-adrenergic 

effects. It is still not clear how cAMP stipulates cardiac 

contraction. However, in many cases, this effect appears to 

be mediated through interaction with specific cAMP dependent 
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protein kinases to cause phosphorylation of specific membrane 

proteins (Langen, 1973; Huijing and Lee, 1973; LaRaia and 

Morkin, 1974; Wollenberger and Will, 197.0) . The mechanism by 

which cAMP activates protein kinase involves binding of the 

cyclic nucleotide to a regulatory subunit and dissociation 

of the holoenzyme complex to yield a free catalytic subunit. 

A possible mechanism for the adrenergic effect on cardiac 

function can be depicted in Figure 1. 

cAMP increase cannot always be considered the best 

biochemical measurement to predict a physiological response. 

In fact, a number of investigators have presented evidence 

against a direct participation of cAMP in the positive in

otropic action of catecholamines. They favor a direct in-

volvement of Ca in this action (Ebashi, 1969; Rasmussen, 

1970; see review by Wollenberger, 1975). Furthermore, the 

determination of protein kinase activity is often more re

vealing than the direct measurement of adenylyl cyclase 

activity (Keely, Corbin, and Park, 1975; Corbin and Keely, 

1977; Keely and Corbin, 1977). Firstly, the resulting cel

lular increment in cAMP due to adenylyl cyclase activation 

may exceed the cAMP required for cellular responses. 

Secondly, increases in the protein kinase activity may occur 

under conditions in which no elevation of cAMP is observed 

(Keely and Corbin, 1977), in other words, localized increases 

in cAMP too small to be measured by the standard cAl-IP assay 
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Norepinephrine, 

Epinephrine 

(3 - Adrenoreceptor ot -

Adenylate cyclase 
2PPi 

2ATP 2 CAMP 
Rj(cAMP). 

Reg.or Eff.Protein-P Reg.or Eff. Protein 

• 

Functional 
systems 

Figure 1. Partly hypothetical scheme of cellular pathways 
in the adrenergic regulation of cardiac 
metabolism and function. 

R2C2: Cyclic AMP-dependent protein kinase holoenzyme, 

consisting of regulatory (R) and catalytic (C) subunits; 
PrK: Protein kinase; P: Phosphate; Reg.: Regulatory; Eff.: 

2+ 
Effector; Ca box: Increased concentration; binding or 

2+ 
transport of, or sensitivity to Ca ; Empty box. Phosphory
lation is physiologically irrelevant. For the sake of 
simplicity autophosphorylation and dephosphorylation re
actions have been omitted (Wollenberger and Will, 1978). 
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may be sufficient to activate protein kinase and initiate a 

biological response. 

1.2. Regulation of B-Adrenergic Responses 

The phenomena of desensitization and supersensitiza-

tion in ^-adrenergic system are well known (Wolfe, Harden, 

and Molinoff, 1977). Desensitization is the diminution in a 

biological system of capacity to respond following relatively 

chronic exposure to an agonist and supersensitization is the 

enhancement of this ability following deprivation of stimula

tion (DeGuchi and Axelrod, 1973; Axelrod, 1974; Axelrod and 

Zatz, 1977). For example, when frogs are injected repeatedly 

with 3-adrenergic agonists or when intact frog erythrocytes 

are incubated with similar agents in vitro, a selective dimi

nution of the maximal rate of isoproterenol-stimulated 

adenylyl cyclase activity is seen (Mukherjee, Caron, and 

Lefkowitz, 1975; Mickey et al., 1976). Such refractoriness 

occurs only when receptor-specific agonists are present. 

The concurrent presence of an antagonist prevents this loss 

of responsiveness. Observations similar to those made in 

frog erythrocytes have been noted by several other investi

gators in S49 cells (Shear et al., 1976), in human astro

cytoma cells (Johnson et al., 1978), and in the pineal gland 

(Kebabian et al., 1975; Romero et al., 1975). 

The molecular mechanisms underlying the regulatory 

effect have not yet been elucidated. These could conceivably 
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include such divergent factors as increased negative co

operative interactions among the receptors, conformational 

change in the receptors, irreversible binding of some meta

bolite to the receptors, decreased receptor synthesis or 

increased receptor degradation, change in receptor localiza

tion, diminished coupling between receptor and cyclase, or 

increased degradation of second messengers. 

Recently developed techniques for the direct study of 

the B-adrenergic receptor by ligand binding and concomitant 

measurement of adenylyl cyclase were thought to be appropriate 

for investigating these mechanisms. 

1.3. Maturation of Cardiac Function 

In this section, alterations that occur during de

velopment will be introduced. Since the study of function 

cannot be totally isolated from the study of structure, the 

basic morphological differences will first be briefly 

mentioned. 

1.3.1. Structural Development of the Heart. 

There are marked structural differences between fetal 

and adult myocardium (Friedman, 1972; Zak, 1973) . As the 

heart muscle cells are smaller in the fetus and the amount 

of noncontractile mass (nuclei, mitochondria, and surface 

membranes) is considerably greater, the number of myofibrils 

per unit mass of muscle is much lower in the fetus than in 
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the adult. The developmental process in the myocardium con

tinues after birth. In the postnatal rat, the muscle cells 

progressively lose mitotic activity and further development 

is associated with an increase in cell size and a decrease 

in nuclear density. Fetal sarcomeres are arranged in a more 

complex less regular fashion, whereas adult cells have a well 

organized parallel orientation. Both in the cat and in the 

rat, the adult sarcomere structure is not completely estab

lished until about 3 weeks after birth. 

1.3.2. Development of the Cardiac Conduction System. 

The early fetal sinoatrial node shows greater cel

lular ity, particularly with an increase in the number of 

pacemaker or P-cells. These cells gradually decrease in 

number during gestation and continue to decrease for several 

months after birth. The atrioventricular node and His 

bundle are poorly organized in the fetus with components of 

conducting elements separated by loose areolar tissue. The 

node and bundle are gradually defined, particularly after 

birth, by the combined process of cell resorption and de

velopment of collagen tissue. This process is most promi

nent in the left ventricular site of the interventricular 

septum. 
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1.3.3. The Development of the Sympathetic 
Innervation of the Heart. 

The chronological development of sympathetic innerva

tion of the heart as revealed through the monoamine fluo

rescence technique is quite variable in different species. 

It appears to be related to the overall maturity of the 

species at birth (Bell, 1972; Pappano, 1977). The rat, rela

tively immature at birth, has no demonstrable cardiac sym

pathetic nerves until about 1 week after birth. Correspond

ingly, the functional connection between the sympathetic 

nervous system and cardiac cells is not established until 

sometime between 5 and 8 days of age (Bartolome, Lau, and 

Slotkin, 1977). The pattern of innervation was similar in 

all species examined. Sympathetic fibers appeared initially 

in the sinoatrial region of the right atrium and progressed 

to the left atrium, then to the bases of the ventricles, to 

the body of the right ventricle, and finally to the apex of 

the left ventricle. 

In the rat, uptake and retention of labelled norepine

phrine gradually increased and did not reach adult levels 

until 3 weeks after birth (Glowinski et al., 1964). The 

level of the myocardial norepinephrine followed the same 

chronological pattern (Friedman, 1973; Iversen et al., 1967). 

As a result of these findings, it was concluded that the 

density of sympathetic innervation and/or the uptake capacity 
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of sympathetic nerves is not well developed in the newborn 

rat. 

As to the receptor responsiveness, it is generally 

agreed from physiologic studies that the adrenergic receptors 

are functional before the ingrowth of sympathetic nerves and 

before norepinephrine and epinephrine can be measured 

(Pappano, 1977; Bell, 1972). 

1.4. Statement of the Problem 

Physiological experiments have revealed that cardiac 

responses to adrenergic agents gradually increase with age 

(Downing et al, 1969; Friedman, 1972; Robkin et al., 1976; 

Hall, 1957). Maturation of adrenergic responses has been 

considered to be caused by the gradual appearance of B-

adrenergic receptors. However, there are many steps between 

the interaction of a drug with a membrane receptor and the 

final muscle contraction. The limiting factor for maximal 

response could be one or more of these steps. It was the 

object of this study to understand the molecular basis for 

the maturation of the responsiveness. The intention was to 

find out what factor(s) are responsible, whether changes are 

attributable to alterations at the level of receptor, in the 

coupling between receptor and adenylyl cyclase, or in the 

activity of adenylyl cyclase. Thus I measured the chrono

tropic response of intact fetal hearts in vitro, traced 
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alterations in the $-adrenergic receptors, tracked the changes 

in adenylyl cyclase activity as the hearts were developing 

from 13-14 days of gestation to young adulthood. 

Since Kern Wildenthal's original work on the fetal 

mouse heart in organ culture (1971), evidence has been pre

sented that the fetal mouse heart can serve as a useful model 

for studying the biochemical and ultrastructural responses 

of myocardial cells. This model has advantages in that it 

conveniently provides 6-16 mammalian hearts per litter at 

each developmental stage. The model can be used for both 

physiological experiments and correlative biochemical studies. 

By monitoring the responsiveness of the fetal mouse heart in 

organ culture to adrenergic agents, the overall maturation 

of the adrenergic system, including receptors, cyclase, con

tractile machinery, and the innervating nerve can be estab

lished. The latter would be observed when responsiveness 

to an indirectly acting sympathomimetic is tested. 

Receptors have been considered to be those components 

of target cells that specifically interact with ligands and 

that, as a consequence of this interaction, initiate the 

events which lead to a cellular response. Thus two functions 

reside in a receptor: 1) discrimination for a specific 

ligand, and 2) generation of a response. Until recently, 

receptors were defined solely in a functional sense. Their 

existence as actual entities was only inferred. In the 
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early 1970's, techniques were developed in several labora

tories to label receptors specifically and reversibly using 

radioactive ligands (Cuatrecasas, 1971; Freychet, Roth, and 

Neville, 1971; Goldstein, Lowney, and Pal, 1971). This 

ability to label the binding site of the receptor radio-

chemically has been the basis for the labeling of many other 

putative neurotransmitter receptors. Using these techniques 

the number and the affinity of the receptor binding sites 

can be determined (Yamamura, Enna, and Kuhar, 1978). There 

have been some doubt as to whether binding sites labeled by 

radioactive ligand can represent physiologically functional 

receptor. The present study hopefully would clarify some of 

this doubt. 

A direct ligand-binding study was included to provide 

direct examination of the development of the cardiac adren

ergic system at the level of the receptor without additional 

complications from neuronal or contractile elements. Both 

[3H]-(-)-dihydroalprenolol ([3H]-DHA) and [125I]-

125 hydroxybenzylpindolol ([ I]-HYP) have been successfully 

employed to identify 3-adrenergic receptors in the heart, 

brain, and other tissues (Lefkowitz, 1978; Wolfe, Harden, 

and Molinoff, 1977). The characteristics of the binding 

sites in all these tissues are similar and, in addition, 

fulfill the essential criteria expected for the binding of 

physiologically relevant ^-adrenergic receptors. These 
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criteria are derived from previously established pharma

cological properties of the ligand. Briefly, they are: 1) 

saturability, which indicates a finite and limited number of 

binding sites; 2) high affinity, in harmony with the physio

logical concentrations of the ligand; 3) reversibility that 

is kinetically consistent with the reversal of physiological 

effects observed upon removal of the ligands from the medixim; 

4) strict structural and steric specificity; and 5) tissue 

specificity in accord with the biological target cell 

sensitivity (Cuatrecasas et al., 1975) 

3 Since [ H]-DHA binding had not been previously per

formed in this system, it was necessary to satisfy the 

criteria described above first. Hence the experiments in 

this study were designed to characterize the system and to 

meet the criteria for specific receptor ligand binding. 

After the system had been characterized, the assay was used 

to examine the ontogenesis of (3-adrenergic receptors in the 

mouse heart. 

3 Examination of [ H]-DHA binding was helpful not 

only in elucidating the characteristics of the 3-adrenergic 

receptors in the mouse heart, but also in detecting when the 

receptors first appeared and how they altered with develop

ment. Both the affinity and the density of the receptor were 

examined. 
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Because adenylyl cyclase is closely associated with 

the 3-adrenergic receptor as well as with the contractile 

function, the study of adenylyl cyclase activity would be a 

potentially important correlate. Thus the basal, the iso-

proterenol-stimulated, and the NaP-stimulated activities were 

examined during development. Measuring this enabled me to 

determine the time course of appearance of the enzyme during 

development of the mouse heart. These data, combined with 

the information obtained from the 3-adrenergic receptor 

studies, sheds new light on coupling between receptor and 

cyclase during maturation. Prom these results, I gained in

sight into the functional aspects of the 3-adrenergic re

ceptor and adenylyl cyclase as they relate to heart rate 

response. 



CHAPTER 2 

MATERIALS AND METHODS 

2.1. Materials 

The following drugs were kindly donated by the com

panies indicated: (-)- and (+)-alprenolol hydrochloride 

and (±)-dihydroalprenolol, Hassle; (-)- and (+)-

isoproterenol bitartrate, (+)-norepinephrine bitartrate, 

(+)-epinephrine bitartrate, (±)-phenylephrine hydrochloride, 

Sterling-Winthrop; (±)-dichloroisoproterenol, Lilly; (-)-

and (+)-propranolol hydrochloride, practolol, Ayerst; 

phentolamine hydrochloride, Burroughs-Welcome. EDTA 

(Ethylene diamine tetraacetic acid), Tris hydrochloride 

(Tris (hydroxymethyl) amino methane Hydrochloride), ATP, 

creatine phosphokinase, phosphocreatine, sodium fluoride, 

(-)-norepinephrine bitartrate, and (-)-epinephrine bi

tartrate were obtained from Sigma Chemical Company. Medium 

199 (balanced salt solution, glucose, amino acids, fats, 

and vitamin) was obtained from Grand Island Biological 

Company. A cAMP assay kit was purchased from Amersham 

3 
Corporation. [ H]-DHA (48.6 Ci/m mol) was obtained from 

New England Nuclear, stored at -20 °C, and diluted in 

buffer immediately before use. Other drugs and materials 

17 
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were obtained from the pharmaceutical company of origin or 

commercial sources. 

Three to five months CFI strain white mice were pur

chased from Charles Rivers Breeding Laboratories and main

tained in our facilities. 

2.2. Heart Rate Response 

2.2.1. Heart Preparation. 

Gestational ages of the fetuses were determined ac

cording to Wildenthal (1973). Fetuses ranging in gesta

tional age from 13-22 days were divided into developmental 

ages by heart weight: 0.9-1.2 mg for 13-14 day fetuses, 

1.2-2.1 mg for 15-16 day fetuses, 2.1-3.6 mg for 17-18 

day fetuses, 3.6-6.0 mg for 19-20 day fetuses, and 6-12 

mg for 21-22 day fetuses (Term is 22 days). The age of the 

newborn mice was measured according to the following pro

cedure: the animals were considered to be 1 day old during 

the first 24 h after their birth? 2 days old during the 

next 24 h. 

Organ cultures of mouse hearts were prepared as 

described previously (Wildenthal, 1971 and 1973; Roeske et 

al., 1977). Intact spontaneously beating hearts were care

fully dissected from fetuses and from 1-3 day neonates and 

were placed on stainless steel grids at the liquid-air inter

face of shallow culture chambers. They were incubated at 
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37 °C in an atmosphere of 95% 0^ + 5% C02 with Medium 

199. After incubation for 2 h, the culture chambers were 

transferred to a controlled temperature room, and over the 

next 5-10 min, a dose-response curve to one of several 

drugs was determined. Each drug was tested on a minimum of 

8 hearts per group. Only those hearts with a strong and 

steady beat and with a rate greater than 100 beats/min were 

used for the experiments. Generally, 5% of the hearts 

was discarded as a result of arrhythmia or slow beating rate. 

Determination of dose-response curves was accom-

lished by procedures that were similar to those of Wildenthal 

(1972; 1973) . For these measurements, the. original medium 

was replaced by fresh medium that had been pre-warmed to 

37 °C and buffered to a pH of 7.4 in room air with 

NaHC03. After a 1 min stabilization period, the baseline 

atrial beating rate was counted over a 30-60 s period through 

a dissecting microscope and recorded. The medium was then 

replaced by an identical one supplemented with the lowest 

concentration of the drug, and after another one min stabi

lization period, the new steady-state rate was counted. The 

response to isoproterenol or -tyramine always developed 

gradually and progressively over a period of several s, 

thus a steady state rate can be reached by one min. Sub

sequently, increasing concentrations of the drug were 

tested in the same fashion. 
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2.2.2. Heart Rate Response to (+)-Isoproterenol 
and (-)-Isoproterenol. 

After 2 h of stabilization, the control medium was 

replaced by a medium containing known concentrations of 

isoproterenol. Isoproterenol was chosen instead of the 

norepinephrine for these studies because it is less likely 

that it will be taken up by the neuronal transport system 

(Hertting, 1964). Each atrial beating rate was counted in 

a 37 °C room during the next min through a dissecting 

microscope as described in Section 2.2.1. 

2.2.3. Heart Rate Response to Isoproterenol in 
the Presence of Propranolol. 

This experiment was conducted to establish that re

sponse to isoproterenol can be blocked by a typical fj-

adrenergic receptor antagonist. The method of measurement 

was the same as that used in Section 2.2.2. but here the 

hearts were preincubated in appropriate concentrations of 

(-)-propranolol for 15 min, and the heart rate responses to 

(-)-isoproterenol were counted in the presence of different 

concentrations of (-)-propranolol. 

2.2.4. Heart Rate Response to Tyramine. 

The sympathomimetic action of tyramine is related to 

release of norepinephrine from sympathetic nerve endings 

(Shore, 1962). In the present study, an attempt was made to 

determine whether a response to tyramine could be elicited 
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at the same time as a response to isoproterenol. This was 

carried out by following the procedure for measurement of 

heart rate response to isoproterenol, but using tyramine 

instead. 

3 2.3. [ H]-Dihydroalprenolol Binding Assay 

Intact hearts were carefully removed from adult (fe

male) , neonatal, and fetal mice and were chilled in a 50 mM 

sodium/potassium phosphate buffer (final concentration Na+ 

80 mM and K+ 9.5 mM), pM 7.4. Tissues were minced with 

scissors, mixed with 20-40 volumes of buffer, and homog

enized using a Polytron (Brinkman Instruments) for 25 s at 

setting #5. The homogenates of adult and neonatal hearts 

were then filtered through 4 layers of cheese cloth. The 

3 rationale for choosing the standard [ H]-DHA binding assay 

conditions is explained in RESULTS. In the routine assay, 

3 5 mg of tissue (0.5 mg of protein), [ H]-DHA (final 

concentration 0.25 nM) in the presence or absence of (-)-

propranolol (final concentration 0.1 yM) were incubated in 

a total volume of 2 ml of 50 mM sodium/potassium phos

phate buffer at 21 ± 1 °C. Specific [^H]-DHA binding was 

experimentally determined from the difference between counts 

bound in the presence and absence of 0.1 yM (-)-propranolol. 

After 3 0 min, the reaction mixture was filtered under reduced 

pressure through Whatman glass fiber filters (GF/B). The 
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filters were rinsed 4 times with 4 ml of sodium/potassium 

phosphate buffer (21 ± 1 °C) and were added to plastic 

vials. 7 ml of scintillation fluid (from a combination of 

2 liters of toluene, 1 liter of triton X-100, and 16 g of 

omniflour"*") were utilized to extract the radioactivity from 

the filters for at least 12 h at room temperature. The 

radioactivity was determined in a liquid scintillation 

counter (Searle, Model 6893) with 45% efficiency. Cor

rections were made and the binding activity was expressed as 

fmol per mg of tissue. All assays were conducted in 

duplicate. 

2.4. Hydrocortisone Treatment of the Neonates 

Animals were treated according to Eranko and Eranko 

(1972). Hydrocortisone acetate (40 mg/kg) was administered 

subcutaneously to newborn mice daily for 5 days. Control 

animals were administered with the same volume of vehicle 

(saline). They were killed on the 6th day and hearts 

3 
were prepared for [ H]-DHA binding. 

2.5. Cycloheximide Treatment of the Neonates 

I followed, in general, the methods described by 

Flood et al., (1972). Cycloheximide (3.5 mg/kg) was 

"^Omniflour consists of 98% of 2, 5-diphenyloxazole and 2% 
of p-bis-(O-methyIstyryl)-benzene. 
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injected subcutaneously on the back of the newborn mice 

every 12 h for 2 days. In all, 4 injections were given. The 

hearts were dissected on the 3rd day and prepared for 

[^H]-DHA binding. 

2.6. Assay of Adenylyl Cyclase Activity 

The assay was carried out as modified from the method 

of Sulakhe et al., (1976). Hearts were carefully removed 

from adult, neonatal, and fetal mice and were rinsed well by 

ice cold 0.9% NaCl. Tissues were homogenized with 39 

volumes of a homogenization buffer using Polytron (Brinkman 

Instruments) for 25-30 s at setting #5. The homogenization 

buffer consisted of 0.25 M sucrose, 10 mM TrisHCl, 1 mM 

MgCl2, and 0.1 mM EDTA. After homogenization, the tissue 

suspension was centrifuged at 4 8,000 x g for 15 min. The 

resulting pellet was resuspended to the original volume with 

homogenization buffer. About 25 ul of this tissue sus

pension was added to 188 yl of reaction mixture. The re

action mixture consisted of 20 mM TrisHCl, 8 mM theo

phylline, 10 mM creatine phosphate, 10 unit/ml of creatine 

phosphokinase, and 10 mM of MgC^. The mixture was pre-

incubated at 37 °C for 5 min. The reaction was started by 

the addition of ATP (final concentration 1.3 mM) to the 

mixture. It was carried out for 7-10 min at 37 °C. The 

reaction was stopped by adding EDTA at final concentration of 
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3 mM and placing the mixture in a boiling water bath for 7 

min. The medium was then centrifuged in a microfuge (Beckman 

Instruments) for 2 min and the supernatant was removed for 

determination of cAMP. 

Determination of cAMP was based on the modification 

of Brown et al., (1971), using an assay kit from Amersham 

Corporation. Briefly, 25 yl of supernatant or diluted 

supernatant from the above experiment was added to 175 yl 

of mixture consisting of 50 mM Tris buffer pH 7.5, 4 mM 

3 
EDTA, binding protein for cAMP, and [8- H]-cAMP. After 

incubation at 2-4 °C for 2 h, an activated charcoal suspen

sion was added to absorb the free cAMP. After centrifuga-

tion for 2 min in a microfuge, 100 yl of the supernatant 

was transferred to a plastic vial with 10 ml of scintilla

tion fluid. The samples were counted in a liquid scintilla

tion counter (Searle, Model 6893) with 45% efficiency. In 

each experiment, standard cAMP curve was constructed and the 

cAMP level of the unknown sample was read from the standard 

curve. The range is 0.2 to 16 pmol per assay. A number 

of experiments were performed which involved alterations in 

the assay, especially with respect to the concentration of 

various components; these are indicated as necessary. 
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2.7. Statistical Analysis 

Statistical analyses of the significance of the dif

ference between mean values were made using Student's t-test. 

Least square linear regression analysis was applied where 

appropriate. 



CHAPTER 3 

RESULTS 

3.1. Heart Rate Response 

The fetal mouse heart in organ culture has been used 

to study physiological responses to various stimuli 

(Wildenthal, 1971 and 1973; Roeske et al., 1977). This model 

has advantages in that it conveniently provides 6-16 

mammalian hearts per litter at each developmental stage, 

which can be used for both physiological experiments and 

correlative biochemical studies. 

In the present study, an effort was made to examine 

the development of cardiac responsiveness to adrenergic 

agents. Fetal and young neonatal (1-3 day) hearts in organ 

culture were challenged with different adrenergic agents to 

determine the maturation and specificity of chronotropic 

responses of the hearts at different ages. 

3.1.1. Heart Rate Response to (-)-Isoproterenol 
at Different Ages. 

Response to (-)-isoproterenol was measured from 

hearts of 13-14 day fetuses to 3 day neonates. The results 

are summarized in Table 1 and Figure 2. When exposed to 

(-)-isoproterenol the 13-14 day fetal mouse hearts did not 

respond with significant difference from basal rate over the 

26 
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Table 1. Chronotropic Responses of Petal and Neonatal Mouse 
Hearts to (-)-Isoproterenol During Development. 

Influence of (-)-isoproterenol on the spontaneous heart rate 
of 13-14 day fetal mouse heart (d FMII) , 15-16 d FMH, 17-18 d 
FMH, 19-20 d FMH, 21-22 d FMH, 1 day (d) neonate and 3 d neo
nate. Each entry represents 21-28 hearts. Rates were deter
mined as described in Methods. The values are mean ± S.E. 

DEVELOPMENTAL HEART RATE (BEATS/MIN) 

Age Basal (-)-Isoproterenol(M) 
o
 i 00
 

10~7 10"6 H
 
o
 1 

10"3 

13-14 d FMH 135±4 139±4 138+5 143 ±4 142±4 144 ±5 

15-16 d FMH 143 ±5 151+5 14 9 ±5 155 ±5 15 8 ±7 162 ±6* 

17-18 d FMH 154 ±6 161 ±7 17 2 ±8 181±10* 192+9** 201±10** 

19-20 d FMH 160 ±6 185±7* 205±9** 219 ±9** 236 ±9** 205±9** 

21-22 d FMH 158 ±5 196 ±7** 231+8** 258±10** 305±11** 305±11** 

1 d neonate 172±8 219 ±19* 2 5 5 ±19 * * 278 ±20** 299±21** 328±20** 

3 d neonate 188±4 233 ±9** 269 ±14** 300±16** 329±L6** 349 ±12** 

* and ** signify statistically significant changes from the 
basal rates at p < 0.05 and p < 0.005, respectively. 
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Figure 2. Heart rate response to (-)-isoproterenol 
during fetal development. 

Influence of (-)-isoproterenol on the spontaneous heart 
rate of 13-14 day fetal mouse heart (d FMH) (O) , 17-18 d 
FMH (X) , 19-20 d FMH (•), 21-22 d FMH (A) . Each point 
represents 15 to 28 hearts. Fetal hearts were carefully 
dissected from pregnant mice. After 2 h stabilization at 

37°C, 95% C>2 and 5% the heart rate response to 

(-)-isoproterenol was counted through a dissecting micro
scope. Heart rates were expressed as percentage of the 
untreated control rate for each concentration of (-)-
isoproterenol. The vertical bars represent mean ± S.E. 
Asterisks (*) signify statistically significant changes 
from the control rates at p < 0.01. Crosses (+) signify 
statistically significant changes from the 13-14 d FMH 
at p < 0.01. 
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dose range of 10 nM to 1 mM. The 15-16 day fetal mouse 

heart responded significantly (p < 0.05) only to the con

centration of 1 mM (-)-isproterenol. However, the 21-22 

day fetal mouse hearts and the neonatal hearts responded to 

all concentrations of (-)-isoproterenol tested. The maximal 

response increased steadily with advancing age throughout 

gestation. I also determined whether ED5q values for (-)-

isoproterenol followed the same pattern. The ED_n values Ol) 

for (-)-isoproterenol were approximately 20-30 nM for 19-

20 day fetuses to 3 day neonates. The ED5g values are not 

significantly different. The younger fetal hearts tended to 

have a slightly higher ED5g 1 3111 uncertain of the 

biological significance of this observation. 

The finding that response to (-)-isoproterenol 

progressively increases with age probably reflects maturation 

of postsynaptic elements. This conclusion is in agreement 

with the findings obtained by Wildenthal (1973) using 

norepinephrine to stimulate the heart rate. Also, it is 

consistent with the general view that mammalian hearts 

gradually attain their ability to respond to adrenergic 

agents during development (see review by Pappano, 1977). 

The basal heart rate increased with advancing age 

from 135 ± 4 beats/min in 13-14 day fetuses to 188 ± 4 

beats/min in 3 day neonates (Table 1). This differs from 

the result of Wildenthal (1973), who found a constant basal 
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heart rate of about 150 beats/min throughout development 

from 13-14 day fetuses to 21-22 day fetuses. I do not have 

an explanation for this discrepancy at this time. However, 

Adolph (1971) found a similar gradual increase in basal heart 

rate during fetal life and even after birth in small rodents 

(guinea pig, hamster, and rat). Although Adolph did not 

specifically investigate the basal rate of the fetal mouse 

heart, it is not surprising to find similar changes in the 

mouse. This developmental feature has been found in rodents, 

but not in large animals such as horse, bovine, sheep or 

human (Adolph, 1971). 

3.1.2. Heart Rate Response to Isomers of 
Isoproterenol. 

One of the most useful types of criteria for judging 

a specific interaction at the receptor level is the stereo-

specificity of the response. In the 3-adrenergic system, 

the (-)-isomer is much more potent than the (+)-isomer. I 

examined the effect of both isomers in the organ culture 

system. The result is presented in Figure 3. The dose-

response curve of (+)-isoproterenol differed considerably 

from that of (-)-isoproterenol. The absolute increase in 

atrial rate of 21-22 day fetal mouse hearts at maximal con

centrations of (+)-isoproterenol was 25 beats/min or 20% 

of the resonse due to (-)-isoproterenol, which was 123 
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Figure 3. Heart rate response to isomers of 
isoproterenol. 

21-22 day fetal mouse hearts were carefully dissected from 

pregnant mice. After stabilization at 37°C, 95% 02 

and 5% CC^ for 2 h, the heart rate response to (-)-

isoproterenol (0), and (+)-isoproterenol (•) were 
counted through a dissecting microscope. Each point 
represents the change in rate at the specific concentra
tion of isoproterenol. The vertical lines indicate S.E. 
of the mean value for the experiments. Asterisks (*) and 
(**) signify statistically significant changes from the 
control rates at p < 0.05 and p < 0.01, respectively. 



beats/min. It appeared that (+)-isoproterenol had both 

lower potency and lower magnitude of response. 

3.1.3. Antagonism of (-)-Isoproterenol 
Stimulation by (-)-Propranolol. 

A major characteristic of the responses triggered by 

S-adrenergic stimulation is that they can be blocked by a 

S-adrenergic antagonist. I wanted to determine if the re

sponse to isoproterenol can be blocked by propranolol. 

Heart rate response of 21-22 day fetal mouse hearts 

to (-)-isoproterenol was counted in the presence of various 

concentrations of (-)-propranolol. The results are shown 

in Figure 4. The dose response curve of (-)-isoproterenol 

in the presence of 0.1 yM (-)-propranolol was almost un

detectable. Gradually, the response returned as the con

centration of (-)-propranolol in the medium was decreased. 

It is worth noting that at 1 yM (-)-propranolol the 

spontaneous atrial rate decreased below the control rate 

(Figure 4). This phenomenon is probably due to a non

specific depressant effect of propranolol (Higgins, Allsopp, 

and Bailey, 1979). 

3.1.4. Heart Rate Response to Tyramine. 

The sympathomimetic agent tyramine is generally be

lieved to act primarily by releasing endogenous stores of 

norepinephrine, which, in turn, stimulate 3-adrenergic 

receptors (Shore, 1962) . Escperiments in the isolated fetal 
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Figure 4. Antagonism of (-)-isoproterenol stimulation 
by (-)-propranolol. 

21-22 day fetal mouse heart were carefully dissected from 
the pregnant mouse. After 2 h of stabilzation at 

37°C, 95% C>2 and 5% CC^, the fetal hearts were pre-

incubated in zero (•), 0.1 nM(O), 10 nM(A), 0.1 yM(X), 
and 1 ijM(B) concentration of (-)-propranolol for 15 
min. The dose-response curve of (-)-isoproterenol was 
then determined in the presence of the respective con
centrations of (-)-propranolol. The data shown here 
represent the change in heart rate at the specific con
centration of (-)-isoproterenol and (-)-propranolol. 
Asterisks (*) and (**) signify statistically significant 
changes from the control rates at p < 0.05 and p < 0.01, 
respectively. 
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mouse heart revealed tyramine had no significant effect 

until 19-20 days of gestational age (Figure 5). This time 

is considerably later than the appearance of a response to 

exogenous (-)—isoproterenol (Table 1). The concentration 

of tyramine required to increase the heart rate of 19-20 day 

fetuses was 0.1 mM.. Maximal effects were achieved at 1 mM. 

This dose response curve is essentially the same as that 

found by Wildenthal (1973). However, in his study the re

sponse to tyramine appeared later than in the present study. 

By histochemical techniques sympathetic nerves appear in the 

mouse heart by the 15th day of gestation (MacDonald, . 

MacDowell, and Allen, 1927; Tschernjachiwsky, 1928). 

3.2. Identification of Characterization 
of B-Adrenergic Receptors Using 

3 [ H]-Dihydroalprenolol 

3 Since [ H]-DHA binding had not been previously 

performed on mouse heart, it was necessary to satisfy the 

criteria of ligand binding for a specific receptor to examine 

the development of 3-adrenergic receptors and the relation 

3 between [ H]-DHA binding and cardiac response to (-)-

isoproterenol. These criteria are derived from previously 

established pharmacological properties of the drug: 1) 

saturability; 2) high affinity; 3) reversibility; 4) 

strict structural and steric specificity; and 5) tissue 

specificity (Cuatrecasas et al., 1975). 



Figure 5. Heart rate response to tyramine. 

17-18 day fetal mouse hearts (0) and 19-20 day fetal 
mouse hearts (•) were carefully dissected from pregnant 

mice. After 2 h of stabilization at 37°C, 95% 02 

and 5% CC^, the heart rate response to tyramine was 

counted through a dissecting microscope. Each point 
represents the change in rate for 12 to 15 hearts at the 
specific concentration of tyramine. The vertical lines 
indicate S.E. of the mean value for the experiments. 
Asterisks (*) signify statistically significant changes 
from the control rates at p < 0.01 level. 
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3.2.1. Stability of the Tissue Suspension. 

Before establishing the optimal conditions for the 

receptor assay, I examined the stability of the tissue 

preparation. When tissue suspensions were stored at 0 °C 

for 0, 2, and 24 h, the binding activity was 1.12, 1.07, 

and 0.71 fmol/mg tissue, respectively. Specific binding 

was not significantly different for tissue suspension stored 

for 2 h at 0 °C, as compared to material stored at 20 °C 

for the same length of time. The tissue suspension stored 

at the higher temperature had both higher total and non

specific binding to the same extent. Therefore, specific 

binding, which is the difference between total and non

specific bindings, remained unaltered. This result indi

cates that the membrane preparation for binding study is 

quite stable and that the quantity of the specific binding 

does not change with temperature. In contrast, when tissue 

was homogenized in double distilled water, instead of sodium/ 

3 potassium phosphate buffer, the specific [ H]-DHA binding 

diminished to approximately 50% (from 1.3 fmol/mg tissue 

to 0.7 fmol/mg tissue). This suggests that the membrane 

receptor may be vulnerable to hypotonic shock. 

3.2.2. Relationship Between ["^H] -Dihydroalprenolol 
Binding and Tissue Concentration. 

3 Figure 6 shows that specific binding of [H]-DHA 

was linear over the range of 1 to 10 mg of tissue per 
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Figure 6. Specific [ H]-DI-IA binding as a function of tissue concentration. 

14 day neonatal heart homogenate was incubated at 21°C for 30 min using either 

a concentration of [^H]-DHA at 0.32 nM (X), or at 0.15 nJM (•) . 0.1 yM 
3 (-)-propranolol was used as the displacer of specific [ H]-DHA binding. 
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assay. The linear relationship between tissue concentration 

3 and quantity of [ H]-DHA binding was similar at both low 

and high ligand concentrations. Consequently, a tissue con

centration of approximately 5 mg/assay was routinely used 

3 to insure that specific binding of [ H]-DHA was always 

linear. Routinely, total ligand bound was less than 5% of 

total ligand added per assay, thus no concentration was made 

for changes in free ligand concentration. 

3.2.3. Saturability, Affinity and Density of 
B-Adrenergic Receptors Determined by 
3 [ H]-Dihydroalprenolol.Binding. 

The biological response to most agonists is saturable 

with respect to agonist concentration (Goldstein, Aronow, 

and Kalman, 1974). For this reason, one would anticipate 

that the receptor binding also will saturate at agonists 

concentrations similar to those which elicit a biological 

response. The mathematical statement of affinity and re

ceptor density estimated from saturation equilibrium is 

provided in Appendix 1. As is apparent in Figure 7(A), 

3 specific [ H]-DHA binding is saturable, whereas non-

3 specific binding increases linearly with increasing [ H]-DHA 

concentrations. Subsequent Scatchard analyses (Scatchard* 

3 
194 9) of specific [ H]-DHA binding indicated a single class 

of binding sites with an apparent dissociation constant 

(KD) of 0.3 nM (Figure 7(B)). The Hill coefficient 



3 Figure 7. A typical experiment of [ H]-DHA binding as 
3 a function of [ H]-DHA concentration. 

3 (A) Specific and nonspecific [ H]-DHA binding to 3 
day neonatal mouse heart homogenate. Tissue concentra
tion was 4 mg/ml. Incubation time was 3 0 min, tem

perature 21°C, and total volume was 2 ml. Specific 
3 
[ HJ-DHA binding (#) was experimentally determined 
as the difference between total binding and non-specific 
binding (4) in parallel assays in the absence and 
presence of 0.1 yM. (-)-propranolol. The ordinate is 
3 3 
[ H]-DHA bound and the abscissa is the free [ H]-DHA 
concentration. 

3 (B) Scatchard analysis of specific [ H]-DHA binding. 
3 Specific [ H]-DHA binding at each free concentration 

3 
of [ H]-DHA from (A) were replotted as shown. The 

3 abscissa is B/F = specific [ H]-DHA bound (fmol/mg 
3 tissue) / free concentration of [ H]-DHA of the medium 
3 (nM) . The ordinate is specific [ H]-DHA bound 

(fmol/mg tissue). The apparent KQ is the negative 

of the slope,receptor density is the y-intercept. 
This study resulted in a KD value of 0.29 nM and 

a B value of 3.98 fmol/mg tissue. max 

3 (C) Hill plot of specific [ H]-DHA binding. Specific 
3 3 
[ H]-DHA binding at each free concentration of [ H]-
DHA from (A) and (B) were replotted as shown. The 
abscissa is the logarithm of the free concentration of 
3 
[ H]-DHA in the units of nM. The ordinate is the 

logarithm of [B/ (B_a -B)]. B is the specific [3H]-DHA IUClX <2 
bound at each free concentration of [ H]-DHA. B 

in ax 
is the receptor density obtained from Scatchard 
analysis (B). The Hill coefficient is the slope of 
this linear plot. For the present study the Hill 
coefficient is 1.0 and correlation coefficient 
r = 0.98. 
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(Appendix 2) computed from the saturation isotherms of 

3 [ H]-DHA binding was 1.0 (Figure 7(C)}, indicating a 

single class of binding sites in the concentration range 

employed in this study. 

3 3.2.4. Reversibility of [ H]-Dihydroalprenolol 
Binding. 

The biological response to many neurotransmitters 

and hormones is rapid both in onset and in termination of 

action upon removal of these agents. Therefore, it may be 

anticipated that the ligand-receptor interaction is re

versible. Furthermore, the dissociation constant (Kp) can 

be obtained from kinetic studies of reversible binding. The 

equation related to this model is listed in Appendix 3. 

Specific [^H]-DHA binding at 20 °C and 37 °C is shown 

in Figure 8. At 37 °C, the equilibrium was reached in 3 

min, while at 20 °C equilibrium was not attained until 20 

min. This raises the question whether the amount of specific 

3 
[ H]-DHA binding varied with temperature. I examined the 

3 
specific [ H]-DHA binding after 2 and 3 h incubation at 0, 

21, and 37 °C, respectively. The results indicated that 

there was no significant difference. Since binding at 37 °C 

was too fast to be measured accurately, I chose 21 °C as 

3 the routine incubating temperature for [ H]-DHA binding. 

Figure 9 demonstrates a typical kinetic association 

and dissociation curves of [^H]-DHA binding at 21 °C. 
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Figure 8. Rate of specific [^H]-DHA binding at 20°C and 37°C. 

Adult mouse heart homogenate was incubated at 20°C or 37°C (0. The assay con-
3 3 tained 0.25 nM [ H]-DHA and 5 mg of tissue at specified temperature. [ HJ-DHA 

binding was quantified as a function of time from the addition of tissue. The 
specific binding was obtained from the difference between the total binding (without £ 
(-)-propranolol) and non-specific binding (with 0.1 yM (-)-propranolol). 



3 
Figure 9. Kinetics of [ Hj-DHA binding in the adult mouse heart. 

3 3 
(A) Association and dissociation of [ H]-DHA. The assay contained 0.23 nM [ H]-DHA 

and 5 mg of tissue at 21°C. [3H]-DHA binding was quantified as a function of time 
from the addition of tissue. The specific binding (0) was obtained from the differ
ence between the total binding (without (-)-propranolol) and non-specific binding. 
At the arrow ( + ) , (-)-propranolol (final concentration 0.1 iiM) was added to a par
allel set of tubes and the dissociation of the DHA-receptor complex was monitored 
for an additional 30 min (•) . 

(B) Logarithmic transformation of association rate with least squares regression 
line, according to equation (2a) in Appendix 3, represented as y = k+1*X on panel 

B, where RDg = 2.49 pM, the molar concentration of receptor complex at equilib

rium, RD is the molar concentration of receptor complex at time t, Rq = 5.20 pM, 

the total molar receptor concentration derived from Scatchard analysis of equilib-
3 rium experiments. D = 0.23 nM, the molar [ H]-DHA concentration of the incubating 

medium. The association rate of (A) was plotted as shown in (B) with correlation 
O _ I _ "I 

coefficient r = 0.96 and slope of line = k+1 = 3.87 x 10 M min . 

3 (C) Rate of dissociation of specific [ H]-DHA binding. The dissociation rate of 
(A) was replotted semilogarithmically versus time, r = 0.99; t2 = 5.5 min. Since 

1 -1 k_^ = — • In 2. The equaction can be solved for k_^ = 0.126 min . KD can be 

calculated independently of equilibrium experiment from the ratio of k_^/k+̂ . 

Similar experiments have been performed 4 times and the mean ± S.E. are k ^ = 0.10 

± 0.02 min k+̂  = 3.51 ± 0.13 x 10® M min ^ and = 0.30 ± 0.05 nM. 
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3 
[ H]-DHA rapidly associates with its binding site and at

tains equilibrium within 20 min at 21 °C. Using data from 

4 experiments and the equation in Appendix 3, the as

sociation rate constant k+̂  was calculated to be 3.51 

8 — X — i 
± 0.13 x 10 M min and the dissociation rate constant 

(k_^) was calculated to be 0.10 ± 0.02 min-1. Thus the 

dissociation constant (Kp = k_^/k+1) for [' H]-DHA 

receptor interaction was 0.30 ± 0.05 nM when determined 

from kinetic constants. This corresponds closely to the 

estimate of KD obtained from equilibrium studies. The 

measured rate of dissociation was the same using either an 

excess of (-)-propranolol or dilution with a large volume 

3 of buffer to prevent rebinding of [ H]-DHA (Figure 10). 

3 
The dissociation of [ H]-DHA from frog erythrocyte 

has been reported to be more rapid when excess (-)-

alprenolol is used to prevent rebinding than in experiments 

using dilution (Limbird, DeMeyts, and Lefkowitz, 1975). It 

was suggested that this indicate negative cooperativity in 

the receptor interactions with dihydroalprenolol. The 

present experiment failed to reveal any such interactions in 

adult mouse heart homogenate. This result also confirms the 

finding shown in Figure 7(C) of a Hill coefficient of 1 

3 for [ H]-DHA binding to mouse heart homogenate. In addi

tion to the present study no evidence for negative coopera

tivity was found in either turkey erythrocytes (Brown, 
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3 Figure 10. Dissociation of specific [ H]-DHA from its 
receptor by buffer dilution or by excess of 
displacer. 

0.3 g of adult mouse heart homogenate was incubated with 

0.25 nM of [^H]-DHA in a total volume of 12 ml. After 

30 min of incubation at 21°C, 0.2 ml of the incubating 
medium was removed and added to either a test tube con
taining 19.8 ml of plain buffer (•) or 19.8 ml of 
buffer with 0.1 yM (-)-propranolol (X) . 20 ml 
aliguots were then filtered according to the standard 
procedure. The dissociation of the DHA-receptor complex 
was monitored for additional 70 min. Non-specific 

3 binding was estimated from the [ H]-DHA remaining bound 
at times greater than -5 half-lives. 
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Aurbach et al., 1976; Limbird and Lefkowitz, 1976b) or. rat 

cerebral cortex (Bylund and Snyder, 1976). 

3 3.2.5. Drug Specificity of [ H]-Dihydroalprenolol 
Binding Sites. 

• 3 Pharmacological specificity of the [ H]-DHA binding 

site was tested and the results are shown in Table 2 and 

Figure 11. The potency of selected catecholamines in the 

3 inhibition of [ H] -DHA binding satisfies the pharma--

cological characteristics of 3-adrenergic receptors (Lands 

et al., 1967; Furchgott, 1967). Other non-adrenergic drugs 

including, oubain, acetylcholine, naloxone, GABA, taurine, 

tropolone, and atropine at concentrations of about 0.1 mM 

3 did not inhibit [ H]-DHA binding. Logit-log plots of 

these experiments demonstrated that the slopes for adrenergic 

agonists and antagonists are about 0.70 (Table 2). This 

value agrees with earlier studies of frog erythrocytes 

(Limbird et al., 1975; Limbird and Lefkowitz, 1976b) and of 

skeletal muscle (Caswell et al., 1978). The stereo-

3 
specificity of [ H]-DHA binding also is demonstrated for 

agonists and antagonists in Table 2. Figure 12 indicates 

that the IC5q ôr (-)-propranolol in inhibiting specific 

3 [ Hj-DHA binding to adult mouse heart homogenate was 0.32 

nM. This value is about 30 0 times more potent than the IC50 

for (+)-propranolol (100 nM). Concentrations of (-)-

3 propranolol greater than 1 IJM displaced [ HJ-DHA from 
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3 Table 2. Relative Potencies of Drugs in Reducing [ H]-DHA 
Binding in Adult Mouse Heart Homogenates. 

Tissue homogenates (5mg tissue, original wet weight) were 
3 incubated with 0.25 nM [ H]-DHA under standard assay con

ditions as described in METHODS. The ICcn values were DU 
determined from the concentrations of drug that inhibit 50% 

3 of specific [ H]-DHA binding. Values given are the mean 
± S.E. The experiments were conducted in duplicate 3-19 
times. All solutions of drugs were made immediately before 
use. The following compounds did not inhibit binding at 
concentrations of 100 uM: ouabain, acetylcholine, naloxone, 
GABA, taurine, atropine, tropolone. 

COMPOUND ICc.n SLOPES OF 
LOGIT-LOG PLOT 

Adrenergic Agonists 

(-)-isoproterenol 38 + 4 0. 70 
(-)-epinephrine 330 + 30 0. 56 
(-)-norepinephrine 350 + 50 0. 67 
(±)-salbutamol 1330 + 30 0. 66 
(+)-isoproterenol 2500 + 100 0. 66 
(±)-phenylephrine 10800 900 0. 79 
(+)-epinephrine 17300 + 6400 0. 68 
(+)-norepinephrine 22500 + 2500 0. 67 
dopamine 100000 3600 0. 66 

Adrenergic Antagonists 

(±)-dihydroalprenolol 0.33 + 0.03 0. 62 
(-)-propranolol 0.38 + 0.07 0. 75 
(-)-alprenolol 0.78 + 0.26 0. 63 
(±)-dichloroisopro-

terenol 29 + 4 0. 74 
(+)-propranolol 110 + 40 0. 80 
(+)-alprenolol 130 + 25 0. 67 
(-)-sotalol 180 + 60 0. 67 
metoprolol 500 + 200 0. 71 
(±)-practolol 780 + 40 0. 60 
(±)-butoxamine 1500 + 100 0. 70 
(+)-sotalol 2150 + 850 0. 83 
phentolamine 29300 + 8100 — — 



3 
Figure 11. Inhibition of [ H]-DHA binding by various adrenergic drugs. 

. . . 3 
The inhibition of [ H]-DHA binding by (-)-propranolol (0) , (±)-dihydroalprenolol 
(•), (-)-isoproterenol (A),(-)-norepinephrine (A), (-)-epinephrine (X), 
phenylephrine (•), and dopamine (+) are shown in the figure. 5 mg of tissue 

homogenates from adult mouse heart were incubated with 0.25 nM [3H]-DHA and 4-7 

concentrations of unlabeled drugs, at 21°C for 30 min. The scale on the left hand 
3 ~K 

side is [ H]-DHA bound expressed as percent of the total [ H]-DHA binding (without 
3 

any drugs). The scale on the right is [ H]-DHA bound expressed as percent of the 
. . 3 3 

specific [ H]-DHA binding ([ H]-DHA binding displaced by 0.1 yM (-)-propranolol). 
All solutions of drugs were made immediately before use. Each point was done in 
duplicate and the experiments were replicated 3-19 times. The IC™ was determined 

D U 
from half of maximal specific binding. The means and S.E. of the IC5Q for each 

drug are given in Table 2. 
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3 
Figure 12. Inhibition of [ H]-DHA binding by stereoisomers of Propranolol. 

# O 
5 mg of tissue homogenates from adult mouse heart were incubated at 0.25 nM [ H]-
DHA, together with 7 concentrations of (-)-propranolol (0) or {+)-propranolol (•) 

at 21°C for 30 min. Concentrations of propranolol higher than 10 yM were not shown 
3 

in this figure. The scale on the left hand side is [ H]-DHA bound expressed as 
3 

percent of the total [ II] -DHA binding (without propranolol) . The scale on the 
3 3 

right is [ H]-DHA bound expressed as percent of the specific [ H]-DHA binding 
2 

([ H]-DHA binding displaced by 0.1 yM (-)-propranolol). Concentrations which 
gave half maximal inhibitions (IC5Q) are 0.32 nM for (-)-propranolol and 100 nM 

for (+)-propranolol. Each point was performed in duplicate and the experiments 
were replicated 19 times (see Table 2). 
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non-specific sites (such as filter paper) and the stereo-

3 
specificity of [ H]-DHA binding also diminished dra

matically. Furthermore, I found that at 1 yM or higher 

concentrations of (-)-propranolol, there was a toxic suppres

sant effect on the basal heart rate. Concentration of (-)-

propranolol lower than .0.1 uM did not affect the basal 

heart rate (Figure 4). Thus I used 0.1 yM (-)-propranolol 

3 to define non-specific binding in routine [ H]-DHA binding 

assay. 

In Figure 13 drug specificity data obtained in this 

study is plotted against a published report of ^-adrenergic 

receptors in the rat heart (U'Prichard, Bylund, and Snyder, 

1978). The two sets of data are very similar with a cor

relation coefficient of 0.97. 

3.2.6. Guanyl Nucleotides' Effect on Agonist 
3 Displacement of [ H]-Dihydroalprenolol 

The important role of guanyl nucleotides as modula

tors of receptor-adenylyl cyclase interactions in many 

tissues has become clear through the work of Rodbell et al. 

and others (Spiegel and Aurbach, 1974; Leray, Chambaut, and 

Hanoune, 1972; Rodbell et al., 1975; Bilezikian and Aurbach, 

1974; Lefkowitz and Caron, 1975; Pfeuffer and Helmeich, 

1975). They also noted that guanyl nucleotides can decrease 

the affinity of agonists for the 3-adrenergic receptor in 
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Figure 13. Correlation of drug specificity between the 
present study and a published data from rat 
heart homogenate. 

ICJ.Q for various drugs from Table 2 were plotted against 

the published data of U'Prichard et al., (1978). The 
slope of this line is 0.9 and the correlation coef
ficient r = 0.97. 
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in certain systems. A similar shift in receptor affinity 

has been detected in several types of cultured cells (Ross 

et al., 1977; Maguire et al., 1976), in canine myocardium 

(Watanabe et al., 1978), and in frog erythrocytes (Lefkowitz, 

Mullikin, and Caron, 1976), but has not been observed in 

turkey erythrocytes (Brown, Fedak et al., 1976), rat heart 

(Maguire, Ross, and Gilman, 1977), rat erythrocytes 

(Maguire et al., 1977) or rat brain (U'Prichard and Snyder, 

1978). I tested both GTP (not shown) and Guanyl-5'-yl 

imidodiphosphate (Gpp(NH)p) in the adult mouse heart and 

observed no significant shift in (-)-isoproterenol affinity 

(Figure 14). 

3.3. Cardiac g-Adrenergic Receptor 
Alterations with Development 

The maturation of cardiac responses to adrenergic 

drugs has been demonstrated in a variety of physiological 

models (Pappano, 1977; Bell, 1972; Friedman, 1972). From 

such data, development of the receptor has been inferred, 

but the 3-adrenergic receptor has never been directly 

3 assayed during development. In the present study, the [ H]-

DHA binding assay did fulfill the specific criteria for 3-

adrenergic receptors in the heart, as described in the pre

ceding sections. High affinity, saturable, reversible 

3 
[ H]-DHA binding sites that have the pharmacological 

specificity of 6-adrenergic receptors were identified. I 
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Figure 14. The effect of Gpp(NH)p on the inhibition 

by (-)-isoproterenol and (-)-propranolol 

for [^H]-DHA binding. 

Adult mouse heart homogenates (5 mg tissue, original 
3 wet weight) were incubated with 0.25 nM [ H]-DHA to

gether with either (-)-propranolol or (-)-isoproterenol 

at 21°C for 30 min. Increasing concentrations of (-)-
(-)-isoproterenol were employed to in

hibit [^Hl-DHA binding either in the presence (• ,•) 
or absence (o,D) of GPP(NH)p (10 yM). 

propranolol or 
•3, 



55 

was then able to use this method to examine the development 

of the 3-adrenergic receptor in the mouse heart from 13 days 

of gestation to the young adult. 

3.3.1. Saturation Equilibrium Studies 
of B-Adrenergic Receptors During 
Development. 

Figure 15(A) shows typical saturation isotherms of 

3 
[ Hj-DHA binding to adult,3 day neonatal and 19 day 

fetal heart homogenates. Figure 15(B) shows the Scatchard 

plots of the same data. Notice the slope for each of the 

Scatchard plots is the same. This indicates that the re

ceptor affinity is similar at different ages. The results 

3 summarized in Table 3 indicate that the density of [ H]-DHA 

binding sites progressively increases during fetal develop

ment to about 90% of the adult level for fetuses at term. 

3 The density of [ H]-DHA binding sites in 1 day neonate was 

similar to that of the adult, but increased in 3 day neonates 

to about 174% of the adult value. The peak density was 

reached around 14 days after birth and was 192% of the adult 

value. During development there were no significant altera-

3 tions m affinity for [ H]-DHA binding as indicated by KD 

values in Table 3. Limited amounts of tissue from the 

youngest fetuses prevented a similar analysis. 

As shown in Figure 16, heart weight of the mouse in

creases with age. Combining the data of receptor density 

from Table 3 and heart weight from Figure 16, the total 



3 
Figure 15. Specific [ H]-DHA binding in the mouse heart 

during development. 

3 Saturation isotherms of specific [ H]~DHA binding 
(A) and Scatchard plots (B) from hearts of 3 day 
neonate (•) , adult (0), and 19-20 day fetus 

3 (•) are illustrated. Specific [ H]-DHA binding was 
measured as a function of increasing concentrations of 
3 
[ H]-DHA. 5 mg of cardiac tissue was incubated with 

increasing concentrations of [3H]-DHA at 21°C for 
30 min. 

(A) Specific [^H]-DHA binding at different 
developmental ages. 

(B) Scatchard plots. Specific binding at each free 
3 concentration of [ H]-DHA were replotted as shown 

3 The abscissa is B/F = specific [ H]-DHA bound 
3 (fmol/mg tissue)/free concentration of [ H]-DEA 

3 of the medium (nM). The ordinate is specific [ H]-
DHA bound (fmol/mg tissue). The dissociation con
stant (K„) and receptor density (B„ ) can be D max 
obtained from the slope of the line and the y-intercept, 
respectively. The apparent KQ and receptor density 

are: 3 day neonate 0.35 nM and 4.60 fmol/mg 
tissue; adult 0.28 nM and 2.30 fmol/mg tissue; and 
19-20 day fetus 0.28 nM and 1.72 fmol/mg tissue. 
The experiments have been performed 2 to 10 times and 
are summarized in Table 3. The Hill coefficient 
calculated from the saturation isotherms in these 
figures were all 1.0. 
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Figure 15. Part (B). 
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Table 3. The Dissociation Constant (K ) and Receptor Density 
3 

(B ). of [ H]-DKA Binding During Development. niuX 
3 Saturation isotherms and Scatchard Analyses of [ H]-DHA 

binding during development were performed as described in 
Figure 7. The experiments were conducted in duplicate 2-10 
times. Values given are the mean ± S.E. 

DEVELOPMENTAL Kn B_ 
arv D max  

(nM) (fmol/mg tissue) 

17-18 d FMH 0.24 + 0.04 1.04 + 0.20 

19-20 d FMH 0.31 + 0.04 1.85 + 0.13 

21-22 d FMH 0.26 + 0.02 1.89 + 0.09 

1 d neonate 0.32 + 0.04 2.12 + 0.22 

3 d neonate 0.31 + 0.04 3.62 + 0.29 

7 d neonate 0.28 + 0.05 3.48 + 0.97 

14 d neonate 0.34 + 0.02 3.99 + 0.27 

21 d neonate 0.30 + 0.04 3.60 + 0.52 

28 d neonate 0.25 + 0.02 3.55 + 0.29 

35 d neonate 0.31 + 0.01 3.14 + 0.15 

42 d neonate 0.20 + 0.14 2.39 + 0.47 

Adult (6-12 months) 0.28 + 0.02 2.08 + 0.07 
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Figure 16. Weight of mouse heart during development. 

Heart weights of mouse from 1 day to 7 months after 
birth were plotted against their age. The weight of 
fetal hearts has been determined by Wildenthal (1973). 
In the present figure only mice after birth were shown. 
Each point is an average of 2-45 individual heart weights. 
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receptor number per heart can be calculated. Figure 17 

demonstrates the total receptor number per heart as a func

tion of age. The total number of g-adrenergic receptors per 

heart reached the maximum about 40 days after birth. There 

is no net loss of total cardiac g-adrenergic receptors after 

the postnatal peak. 

3.3.2. (-)-Propranolol Inhibition of 
3 
[ H]-Dihydroalprenolol Binding During 
Development. 

A series of experiments were carried out to measure 

3 the ability of (-)-propranolol to displace [ H]-DHA 

binding. These experiments had the advantage of using 

smaller amounts of tissue as compared with saturation equi

librium experiments, permitting a more detailed evaluation 

of hearts from early fetuses. A summary of these inhibition 

experiments [Figures 18(A)(B), and 19] indicate that [ H]-

DHA binding progressively increased during fetal development 

from about 14% of the adult level in 13-14 day fetal mouse 

hearts to about 90% in 21-22 day fetal mouse hearts. How

ever, the IC5Q values for (-)-propranolol displacement of 

3 
[ H]-DHA were similar in tissue from 19 day fetuses to 

adult animal. These findings are consistent with data on 

the development of g-adrenergic receptors shown in Table 3. 

Since receptor affinity remained unchanged during development, 

3 
the specific [ H]-DHA binding presented in Figure 19 
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Figure 17. Total receptor number per heart as a function of age. 

Receptor density determined from saturation isotherm and subsequent Scatchard 
analysis (Table 3) were multiplied by the weight of the mouse heart (Figure 16) 
to obtain the total receptor number per heart from animals of 17-18 days of 
gestation to adult. 



3 
Figure 18. Inhibition of [ H]-DHA binding by (-)-

propranolol during development. 

3 
(A) t H]-DHA binding in different developmental ages. 
Each point represents the average of two or more determina-

3 
tions of [ H]-DHA inhibited by the progressively in
creasing concentrations of (-)-propranolol. 5 mg of heart 

homogenates were incubated with 0.25 nM [^K]-DHA at 21°C 
for 30 min. 0.1 uM (-)-propranolol was used as the specific 
displacer. (•) 3 day neonate, (0) adult, (A) 21-22 
day fetal mouse heart, (•) 19-20 day fetal mouse heart, 
(•) 15-16 day fetal mouse heart. 

(B). The data from (A) were replotted as percent of 
3 

specific [ H]-DHA binding of each respective control. The 
ICJJQ was determined from half of maximal specific binding 

3 
([ H]-DHA binding displaced by 0.1 yM (-)-propranolol). 
The IC5Q values of the following developmental ages were 

compared with the IC5Q of 6-12 months female adult (some of 

these ages are not shown in the figure). They are: 15-16 
day fetal mouse heart (d FMH) (2), 17-18 d FMH (2), 19-20 
d FMH (4), 21-22 d FMH (8), 1 day neonate (4), 3 day 
neonate (2), 14 day neonate (3), and 24 day neonate (5). 
The numbers in the parentheses indicate number of experi
ments performed in duplicate. None of the above were 
significantly different from the IC5q of t̂ ie adult 

(0.38 ± 0.07 nM). 
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3 
Figure 19. Specific [ H]-DHA binding during development of the mouse heart. 

3 
[ H]-DHA concentration was 0.25 nM and 5 mg of tissue was used per assay (2 ml). 
The bar graph represents the mean ± S.E. The number of experiments performed in 
duplicate for each age is shown in parentheses. Since the concentration of 
3 
[ H]-DHA used was not saturating, the values given are proportional to the re
ceptor density. However, as shown in Figure 18 and Table 3, the IC,.- or I<^ 

t>u D 
are similar in various developmental ages and thus, the values presented in this 
figure are relative receptor densities. Asterisks (*) and (**) signify statis
tically significant differences, at p < 0.05 and p < 0.01, respectively, as 
various developmental ages compared to 6-12 months female adult. 
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represents the relative receptor density during development. 

Interestingly, in 13-14 day fetal mouse heart, at a 

time when there was no significant response in heart rate 

to (-)-isoproterenol, the 3-adrenergic receptors were 

already present. 

3.3.3. (-)-Isoproterenol Inhibition of 
3 
[ H]-Dihydroalprenolol Binding During 
Development. 

The existence of specific states or classes of re

ceptors with preferential affinity for either agonists or 

antagonists has been observed with the cholinergic receptor 

(Ariens and Simonis, 1967), the opiate receptor (Pert and 

Snyder, 1974) , and the alpha adrenergic receptor (Greenberg 

and Snyder, 1978). Accordingly, I investigated the pos

sibility that there may be states of B-adrenergic agonist 

and antagonist in the mouse heart. There are two possible 

approaches to examine this problem: 1) to measure the 

specific binding of a labeled ^-adrenergic agonist such as 

3 
[ H]-hydroxybenzylisoproterenol (Lefkowitz and Hamp, 1977) 

3 
or [ H]-epinephrine (U'Prichard and Snyder, 1977a), or 2) 

to inspect the ability of an agonist to displace a labeled 

3 antagonist, such as [ H]-DHA. I chose the latter method, 

since direct agonist labeling of 6-adrenergic receptors has 

not been successfully accomplished in the heart. Using 

various concentrations of (-)-isoproterenol to inhibit 
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3 [ H]-DHA at different ages, I demonstrated an IC,-rt value 
ou 

of about 30-40 nil. No significant differences were found 

among hearts from different ages (Table 4). The specific 

3 
[ H]-DHA binding is defined as the binding displaceable by 

3 yM of (-)-isoproterenol. This concentration of (-)-

3 isoproterenol displaced [ H]-DHA to the same extent as 

0.1 yM of (-)-propranonolol in the adult heart homogenate. 

3 
Moreover, specific [ H]-DHA binding determined in this way 

3 showed a parallel peak of specific [ H]-DHA binding in the 

postnatal part of the development. This result indicates 

that there may not be distinct classes of B-adrenergic 

receptors for agonists and antagonists and is in agreement 

with earlier reports indicating that $-adrenergic receptors 

do not differentiate between agonist and antagonist binding 

(Lefkowitz and Hamp, 1977; Lefkowitz and Williams, 1977; 

U'Prichard and Snyder, 1977b). 

3.4. Attempts to Block the Postnatal 
$-Adrenergic Receptor Peak 

In the previous section (3.3.) I found a postnatal 

receptor density peak to reach a maximum around the second 

week of age. Since this pattern of development was not 

observed in other systems, I suspected this dramatic in

crease in receptor density (Table 3) might be the result 

of physiological regulation. 
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3 
Table 4. IC5Q anĉ  Specific [ H]-DHA Binding Inhibited by 

(-) —Isoproterenol or (-)-Propranolol During 
Development. 

Heart Homogenates (5 mg tissue, original wet weight) were 
3 

incubated with 0.25 nM [ H]-DHA under standard assay condi
tions as described in METHODS. The IC5Q values were de

termined from the concentrations of drug that inhibit 50% 
3 

of specific [ H]-DHA binding. Either 3 pM of (^-isopro
terenol or 0.1' yM of (-)-propranolol was used as a specific 
displacer. Values given are the mean ± S.E. The experi
ments were conducted in duplicate 2-19 times. All solu
tions of drugs were made immediately before use. 

DEVELOPMENTAL 
AGE 

(-)-Isoproterenol (-)-Propranolol 

ICJ-Q  Specific 

(nM) 

IC 
Binding 
(fmol/mg 
tissue) 

50 
(nM) 

Specific 
Binding 
(fmol/mg 
tissue) 

1 d neonate 29± 6 1. 08±0. 11 0. 33± 0. 04 0. 92± 0. 05 

4 d neonate 35±5 1. 69± 0. 11 0. 16± 0. 01 1. 68± 0. 08 

8 d neonate 28±3 1. 78±0. 02 0. 23± 0. 04 1. 40± 0. 07 

14 d neonate 25± 3 1. 86± 0. 09 0. 14± 0. 03 1. 71± 0. 07 

23 d neonate 38+2 1. 41± 0. 07 0. 24± 0. 03 1. 46± 0. 04 

30 d neonate 43± 7 1. 56± 0. 08 0. 30± 0. 06 1. 62± 0. 08 

38 d neonate 43+17 1. 30± 0. 06 0. 29± 0. 05 1. 38± 0. 10 

42 d neonate 25+5 1. 39± 0. 16 0. 27± 0. 03 1. 36± 0. 20 

Adult (6-12 months) 36± 3 0. 96± 0. 06 0. 35± 0. 07 1. 00±0. 05 
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It is reported that plasma norepinephrine and 

epinephrine in 1-2 day neonatal rats are extremely low, 

comprising less than 10% of the levels in fetal plasma at 

term. The norepinephrine levels then gradually return to 

fetal plasma levels two weeks after' birth (Ben-Jonathan, 

1978). Ben-Jonathan suggested that this dramatic reduction 

in the neonatal plasma catecholamines is due to postnatal 

atrophy of extra-adrenal chromaffin tissue. 

The myocardial concentration of norepinephrine in 

fetal, neonatal, and adult animals may be used as an index 

of the magnitude of sympathetic innervation because the 

storage of norepinephrine in the heart is localized almost 

exclusively to intracellular storage sites within the sympa

thetic nerve endings (Dahlstrom et al., 1965). In keeping 

with the lack of adrenergic innervation, cardiac norep

inephrine content of 1-2 day neonatal rat is low and 

gradually increased with age until 3 weeks after birth, when 

it finally reaches the adult level (Heggeness, Diliberto, 

and Distefono, 1970). The question naturally arises as to 

whether the postnatal receptor peak observed in this study 

is related to low levels of plasma catecholamines or to the 

lack of innervation, or possibly both. One of the ways to 

prevent the atrophy of extra-adrenal chromaffin tissue is 

to maintain a high level of cortisone or hydrocortisone 

(Lempinen, 1964). If Ben—Jonathan's speculation is correct 

this treatment might preserve the plasma catecholamine level. 
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I administered hydrocortisone daily for five days to new

borns and examined the receptor density on the . 6th day. 

Results are shown in Table 5. Although there is a trend that 

3 
specific [ H]-DHA binding in the treated mouse heart is 

lower than that of the control, no significant difference 

was found. 

I also exposed the neonates to cycloheximide to ex

amine the effect of inhibition of protein synthesis in the 

postnatal increase of receptor density (Table 6). Due to 

the toxicity of cycloheximide, about 50% of the treated 

animals died after treatment for 1 or 2 days. Survivors 

had body and heart weights of 80% and 69%, respectively, 

of the control. Both weights are significantly different 

from control. Again, the receptor density was lower in the 

treated animal, but the difference was not significant. It 

is noteworthy that the total receptor number per heart was 

about 52% of the control (3 day neonates), since the 

decrease was both in heart weight (69%) and receptor density 

(75%). Cycloheximide decreased both body (p < 0.001) and 

heart weight (p < 0.01) but cortisone decreased 

only body weight (p < 0.001). This result is probably due 

to the water loss of cortisone treatment (Lempinen, 1964). 

Neither treatments completely suppressed the increase of (3-

adrenergic receptor in the early neonate. 
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Table 5. Effect of Hydrocortisone Treatment on the Neonatal 
Mouse. 

Hydrocortisone acetate (40mg/kg) was administered sub-
cutaineously to newborn mice daily for 5 days. The control 
group received the same volume of the vehicle (saline). The 
animals were killed on the 6th day and hearts were prepared 

3 for [ H]-DHA binding. The tissue homogenate was washed 
once and an amount of protein equivalent to 3 mg of tissue 

was incubated with 0.8 nM of [^H]-DHA at 21 °C for 30 
min. 0.1 yM of (-)-propranolol was used as the specific 
displacer. 

Control Treated Significance 

Body Weight (g) 3. 8 + 0. 1 2. 8 + 0. 1 ** 

Heart Weight (mg) 23. 5 + 1. 1 23. 2 + 1. 0 NS 

Specific t^H]-DHA 
Binding 
(fmol/mg tissue) 3. 19 + 0. 15 2. 98 + 0. 18 NS 

Specific [^H]-DHA 
Binding 
(fmol/heart) 74. 76 + 4. 60 69. 85 + 6. 11 NS 

**Statistically significant at p < 0.01. 
NS = not statistically significant. 
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Table 6. Effect of Cycloheximide Treatment on the Neonatal 
Mouse. 

Cycloheximide (3.5mg/kg) was administered subcutaneously 
to newborn mice every 12 h for 2 days. The control group 
received the same volume of the vehicle. The animals were 
killed on the 3rd day and their hearts were prepared for 

3 t H]-DHA binding. The tissue homogenate was washed once and 
an amount of protein equivalent to 1.5 mg of tissue was 

incubated with 0.9 nM of [^H]-DHA at 21 °C for 30 min. 
0.1 uM of (-)-propranolol was used as the specific dis-
placer. 

Control Treated Significance 

Body Weight (g) 2. 19 + 0. 06 1. 76 + 0. 08 ** 

Heart Weight (mg) 10. 67 + 0. 64 7. 33 + 0. 55 ** 

Specific [^H]-DHA 
Binding 
(fmol/mg tissue) 3. 20 + 0. 22 2. 43 + 0. 31 NS 

Specific [^H]-DHA 
Binding 
(fmol/heart) 35. 27 + 3. 65 20. 18 + 3. 76 ** 

**Statistically significant at p < 0.01. 
NS = not statistically significant. 
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3.5. Properties of Adenylyl Cyclase 
Activity of the Mouse Heart 

Adenylyl cyclase is believed to be linked closely 

to muscle contraction and to the 3-adrenergic receptor. In 

the present research project, I wanted to determine the 

adenylyl cyclase activity during the development of the mouse 

heart. Since adenylyl cyclase had not been examined in this 

system before, it was necessary for me to demonstrate standard 

biochemical properties prior to the study of the ontogenetic 

alterations. 

3.5.1. Stability of the Enzyme Preparation. 

In an experiment designed to investigate the stability 

of the enzyme, a suspension of washed particles of mouse 

heart was kept at 0°C and assayed immediately and again 

2 h afterwards. The NaF stimulated activity assayed after 

2 h was 100%, the basal activity 72%, the (-)-

isoproterenol stimulated activity 69% of the activity at 

time zero. 

Apparently, the basal and (-)-isoproterenol stimu

lated enzyme activity was much more labile than the activity 

in the presence of NaF. This finding matches the reports 

of Drummond and Duncan (1970) on the guinea pig heart. They 

found that the NaF stimulated activity after 0.75, 2, and 

3 h was 91%, 89%, and 81% and the basal activity was 

82%, 79%, 73% of the activity at time zero. Because of 
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this significant instability, fresh preparations were used 

for each experiment. 

In a separate experiment, stability of the enzyme to 

homogenization was examined. A suspension of particles of 

adult mouse heart was homogenized by Polytron (Brinkman 

Instruments) for 5, 15, 25, and 50 s at setting #5. 

The basal, (-)-isoproterenol stimulated, and NaF stimu

lated enzyme activity are shown in Figure 20. The enzyme 

activity gradually augmented as homogenization time was in

creased from 5s to 25 s. When the activity was measured 

after 50 s of homogenization the basal and NaF stimulated 

activity remaind unchanged, but (-)-isoproterenol stimu

lated activity decreased to 65% of the maximal activity. 

This decline suggests a dissociation of the (3-adrenergic 

receptor and the catalytic component of adenylyl cyclase 

after prolonged mechanical disruption, which does not affect 

basal or NaF stimulated enzyme activity. In the routine 

assay, I homogenized the tissue for 25 s. 

3.5.2 Relationship between Adenylyl Cyclase 
Activity and Tissue Concentration. 

The formation of cAMP was proportional to tissue 

concentration under a variety of conditions which affected 

the rate of the reaction and the total amount of product 

formed. Figure 21(A), (B) demonstrate that the activities 

in the basal, (-)-isoproterenol stimulated, and NaF 
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Figure 20. Activity of adenylyl cyclase as a function of 
duration of polytron homogenization. 

Adult mouse heart suspension in the homogenization buffer 
(consisted of 0.25 M Sucrose, 10 mM TrisHCl, 1 mM 
MgC^r and 0.1 mM EDTA) was exposed to Polytron 
homogenization for 5, 15, 25, 50 s at setting #5. 
After centrifugation and resuspension, washed tissue 
pellet (equaled to 0.625 mg original tissue weight) 

wais then incubated at 37°C for 10 min in the adenylyl 
cyclase assay medium (20 mM TrisHCl, 8 mM theophylline, 
10 mM Creatine phosphate, 10 unit/ml of creatine 
phosphokinase, 10 mM of MgCl2, and 1.3 mM of ATP). 

Basal activity (0) was determined from cAMP generated 
from medium containing no stimulant, isoproterenol stimu
lated activity (•) was determined from cAMP generated 
from medium containing 1 yM of (-)-isoproterenol, and 
NaF stimulated activity (A) was determined from cAMP 
generated from medium containing 10 mM of NaF. cAMP 
generated from the assay was quantified by the protein 
binding method. 



Figure 21. Relationship of cAMP formation to tissue 
concentration. 

(A) Basal (0), and isoproterenol (•) stimulated 
adenylyl cyclase as a function of tissue concentration. 
Varying amount of washed tissue pellet of adult mouse 
heart, original tissue weight from 0.02 mg to 2.5 

mg per assay, was incubated at 37°C for 10 min in the 
adenylyl cyclase assay medium. Basal activity was deter
mined from medium containing no stimulant, and 
isoproterenol stimulated activity was determined from 
medium containing 1 yM of (-)-isoproterenol. cAMP gen
erated in each assay was quantified by the protein 
binding method. 

(B) NaF (A) stimulated adenylyl cyclase assay as a 
function of tissue concentration. Varying amount of 
washed tissue pallet of adult mouse heart, original 
tissue weight from 0.02 mg to 2.5 mg per assay, 

was incubated at 37°C for 10 min. in the adenylyl 
cyclase assay medium containing 10 mM of NaF. cAMP 
generated in each assay was quantified by the protein 
binding method. 

v 
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stimulated assays increased linearly with the amount of 

tissue added. This linearity was maintained from 0 to 

2.0 mg of tissue per assay. In the routine assay, 0.625 mg 

of tissue was used. 

3.5.3. The Time Course of Adenylyl 
Cyclase Activation. 

The formation of cAMP was proportional to time under 

a variety of conditions which affected the rate of the re

action (Figure 22). The activity at 37 °C was linear with 

time for at least 20 min for basal and (-)-isoproterenol 

stimulated activity. NaF stimulated activity appeared to 

deviate from the linearity much earlier. The linear portion 

for NaF stimulated activity extended for only 10 min of 

incubation. Thus I routinely incubated for 7-10 min. 

3.5.4. Activation of Adenylyl Cyclase by 
(-)-Isoproterenol. 

In most tissues, activation of adenylyl cyclase by 

hormones is relatively modest compared with that achieved 

by NaF (see 3.5.5.). In the present study, activation of 

adenylyl cyclase from adult mouse heart was examined under 

a variety of conditions involving variation of incubation 

time (Figure 22), amount of tissue added [Figure 21(A), (B)], 

and concentration of ATP (see Section 3.5.7.). Under 

optimal conditions the stimulation due to (-)-isoproterenol 

was 2-3 fold the basal activity. This result agrees with 
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Figure 22. Effect of incubation time on adenylyl cyclase 
assay. 

0.625 mg (original tissue weight) of 4 day neonatal mouse 

heart was incubated at 37°C in the adenylyl cyclase assay 
medium (20 mM TrisHCl, 8 mM theophylline, 10 mM Creatine 
phosphate, 10 unit/ml of creatine phosphokinase, 10 mM 
of MgCl2, and 1.3 mM of ATP) for 0, 5, 10, 15, 20 

and 25 min. Basal activity (0) was determined from cAMP 
generated from medium containing no stimulant, isoproterenol 
stimulated activity (•) was determined from cAMP gen
erated from medium containing 1 pM of (-)-isoproterenol, 
and NaF stimulated activity (A) was determined from 
cAMP generated from medium containing 10 mM of NaF. 
cAMP generated from each assay was quantified by the 
protein binding method. Experiments were performed in 
duplicate. 
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previous reports on cardiac tissue (Murad et al., 1962; 

Levy and Epstein, 1969; Murad and Vaughan, 1969). The 

maximal stimulation was achieved at 1 yM of (-)-

isoproterenol (Figure 23). When the (-)-isoproterenol 

concentration was higher than 1 yM the response declined. 

This unusual dose response curve actually agrees with the 

findings of Mukherjee, Caron, and Lefkowitz, (1975) and those 

of Ross and Gilman, (1977) that an excess of (-)-isoproterenol 

in the medium actually inhibits adenylyl cyclase activity. 

This depression by excess (-)-isoproterenol could be due to: 

1) a non-specific toxic effect; or 2) stimulation of a-

adrenergic receptor in the heart, an event known to decrease 

cAMP (Wantanabe et al., 1977; Huang and Drummond, 1978). 

The (-)-isoproterenol concentration required to achieve 50% 

of the maximal response was 23 nM (Figure 23). 

3.5.5. Activation of Adenylyl Cyclase by NaF. 

In 1958, Rail and Sutherland first reported activa

tion of adenylyl cyclase by NaF (Rail and Sutherland, 1958), 

but the mechanism of this effect has remained unclear. A 

number of the characteristics of its interaction with the 

enzyme system have been examined (Perkins, 1973). In the 

present experiments, inhibition of ATPase could not be an 

explanation of the NaF effect because substrate was main

tained essentially constant by the ATP-regenerating system. 
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Figure 23. Effect of (-)-isoproterenol concentration on 
activation of adenylyl cyclase. 

Adult mouse heart homogenate (0.625 mg of original 

tissue weight) was incubated at 37°C in the adenylyl 
cyclase assay medium (20 mM trisHCl, 8 mM theophylline 
10 mM Creatine phosphate, 10 unit/ml of creatine phospho-
kinase, 10 mM of MgC^* and 1.3 mM of ATP) together 

with 7 concentrations of (-)-isoproterenol for 10 min. 
cAMP generated from each assay was quantified by the 
protein binding method. Experiments were carried out in 
duplicate for 4 times. 
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Activation by NaF varied from one preparation to another, but 

usually represent an 8-10 fold increase over basal activity. 

Activation of a washed pellet preparation by various con

centrations of this anion is shown in Figure 24. Maximal 

activation was achieved at a concentration of 10 mM; higher 

concentrations were inhibitory. Inhibition by excess NaF 

has been documented in adenylyl cyclase from many tissue in

cluding brain (Johnson and Sutherland, 1973), adipose 

(Harwood and Rodbell, 1973), and heart (Drummond and Duncan, 

1970; St. Louis and Sulakhe, 1976). 

3.5.6. Lack of Activation of Adenylyl Cyclase 
by Carbamylcholine. 

A cholinergic agonist had no effect on basal or 

fluoride-stimulated activity (Watanabe et al., 1978). Ir 

the present study, influence of a cholinergic agonist 

carbamylcholine was examined on basal adenylyl cyclase 

activity as shown in Figure 25. There was no activation of 

adenylyl cyclase by various concentrations of carbamylcholine. 

3.5.7. Effect of ATP Concentration of Adenylyl 
Cyclase Activity. 

The effects of varying ATP concentrations on basal, 

(-)-isoproterenol (1 pM) stimulated, and NaF (10 mM) 

stimulated adenylyl cyclase activity are shown in Figure 

26(A). A double reciprocal plot of the data from Figure 

26(A) is shown in Figure 26(B). Calculation of the K m 



82 

<d 20 

-4 -3 -2 

Log (NaF(M)) 

Figure 24. Effect of NaF concentration on activation of 
adenylyl cyclase. 

Adult mouse heart homogenate (0.625 mg of original 

tissue weight) was incubated at 37°C in the adenylyl 
cyclase assay medium (20 mM TrisHCl, 8 mM theophylline, 
10 mM Creatine phosphate, 10 unit/ml of creatine 
phosphokinase, 10 mM of MgCl2, and 1.3 mM of ATP) to

gether with .5 concentrations of NaF for 10 nin. cAMP 
generated from each assay was quantified by the protein 
binding method. Experiments were performed in duplicate. 
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Figure 25. Effect of carbamylcholine concentration on 
activation of adenylyl cyclase. 

Adult mouse heart homogenate (0.625 mg of original 

tissue weight) was incubated at 37°C in the adenylyl 
cyclase assay medium (20 mM TrisHCl, 8 mM theophylline, 
10 mM Creatine phosphate, 10 unit/ml creatine 
phosphokinase, 10 mil of Mg CI2, and 1.3 mM of ATP) 

together with 5 concentrations of carbamylcholine for 
10 min. cAMP generated from each assay was quantified by 
the protein binding method. Experiments were performed 
in duplicate. 



Figure 26. Effect of ATP concentration on the activity 
of adenylyl cyclase. 

(A) Adult mouse heart homogenate (0.625 mg of 

original tissue weight) was incubated at 37°C in 
the adenylyl cyclase assay medium for 10 min. The 
adenylyl cyclase assay medium consisted of 20 mM 
TrisHCl, 8 mM theophylline, 10 mM Creatine 
phosphate, 10 unit/ml of creatine phosphokinase, 
10 mM of MgCl_, together with 8 concentrations of 
ATP. The basal activity (0) was determined from 
cAMP generated from incubation medium containing no 
stimulant, isoproterenol stimulated activity (#) 
was determined from cAMP generated from incubation 
medium containing 1 yM of (-)-isoproterenol, and 
NaF stimulated activity (A) was determined from 
cAMP generated from medium containing 10 mM of NaF. 
cAMP generated from each assay was quantified by the 
protein binding method. Experiments were performed 
in duplicate. 

(B) Information obtained from (A) was replotted as 
double reciprocal plot. The abscissa is the inverse 

value of ATP concentration (nM "*") and the ordinate 
is the inverse value of cAMP level generated from the 

medium (pmol/min/mg tissue "*"). X-intercept repre
sents -(1/K^) and Y-intercept recepts l/vmax* T̂ e 

K and V for basal (0), isoproterenol stimu-m max 
lated (•), and NaF stimulated (A) activities are: 
0.09 mM, 2.1 pmol/min/mg tissue; 0.16 mM, 4.5 
pmol/min/mg tissue; 0.06 mM, 21 pmol/min/mg tissue, 
respectively. 
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for ATP in the presence of 10 mM Mg++ give a value of 

0.09 mM for basal activity, 0.16 mM for (-)-isoproterenol 

stimulated activity, and 0.06 mM for NaF stimulated 

activity. The observed Km in the mouse heart agrees with 

reported values. For example, the of basal activity 

for the guinea pig heart is 0.08 mM (Drummond and Duncan, 

1970), for fat cell ghosts 0.11 mM (Bar and Hechter, 1969) 

and for frog erythrocyte enzyme 0.16 mM (Rosen and Rosen, 

19 69). Maximum velocities were dependent of F concentra

tion, increasing from 2 pmol /min/mg tissue (basal) to 16 

pmol /min/mg tissue in the presence of 10 mM NaF. In the 

routine assay, I used 1.3 mM of ATP. 

3.6. Activity of Cardiac Adenylyl Cyclase 
During Development 

The present study was conducted to delineate the de

velopmental patterns of the adenylyl cyclase system. As 

described in the previous sections, I detected the presence 

of 3-adrenergic receptors in 13-14 day fetuses, but no 

heart rate response was observed. This observation raises 

several interesting questions: Can the discrepancy be 

linked to the absence of adenylyl cyclase activity? Does 

increased 6-adrenergic receptor density during development 

cause a parallel increase in adenylyl cyclase activity? The 

results of this study are shown in Table 7, Figure 27, and 

Figure 28 for mouse hearts examined at 13-22 days of 
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Table 7. Activity of Cardiac Adenylyl Cyclase During 
Development. 

Basal, isoproterenol stimulated, and NaP stimulated 
adenylyl cyclase were determined according to the standard 
assay condition. Heart homogenate (0.625 mg of original 
tissue weight) from different ages of the mouse was incubated 

at 37°C in the adenylyl cyclase assay medium (20 mM. TrisHCl, 
8 mM theophylline, 10 mil Creatine phosphate, 10 unit/ml 
of creatine phosphokinase, 10 mM of MgC^, and 1.3 mM of 

ATP) for 10 min. The basal activity was determined from 
cAMP generated from medium containing no stimulant. The 
isoproterenol stimulated activity was determined from cAMP 
generated from incubation medium containing 1 yM of 
(-)-isoproterenol, and NaF stimulated activity was de
termined from cAMP generated from medium containing 10 mM 
of NaF. cAMP generated from each assay was quantified by 
the protein binding method. Experiments were performed in 
duplicate for 4 to 16 times. Values given are the mean 
± S.E. 

DEVELOPMENTAL Basal 
AGE Activity 

Isoproterenol NaF (10 mM) 
(1 yM) stimu- stimulated 
lated acta vity activity 

(pmol/min/mg tissue) 

13-14 d FMH 0. 15 + 0. 08 0. 34 .+ 0. 10 1. 75 ± 0. 52 

15-16 d FMH 0. 24 + 0. 11 0. 47 + 0. 08 4. 91 ± 1. 18 

21-22 d FMH 0. 94 + 0. 11 1. 47 + 0. 20 12. 74 ± 0. 80 

1 d neonate 1. 43 .+ 0. 09 2. 02 ± 0. 27 11. 76 + 0. 82 

7 d neonate 2. 01 + 0. 13 3. 73 + 0. 38 15. 49 + 0. 82 

14 d neonate 2. 04 + 0. 27 3. 44 0. 25 20. 64 ± 1. 29 

21 d neonate 2. 64 + 0. 20 5. 07 0. 28 24. 67 ± 1. 64 

30 d neonate 2. 62 + 0. 16 5. 44 + 0. 47 30. 01 ± 1. 46 

37 d neonate 3. 81 ±. 0. 27 6. 96 + 0. 50 29. 89 ± 1. 80 

45 d neonate 4. 90 + 1. 11 7. 59 + 1. 04 29. 54 ± 2. 70 

5 0.d neonate 2. 16 + 0. 26 5. 10 0. 37 22. 38 1. 65 

Adult (6-12 
months) 2. 03 + 0. 27 5. 30 + 0. 41 23. 72 ± 0. 80 



Figure 27. Activity of cardiac adenylyl cyclase during development. 

Heart homogenate (0.625 mg of original tissue weight) from different ages of the 

mouse was incubated at 37°C in the adenylyl cyclase assay medium (20 mfl TrisHCl, 
8 mM theophylline, 10 mM Creatine phosphate, 10 unit/ml of creatine phosphokinase, 
10 mM of MgC^, and 1.3 mM of ATP) for 10 min. The basal activity (0) was deter

mined from cAMP generated from incubation medium containing no stimulant, iso
proterenol stimulated activity (•) was determined from cAMP generated from 
incubation medium containing 1 yM of (-)-isoproterenol, and NaF stimulated 
activity (A) was determined from cAMP generated from medium containing 10 mM of 
NaF. cAMP generated from each assay was quantified by the protein binding method. 
Experiments were performed in duplicate for 4 to 16 times. The vertical bars 
indicate mean ± S.E. The asterisk (*) signifies the difference from adult level 
at p < 0.05. The abscissa is age in the unit of day and the ordinate is cAMP 
generated (pmol/min/mg tissue). 
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Figure 28. The total activity of cardiac adenylyl cyclase per heart during 
development. 

The data on heart weight (Figure 16) and the data on adenylyl cyclase activity per 
unit of tissue (Figure 27, Table 7) are combined to generate the information about 
total adenylyl cyclase activity per heart at different developmental acre. The 
symbols are the same as those used in Figure 27: (0) basal activity, (•) iso
proterenol stimulated activity and,(A) NaF stimulated activity. 
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gestation, at ages of 1, 7, 14, 21, 30, 37, 45, and 

50 days and in the adult (6 to 12 moiiths).. An increase in the 

basal adenylyl cyclase activity was found in hearts from 13 

days of gestation to 7 days of neonatal age, and again as 

the animal approached 30 days of age. The animal is born 

with an average basal activity of 1.43 pmol/min/mg tissue, 

but by 7 days old the activity has increased to 2.01 

pmol/min/mg tissue. Between 7 and 30 days of age, adenylyl 

cyclase activity continues to increase, but not as rapidly 

as in the early postnatal period. After 30 days of age, 

adenylyl cyclase activity increases more rapidly, until 

about 45-days. From that point onward, the activity gradu

ally declines to the adult level. 

(-)-Isoproterenol stimulated adenylyl cyclase 

activity was found to follow the same pattern as the basal 

activity. However, the NaF stimulated adenylyl cyclase, 

which is assumed to indicate maximal activation of the enzyme, 

continued to increase at a relatively constant rate with ad

vancing age until the 30th day postnatal. The ratio between 

(-)-isoproterenol stimulated activity and basal activity, 

and the ratio between NaF stimulated activity and basal 

activity are presented in Figure 29. The former appears to 

be relatively constant throughout development but the latter 

appears to fluctuate from time to time with no definite 

pattern. 
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Figure 29. Alterations in the activity ratio of 
adenylyl cyclase during development. 

The basal, isoproterenol stimulated, and NaF stimulated 
adenylyl cyclase at different ages were obtained from 
Table 7. The ratio between isoproterenol stimulated 
activity and basal activity (•), and the ratio 
between NaF stimulated activity and basal activity 
(A) are plotted against the developmental ages. The 
ordinate is ratio and the abscissa is age in the unit 
of day. 
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The time course of appearance of adenylyl cyclase 

activity is totally different from that of the 3-adrenergic 

receptor during- development (Figure 30).• In 1, 7, 14 

and 21 day neonates the (-)-isoproterenol stimulated 

adenylyl cyclase activity was only 38%, 70%, 65%, and 

96% of the adult activity, while the receptor density was 

always greater than the adult level. 

As observed in the 3-adrenergic receptor develop

ment, I found a definite presence of adenylyl cyclase 

activity in 13-14 day fetal mouse hearts when no significant 

heart rate response was detectable. Therefore, this lack 

of physiological response in 13-14 day fetal mouse hearts 

is not caused by lack of adenylyl cyclase activity. 

Kohrman (1973) examined the development of adenylyl 

cyclase activity in the rat heart at 21 days of gestation, 

at ages 1, 7, 14, and 21 days, and in young adult (6-

10 weeks of age). He found that adenylyl cyclase activity 

reached the lowest point at approximately 14 days of age, 

and that responsiveness to norepinephrine stimulation was 

about 100% above the basal levels at all ages examined. He 

concluded that there is no evidence of a uniform differential 

responsiveness of adenylyl cyclase to catecholamine stimula

tion with advancing age. The discrepancy between the present 

study and Kohrman's report may be due to different assay 

methods or species difference. 



Figure 30. 0-adrenergic receptor density and adenylyl 
cyclase activity during development. 

B-adrenergic receptor densities (©) from Table 3 and 
isoproterenol stimulated adenylyl cyclase activity (g» 
from Table 7 were replotted as the percent of the adult 
level. The abscissa is age of the animal (days) and 
the ordinate is the percentage of the adult level. 
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CHAPTER 4 

DISCUSSION 

In the present study, I have measured the heart rate 

response, the affinity and the density of the g-adrenergic 

receptor, and the adenylyl cyclase activity during the de

velopment of the mouse heart. 

Although B-adrenergic receptors in cardiac tissue 

3 have been successfully demonstrated using [ H]-DHA or 

125 
[I ]-HYP (see reviews by Wolfe et al., 1977 and Lefkowitz, 

1978), such data were not available for the murine system. 

Therefore, I identified and characterized B-adrenergic 

3 receptors of the mouse heart. Specific [ H]-DHA binding 

was found to be saturable, high-affinity, and exhibited 

marked stereospecificity for adrenergic agonists and antago

nists. The relative potencies of catecholamines and related 

3 
agents m mhxbiting [ H] -DHA binding closely parallel the 

pharmacological potencies expected for a cardiac 3^-

adrenergic receptor (Lands et al., 1967; Furchgott, 1967). 

At the time this work was begun, the techniques used 

for direct assay of the B-adrenergic receptor was not 

uniform among different laboratories. Conditions of incuba

tion temperature, concentration of (-)-propranolol used as 

94 



9 5  

displacer, concentration of radiolabeled ligand, tissue con

centration, and assay volume varied widely. The KQ values 

3 
were found to be at least 10 nJM for [ H]-DHA binding. As 

a result, the KD values for adrenergic agents determined 

from binding studies were one to two orders higher than the 

Kj or K
act values (Appendix 4) determined from adenylyl 

cyclase activity or physiological experiments (Lefkowitz, 

Limbird et al., 1976). 

The Kd values obtained in the present study were 

similar to those reported by U'Prichard et al., (1978) in 

rat heart, but were somewhat lower than the reports of other 

groups for cardiac tissue (Harden, Wolfe, and Molinoff, 1976; 

Alexander, Williams, and Lefkowitz, 1975; Krawietz et al., 

1976; Ciaraldi and Marinetti, 1977). This discrepancy may 

be explained in part by differences in incubating conditions, 

including my use of lower tissue concentration, lower dis

placer concentration, and lower incubation temperature. In 

the present study, there is excellent agreement between the 

Kq values determined by Scatchard analysis from equilibrium 

studies and the values obtained from kinetic analysis. 

Furthermore, in contrast to other studies, the KD values 

(Appendix 4) of (-)-isoproterenol agree with the K
act 

values in the activation of adenylyl cyclase and heart rate 

response. 
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Investigations of adenylyl cyclase activity in this 

study revealed the (-)-isoproterenol stimulated activity to 

be 2-3 fold and the NaF stimulated activity to be 8-10 fold 

the basal activity. Both values corresponded very well with 

previous reports on cardiac tissues. The values for 

ATP, the relationship between adenylyl cyclase activity and 

tissue concentration, the time course, and the enzyme 

stability were examined. The enzyme responded to NaF and to 

the B-adrenergic agonist but not to the cholinergic agonist 

carbamylcholine. Response of the enzyme was linear with 

tissue and time in the range I was working. Polytron homo-

genization caused rapid degradation of the enzyme even when 

it was kept cold, therefore I performed the experiments im

mediately after tissue preparation. 

For the convenience of discussion, the data on pre

natal and postnatal periods of development will be discussed 

separately. 

4.1. Ontogenesis of Cardiac g-Adrenergic 
Responses Before Birth 

The heart in the intact animal is difficult to study 

because of the complex and often confusing influence of 

neural and humoral factors impinging upon it. Fetal hearts 

from 13 days of gestation to 22 days of gestation were 

therefore used in organ cultures to study the chronotropic 
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response of hearts to adrenergic agents during development. 

3 These hearts were used also to measure [ H]-DHA binding 

and adenylyl cyclase activity which both gradually increased 

with age. There was no alteration in the affinity of the 

3 3 
receptor for [ H]-DHA. Both heart rate response and [ H]-

DHA binding were stereospecific and could be blocked by 

(-)-propranolol. The choice of 0.1 yM (-)-propranolol as 

the specific displacer was not only meaningful in the re

ceptor binding but also had a physiological significance. 

Concentrations of (-)-propranolol higher than 0.1 yM de

press the basal heart rate (Figure 4). This result confirms 

the recent report of Higgins et al., (1979). They found 

that concentration of (-)-propranolol at 1 yM start to 

depress the basal heart rate, an effect which also can be 

caused by non-$-adrenergic blocking (+)-propranolol but not 

by other B-adrenergic blockers, such as atenol. Higgins and 

his associates suggested that decreased heart rate was not 

due to the B-adrenergic receptor blockade but rather to 

nonspecific membrane stabilization effects of propranolol. 

The fetal heart rate response to tyramine, an in

direct acting sympathomimetic, appeared later than that of 

(-)-isoproterenol. The result confirms the view that the 

B-adrenergic receptor is present and functional before in

nervation is completed. 
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The B-adrenergic receptor and adenylyl cyclase 

activity appeared prior to the physiological responses. The 

13 day fetal mouse heart did not respond to (-)-isoproterenol 

3 
even though both [ H]-DHA binding and isoproterenol stimu

lated adenylyl cyclase activity were present. This result 

may be caused by the relative inefficiency of the immature 

myocardium in the early fetus. Studies with glycerinated 

muscle fibers have suggested that there may be some dis

turbance in the excitation-contraction coupling of the fetal 

heart (Friedman, 1973). 

There is an extremely good agreement among KD value 

from receptor binding (21 nM), Kact value from adenylyl 

cyclase activation (23 nM), and ED
50 value (25 nM) from 

heart rate response for (-)-isoproterenol. This correspond

ence suggests a one to one relationship between binding of 

the ligand to the enzyme complex and attendant stimulation 

of adenylyl cyclase and muscle contraction. 

Maguire et al. (1977) found that the ratio between KD 

and Kact for agonists in different ^-adrenergic systems was 

variable. This is probably due to vastly different assay 

conditions for receptor binding and for cyclase. The ratio 

of KD/Kact is 0.03 for rat heart (Harden et al., 1976), 

and 1.0 for frog erythrocyte (Mukherjee, Caron, Coverstone 

et al. , 1975; Mukherjee et al., 1976) and rat glioma (Maguire 

et al., 1976). It was found that guanyl nucleotides cause an 
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observable decrease in agonist affinity in the binding study 

for systems where Kc/Kact was 1 or 9reater a decrease 

was not seen in systems where this ratio was less than 1 

(Maguire et al., 1976; Lefkowitz, Mullikin, and Caron, 1976; 

Maguire et al., 1977; Ross et al., 1977). Data for Ko/Kact 

in the present study is equal to 0.9. Thus it is not sur

prising to find that guanyl nucleotides have no effect on. 

agonist binding in the mouse heart. 

During late fetal development, there is a gradual 

increase of B-adrenergic receptor density to about 90% 

that of adult levels in 21-22 day fetal mouse hearts (term 

being 22 days). Increase in adenylyl cyclase is much 

slower; the basal activity reached 46% of the adult level 

in 21-22 day fetal mouse hearts. After birth, the cardiac 

(3-adrenergic receptor density increased to about 102% of 

the adult level in the 1 day neonatal mouse. However, the 

basal enzyme activity did not reach 100% until one week 

after birth. The detailed information regarding these 

aspects will be presented below. 

4.2. Ontogenesis of Cardiac ^-Adrenergic 
Responses After Birth 

In the 1 day neonatal mouse, the receptor density is 

about 102% that of the adult. This finding, that receptor 

density in the 1 day neonatal and adult hearts is essentially 

the same, agrees with Harden et al., (1977). In their study 
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of ontogenesis of 3-adrenergic receptors in the rat brain, 

Harden et al. (1977) also compared the density of 1 day 

neonatal with adult rat hearts and found no significant dif

ference in the binding capacity. Therefore, they concluded 

that the cardiac B-adrenergic receptor does not change 

markedly after birth, in contrast to the cerebral Q-

adrenergic receptor. However, in more detailed analyses of 

the postnatal period, I found an increase in B-adrenergic 

receptor density as high as 192% in the 14 day neonatal 

heart with no change in affinity (Table 3). This postnatal 

peak gradually declined to the adult level. 

The physiological significance of the postnatal re

ceptor peak in the mouse heart is unknown. Isoproterenol 

evoked heart rate response in the fetal rat correlated 

closely with present findings in the fetal mouse (Adolph, 

1965; Adolph, 1971). In the same experiment, when neonatal 

rat hearts were stimulated by isoproterenol, Adolph (1971) 

found that the effects were maximal during the 2nd week 

after birth [Figure 31(E)]. The response actually declined 

in the adult. The chronological appearance of postnatal 

heart rate response in the. rat resembles that of cardiac 

B-adrenergic receptor density in the mouse: the heart rate 

response of the 1 day neonatal rat is not significantly dif

ferent from that of the adult rat heart; The response after 

14 day of age gradually declined to the adult level. Since 



Figure 31. Factors that may influence the adrenergic 
responsiveness of the heart during 
development. 

Results are expressed as percent of adult level for each 
respective activity. 

(A) ^-Adrenergic receptor density in the mouse heart 
during development (present study). 

(B) Isoproterenol stimulated (•) and NaF stimulated (A) 
adenylyl cyclase activities in the mouse heart during 
development (present study). 

(C) Cardiac norepinephrine levels in the mouse heart 
during development (S. Yamada unpublished data furnished 
for the author through personal communication, 1979). 

(D) Plasma norepinephine levels in the rat during de
velopment (replotted from Ben-Jonathan, 1978). 

(E) Heart rate response in the rat during development 
(replotted from Adolph, 1971). 

(F) Protein kinase activity in the mouse heart during 
development (replotted from Haddox, Roeske, and Russell, 
in press). 
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the process of maturation for rat heart and mouse heart is 

very similar, it is reasonable to assume that the mouse may 

also have the similar response in the postnatal period. 

The dramatic increase in neonatal receptor density 

may reflect important regulatory changes. For example, 

recently Ben-Jonathan (1978) found that plasma norepinephrine 

and epinephrine levels in 1-2 day neonatal rats were ex

tremely low, comprising less than 10% of their levels in 

fetal plasma at term. The amount of norepinephrine and 

epinephrine then slowly returned to fetal plasma levels in 

the adult [Figure 31(D)]. Cardiac norepinephrine levels in 

the newborn rats were very low, and did not reach the adult 

level until 3 weeks after birth (Heggeness et al., 1970). 

Recently, the cardiac norepinephrine level in the mouse heart 

has been examined in our laboratory (S. Yamada, unpublished 

data). Parallel to the findings on rats and rabbits 

(Heggeness et al., 1970; Mott, 1965), the norepinephrine 

level did not reach adult level until 3 weeks after birth. 

Furthermore, the 1 day neonate appeared to have an even lower 

norepinephrine level (12% of the adult level) than the 

fetuses at term (18% of the adult level) [Figure 31(C)]. 

Therefore, it can be postulated that after parturi

tion, an exceedingly low level of norepinephrine and 

epinephrine may cause an increased density of 8-adrenergic 

receptors in the heart. As plasma levels of norepinephrine 
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and epinephrine and/or cardiac level of norepinephrine in

crease, the receptor density would then decrease to adult 

levels. Furthermore, the time course for the development of 

this postnatal receptor peak corresponds to the time course 

for the development of supersensitivity in the physiological 

experiments. The physiological responses after denervation 

treatment reached a maximum around 14 days after treatment 

and then gradually returned to the original responsiveness 

(Fleming, 1963; Hampel, 1935). This correspondence suggests 

that the underlying mechanism for these two processes may be 

similar. 

Interestingly, a study of the development of the B-

adrenergic receptor in the brain also revealed a peak 14 

days after birth (Harden et al., 1977). The study demon

strated that B-adrenergic receptor density in the 14 day 

old rat is 130% that of 60 day old rat. 

Ben-Jonathan (1978) suggested that the exceedingly 

low level of catecholamines in the neonatal plasma was due 

to postnatal involution of the extra-adrenal chromaffin 

tissue after birth before neonatal adrenal tissue was 

capable of producing adequate catecholamines. Administra

tion of hydrocortisone or cortisone is known to maintain the 

integrity of the extra-adrenal chromaffin tissue after birth 

(Lempinen, 19.64; Eranko and Eranko, 1972) . I administered 

hydrocortisone to 1 day neonates daily for 5 days, but found 
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no significant difference between treated and control 

animals. 

One possible reason for this result is that the onset 

of the receptor peak began earlier than the treatment, and 

attainment of peak level cannot be blocked once the process 

has started. Another possibility, in contrast to the hypo

thesis of Ben-Jonathan (1978), is that the plasma catecho

lamine is not preserved even when extra-adrenal chromaffin 

tissue is intact. Measurement of plasma catecholamines 

should clarify this point. 

There may be more than one factor involved in this 

regulation. Further experiments to monitor the plasma 

catecholamine and/or the innervation process would be 

worthwhile. 

The regulation of the S-adrenergic receptor in 

desensitization or supersensitization may or may not depend 

on protein synthesis (Franklin, Morris, and Twose, 1975? 

DeVellis and Brooker, 1974; Su et al., 1976; Mukherjee, 

Caron, and Lefkowitz, 1975). After 2 days of cycloheximide 

treatment, I found no significant decrease in receptor 

density in the neonates. However, the total receptor number 

per heart in the treated animals was significantly lower than 

that in the control animals. This result suggests that 

protein synthesis is involved in the increase of receptor 

numbers. 
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The affinity of (-)-isoproterenol and (-)-

propranolol for B-adrenergic receptors did not vary with 

the age of the animal. This result agrees with the report 

of Harden et al. (1977) on the development of the B-

adrenergic receptor in the brain. It also confirms the 

general findings that B-adrenergic agonists and B-adrenergic 

antagonists have similar potencies in competing for radio-

3 3 labeled agonists (such as [ H]-epinephrine or [ H]-

3 hydroxybenzylisoproterenol) and antagonists (such as [ H]-

DHA) (Lefkowitz and Hamp, 1977; Lefkowitz and Williams, 1977; 

U'Prichard and Snyder, 1977b). 

The adenylyl cyclase activity in fetal mouse hearts 

increases gradually with age. This activity parallels with 

the increment of B-adrenergic receptor density. However, 

increase in adenylyl cyclase activity after birth did not 

develop in the same manner as the increase in the B-

adrenergic receptor density [Figures 30 and 31(A), (B)]. The 

possibility that this difference is due to different membrane 

preparations was eliminated by a separate experiment which 

3 demonstrated that the binding of [ H]-DHA in the tissue 

preparation for cyclase was the same as that for the routine 

binding assay. 

The 45 day neonatal hearts have the highest adenylyl 

cyclase activity (Figures 27, 28). Since a mouse is con

sidered to be sexually mature at 42 days of age, the high 
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level of cyclase activity may be related to hormones involved 

in the sexual maturation. No experiments, however, were 

carried out to examine this possibility. 

As mentioned earlier, the postnatal receptor peak 

in the mouse heart has a counterpart in the heart rate re

sponse of the rat. Thus the discrepancy between the in

crease in ^-adrenergic receptor and adenylyl cyclase may be 

attributed to the following factor(s). Some of the 0-

adrenergic receptors may couple to ion channels (such as 
++. 

Ca ) instead of adenylyl cyclase to induce a physiological 

response (Ebashi, 1969; Rasmussen, 1970; see review by 

Wollenberger, 1975). Or, the increase of cAMP level may 

not reflect the physiological responses. The latter pos

sibility was suggested in findings that 1) localized in

creases in cAMP too small to be measured by the standard 

cAMP assay could activate protein kinase and initiate a 

biological response (Keely and Corbin, 1977) and 2) cellular 

increments in cAMP could exceed that required for the cel

lular responses (Keely et al., 1975; Corbin and Keely, 1977; 

Keely and Corbin, 1977). In both of these cases the physio

logical responses to (-)-isoproterenol stimulation would 

parallel the 0-adrenergic receptor but would not necessarily 

correlate with adenylyl cyclase activity. 
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The protein kinase activity in the mouse heart during 

development has been examined in our laboratory. Haddox et 

al., (in press) found that during embryogenesis, the total 

cardiac protein kinase activity increased most markedly 

during the 6 days prior to birth. A maximal level was 

achieved in the 7 day neonates. Protein kinase activity 

progressively declined to the adult level which approximated 

that of the mid-embryo [Figure 31 (F)]. The marked change in 

total kinase activity is the result primarily of a five-fold 

increase in type I isozyme, which peaks in the 7 day-old 

neonates. Thus the activity of protein kinase matches more 

closely with the (3-adrenergic receptor and physiological 

response than the activity of adenylyl cyclase does. 



CHAPTER 5 

CONCLUSION 

In the present study, I examined the physiological 

response to various stimuli, the ^-adrenergic receptor 

activity, and adenylyl cyclase activity in the mouse heart. 

Prior to birth the physiological response gradually in

creased with age, as did the 3-adrenergic receptor density 

and adenylyl cyclase activity. These data indicate the 

contribution of receptor and adenylyl cyclase in the physio

logical activity. Throughout development, the affinity of 

the receptor did not alter, while the receptor density 

gradually increased. These data suggest that the receptor 

unit has a constant affinity and that the magnitude of the 

physiological response is parallel with the receptor density. 

Both receptor and adenylyl cyclase activity can be detected 

before the physiological responses can be observed. This 

finding suggests a deficiency in the excitation-contraction 

process of the very young fetuses. After birth, the receptor 

density showed a dramatic increase in the first two weeks, 

possibly resulting from a supersensitization due to an ex

tremely low level of norepinephrine. At the same age, heart 

rate response in the rat was also greatly increased, 
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indicating that those 3-adrenergic receptors labeled by 

3 
t H]-DHA were physiologically functional. However, the 

adenylyl cyclase activity did not follow the same pattern. 

Thus adenylyl cyclase activity may not be the best indicator 

of responsiveness of cardiac activity in the early postnatal 

period of time. 

Overall, the maturation of physiological responses 

can be linked to increases in receptor density rather than 

receptor affinity. Prior to birth, both receptor density 

and adenylyl cyclase activity parallel physiological re

sponsiveness. After birth, receptor density, but not 

adenylyl cyclase activity, reflects physiological responsive

ness. Further experiments to elucidate the mechanism of the 

postnatal receptor peak or to examine the 3-adrenergic 

receptor coupling mechanism to the physiological response 

should add to the understanding of 3-adrenergic responses. 



APPENDIX 1. 

CALCULATION OF THE DISSOCIATION CONSTANT 

FROM SATURATION EQUILIBRIUM STUDIES 

3 The analysis of the [ H]-DHA and g-adrenergic 

receptor interaction was made on the basis of the simple 

chemical terms according to a bimolecular ligand-receptor 

interaction. 

k+l 
D + R DR (1) 

k-l 

3 where D = [ H]-DHA; R = the B-adrenergic receptor and 

i [^H]-DHA-rece] 

At equilibrium: 

3 DR = the [ H]-DHA-receptor complex 

(D) (R) _ k-l 
1DRT~ - " KD (2) 

or 

KD(DR) = (D) (R) (3) 

where KQ is the equilibrium dissociation constant of the 

ligand-receptor complex. 
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K+̂  is the association rate constant and is 

the dissociation rate constant. 

If n= the number of binding sites/gram of tissue 

and P = grams of tissue, then: 

If one solves for R, substituting this value into Equation 

(3) and rearranges, one obtains 

If r = moles of D bound/gram tissue = (DR)/P, then if 

one substitutes this into Equation (5) and rearranges, one 

obtains the equation for standard saturation isotherms: 

r = n(D> , 
K D  + (D)• 1  

This equation may be transformed to the standard equation 

for Scatchard (Scatchard, 1949) analysis by dividing both 

sides of Equation (6) by KD(D) and rearranging to obtain 

nP = (DR) + (R) (4) 

nP(D) = (DR) (K d + (D)) (5) 

(D) 
r (7) 
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When one represents this equation graphically, with 

specifically-bound [3H]-DHA (or "r") as the ordinate 

and specifically bound [3H]-DHA/free [3H]-DHA (or r/(D)) 

as the abscissa, the apparent and receptor density may 

be read directly from the graph as the slope and the y-

intercept, respectively. 



APPENDIX 2 

DETERMINATION OF THE HILL COEFFICIENT 

For many proteins it has been convenient to express 

the ligand-binding properties by equation (1) , given 

originally by Hill (1909). 

n„ n 
y = K(X) H / (1+K(X) a) , (1) 

in which y, the "fractional saturation", is the fraction 

of the total number of binding sites occupied by ligand, 

(X) is the free ligand concentration, and K and n„ are XI 

constants. The original theoretical basis of their equation 

is now known to be an oversimplification, but it has been 

useful because it describes many experiments with fair ac

curacy with only two adjustable constants. It can be re-

arranged into the form of a straight line as follows: 

log(y/(l-y)) = logK + nfl log (X). (2) 

The resulting plot of log (y/l-y) against log(X) is known 

as a Hill Plot, and the slope nR is often called the Hill 

coefficient. 
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APPENDIX 3 

CALCULATION OF THE DISSOCIATION 

CONSTANT FROM KINETIC STUDIES 

3 
Analysis of the [ H]-DHA and B-adrenergic receptor 

interaction was made on the basis of the simple first-order 

equation: 

k+l 
D + R DR. (1) 

k-l 

3 
Where D = [ H]-DHA, R = the 3-adrenergic receptor, and 

3 
DR = the [ H]-DHA-receptor complex. 

A.3.1. Calculation of the Association 
Rate Constant 

3 
The rate constant for formation of the [ H]-DHA-

receptor complex was calculated using the differentiated 

form of Equation (1) as follows: 

k+1 = 2.303/t (a-b) - log (b(a-x)/a(b-x)) (2) 

3 
where a = the initial free [ H]-DHA concentration, b = the 

3 
steady-state concentration of the [ H]-DHA-receptor complex, 

3 
and x = the concentration of [ H]-DHA bound at time "t". 
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Only initial rates, i.e., from the linear portion of the 

association-rate curves, were used to calculate an average 

k+l* 

Equation (2) can only be used when the rate of the 

reverse reaction is negligible compared to the rate of the 

forward reaction (see Equation (1)) (Cuatrecasas and 

Hollenberg, 1976) . Otherwise, the following equation must 

be used. 

(RD ) [ (D)-(RD) RD /Ro] 
ln (D) (RD -RP) k+l* (t) ' 1 <D)E-/RDe]-RDe (2a) 

6 

Where Ro = the total receptor concentration in pM, RDe 

= the amount of ligand-receptor complex formed at equilibrium, 

and RD = the amount of ligand-receptor complex formed at 

time "t". In the present study, Equation (2a) was used. 

A.3.2. Calculation of the Dissociation 
Rate Constant 

3 
The rate constant for dissociation of the [ H]-DHA-

receptor complex was determined from the equation 

C-1 = 0.693/t;§ (3) 

where 

total 

th = the amount of time required for one-half of the 

3 [ H]-DHA-receptor complex: to dissociate. 
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A.3.3. Calculation of the 
Dissociation Constant 

3 
The dissociation constant for the [ H]-DHA-

receptor complex was calculated from the equilibrium rate 

constants according to the equation 

KD k-l/k+1* 
( 4 )  



APPENDIX 4 

K_, K_, K  . D I act 

This appendix is an abbreviation of a more complete 

discussion by Ross et al. (1977) . K
act' activation 

constant for an agonist, is defined as the concentration of 

the agonist that causes 50% of the maximal response 

observed with that compound. K^., the inhibition constant 

for an antagonist, is calculated from the equation: 

KI = (I50 ' Kact)//(A + Kact) 

where I J-Q  = the concentration of antagonist to produce 50% 

inhibition, K
act = t*le value f°r the agonist used to stimu

late activity, A = the concentration of agonist used. KD 

refers to the dissociation constant determined either from 

saturation equilibrium studies, kinetic studies or dis

placement studies. For the last case the relationship is: 

ic50 = (1 + S/K^)KD 

where IC5g = the concentration of either agonist or antago-

. . 3 nist to inhibit 50% of specific [ H]-DHA binding. 
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3 S = the concentration of [ H]-DHA used in the binding 

3 assays, = the dissociation constant of [ H]-DHA for 

the B-adrenergic receptors determined by saturation 

equilibrium studies. KD = the calculated dissociation con

stant in the displacement studies for the drug. de

termined by displacement study is also referred to as K^. 

IC5Q for (-)-isoproterenol is 38 nM (Table 2). 

S = 0.25 NM (Table 2). 

= 0.30 nM (Table 3). 

Thus, K d for (-)-isoproterenol determined from displace

ment studies is: 

IC5 0 38 nM 

1 + 1 + ^ ̂  
K£ 0.30 

= 21 nM 
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