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ABSTRACT 

The characterization, ontogeny and regulation of the murine 

myocardial muscarinic receptor were examined by equilibrium ligand 

binding techniques using the agonist ligand, [ Hjcis-methyldioxolane 

(L^HjCD). Binding of [^HJCD was specific and of high affinity, to 

a single site in the nanomolar range (K,=6.7nM) with Bm= =5.6 
Q ITlaX 

fmol/mg tissue. Competitive inhibition studies gave Hill slopes < 1. 
o 

Developmental studies showed that [ H]CD binding was present 

in the mouse fetal heart. Adult levels of binding were reached by the 

time of birth. A significant peak in binding was seen between days 

16-20 neonatal. Changes were due to alterations in receptor density. 

GppNHp-induced reductions in agonist binding were present at 

all ages and in all regions of the murine heart. Receptor density 

measured by agonist or antagonist binding was greater in atria than in 

ventricles. In addition to GppNHp, fluoride also regulated muscarinic 

agonist receptor binding. 

vi i 



CHAPTER 1 

INTRODUCTION 

The parasympathetic nervous system in the mammal is involved 

in regulation of heart rate and myocardial contractility. Para

sympathetic innervation of the atria has been well established 

^Higgins et al., 1973). Vagal stimulation or acetylcholine infusion 

in intact animals or in isolated tissues produces decreased atrial 

contractility, which is abolished by atropine (Harman and Reeves, 

1968; Higgins et al., 1973). The parasympathetic innervation of the 

ventricles has proven more difficult to establish but is now widely 

accepted. The innervation is much less dense than in the atria, with 

a commensurately smaller response to vagal stimulation (Higgins et 

al., 1973; Priola et al., 1977; DeGeest et al., 1965). As in the 

atria, vagal stimulation of the ventricles produces decreased 

contractility, which is blocked by atropine, indicating that the 

actions of parasympathetic stimulation in the heart are mediated by 

muscarinic cholinergic receptors. Acetylcholine, acting at these mus

carinic receptors, appears to produce hyperpoiarization of the 

myocardial cell resulting from an increased potassium conductance 

(Pappano, 1977). 

La Raia and Sonnenblick (1971) related these muscarinic 

agonist-induced decreases in myocardial contractility to decreases in 

adenylate cyclase (EC 4.6.1.1) activity and adenosine 3',5'-cyclic 

1 
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monophosphate (cAMP) production. The responses of dog, cat and rabbit 

heart to additions of norepinephrine or carbamylcholine (carbachol) 

(g-adrenergic and muscarinic agonists) were examined in atria and 

ventricles. Beta stimulation produced proportional increases in 

tension, adenylate cyclase activity, and formation of cAMP in atria 

and in ventricles. Carbachol produced proportional decreases in 

tension, cyclase activity and cAMP formation in atria. The response 

to carbachol in ventricles was of a much smaller magnitude but 

displayed the same relation between response and enzyme activity. 

These experiments helped to link the negative inotropic responses 

produced by myocardial cholinergic stimulation to an inhibition of 

adenylate cyclase activity coupled to the muscarinic receptor. 

Regulation by Guanine Nucleotides and by Ions 

One approach to the elucidation of the actions of the para

sympathetic nervous system in the heart and, if present, any regional 

or developmental variation in its function and regulation, is the use 

of receptor ligand binding techniques. The structures of some 

muscarinic agonist and antagonist ligands used in our studies are 

shown in Figure 1. Guanine nucleotide regulation of such ligand-

receptor interactions and of receptor-effector coupling has recently 

received much attention. Evidence has accumulated in several hormone 

and neurotransmitter systems which indicates that the stimulation of 

adenylate cyclase is dependent on the presence of guanine nucleotides 

(Rodbell, 1978). The original observations were made by Rodbell et 

al. (1971b) who demonstrated that guanine nucleotides were required 
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Figure 1. The Structure of Some Muscarinic Agonist and Antagonist 
Ligands. 
The structure of the muscarinic agonist ligands acetylcholine and 
ci s-methy1di oxolane (CD), and of the muscarinic antagonists atropine 
and 3-quinuclidinyl benzilate, are shown. 
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for the activation of adenylate cyclase by glucagon. A similar 

guanine nucleotide dependence was subsequently shown for the 

stimulation of adenylate cyclase by prostaglandins and by e-adrenergic 

agonists (Krishna et al., 1972; Ross et al., 1977). In addition to 

affecting the function of the cyclase, guanine nucleotides were found 

to modulate the binding of these hormones and neurotransmitters to 

their receptors. Guanosine triphosphate (GTP), guanosine diphosphate 

(GDP), and stable analogs such as guanyl-5'-yl imidodiphosphate 

(GppNHp) were shown to decrease the receptor binding of e-adrenergic 

agonists via a reduction in receptor affinity resulting from an 

increased rate of dissociation. Little or no effect was found on the 

binding of antagonists (Maguire et al., 1976; Lefkowitz et al., 1976; 

Ross et al., 1977; Watanabe et al., 1978). Similar regulation was 

shown for the binding of glucagon, prostaglandins and dopamine 

agonists (Rodbell et al., 1971a; Lefkowitz et al., 1977; Creese et 

al., 1978). 

There are also a number of hormones and neurotransmitters 

which appear to be coupled in an inhibitory fashion to adenylate 

cyclase, decreasing the activity of the enzyme or attenuating its 

increase by stimulatory hormones. Studies on both the opiate 

(Wilkening et al., 1980) and the a-adrenergic systems (Jakobs et al., 

1978; Aktories et al., 1979) have shown that the inhibition of 

adenylate cyclase is dependent on GTP. Furthermore, a-agonists in the 

presence of GTP were shown to inhibit both basal and prostaglandin or 

sodium fluoride (NaF) - stimulated adenylate cyclase. GppNHp (which 
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causes a persistent activation of cyclase) prevented or reversed this 

effect (Jakobs and Schultz, 1979; Sabol and Nirenberg, 1979). Guanine 

nucleotides also caused a reduction in the binding of o-adrenergic and 

opiate agonists to their respective receptors with little or no effect 

on the binding of antagonists (U'Prichard and Snyder, 1978; Tsai and 

Lefkowitz, 1979; Childers and Snyder, 1978), analogous to the regula

tion of binding of ligands which stimulate adenylate cyclase. 

Current evidence indicates that muscarinic cholinergic 

agonists in the heart also act by inhibiting adenylate cyclase (Murad 

et al., 1962; La Raia and Sonnenblick, 1971). Watanabe et al. (1978) 

and Jakobs et al. (1979)found that muscarinic inhibition of adenylate 

cyclase was dependent on the presence of GTP. In dog and rabbit heart 

preparations, muscarinic agonists, in the presence of GTP, could 

inhibit basal and isoproterenol or NaF-stimulated cyclase. The non-* 

hydrolyzable analog GppNHp prevented or reversed inhibition'of adeny

late cyclase by muscarinic agonists, similar to its effects on 

o-adrenergic inhibition of cyclase. The disparate effects of GTP and 

GDP versus stable analogs such as GppNHp in inhibiting cyclase 

activity led Jakobs and Schultz (1979) to speculate that the 

inhibition of cyclase was due to an enhancement of GTPase (EC 3.6.1.) 

activity. Hydrolysis-resistent nucleotide analogs such as GppNHp, 

which are not readily susceptible to the actions of GTPase, would 

cause persistent activation of adenylate cyclase. 

In conjunction with their effects on cyclase inhibition, 

guanine nucleotides have been shown to modulate binding of agonists to 
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the muscarinic receptor. Competitive inhibition studies provided the 

first evidence of guanine nucleotide regulation, demonstrating GTP and 

GppNHp-induced increases in agonist IC5q values in rat heart 

(Rosenberger et al., 1980; Berrie et al., 1979). These effects were 

enhanced by Mg++. Berrie observed the effects of GTP in both atria 

and in ventricles. Other studies in rat atria (Wei and Sulakhe, 1979) 

and in cultured chick embryo heart cells (Galper and Smith, 1980) 

confirmed the guanine nucleotide-mediated decrease in agonist binding. 

Birdsall et al. in 1978 proposed a model to explain agonist binding to 

the muscarinic receptor in the rat brain, the characteristics of which 

do not obey the law of mass action. The model postulated a hetero

geneous population of receptors, with high and low affinity sites and 

a small population of super-high sites. Evidence now suggests that 

these sites are readily interconvertible (Roeske and Yamamura, 1980; 

Birdsall et al., 1980). The reduction of muscarinic agonist binding 

produced by guanine nucleotides seen in the previous experiments were 

attributed, in terms of Birdsall's models, to changes in receptor 

affinities or to changes in the proportions of different affinity 

classes. 

Competition experiments on guanine nucleotide effects in the 

brain and ileum indicated significant increases in the IC^q of 

muscarinic agonists in the ileum, but small effects of guanine 

nucleotides in some brain regions (Ehlert et al., 1980b). In the 

ileum and forebrain, GppNHp appeared to cause a decrease in the 

affinity of the high affinity site. Different regions of the brain 
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varied not only in their regulation by GppNHp but also in their pro

portion of high and low affinity sites. 

With the synthesis of specific, high activity radiolabelled 

muscarinic agonist ligands, it became feasible to directly label the 

muscarinic receptor and to study its regulation. Ehlert et al. 

3 3 
(1980c), using the ligand l Hjcis methyldioxolane ([ H]CD) demon-

o 
strated that GppNHp caused a reduction in [ H]CD binding in the rat 

brain and ileum. In subsequent studies this work was elaborated upon 

to demonstrate a similar effect in the mouse heart (Barritt et al., 

1980) and in the rat heart (Ehlert et al., 1980d), where the potency 

of GppNHp for inhibition of agonist binaing was shown to be greater in 

the heart than in ileum or brain. The effects of guanine nucleotides 

were consistent with a decrease in the affinity of superhigh and high 

receptor sites or with a conversion to low affinity. 

Despite the consistent lack of significant effects of guanine 

nucleotides on antagonist binding, recent investigators have seen 

enhancement of muscarinic antagonist binding under certain conditions 

(Ehlert et al., 1981a; Hulme et al., 1981). The effects were best 

seen under conditions of low ionic strength, where the binding of 

[ HJ muscarinic antagonists appeared to display heterogeneity. 

In addition to regulation by guanine nucleotides, several ions 

have been shown to modulate receptor binding. Sodium ion was reported 

to decrease muscarinic agonist binding in the heart, brain, and ileum 

with smaller effects on antagonist binding, at physiological salt 

concentrations (Rosenberger et al., 1980; Birdsall et al., 1980; 



8 

Ehlert et al., 1980b; Wei and Sulakhe, 1980). Modulatory effects of 

Mg++ on receptor binding and on guanine nucleotide regulation have 

also been noted. Mg++ at millimolar concentrations has been shown to 

increase the affinity for agonists of a-adrenergic receptors in 

platelets (Tsai and Lefkowitz, 1979) and of muscarinic receptors in 

the heart and brain (Wei and Sulakhe, 1980; Gurwitz and Sokolovsky, 

1980), with little or no effect on antagonist binding. Mg++ also 

appeared to potentiate the effects of guanine nucleotides in decreas

ing a-adrenergic and muscarinic receptor affinity for agonists (Tsai 

and Lefkowitz, 1979; Wei and Sulakhe, 1980). 

- Regulation by Fluoride 

Fluoride has long been recognized to stimulate the activity of 

adenylate cyclase and the formation of cAMP even in the absence of 

hormones (Sutherland et al., 1962). Initially, this was assumed to be 

a direct effect of fluoride on cyclase. Subsequent evidence has 

indicated however that the actions of fluoride are mediated by the 

guanine nucleotide regulatory protein. Pfeuffer (1977), using a 

photoreactive GTP analog identified a distinct guanine nucleotide 

binding protein in avian erythrocytes (42,000 dalton), associated with 

adenylate cyclase and required for GTP-dependent stimulation of the 

cyclase. Separation of the cyclase and nucleotide binding protein on 

a GTP-Sepharose affinity column also resulted in the loss of NaF-

stimulated adenylate cyclase activity. Both NaF and guanine nucleo

tide stimulation of adenylate cyclase activity were regained upon 

reconstitution with the nucleotide binding protein. Downs et al. 
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(1980) later showed that not only was the nucleotide binding protein 

required for fluoride stimulation of adenylate cyclase but also that 

the nature of the guanine nucleotide bound to this site influenced the 

fluoride effect. 

A second line of research using genetic variants of the S49 

murine lymphoma cell line also demonstrated the requirement of the 

nucleotide binding protein for expression of fluoride regulation of 

cyclase activity (Bourne et al., 1975; Ross et al., 1978; Ross and 

Gilman, 1977). Detergent extracts of membranes of the cyc~ variant 

(which lacks the nucleotide binding protein) with membranes containing 

this site reconstituted NaF and guanine nucleotide-stimulatable 

adenylate cyclase activity (Ross et al., 1978; Howlett et al., 1979). 

Fluoride appeared to have no direct effect on the catalytic subunit; 

rather, its effect was mediated by the nucleotide regulatory protein. 

The dependence of adenylate cyclase stimulation by fluoride on the 

presence of the nucleotide binding protein was also demonstrated in 

human erythrocyte membranes, prepared without detergent extraction 

(Nielson, et al., 1980). These cells contain nucleotide binding 

protein, very little cyclase and no detectable e-receptors. When 

reconstituted with eye" cells, the erythrocyte conferred guanine 

nucleotide and fluoride-stimulatable adenylate cyclase activity on the 

cyc~ membranes. 

In reconstitution studies using detergent extracts of S49 

cells subjected to increased temperature a differential sensitivity of 

guanine nucleotide versus fluoride-stimulated adenylte cyclase was 
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observed (Ross et al., 1978). In contrast, reconstitution of human 

erythrocytes with cyc~ cells, which were not extracted with deter

gent, showed parallel changes in fluoride and guanine nucleotide-

stimulatable cyclase activity in response to a variety of manipula

tions. To date, no separation of fluoride and guanine nucleotide 

sites of action has been achieved. 

Additional work in these systems provided further information 

on the role of the guanine nucleotide binding protein. Cholera toxin 

was shown to inhibit a GTPase resulting in persistent activation of 

adenylate cyclase (Cassel and Selinger, 1977). Continuous hydrolysis 

of GTP by this GTPase at the nucleotiae binding site was proposed as 

the turn-off mechanism for cyclase. The incubation of cholera toxin 

32 
and [ PjNAD with avian erythrocyte membranes resulted in ADP-

ribosylation of a 42,000 dalton nucleotide binding protein involved in 

the hormonal stimulation of adenylate cyclase activity (Cassel and 

Pfeuffer, 1978). This data suggested that the 42,000 dalton protein 

labelled by cholera toxin was identical or related to the GTPase. 
op 

Similarly, in wild type S49 cells, cholera toxin and [ P]NAD 

labelled protein bands of 45,000 and 52-53,000 (Johnson et al., 1978). 

Cyc~ variant cells, as discussed earlier, appear to lack the 

nucleotide binding protein. They are phenotypically deficient in 

cyclase. Cyclase activity cannot be stimulated by guanine nucleotides 

or fluoride. These cells do however possess p-aarenergic receptors 

and the catalytic subunit of cyclase. Cyc~ cells displayed 

essentially no labelling by cholera toxin. This implied that the 



substrate of cholera toxin was absent in these cells. The UNC variant 

(in which adenylate cyclase is stimulated by guanine nucleotides and 

by fluoride but uncoupled from receptor stimulation) showed labelling 

of 45,000 and 52-53,000 dalton proteins as in the wild type. 

The role of the nucleotide binding protein in mediating the 

effects of guanine nucleotides, fluoride and cholera toxin has become 

well established through these studies. The highly conserved nature 

of this protein - its ability to reconstitute adenylate cyclase 

activity to preparations of cyclase and receptors from varied sources 

- implies a possible fundamental, widespread mechanism of receptor-

effector regulation. 

Although nearly all work on fluoride regulation has utilized 

systems in which hormones stimulate adenylate cyclase it is 

interesting to speculate on the role fluoride might play in"systems 

with an inhibitory effect on cyclase. The dual effects of guanine 

nucleotides on receptor binding and on cyclase activity may be 

mediated through a single or through separate nucleotide binding 

sites, alhough compelling evidence points to a common protein 

(Rodbell, 1980). But what of the nucleotide binding site involved in 

inhibition of adenylate cyclase? As discussed earlier, guanine 

nucleotides also regulate receptor binding and cyclase activity in the 

myocardial muscarinic system. Is this a single nucleotide site and is 

it related to the nucleotide binding site associated with stimulatory 

systems? Evidence suggests (Rodbell, 1980) that the complex of 

receptor and nucleotide binding protein associated with inhibition of 



adipocyte adenylate cyclase (RN^) is larger than the complex 

associated with cyclase stimulation (RNg) in the same system. RN^ 

and RN$ do appear to share a common cyclase (Cooper et al., 1979), 

and Rodbell has suggested that this opposing regulation of RN 

complexes (or inverse coupling) may be a widespread phenomena. 

As discussed earlier, guanine nucleotides acting at a 

nucleotide binding protein can affect the binding of agonist ligands 

to their receptors. This effect is seen in the absence of the cyclase 

unit (Rodbell, 1980; Howlett et al., 1979). The guanine nucleotide 

shift of agonist binding is not present in preparations lacking the 

nucleotide binding protein, but is restored upon reconstitution. The 

involvement of the nucleotide binding protein in mediating guanine 

nucleotide regulation at both the myocardial muscarinic receptor and 

adenylate cyclase led us to ask whether fluoride might also be 

regulatory for both components. An effect of fluoride on muscarinic 

receptor binding of agonists has recently been shown by indirect 

methods using oxotremorine displacement of [ H]QNB binding in rat 

cardiac tissue (Roeske et al., 1982). The results showed that lOmM 

NaF induced a shift in agonist affinity states from high to low 

affinity. We examined the effects of fluoride on the binding of 

agonists to the myocardial muscarinic receptor and did indeed observe 

modulation of receptor binding. 

Development 

Developmental studies represent another approach to use in 

examining the structure, function and regulation of the myocardial 
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muscarinic receptor. Cardiac growth has been shown to be a combina

tion of proliferation and cell enlargement (Zak, 1973). Mammalian 

ventricular cells are derived from splanchnic mesoderm. Differentia

tion of these myogenic cells occcurs very early, resulting in the 

appearance of myofilaments which develop to form myofibrils. There is 

a high degree of mitotic activity during the earliest stages of 

development. Cell proliferation ceases, however, within the first 

weeks of neonatal life and further enlargement of the heart is 

attributed to hypertrophy (increase in size) of myocardial cells, with 

some hyperplasia of connective tissues. 

By following the ontogenetic course of receptor binding, 

insights into the nature of muscarinic receptor function may be 

gained. Changes in myocardial muscarinic receptors during development 
O 

have been noted previously in several species. The use of [ H] 

antagonists to label receptors (in mouse, rat and other mammalian 

species), in concert with receptor stimulation by acetylcholine, 

demonstrated the presence of functional muscarinic receptors prior to 

vagal innervation (Pappano, 1977; Wildenthal, 1973; Roeske and 

Yamamura, 1978; Robkin et al., 1976; Bell, 1972; Friedman, 1972; Hall, 

1957). Anatomical data indicated that vagal innervation of the mouse 

heart does not begin until after fetal day 12-13, penetrating the 

atria around day 14 (MacDonald et al., 1927). Fetal mouse hearts of 

less than 12 days gestational age responded to acetylcholine with 

bradycardia (Wildenthal, 1973; Roeske and Yamamura, 1978), and this 

response increased with age. In contrast, the response to norepi-
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nephrine or isoproterenol in 12-14 day fetal mouse heart, was minimal 

(Wildenthal, 1973; Roeske et al., 1979). Response to g-adrenergic 

agents increased gradually from fetal day 15-16 with a dramatic in

crease in response at fetal day 21-22, accompained by only a modest 

increase in receptor number. The receptor changes seen during fetal 

development, as measured by the binding of muscarinic or B-adrenergic 

antagonist ligands, were due to changes in receptor density. (The 

development of several chronotropic agents in the mammalian heart has 

been recently reviewed by Roeske and Wildenthal, 1981.) Similarly, 

the rat heart response to acetylcholine preceeded parasympathetic in

nervation with sympathetic innervation occuring late (Pappano, 1977; 

Bell, 1972). Bell has suggested that the development of autonomic 

control in mammals is related to the maturity of the species at birth. 

Innervation, development of musarinic receptor binding, and 

response to cholinergic agonists have also been studied in the avian 

heart. The response of chick heart to acetylcholine and the binding 

-3 of [ Hj muscarinic antagonist ligands indicated, as for mammals, the 

presence of functional receptors prior to vagal innervation (Pappano, 

1977). Conflicting studies have indicated possible qualitative 

differences occuring during avian development. Galper et al. (1977) 

did not detect significant changes in receptor density or affinity 

during fetal chick development (3-18 day fetal hearts). They 

explained this data by postulating the presence of a population of 

inactive receptors. Hosey and Fields (1981) did find receptor density 

changes between fetal (10 days gestation) and newborn (birth to 3 
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weeks) chick hearts. In embryonic hearts agonists were also shown to 
O 

be ten times as potent at displacing [ H]QNB binding as in newborn 

hearts, indicating an increased affinity for agonists. These studies 

are at variance with each other and with the findings of antagonist 

studies in murine heart (Roeske et al., 1979) which showed constant 

affinity and increasing receptor density throughout development. 

There may be significant differences in the progress of receptor 

development, or of receptor-effector coupling and regulation, between 

mammalian and avian hearts. Chick heart does receive extensive 

ventricular innervation as opposed to the mammalian ventricle (Hosey 

and Fields, 1981). A recent abstract (Halvorsen and Nathanson, 1981) 

reported decreased responsiveness of 4 day fetal chick hearts to 

regulation by guanine nucleotides. Five day fetal hearts (with 

receptor density approximately equal to that of 4 day fetal hearts) 

did display regulation. The proposal was made that the low affinity 

state of the receptor was the physiologically relevant form. The data 

further implied that there was a point early in development prior to 

which the coupling of receptor and guanine nucleotide regulatory site 

was not established. 

Additionally, development of the sympathetic nervous system 

varied between murine and avian species. In the rat heart 

norepinephrine tissue levels were approximately 5 percent of adult 

levels at birth, increasing to 80 percent by three weeks of age 

(Pappano, 1977). Norepinephrine levels in the chick heart however, 

declined after birth. If the muscarinic and e-adrenergic systems are 
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regulatory for each other during development, as has been suggested 

(Watanabe et al., 1978; Roeske et al., 1979), then differences in 

ontogenesis between species could result in substantial differences in 

receptor characteristics and regulation. 

The ontogeny of muscarinic receptors as detected by [ H]QNB 

binding in murine brain differed substantially from the developmental 

profile found in the myocardium. Receptor density appeared to 

increase in a linear fashion. [ H]QNB binding in 15 day fetal, 

newborn, and 4 week neonatal brains were 1, 10, and 90 percent of 

adult levels, respectively (Coyle and Yamamura, 1976). Regional 

studies demonstrated that caudal areas of the brain matured most 

rapidly, probably due to earlier cessation of cell division and com

mencement of synaptogenesis in these regions (Coyle and Yamamura,. 

1976; Kuhar et al., 1980). Studies of postnatal receptors seemed to 

reveal a more rapid development of low affinity sites (Kuhar et al., 

1980), leading to the hypothesis that high and low affinity sites are 

physically distinct. The evidence dicussed earlier in this chapter 

indicating interconversion of different affinity states of the 

muscarinic receptor suggested however that the lag in the appearance 

of high affinity sites in the brain was associated with changes in 

receptor conformation or regulation during development. The 

substantial differences in receptor development between the rat brain 

and heart, in addition to the findings to be presented herein, 

indicate there may be significant differences in the conformation or 

coupling of myocardial and central muscarinic receptors. 



One of the objectives of our research was to monitor the 

development of both receptor binding and regulation and to see if at 

any time their development diverged. Constant regulation throughout 

development could imply that the sites of binding and regulation are 

physically linked or that they are synthesized and/or coupled early in 

development. Discontinuities in regulation during development could 

furnish information about the temporal and structural formation of the 

receptor-guanine nucleotide binding protein complex. 

In the course of the experiments discussed in this paper, we 

have attempted to characterize muscarinic receptor binding in our 

system in light of these earlier findings. The characterization, 

development and distribution of the myocardial muscarinic receptor as 

measured by an agonist ligand is important in helping to establish the 

physiological relevence of receptor binding studies. 



CHAPTER 2 

METHODS 

Tissue Preparation 

CD-I mice were housed and bred by our laboratory in the animal 

colony at the University of Arizona, Health Sciences Center. Timed 

pregnancies and gestational ages were determined according to 

Wildenthal (1973). Term was 20.5 days. 

Mice were sacrificed by cervical dislocation or decapitation 

(fetal and young neonatal mice). Neonatal and adult hearts were care

fully removed and perfused with ice cold 0.9 percent saline to clear 

the hearts of blood. Dissections of hearts from fetal and newborn 

mice were performed on ice under a dissecting microscope. Fetal 

hearts were simply squeezed gently in saline to perfuse. Excess 

connective tissue and vessels were trimmed away. Fetal or neonatal 

hearts of littermates were pooled. Whole hearts were finely minced 

and mixed with 39 or 19 volumes of ice cold buffer (50mM Tris HC1, pH 

7.4). A 2.5 or 5.0 percent homogenate was prepared by homogenization 

with a Polytron (Brin.kman), setting 5, three times for 30 seconds with 

15 second pauses. The homogenate was filtered through 4 layers of 

cheesecloth and used in the binding assays. 

The studies of regional receptor distribution and regulation 

were done using adult rat hearts. Male Sprague-Dawley rats were 

sacrificed and the hearts removed and perfused with ice cold 0.9 



percent saline. A regional dissection of each heart was conducted at 

4°C. The right ventricle was first cut along the free wall and 

removed. The right atrium, including its floor and intra-atrial 

septum, was then removed followed by the left atrium and its floor. 

The intraventricular septum and the left ventricle were separated by 

incision along the free wall of the left ventricle. The mean wet 

weight of each region of the rat heart was: left atrium (LA) 43.6 mg, 

right atrium (RA) 66.9 mg, septum (S) 310 mg, right ventricle (RV) 

212.4 mg and left ventricle (LV) 644.1 mg. Where indicated, hearts 

were divided into only atria (right and left) and ventricles (right, 

left and septum). All tissues were minced, mixed with 39 volumes of 

50mM Tris HC1, pH 7.4 + ImM MgC^, and prepared as in mouse heart 

preparations. Proteins were measured by the method of Lowry et al. . 

(1951). 

Binding Assays 

Measurements of receptor binding were done using either the 

3 3 muscarinic agonist [ Hjcis methyldioxolane ([ H]CD), or the 

3 muscarinic antagonist [ H](-)quinuclidinyl benzilate 

([^Hj(-)QNB). The specific binding of [3H]CD and [3H](-)QNB 

were measured as previously described (Ehlert et al., 1980a; Fields et 

al., 1978; Yamamura and Snyder, 1974) with some modifications. The 

incubation buffer was 50mM Tris HC1 pH 7.4. MgC^ at a 

concentration of ImM was added to the buffer in indicated 

experiments. Ions to be tested'were also added to the buffer where 

noted. Tissue homogenates of 100^1 to 400yl (2.5 mg tissue to 10 mg 
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tissue) were incubated with lOOul of ligand to achieve final concen

trations of 0.5 to 32nM [3HjCD or 3.91 to lOOOpM [3H](-)QNB 

respectively, in a final volume of 2 ml. Nonspecific binding was 

defined as binding measured in the presence of l^M atropine sulfate. 

Assays were done in duplicate or triplicate. Guanyl-5'-yl 

imidodiphosphate (GppNHp, ICN) was present in designated assays at a 

concentration of 30yM. The incubations were carried out at 0-4° for 

90 minutes ([3HjCD assay) or at 25° for 210 minutes ([3HJ(-)QNB 

assay). Separation of bound from free ligand was achieved by 

centrifugation ([3H]CD) or filtration (C3H](-)QNB). [3H]CD 

assay tubes were centrifuged at 27,000 xg for 10 minutes. The 

supernatant was then discarded and the pellets washed superficially 

with two 3 ml aliquots of ice-cold 0.9 percent saline. All pellets 

were solubilized in 300^1 tissue solubilizer (NCS, Amersham). For 

3 
[ Hj(-)QNB assays, reactions were terminated by filtration through 

Whatman GF/B glass fiber filters over a vacuum and rinsed four times 

with 5ml ice-cold buffer. The radioactivity of all samples were 

measured by liquid scintillation spectroscopy at 45 percent efficiency. 

Data Analysis 

Statistical analysis of the data was performed using Student's 

paired or unpaired t-tests, single or two-factor analysis of variance 

(ANOV) as indicated, and Newman-Keuls multiple range testing (Zar, 

1974). Analysis of saturation isotherms were done by computer fitting 

to curves according to weighted non-linear least squares regression 

analysis programs provided by Susan Yamamura. Competitive inhibition 



studies were also analyzed by programs provided by Susan Yamamura 

derived from the method of Hill. 

Specific binding data from saturation studies were plotted 

using a rearranged Scatchard equation (Eadie-Hofstee plot) which is 

described by the linear equation, B=B/F(- K<j)+B
max' B equals the 

O 
specifically bound [ H] ligand, F equals the concentration of free 

[ H] ligand, Kd equals the apparent dissociation equilibrium 

constant, and Bmax equals the receptor density. The term "Scatchard 

analysis" will be used in these studies in reference to the Eadie-

Hofstee plot, in which the y-intercept is equal to B and the 
max 

slope is equal to -Kd. 

Drugs 

[3HjCD (36.1 Ci/mmole) was custom labelled by Dr. R. Young 
O 

of New England Nuclear Corporation (NEN, Boston, MA). [ H](-)QNB 

(40.2 Ci/mmole) was also obtained from NEN. Unlabelled (±)CD was a 

gift from Dr. D. Triggle (Buffalo, NY). Dexetimide and levetimide 

were obtained from Janssen Pharmaceutica (Belgium). GppNHp was 

purchased from ICN. All other drugs and chemicals were purchased from 

commercial sources. 



CHAPTER 3 

RESULTS 

3 
In agreement with the characterization of [ H]CD binding in 

rat brain (Ehlert et al., 1980a) our results demonstrated specific 
O 

binding of [HJCD to mouse myocardial muscarinic receptors. The 

-3 -specific binding of [HJCD in whole adult heart homogenates was 

linear with tissue concentrations from 1 to 10 mg tissue per 2 ml 

assay volume and with [ H]CD concentrations ranging from 0.5 to 16 

nM. Equilibrium saturation studies with [ H]CD are shown in Figure 

2. Nonspecific binding (not shown) increased linearly with increasing 

ligand concentrations and did not saturate. At a [ H]CD concen

tration of 2nM, nonspecific binding was approximately 60 percent of 

total binding. The curve of specific [HJCD binding was concave, 

approaching a hyperbola. The high ratio of nonspecific to specific 

-3 -binding as [HJCD concentration increased limited the practical 

3 
range of this assay in the mouse heart to a maximum [ H]CD concen

tration near 16 nM. The inset of Figure 2 shows a linear transforma

tion of the specific binding curve. Scatchard analysis indicated that 

[^HjCD bound to a high affinity site with a Bmax value of 5.6 ± 

0.6 fmol/mg tissue and a of 6.7 ± 1.6 nM. Nonlinear least 

squares regression analysis indicated that under our conditions the 

best fit of the. data was to a straight line, compatible with binding 

to a single population of sites in the low nanomolar range. 
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Figure 2. The Specific Binding of [ H]CD to Adult Mouse Heart. 
Saturation isotherms of [ H]CD binding were done in whole adult 
mouse heart homogenates. Each point represents the mean ± SEM of 
specific [ H]CD binding from 4 experiments done in duplicate. The 
inset shows an Eadie-Hofstee plot of specific binding with Bound in 
fmol/mg tissue, and Bound/Free in yl/mg tissue. The Kj was 6.7 ± 
1.6nM and B was 5.6 ± 0.6 fmol/mg tissue. The line represents 
the theoretical fit to a single site determined by nonlinear least 
squares regression analysis. Under our conditions the best fit of the 
data was to a straight line, compatible with binding to3a single 
population of sites in the low nanomolar range. This [H]CD high 
affinity site represents 30-60 percent,of the total muscarinic 
receptors labelled by the antagonist [ H](-)QNB. 
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Competitive inhibition studies demonstrated the stereospeci-

3 
ficity of L HJCD binding. Unlabel led dexetimide and levetimide, the 

stereoisomers of the muscarinic antagonist benzetimide, were used to 

-3 • 
displace 5nM [HJCD. Figure 3 shows that the IC^q of dexetimide 

was near 0.4 nM. Dexetimide proved to be approximately 25,000 times 

-3 -more potent at displacing [HJCD than its stereoisomer levetimide, 

which had -an IC5Q near 10pM. 

Competitive inhibition studies were also conducted using 
O 

unlabelled (ijCD to displace the muscarine antagonist [ H](-)QNB 

(Figure 4). In common with the findings of laboratories using other 

agonists our results showed that muscarinic agonist displacement of 

antagonist binding did not follow the simple law of mass action 

(Birdsall et al., 1978; Fields et al., 1978). The shallow slope of 

these curves gave Hill coefficients less than 1. This is compatible 

with binding to a heterogeneous population of receptors. 

Ontogeny of Muscarinic Receptors 

3 Figure 5- and Table 1 show the ontogeny of specific [ HJCD 

binding measured at a single ligand concentration in the mouse heart 

3 from late fetal to adult ages. [ H]CD binding was present at the 

earliest ages examined (17 day fetal), in accord with developmental 

studies with [ HjQNB which indicated the presence of muscarinic 

receptors in mouse heart by fetal day 13-14 (Roeske and Yamamura, 

1978; Roeske et al., 1979). Binding of [^H]CD increased throughout 

the late fetal and early neonatal period, rising to a peak between 

days 16-20 neonatal, thereafter falling to adult levels. This 
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Figure 3. The Competitive Inhibition of [ H]CD Binding in Mouse 
Heart by the Stereoisomers of Benzetimide. 
Specific [ H]CD binding was measured in the presence of increasing 
concentrations of dexetimide (o) and levetimide (•) in whole mouse 
heart homogenates. The concentration of [ H]CD was 5nM. Values 
represent the mean ± SEM of 2 experiments done in triplicate, and 
expressed as percent of specific [ H]CD bound in the absence of 
displacer. 
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Figure 4. The Competitive Inhibition of f3Hl(-)QNB Binding by (±)CD 
in Mouse Heart. 
Whole adult mouse heart was assayed for [3H](-)QNB binding as 
described in Methods. [3H](-)QNB was present in the assay at a 
concentration of lOOpM. Values represent the mean ± SD done in 
triplicate. The experiment was repeated 3 times. Data has been 
corrected for nonspecific tissue binding. The Hill slope factor in 
this experiment was 0.61. 
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Figure 5. The Ontogeny of r^HJCD Binding in the Mouse Heart. 
Specific [3H]CD binding to whole heart homogenates was determined as 
described in Methods. [3H]CD was used at a single concentration of 
16nM in each experiment. Ages of mice ranged from 17 day fetal to 
adult (3 months). Each point represents the mean of 3-4 experiments 
done in duplicate. 
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Table 1 

The Binding of Agonist and Antagonist Liganas to the Mouse Myocardial 
Muscarinic Receptor During Development.3 

Age Specific [^HjQNB Specific [3H]CD CD/QNB 
(in days) (Percent of adult) (percent of adult) Ratio 

Fetal 
-9 to -10 2.6*2 
-3 to -4 36*3 
-1 to -2 56*4 

Neonatal 
0 to 1 90*4 
2 to 3 91*6 
5 

12 
14 207*34 
16 
20 
27 

Adult 
3 months 100*5 

a The specific binding of L^HJ(—)QNB or [3H]CD was assayed in 
mouse heart homogenates during development. Values are the mean * SEM 
expressed as percent of adult levels of specific binding. 
[ H_|(-)QNB was present at a concentration of 112 pM. [3H]CD was 
present at a concentration of 16nM. Measurements were not available 
for those ages without binding values. The [^H](-)QNB data was 
reported by Roeske et al. (1979) and is reprinted here by permission. 
Both [^HjCD and L^Hj(—)QNB developmental profiles contained 
postnatal binding peaks near day 14-16, with binding levels twice 
those of the adult. 

67*28 1.9 
100*17 1.8 

123*7 1.4 
112*17 1.2 
135*14 
154*14 
151*29 0.7 
180*5 
176*18 
135*4 

100*12 1.0 



-3 -postnatal peak displayed [ HJCD binding levels nearly twice that of 

adult or newborn hearts. 

3 Such studies, at a single concentration of [ H]CD raised a 

question: were the changes in binding due to changes in the density 

of the muscarinic receptor or to changes in the affinity of the 

musarinic receptor for the agonist? We proceeded to conduct complete 

saturation studies at various ages to answer this question. Our 
O 

initial experiments compared [ H]CD binding in adult heart and in 

hearts of 18 day neonates, an age which fell within the peak of high 

• 3 [ HjCD binding seen in Figure 5. Figure 6 shows that the Kd's of 

18 day neonate and adult mouse heart did not differ significantly, 

indicating equal receptor affinities at these two ages. However, the 

Bmax values of the 18 day neonate and the adult (13.2 and 5.6 

fmol/mg tissue, respectively) did differ significantly. This indi-

cated that the changes seen in L HJCD binding between these ages 

were due to changes in receptor density. Table 2 shows the and max 

values obtained from several different ages. Single factor ANOVA 

revealed that while there were no significant differences in Kd 

between ages, there were significant differences between Bmax values 

(p<.01). 

Roeske et al. (iy79) using the muscarinic antagonist [ H]QNB 

to study receptor development in the mouse heart found a pattern of 

3 receptor ontogeny similar to our findings with [ HjCD (Table 1). 

3 . The specific binding of [ HjQNB at a single concentration was found 

to increase during late fetal and early neonatal development. There 



30 

S  
n 

o E *• 

O 

a o 

2 

<\ ADULT 18 DAY 
\NEONATE 

2.0 
BOUND/ FREE (̂ 1/mg tissua) 

Figure 6. Eadie-Hofstee Plot of Specific [3H]CD Binding to Adult and 
Neonatal Mouse Hearts. 
Specific [^H]CD binding to adult (o) and to 18 day neonatal (•) 
hearts was determined as described in Methods. The experiment was 
repeated 3-4 times at each age. Kd and Bmax values, obtained by 
nonlinear least squares regression analysis, were 7.7 ± l.OnM and 
13.2 ± 1.5 fmol/mg tissue for the 18 day neonate, and 6.7 ± 1.6nM and 
5.6 ± 0.6 fmol/mg tissue for the adult. The lines for both neonate 
and adult .are theoretical curves derived from the actual data points. 
The best fit of specific [3H]CD binding at both ages was to a single 
site. Student's t-tests were performed on the data. The Kd values 
did not differ significantly (p>.5), however the Bmax values were 
significantly different (pc.Ol) between these ages. 
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Table 2 

The Binding of [^HjCD to Mouse Heart During Development.9 

Age 
(days) 

Specific [3H]CD Bound 
at 16nM (fmol/mg tissue) 

. „, Bmax. 
(fmol/mg tissue) 

Kd 
(nM) 

Fetal 
17 2.7*1.1 — — 

19 4.1*0.7 - -

Neonatal 
0 5.0*0.3 — — 

2 4.6*0.7 7.4*1.2 5.4*1.1 
5 5.5*0.6 — — 

8 6.7*0.6 9.1*1.0 6.8*0.9 
10 6.0*1.4 — — 

12 6.2*0.6 8.9*1.1 5.8*0.3 
14 6.1*1.2 11.3*0.7 7.5*1.1 
16 7.3*0.2 — — 

18 7.2*0.1 13.2*1.5 7.7*1.0 
20 7.2*0.7 — — 

22 6.4*0.7 — — 

27 5.5*0.2 — — 

39 3.6*0.1 6.2*1.1 6.5*0.4 

Adult 
3 months 4.1*0.5 5.6*0.6 6.7*1.6 

a The specific binding of f^HJCD was determined as described in 
Methods. The values for [^HjCD binding at a single concentration 
(16nM) are presented as the mean * SEM for 2-5 separate experiments 
done in duplicate. The values for Kd and Bmax were determined 
from 2-4 separate experiments done in duplicate at each age and 
analyzed by nonlinear least squares regression analysis. The data are 
presented as the mean * SEM. Single factor ANOVA showed no differ
ences in Kd between ages but did indicate that the Bmax values 
changed significantly during development (p<.01).Some of this data is 
displayed graphically in Figures 5 and 6. 



o 
was a postnatal peak of l HjQNB binding near day 14, which then 

declined to adult levels. Also in parallel with our findings using 

-3 the agonist ligand [ HJCD, binding levels of newborns were shown to 

be approximately equal to adult levels. These changes in receptor 

binding between different ages were due to changes in receptor density 

as determined by Scatchard analysis of saturation studies, with no 

apparent changes in affinity. 

Regulation During Development 

The regulation of agonist binding to the muscarinic receptor 

had previously been demonstrated in rat brain, ileum, and heart 

(Ehlert et al., 1980c; Ehlert et al., 1980d). In the mouse heart we 

also demonstrated modulation of [ H]CD binding by GppNHp and by Nat

ions, and we then followed the nature of this effect throughout 

development. Figure 7 ana Table 3 show the results of these studies 

on mice ranging in age from 17 day fetal to adult. At each age there 

was a significant reduction in the specific binding of [HJCD from 

control due to treatment with GppNHp (p<.05). The magnitude of this 

decrease in binding appeared to be approximately equal in all ages (60 

percent decrease). Na+ also produced a significant decrease in 

specific binding at all ages and this effect did not appear to be of 

different magnitude in different ages (54 percent decrease). Dose-

response curves to GppNHp or Na+ were not performed at all these ages, 

leaving open the possibility that differences may exist in the 

dose-response relationship between ages. 



33 

E 8 v 
o 
E 

o 
a 
a 
o 4 
r-i 
X 
Ci 
o 
«• 
u • 
a 
m 

Control •  

Gpp(NH)p 

Na+ |§g§9 

I 

«• ,v«v*% 

^g:g:g 

19d fetus 5d neonate I8d neonate Adult  

Figure 7. Regulation by GppNHp and Na+ Ions of [3H]CD Binding in 
the Mouse Heart During Development. 
Specific [^HJCD binding was measured at a single concentration of 
16nM as described in Methods. Data is presented for four selected 
ages during development. GppNHp and NaCl were present in indicated 
experiments at concentrations of 30yM and 50mM, respectively. Values 
represent the mean ± SEM of 3-5 experiments done in duplicate. At 
each age there was a significant (p<.05, t-test) reduction in [3H]CD 
binding from control due to either GppNHp or to Na+ treatment. The 
GppNHp-induced reduction was approximately 60 percent in all ages 
while Na+-induced reduction was approximately 54 percent. The dif
ference in the magnitude of each effect between ages could not be 
statistically determined. 
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Table 3 

GppNHp and Na+ Regulation of [3H]CD Binding to Mouse Heart During 
Developments 

Specific [^HjCD Bound 
Age (fmol/mg tissue) 

(days) 
Control GppNHp Na+ 

Fetal 
17 2.7*1.1 — — 

19 4.1±0.7 1.5*0.3 1.6*0.1 

Neonatal 
2 4.6±0.7 1.9*0.3 2.2*0.2 
5 5.5*0.6 2.6*0.3 2.3*0.2 
8 6.7±0.6 2.3*0.3 3.5*0.2 

10 6.0*1.4 2.4*0.9 2.9*0.3 
12 6.2*0.6 1.6*0.2 3.2*0.4 
14 6.1*1.2 2.6*0.5 2.2*0.3 
16 7.3*0.2 3.8*1.0 4.3*0.3 
18 7.2*0.1 2.9*0.1 3.3*0.3 
20 7.2*0.7 2.9*0.1 3.1*0.1 
22 6.4*0.7 2.7*0.1 2.8*0.3 
27 5.5*0.2 1.9*0.4 2.5*0.7 
39 3.6*0.1 1.7*0.2 1.7*0.3 

Adult 
3 months 4.1*0.5 1.5*0.3 1.6*0.2 

a The specific binding of [^HjCD was determined as described in 
Methods. 1_ HjCD was used at a single concentration of 16nM. The 
concentrations of GppNHp and of NaCl were 30yM and 50mM respectively, 
in indicated experiments. The values are presented as the mean * SEM 
of 2-5 experiments done in duplicate. Some of this data is presented 
graphically in Figure 7. 
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Regional Distribution and Regulation 

The regional distribution of rat cardiac muscarinic receptors 

was assayed using single concentrations of the muscarinic antagonist 

3 3 
ligand [ H](-)QNB and the muscarinic agonist ligand [ H]CD. The 

rank order of binding of receptors detected by [ H](-)QNB (fmol/mg 

tissue) under control conditions was LA (15.65) > RA (12.18) > RV 

(7.26)= S (6.50)= LV (6.02), as determined by one-factor ANOV and mul

tiple range testing (Table 4). These values agreed well both quali

tatively and quantitatively with other published studies. Yamada et 

al. (1980), measured the specific binding (fmol/mg tissue) of 
_ "3 

[HJQNB at a concentration of lOOpM and reported values of 13.6 

(RA), 14.7 (LA), 8.17 (RV), 9.25 (LV) and 8.78 (S) in the rat heart. 

Wei and Sulakhe (1978), using conditions dissimilar to those of Yamada 

and of our laboratory, nonetheless obtained results which qualitative-
O 

ly agreed well with these studies. Using a [ H]QNB concentration of 

5nM, they found specific binding in the rat and rabbit to be highest 

in atria, with greater values in left atria than in right. Binding in 

LV, RV and S were quite low compared to binding in the atria. The 

findings of Fields et al. (1978) in the rabbit also showed that the 

specific binding of [HJQNB was highest in LA, followed by RA, with 

substantially lower binding in LV, RV and S. 

Parallel experiments were conducted using the specific musca-

rinic agonist [ HJCD to examine the regional receptor distribution. 

Under our conditions [HJCD labelled only that portion of total 

cardiac muscarinic receptors which are in a state of high affinity for 
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Table 4 

Regional Distribution of Specific [3H]CD and [3H](-)QNB Binding to 
Rat Myocardial Muscarinic Receptors.3 

Specific Bound (fmol/mg tissue) CD/QNB 
Region [3H]CD [3H](-)QNB Ratio 

Left atrium (LA) 8.80 1.48 15.7 ± 0.85 .56 Left atrium (LA) 
(384 ± 64) (682 ± 37) 

Right atrium (RA) 8.53 ± 1.49 12.2 ± 0.38 .70 Right atrium (RA) 
(571 ± 100) (815 ± 26) 

Septum (S) 2.29 ± 0.71 6.50 ± 1.21 .35 
(710 ± 219) (2016 ± 375) 

Right ventricle (RV) 3.76 ± 0.90 7.26 ± 0.96 .52 Right ventricle (RV) 
(799 ± 192) (1542 ± 205) 

Left ventricle (LV) 3.04 ± 0.85 6.02 ± 0.68 .51 Left ventricle (LV) 
(1959 ± 547) (3879 ± 327) 

a The concentrations of L3H]CD and of [3H](-)QNB were 16nM and 
lOOpM respectively. The assay buffer was 50mM Tris-HCl + ImM 
MgC12- Values in parentheses represent total fmoles of each ligand 
bound per region. All results are the mean ± S.E.M. of 3-4 experi
ments done in duplicate. The data for each ligand were analyzed by a 
single-factor ANOV. The means for the receptor densities of different 
regions were not all equal (p <.0025 for [3H]CD; p <.005 for 
L3H](-)QNB). The Newman-Keuls multiple range test showed that the 
mean for LA, as labelled by [3H](-)QNB, was significantly different 
from the mean for RA, and both were different from the means for RV, 
S, and LV (p < .05) Multiple range testing of [3H]CD binding showed 
that the means for LA and RA were significantly different from the 
means for RV, LV and S but were not different from each other (p < 
.05). The means for LV, RV and S were not significantly different 
from each other using either ligand. A two-factor ANOV (with n = 3 
for each ligand) was used to compare [3H]CD and [3H](-)QNB binding 
between regions. The ANOV showed that there were significant differ
ences between regions (p < .001) and a significant difference between 
the two ligands (p < .001). There was no interaction between region 
and ligand (p >.1) indicating that the nature of the differences in 
ligand binding were not dependent on the region. 
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the agonist. The results indicated a distribution qualitatively 

similar to that found using [3H](-)QNB (Table 4). The rank order of 

[3H]CD binding (fmol/mg tissue) was LA (8.80)= RA (8.53)> RV (3.76)= 

LV (3.04)= S (2.29). As seen with [3H](-)QNB binding, atrial 

binding was much higher than binding in ventricles and septum. A 

two-factor ANOV to compare [3H]CD and [3H](-)QNB control binding 

between regions showed significant effects (p<.001) of both the 

liganas and the regions but failed to show an interaction (p >.1), 

indicating that at the single ligand concentrations used, the relation 

of [3H]CD to [3H](-)QNB binding (i.e. the proportion of [3H]CD-

labelled high affinity receptor sites) was not dependent on the 

region. The proportion of [3H](-)QNB sites labelled by [3H]CD in 

each region, at the single ligand concentrations used, was close to 53 
O 

percent. The slightly higher and lower proportions of [ H]CD sites 

in RA and S were not significant. 

Saturation isotherms of both [3H]CD and [3H](-)QNB binding 

showed no changes in the Kd of either ligand between regions (Table 

5). Nonlinear least squares regression analysis gave values for 

3 [ Hj(-)QNB binding to rat ventricles and to atria of 84.2pM and 

82.9pM, respectively. The Kd values for [ H]CD binding were 7.4nM 

in ventricles and 7.8nM in atria. There were no significant differ

ences in receptor affinity for either ligand between regions. The 

Bm=„ values did reveal significant differences between atria and max 3 

ventricles for both [3H](-)QNB and [3H]CD binding. The Bmax, 
O 

values for [ Hj(-)QNB binding were 15.5 fmol/mg tissue (ventricles) 
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Table 5 

Regional Saturation Studies of [3H](-)QNB and [3H]CD Binding in 
the Rat Heart.9 

Ligand Bmax Kd 
region (fmol/mg tissue) 

[3H](-)QNB 
Atria 38.2±1.1 88.3±8.5 pM 
Ventricles 15.3±0.8 75i2±10.5 pM 

L3H]CD 
Atria 21.9±0.6 8.4±0.8 nM 
Ventricles 9.8±0.7 8.3±1.6 nM 

a Saturation isotherms of [3H](-)QNB and [^HjCD binding were 
done on pooled left and right atria and pooled left and right 
ventricles of adult rats. The buffer included ImM MgC12- The 
values given are the mean ± SEM of 3 separate experiments done in 
duplicate. The values for Kd and Bmax were determined by 
nonlinear least squares regression analysis. The best fit for both 
ligands in both regions was to a one site model. The data were 
analyzed for significance by paired t-tests. The K^'s for 
[3Hj(-)QNB binding in atrium and ventricles did not differ signi
ficantly (p>.2). The Kd's for [3H]CD binding also did not differ 
significantly between regions (p>.5). Differences in the Bmax 

between A and V were found for both the binding of [3H](-)QNB 
(pc.001) and for [3H]CD (p<.005). 



and 38.2 fmol/mg tissue (atria). (3 „ values for [3H]CD were 9.5 
filaX 

fmol/mg tissue and 21.2 fmol/mg tissue, in ventricles and atria, 

respectively. Regional differences in binding therefore appear to be 

due to changes in receptor density similar to the findings in rat and 

rabbit myocardium (Wei and Sulakhe, 1978; Yamada et al., 1980; Fields 

et al., 1978). The binding of both ligands to either atria or to 

ventricles were best described by an equation which fit the data to a 

straight line, compatible with binding to a homogeneous population of 

receptors. 

The regulation of myocardial muscarinic receptors by guanine 

nucleotides was examined using GppNHp, a non-hydrolyzable analog of 

GTP, in five regions of the rat heart. A two-factor ANOV showed that 
O 

30uM GppNHp caused a significant decrease in [ H]CD binding (Figure 

8), similar to our previous findings in the mouse heart (Barritt et 

al., 1981). There was additionally a significant difference in 

[ HjCD binding between regions, with the GppNHp effect not dependent 

on the region. The GppNHp-induced decrease in agonist binding at 16nM 

[ HJCD was found to be close to 62 percent in all five regions of 

the rat heart. 

Similar experiments were conducted using the antagonist ligand 

L^H](-)QNB. Figure 9 shows that 30yM GppNHp produced a slight but 

significant enhancement of [ H](-)QNB binding in rat heart. A 

two-factor ANOV again indicated that the guanine nucleotide effect was 
O 

not dependent on the region. Consistent enhancement of [ H](-)QNB 

binding by GppNHp was not observed at 37°C (data not shown). 
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Figure 8. The Effect of GppNHp on the Specific Binding of [^H]CD in 
Five Regions of the Rat Heart. 
The data represent the mean ± SEM of specific [3H]CD bound (fmol/mg 
tissue) in each of 5 regions of the rat heart in the presence or 
absence of 30 yM GppNHp. MgCl2 was present in the assay at a 
concentration of ImM. Each experiment was repeated 4 times, in 
duplicate. The concentration of [3H]CD was 16nM. A two-factor ANOV 
showed that there were significant differences due to the GppNHp 
treatment (p<.001). There were also significant differences between 
regions (pc.OOl). There was no interaction (p>.5), indicating that 
the effect of GppNHp did not depend on the region. Newman-Keuls 
multiple range testing showed that the means for RA and LA were 
different from the means for RV, LV and S (p<.05) but were not 
different from each other, either in the presence or absence of 
GppNHp. The means for RV, LV and S did not differ significantly 
from each other, either in the presence or absence of GppNHp. 
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Figure 9. The Effect of GppNHp on the Specific Binding of 
[3HI(-)QNB in Five Regions of the Rat Heart. 
The data represent the mean ± SEM ot specific [3H](-)QNB bound 
(fmol/mg tissue) in each of 5 regions of the rat heart in the 
presence or absence of 30yM GppNHp. MgC12 was present in the assay 
buffer at a concentration of ImM. Each experiment was repeated three 
times, in duplicate. The concentration of [3H](-)QNB was lOOpM. 
A two-factor ANOV showed that there were significant differences due 
to the GppNHp treatment (p<.001). There were also significant dif
ferences between regions (p<.001). There was no interaction (p>.5) 
indicating that the effect of GppNHp did not depend on the region. 
Newman-Keuls multiple range testing showed that under control con
ditions the mean for LA was significantly different from RA and 
both were different from the means for RV, LV and S (p<.05). In 
the presence of GppNHp the means for LA and RA were significantly 
different from the means for RV, LV and S (p<.05) but were not 
different from each other. In both cases, the means for RV, LV and 
S did not differ significantly from each other. 
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Fluoride Regulation of Receptor Binding 
O 

Figure 10 presents the results of [ H]CD binding assays done 

in the presence of several different ions and analyzed by one-way 

ANOVA and Newman-Keuls multiple range testing. The inclusion of lOmM 

NaF in the assay buffer (50mM Tris HC1 + ImM MgClg) produced a 52 

percent decrease in control binding of [ H]CD at 2nM in whole mouse 
O 

heart. Reduction at 16nM [JH]CD (not shown) was 61 percent of 

control binding. Results were similar in the absence of MgC^ 

although specific binding was reduced. The specificity of this 

fluoride effect was examined using other halides. Potassium fluoride 

(KF), cesium fluoride (CsF), and ammonium fluoride (NH^F) at concen

trations of lOmM, each produced significant decreases (57 to 73 

percent) in agonist binding at 2nM [ H]CD. Similar results were 

obtained at 16nM [^H]CD. Although the effects of the fluoride 

compounds were not significantly different from each other, the impor

tance of the cations'in determining the order of potency requires 

further study. In contrast, sodium chloride (NaCl) and sodium bromide 

(NaBr) at a concentration of lOmM produced only slight decreases in 
O 

binding at 2nM [ H]CD, and no significant variation from control at 

16nM. This small decrease at 2nM due to Na+ ions is probably the 

dose-dependent effect which has been previously observed in the heart 

(Ehlert et al., 1982). The reduction in binding due to the fluoride 

salts at 2nM was also significantly different from the effects of NaCl 

or NaBr. The presence of Mg++ was not required to detect the fluoride 

effect, nor did the pH of the incubation medium vary between groups. 
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Figure 10. Regulation of Muscarinic Agonist Binding in the Mouse 
Heart by Fluoride. 
The specific binding of [3H]CD was measured in the presence of 
several different ions in whole adult mouse heart. [3H]CD was 
present in the assays at a concentration of 2nM. Control binding 
was measured in 50mM Tris HC1 buffer, pH 7.4, +lmM MgCl2. When ions 
were to be tested they were included in the assay buffer at final 
concentrations of lOmM. Values are the mean ± SEM of 3 experiments 
done in duplicate. One-way ANOV and Newman-Keuls multiple range 
testing were conducted on the data. NaF, KF, CsF and NH4F all 
caused significant decreases in the binding of [3H]CD at 2nM (and 
at 16nM, data not shown) (p<.05). The effects of the fluoride com
pounds did not differ significantly from each other. NaCI and NaBr 
both caused a slight decrease in [3H]CD binding at 2nM (p<.05) and 
no significant change at 16nM [3H]CD. The effects of NaF, KF, CsF 
and NH4F were significantly different from the effects of NaCI and 
NaBr at 2nM [3H]CD (p<.05). Similar results were obtained in the 
absence of MgCl2> 
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Dose-response curves to NaF are shown in Figure 11. Specific 

binding of 2nM and 16nM [ H]CD (in the presence and absence of Mg++) 

decreased with increasing concentrations of NaF. The slopes of the 

dose-response curves were very steep with an ICgg close to lOmM 
O 

under all conditions. The curves for 2 and 16nM [ H]CD in the pres

ence and absence of Mg++ were nearly superimposable when expressed as 

percentage of control binding. Figure 12 shows the dose-response 

curve of L HJ(-)QNB binding with increasing concentrations of NaF. 

The absence of a fluoride effect on [ HJ(-)QNB binding suggests a 

selective regulation of agonist affinity, although there was some 

indication that L^H](-)QNB binding at lOOpM, in the presence of Mg++ 

increased slightly at concentrations of NaF greater than 3mM (data not 

shown). 
O 

Saturation studies of [ H]CD binding in the presence of NaF 

have not as yet clarified the nature of the reduction in binding. The 

decrease in specific agonist binding was too large to accurately 

determine K , and B values in the presence of lOmM NaF. Neither 
d max 

could the fluoride effect be distinguished from the reduction in 

binding produced by GppNHp. 

Figure 13 shows the binding of [ H]CD in the presence of 

increasing concentrations of MgC^. Enhancement of high affinity 

specific [ HjCD binding (at 2nM) was seen over a moderately narrow 

range of Mg++ concentrations spanning physiological Mg++ concentra

tions. A maximum effect was observed near ImM MgClg. Little effect 

was seen on the binding of [ H]CD measured at 16nM. Nonspecific 

4 
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Figure 11. Agonist Binding Dose-Response to Fluoride. 
The binding of 2 and 16nM [3H]CD was measured in whole adult mouse 
hearts. Assays were conducted in 50mM Tris HC1, pH 7.4, in the 
presence (•) or absence (o) of ImM MgC12 at each concentration of 
[3H]CD. Values are presented as the mean ± SEM of 3 experiments 
done in duplicate and expressed as percent of control binding. 
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Figure 12. Antagonist Binding Dose-Response to Fluoride. 
The binding of lOOpM [3H](-)QNB was measured in whole adult mouse 
hearts. Assays were conducted in 50MM Tris HC1, pH 7.4 (no MgC12 
was present). The values for the binding of [3H](-)QNB (•) are the 
mean of 1 experiment done in duplicate and expressed as percent of 
control binding. The binding of [3H]CD at 16nM (0) is from Figure 
11 and is included to compare the effects of fluoride on agonist 
and antagonist binding. 
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Figure 13. Agonist Binding Dose-Response to Mg++. 
The binding of 2 and 16nM [^H]CD was measured in whole adult mouse 
hearts. Assays were conducted in 50mM Tris HC1, pH 7.4. Nonspecific 
(o) and specific (•) binding are shown for each concentration of 
[3H]CD. Values are the mean ± SEM of 2 separate experiments done in 
duplicate and expressed in fmol/mg tissue. 
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binding was minimally affected over the range of Mg++ concentrations 

displaying enhanced specific binding. Both specific and nonspecific 

binding were reduced at higher Mg++ concentrations. 



CHAPTER 4 

DISCUSSION 

The first objective of this research was to establish [ H]CD 

as a specific agonist ligand for the myocardial muscarinic receptor, 

analogous to the characterization of [ H]CD binding in the brain 

(Ehlert et al., 1980a). We found that [^H]CD binding in the heart 

was stereospecific, reversible, and displaced by other ligands specif

ic for the muscarinic receptor. Under the conditions of our assay 

[3H]CD did bind with high affinity to a single class of receptor 

sites with a Kd in the nanomolar range. Studies by Birdsall (1978), 

and Ehlert et al. (1980b; 1980c) in the brain and ileum using both 

competition studies and direct agonist binding assays have provided 

evidence for a heterogeneous population of muscarinic receptors which 

posses different affinities for agonists and equal affinity for antag-
O 

onists. The higher nonspecific binding of [ H]CD in mouse heart 

compared to the tissues utilized by other investigators, and the 

resultant limitations on the range of [ H]CD concentrations which we 

may reasonably assay may have prevented us from observing heterogene

ity in the mouse heart using our direct agonist assay. Nonetheless, 

the mouse heart permitted accurate measurements within this high 

affinity range. It also provided an excellent practical model for the 

examination of development and regulation of the muscarinic receptor 

as it relates to the binding of a physiological agonist. 

49 
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Development and Regulation 

The proposed model of the muscarinic receptor is of a single 

receptor molecule which displays differing affinities for agonists 

depending on the conformational or coupling constrainsts imposed upon 

it (Roeske and Yamamura, 1980; Birdsall et al., 1980). This hypoth

esis led us to examine the development of the high affinity receptor 

state in the heart as detected by the binding of [ HJCD. The 

3 3 
similarity of the development curves of [ H]CD and [ H](—)QN8 

binding (Roeske and Yamamura, 1978; Roeske et al., 1979) (Table 1 and 

Figure 5) indicated that the two ligands were binding in vitro to a 

common site . Both curves showed that binding increased during fetal 

development, levels of binding at birth were approximately equal to 

the adult, and these changes were attributable to changes in B . 
Il lCt A 

A significant peak also occurred in the binding of both agonist and 

antagonist ligands in the 16 to 20 day neonate. Some differences in 

the developmental curves for [^H]CD and [^H](-)QNB, (reflected as 

changes in the proportion of [^H]CD to [^H](-)QNB sites in Table 

1), do appear to occur. Although these studies were performed, by 

separate investigators using different conditions, a comparison of the 

data indicated that there may exist a higher proportion of [ H]CD 

sites or a shift of low to high affinity sites, in the earlier fetal 

ages. Such a relationship has been seen in the chick heart (Hosey and 

Fields, 1981; Halvorsen and Nathanson, 1981). Embryonic hearts 

displayed higher affinity for agonist ligands although the age at 

which such affinity changes or regulation of affinity changes may have 
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occurred was not examined. The physiological significance of the 

postnatal peak has not been examined. 

The binding of the ^-adrenergic receptor, as measured by a 

[ H] antagonist ligand, also undergoes development changes, 

including a postnatal peak at day 3 to 14 (Chen et al., 1979). It has 

been suggested (Watanabe et al., 1978; Roeske et al., 1979) that the 

p-adrenergic and muscarinic receptor systems may be regulatory for 

each other during development. These systems do appear to be inverse

ly coupled in the adult mammalian heart (Jakobs, 1979; Watanabe et 

al., 1978). The binding of muscarinic agonists antagonized the 

GTP-induced decrease in affinity of e-agonists and this correlated 

with the muscarinic inhibition of isoproterenol-stimulated adenylate 

cyclase activity. Isoproterenol also caused a reduction in the pro

portion and affinity of muscarinic high affinity sites in rat heart 

(Roeske et al., 1982). The two receptor systems therefore appear to 

exert reciprocal effects upon each other. Regulation of ontogenesis 

by the opposing system cannot be surmised from this data, however it 

does remain a possibility worth pursuing. 

Regulation of the muscarinic receptor by GppNHp was also 

present and of a fairly consistent nature throughout development. 

Unlike the chick heart (Halvorsen and Nathanson, 1981), we did not 

find any age at which the GppNHp effect was absent. Our study did not 

include ages which were comparably as young as the chick hearts so the 

possibility remains that at the earliest fetal ages, guanine nucleo

tide regulation of receptor binding may not occur. Our data does 
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imply however that during the ages studied there was concommitant 

development of receptor and nucleotide binding site or constant 

coupling of differentially developing components of a complex. 

The effect of Na+ ion was also present and constant throughout 

development. The site at which Na+ acts has not been identified 

although Jakobs (1979) has suggested the receptor proteins of the 

inversely coupled muscarinic-adrenergic system as the sites of 

action. If not acting at the receptor itself, Na+ must act at a 

closely related site in order to achieve such consistent regulation 

during development. 

Receptor Distribution and Regulation 

The data we have obtained in rat and mouse heart indicated a 

regional distribution of muscarinic receptors with a constant relation 

of agonist to antagonist binding when measured at single concentra-
O 

tions of each ligand. The distribution of [ H](-)QNB binding 

(lOOpM) revealed much greater specific binding in both right and left 

atrial regions of the rat heart as compared to the binding in 

ventricles or in septum. This correlates well with the work of Wei 

and Sulakhe (1S78) and Yamada et al. (1980) in the rat and with Fields 

et al. (1978) in the rabbit who found similar distributions of 

antagonist ligand binding. 

Of further significance was the fact that the distribution of 

[^H]CD binding in our studies paralleled that of [^H](-)QNB in all 

five rat heart regions examined. Specific agonist binding to rat 

muscarinic receptors in atria was found to be much greater than 
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binding to ventricles or to septum. The results of a single regional 

study in the mouse heart (atria versus ventricles) closely paralled 

the results obtained in the rat heart, both as regards the distribu

tion of [3H]CD and [3H](-)QNB binding, and the regulation of bind

ing of both ligands by GppNHp (data not shown). 

When measured at these single ligand concentrations, the ratio 

of [3H]CD to [3Hj(-)QNB binding did not vary significantly between 

-3 regions. Since [ HJCD, under our conditions, labelled only a 

portion of the total muscarinic receptors (those displaying high 

affinity for the agonist), this data may indicate that the high and 

low affinity states of the receptor exist in constant proportions in 

the heart under these in vitro conditions. This is in contrast with 

data obtained in the rat brain where great regional variation occured 

both in the proportion of high and low affinity sites of the muscarin-

ic receptor as labelled by [ H]CD and in the regulation of agonist 

binding to receptors (Ehlert et al., 1980b). Such differences between 

brain and heart suggested that the nature of receptor-effector 

coupling in these tissues may also differ. 

Equilibrium saturation isotherms in rat heart indicated that 

the differences seen between atrial and ventricular regions in the 

binding of both agonist and antagonist ligands were due to changes in 

the density of receptors. The affinity of the muscarinic receptor for 

3 3 
[ H]CD or for [ H](-)QNB did not vary significantly between atrial 

and ventricular regions. The best fit of the saturation data for both 

3 3 
[ HjCD and [ H](-)QNB in both atria and ventricles was of binding 
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to a single homogeneous receptor site. These results were similar to 

our findings in whole mouse heart (Chapter 3) in which we detected 
O 

binding of L HJCD to one site, in the low nanomolar range at all 

developmental ages. 

The regional distribution of agonist and antagonist binding to 

the muscarinic receptor correlated well with the physiological and 

biochemical data on cholinergic innervation of the mammalian heart. 

The less extensive vagal innervation of the ventricles (Higgins et 

al., 1973) and the comparatively smaller response of ventricle to 

vagal stimulation and acetylcholine infusion (Harman and Reeves, 1968) 

lent physiological significance to the differences in density of 

muscarinic receptors between atria and ventricles. It was also noted 

that despite their lower density of muscarinic receptors, the ventri

cles actually contained a higher total number of receptors as deter-
O O 

mined by [ H]CD or [ H](-)QNB binding because of their greater 

tissue mass. Taken in conjunction with other functional and pharma

cological evidence on innervation of the heart (Priola et al, 1977; 

DeGeest et al., 1965) our data contributed further evidence towards 

resolution of the once controversial question of physiologic para

sympathetic innervation of the mammalian ventricle. 

The distributions of enzymes and enzymatic activity of cholin-

esterases-and other markers of cholinergic neurons in the heart 

(Stanley et al., 1978) also showed close similarities to the regional 

distribution of muscarinic receptors. The activity of cholinesterases 

and the concentration of acetylcholine have been found to be highest 
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in atria, demonstrating parallels between biochemical studies and 

receptor binding assays. 

The parallel regional distribution and density changes of 

agonist and antagonist ligands and the similarities of these parame

ters between species again indicated involvement of a common receptor 

site for agonist and antagonist binding. If the interconversion of 

receptor affinity populations, while maintaining constant total 

receptor number, is a reflection of the receptor-effector coupling 

state then our data could indicate that in the heart the conformation

al or coupling state of the muscarinic receptor is constant throughout 

all regions. The lack of observed changes in between regions and 

3 3 
the constant proportion of [ H]CD to [ H](-)QNB sites supported 

this idea. 

Further experiments to help resolve this issue concerned the 

effects of guanine nucleotide regulation of ligand binding to the 

muscarinic receptor. GppNHp produced a significant decrease in 
O 

[ H]CD binding in all regions of the rat heart. This effect 

appeared to be fairly constant in all regions examined. Direct 

agonist binding assays could not discriminate between the probable 

mechanisms (changes in receptor affinity or changes in receptor den

sity) which could produce such an effect. Saturation studies using a 

range of [ HJCD concentrations extending well above 16 nM (to detect 

low receptor affinities) would need to be conducted to examine the 

GppNHp-induced reduction in specific binding. This is beyond the 

accurate limits of the assay due to unfavorably high nonspecific 
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binding. However, the results of numerous competitive inhibition and 

direct agonist binding experiments in several tissues suggests that 

guanine nucleotides cause a reduction in the affinity of the muscarin

ic receptor for the agonist. This implies that what we have observed 

in our experiments with [ H]CD is a shift to lower receptor affini

ties, outside the range of measurement of our assay. Apparent changes 

in density, resulting from shifts to lower affinity could be explained 

as interconversions of affinity states within the receptor population 

while maintaining a constant total number of receptors. 

GppNHp also produced a significant effect on muscarinic 

antagonist ligand binding, resulting in an increase in specific 

C Hj(—)QNB binding at 25°C which was present in all regions of the 

rat heart. As was the case for GppNHp regulation of [ H]CD binding, 

the effects of GppNHp appeared approximately equal in all regions. 

The guanine nucleotide effect on antagonist binding was not consistent 

when assays were conducted at 37°C, suggesting a possible temperature 

dependence of membrane conformation, or the role of a heat-labile 

regulatory protein in guanine nucleotide regulation. 

Our data thus showed a constant regulatory effect of GppNHp on 

both agonist and antagonist binding throughout all five regions of the 

rat heart. The results of our development studies (Chapter 3) have 

shown that the temporal development curve of [ H]CD binding sites to 

whole mouse heart aged 15 day fetal to adult closely paralleled that 
O 

of [ H]QNB, with constant regulation by GppNHp present at all ages. 

Current evidence in the e-adrenergic receptor system indicates that 



the actions of guanine nucleotides on receptor binding are mediated by 

a nucleotide regulatory protein (Chapter 1). If a similar relation

ship exists in the muscarinic system, our data may imply that the 

coupling of the receptor and the nucleotide binding protein is 

consistent throughout the heart. Such homogeneity of distribution and 

regulation throughout the heart and during development implies that 

the complexity of effects mediated by the parasympathetic nervous 

system in the heart is manifest at a site other than the step of 

ligand-receptor interaction. The type of receptor-effector coupling 

and the functional nature of the effector cell are possible candidates 

for sites of modulation of response. 

Of great interest in this regard is the muscarinic/e-adrener-

gic inversely coupled system, often referred to as "accentuated 

antagonism" (Levy, 1971; Watanabe et al, 1978). The ratio of 

B-adrenergic receptors (as measured by binding of [ H] dihydroal-

prenolol (DHA)) and muscarinic receptors (measured by [ H]QNB 

binding) eventually achieves a constant ratio in whole adult mouse 

heart (Roeske et al., 1979). Studies by Vamada et al. (1980) demon

strated that three weeks following 6-OHDA treatment in rat hearts the 
O O 

ratio of [ HJQNB to [ H]DHA binding returned to control values in 

all regions. These control values revealed an almost inverse 

relationship of g and muscarinic receptor binding. The ratios of 

3 3 
[ H]DHA to [ HjQNB binding therefore appeared to remain constant 

within each region, while varying between regions. Studies on the 

mechanism of inverse coupling (as in the e-adrenergic/muscarinic 
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system) imply that the binding of one agonist to its respective 

receptor modulates, in a GTP-dependent fashion, binding at the second 

receptor, and these same conditions regulate the response of adenylate 

cyclase (Watanabe et al, 1978; Jakobs, 1979; Roeske et al., 1982). 

The regional variation of the ratio of the s-adrenergic to muscarinic 

receptor may therefore posess a functional role in regulating myocar

dial physiology. 

Fluoride Regulation 

Fluoride was found to have a selective modulatory effect on 

the binding of agonists to the mouse myocardial muscarinic receptor. 

Substantial reduction in agonist binding was seen in the presence of 

lOmM NaF. Using direct agonist binding assays, it could not be 

ascertained whether this reduction was due to changes in receptor 

affinity or density. The work of Roeske et al. (1982) showed a 

fluoride-induced shift to lower affinity in competitive inhibition 

assays, implying that the apparent decrease we see in [ H]CD binding 

is due to a decrease in receptor affinity. 

While the actions of fluoride on adenylate cyclase are 

mediated by the guanine nucleotide regulatory protein (Chapter 1) 

fluoride's site of action in modulating receptor binding has not yet 

been examined. If fluoride's effect on receptor binding is also 

mediated by a nucleotide binding protein, our data would support the 

hypothesis that a common nucleotide regulatory protein is involved in 

mediating the effects of guanine nucleotides and fluoride on both 

receptors and cyclase inhibition, as has been postulated for systems 
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involving stimulation of cyclase activity. The next steps in 

approaching these questions should be to examine the effects of 

fluoride on other receptor systems. Interestingly, our laboratory has 

attempted very preliminary experiments of fluoride regulation of 

muscarinic binding in brain tissue, but has not yet reproduced the 

results seen in the heart. The early work of Sutherland and 

colleagues (1962) on fluoride stimulation of adenylate cyclase showed 

that the effect of fluoride was less potent in brain than in heart. 

Guanine nucleotides are also less potent at inhibiting binding to the 

central muscarinic receptors as opposed to their potency on myocardial 

receptors (Ehlert et al., 1981a). This may suggest basic differences 

in the nature of the muscarinic receptor-effector complex between 

different tissues. 

Establishment of the regulation by fluoride of agonist binding 

in other neurotransmitter receptor systems, in conjunction with 

studies of cyclase regulation, would provide support for the 

hypothesis of a common nucleotide binding protein regulating both 

cyclase and receptor. Physical separation of the nucleotide binding 

protein and receptor subunits would give more definitive evidence as 

to the site of fluoride's actions. What physiological role, if any, 

fluoride plays in receptor-effector coupling or regulation is 

uncertain. It is most likely that fluoride regulation represents a 

model system in which an exogenous modulator affects a physiological 

response by its ability to interact with a regulatory site in that 

system. 



Conclusions 

Many important questions are raised by this data concerning 

the nature and regulation of receptor-effector coupling. Do guanine 

nucleotides act at the same site to regulate both cyclase activity and 

agonist binding to the receptor, and how does this site(s), relate to 

the GTP-dependent muscarinic regulation of e-adrenergic receptor 

binding and cyclase activity? Critical work remains to be carried out 

relating the findings of receptor binding assays to subsequent events 

such as adenylate cyclase activity and heart rate. The relation of 

postnatal receptor changes to myocardial function needs to be assessed 

through concommitant physiological and biochemical studies. 

Our studies with the muscarinic agonist ligand [ H]CD have 

demonstrated many parallels to similar studies which utilized 

antagonist ligands. The use of a physiologically active ligand and 

the ability to relate its use to previous antagonist studies should 

hasten our progress towards elucidation of the structure, function and 

regulation of the muscarinic receptor. The ontogenetic and regional 

studies support a model of consistent, widespread myocardial 

muscarinic receptor regulation by guanine nucleotides. Fluoride 

regulation of receptor binding and its significance is virtually an 

unexplored question but it is suggestive enough to indicate that 

further investigation may yield significant insight towards under

standing the structure of the receptor-effector complex. 

A preliminary hypothesis derived from our work as well as from 

the literature postulates a common guanine nucleotide regulatory 
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protein mediating the effects of guanine nucleotides and fluoride on 

both the myocardial muscarinic receptor and cyclase. The low affinity 

state of the receptor would correspond to the physiologically relevent 

site. A relation to the nucleotide regulatory protein of the 

B-aarenergic system cannot as yet be made, however evidence points 

towards distinct proteins. Differences in the properties of the 

muscarinic receptor between various ages and between different 

tissues, could well be linked to the nature of effector and regulatory 

sites coupled to the receptor. Ultimately, the isolation, purifica

tion and reconstitution of this complex would provide important 

corroboration of receptor studies. 
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