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INTRODUCTION 

I. ·sTATEMENT nF THE PROBLEM 

Muscarinic cholinergic systems in the brain are 

involved in many functions, including the regulation of 

sleep and arousal (Jouvet, 1972), encoding of information 

into memory (Davis and Yamamura, 1978; Olsen et al., 1980; 

Flood et al., 1981; Squire and Davis, 1981), control of 

voluntary movement (McGeer and McGeer, 1981; Fibiger, 1982), 

and central control of autonomic systems (Brezenoff and 

Giuliano, 1982). The means by which activation of the 

muscarinic acetylcholine receptor produces the 

characteristic physiological responses to muscarinic 

agonists are incompletely understood. Muscarinic receptor 

populations in the brain are characterized by intrinsic 

heterogeneity (the receptors exist in at least three 

different agonist affinity states) and regional 

heterogeneity (receptors from different areas of the brain 

vary in agonist binding properties in addition to possessing 

intrinsic heterogeneity). The primary goal of this research 

has been the elucidation of the role of the heterogeneous 

forms of the muscarinic receptor in rat brain, and in 

particular the contribution of the membrane environment to 

the maintenance of receptor heterogeneity and regulatory 

1 



mechanisms. 

A major obstacle to the biochemical study of brain 

muscarinic receptors is the fact that they are relatively 

few in number and that the brain contains far more 

noncholinergic than cholinergic neurons. Within the past 

ten years, it has become possible to measure muscarinic 

receptor binding directly using selective, radioactively 

labelled molecular probes, including agonists such as [3H] 

oxotremorine and [3H]'_.c'is-methyldioxolane and antagonists 

such as [3H] (1)-3-quinuclidinyl benzilate and [3H] 

N-methylscopolamine. These probes bind with high affinity 

to discrete populations of receptors, and this binding is 

selectively inhibited by drugs which interfere with 

muscarinic neurotransmission. 

Another obstacle to the study of brain muscarinic 

receptors is the ·great difficulty in purifying the receptor 

binding sites in a functional form. The muscarinic ·receptor 

is an integral membrane component which cannot be easily 

extracted in a physiologically or pharmacologically active 

form. 

Agonist binding to muscarinic receptors does not follow 

mass-action kinetics for a single class of noninteracting 

binding sites. Rather, muscarinic receptors exist in 

several states with respect to agonist binding affinity; 

i.e., they possess intrinsic heterogeneity. Moreover, 

receptors derived from different brain regions have 

different binding properties in addition to the intrinsic 

2 



heterogeneity of agonist affinity states found throughout 

the brain. The various agonist affinity states are believed 

to represent differing degrees of coupling of the receptor 

to regulatory and effector structures in the membrane. The 

significance of the regional heterogeneity is not 

understood. 

This research has been directed toward examination of 

the nature of muscarinic receptors in two brain regions 

(cerebral cortex and brainstem) with different receptor 

binding properties. The contribution of the membrane 

environment to these heterogeneities has been examined by 

extraction of the receptors from the membrane with a 

detergent and subsequent chemical modification of the 

membrane-bound and detergent-solubilized muscarinic 

receptors. 

3 

A specific aim of this research was to determine if the 

regional heterogeneity of muscarinic receptors is solely 

attributable to differences in the distribution of receptors. 

among various states of agoni~t affinity, or if the regional 

heterogeneity is due to intrinsic biochemical differences in 

receptor molecules derived from different brain regions. 

This problem was approached by measuring antagonist binding 

kinetics of receptors from two brain regions and by 

quantitating the effects of agents which interconvert 

agonist affinity states of these receptors. 

A second, related specific aim was to ascertain the 

contribution of the membrane environment to the maintenance 



of receptor heterogeneity (intrinsic and regional). It is 

widely held that heterogeneity of agonist binding to 

muscarinic receptors reflects various conditions of receptor 

(i.e., binding site) coupling to "effector" mechanisms 

(i.e., the structures within the membrane--- enzymes, ion 

channels, phospholipid components, etc. --- which translate 

receptor stimulation into a postsynaptic cellular response). 

This problem was approached by extracting receptor binding 

proteins from the membrane using a mild detergent and 

subsequently measuring binding properties of agonists and 

antagonists to the receptor and examining the effects of 

agents which interconvert agonist affinity states. 

4 



I I • REVIEW 'OF 'RELATED 'LITpJ<ATURE 

A.· His·t·oricaT st·udy ·of Musca·r·inic ·Fu·n·ction. 

The pharmacological properties of.the muscarinic 

acetylcholine receptor were first described by Sir Henry 

Dale (1914) when he found that muscarine and acetylcholine 

stimulated various autonomic functions·and that their 

actions could be inhibited by atropine (Dale, 1935). Dale's 

work established the diffe.rences .between the muscarinic and 

nicotinic effects of acetylcholine. 

The role of acetylcholine in neurotransmission was 

firmly established by Loewi's identification of Vagusstoff, 

the substance released by the vagus which produces 

bradycardia, to be acetylcholine. The cholinergic theory of 

synaptic transmission was elucidated on the basis of 

subsequent physiological and pharmacological studies of the 

peripheral nervous system. 

B. · ·co·n·s·e·q·u:e·n·c·e·s· 'o'f Mu·s·c·a·r·in·ic· Re·cep·t·o·r· Ac.tivat·ion. 

The means by which activation of the muscarinic 

receptor produces the characteristic physiological responses 

to agonists are incompletely understood. Sequelae of 

muscarinic receptor stimulation include increased 

phospholipid turnover, activation of guanylate cyclase and 

the consequent accumulation of cyclic. guanosine 

3' ,5'-monophosphate (cGMP), and inhibition of adenylate 

5 



cyclase, in addition to membrane depolarization. 

R. H. Michell (1975) described the activation of 

phospholipid turnover by muscarinic receptor stimulation. 

He found that the receptor-stimulated cleavage of a 

phosphoinositol group from phosphatidylinositol by the 

membrane-bound enzy~e phosphatidylinositol kinase produced 

phosphatidic acid, which may act as a calcium ionophore 

(Jafferji and Michell, 1976). The dose-response 

relationship for carbamylcholine stimulation of 

incorporation of 32 P into phosphatidylinositol closely 

parallels the carbamylcholine binding curve in smooth muscle 

of guinea pig ileum without evidence of spare receptor 

populations .(Jafferji and Michell, 1976). Membrane 

phospholipid turnover therefore appears to be closely 

coupled to receptor occupancy by agonists.· 

Guanine nucleotides have been found to be important in 

mediation and regulation of responses to muscarinic receptor 

stimulation. Agonist binding to muscarinic receptors 

produces an increase in intracellular cyclic GMP in cultured 

neuroblastoma cells (Strange ·et ·al., 1977), perfused, 

spontaneously beating rat heart (George et· al., 1970) rat 

striat~m (Hanley and Iversen, 1978), and other ·systems. 

Receptor-mediated cyclic GMP formation is calcium-dependent 

(Richelson· ·et· ·al., 1978; El-Fakahany and Richelson, 1983) 

and can be increased or decreased by calcium ionophores 

(El-Fakahany and Richelson, 1980) or absence of calcium 

(Burgen and Spero, 1968), respectively. Since_ guanylate 

6 



cyclase is usuall~ a soluble (non-memb~ane-bound) enzyme 

(Bartfai et al., 1979), the second messenger for muscarinic -- ' 

receptor-mediated cyclic GMP formation appears to be calcium 

ion. This postulate is supported by evidence that 

muscarinic receptor-mediat~d phosphatidylino·sitol breakdown 

facilitates calcium entry; in addition, receptor-stimulated 

phospholipid turnover is believed to precede cyclic GMP 

formation (Jafferji and Michell, 1976). Greengard (1976) 

has suggested that cyclic GMP mediates cellular responses to 

acetylcholine by phosphorylation of essential proteins or 

enzymes. 

Muscarinic receptors appear to be regulated by a 

membrane-bound protein complex sensitive to local 

concentrations of guanine nucleotides and which possesses 

GTPase activity (Jakobs ·et· al., 1979). This nucleotide 

regulatory subunit is linked to the receptor on the outer 

cell membrane surface and the catalytic component of 

adenylate cyclase on the inner (cytoplasmic) membrane 

surface (Rodbell, 1980). The nucleotide regulatory subunit 

and adenylate cyclase function in many receptor systems, 

including the glucagon (Rodbell et al., 1974), alpha -- ' 

(Blackmore· ·et· ·al., 1978) and beta (Limbird et al., 1980) 

adrenergic, opiate (Blume· ·et· ·al., 19 79), and muscarinic 

(Jakobs· et· ·al., 1979) receptors. The regulatory protein can 

enhance or inhibit the adenylate cyclase, depending on the 

receptor system; the action of the regulatory subunit on 

adenylate cyclase is dependent upon the binding of an 

7 



agonist to the receptor site (Rodbell, 1980). The 

muscarinic receptor is believed to be coupled to ·a GTP 

regulatory protein which inhibits adenylate cyclase 

(Rodbell, 1980). Addition of GTP causes a decrease in 

agonist affinity for the receptor, presumably by causing 

conformational ch~nges which alter the coupling of the 

receptor, the regulator (the GTP regulatory protein), and 

the effector (adenylate cyclase). Birdsall and coworkers 

(1980b) found that, in homogenates of rat myocardium, GTP 

caused a 100-fold decrease in affinity of carbamylcholine 

for the muscarinic receptor, and the nonhydrolyzable. 

analogue of GTP, 5'-guanylylimidodiphosphate [Gpp(NH)p], was 

ten times more potent. These findings are supported by 

other groups (Berrie· et alQ, 1974; Wei ·and Sulakhe, 1979; 

Rosenberger·~ ·al., 1979, 1980; Ehlert et al.·,_l980a, 1980b; 

Roeske et· ·al., 1980). The shift to lower agonist affinity 

was interpreted as the result of conversio~ of high agonist 

affinity forms of the muscarinic receptor to lower-affinity 

states, presumably due to GTP-induced enhancement of 

receptor- effector coupling (Birdsall et· al., 198 Ob) , which 

is maximal in the low affinity state. 

The binding of an agonist molecule to the muscarinic 

receptor elicits conformational changes in the receptor 

molecule which lead to coupling to the guanine nucleotide 

regulatory subunit and thus to adenylate cyclase. As Burgen 

(1981) has pointed out, the decrease in receptor agonist 

affinity caused by guanine nucleotides is an expected 
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consequence of its coupling to regulator and effector 

subunits (i.e., nucleotide regulatory subunit and adenylate 

cyclase, membrane phospholipids, or calcium channels, 

respectively). Receptor coupling is an energy-requiring' 

process which utilizes energy associated with agonist 

binding, thereby reducing the overall free energy change in 

the ligand-receptor binding reaction. This is manifested as 

a lowering of agonist binding affinity. 

Although no ions have been observed to exert selective, 

profound effects on the receptor system, as would be 

expected in the case of a receptor closely coupled to an ion 

channel, such as, for example, the nicotinic receptor of the 

skeletal neuromuscular junction· (Takeuchi, 1963), agonist 

affinity for the muscarinic receptor is influenced by the 

ionic environment. Physiologically prevalent ions, such as 

sodium, calcium, potassium, magnesium and chloride decrease 

agonist and antagonist affinity for the receptor in a 

concentration-dependent fashion (Birdsall et al., 1979; 

Ikeda et al., 1980). This phenomenon has been interpreted 

to represent ionic disruption of hydrophobic interactions 

between the ligand and receptor binding site (Birdsall et 

al., 1979; Ehlert et al., 1981). 

Sulfhydryl reagents selectively alter receptor binding 

properties: N~ethylmaleimide (NEM), a sulfhydryl alkylating 

agent, increases agonist affinity for the receptor, 

apparently by converting low affinity binding sites to 

stat.es of higher agonist affinity (Aronstam et al., 1977b; 
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Aronstam et al., 1978a; Aronstam and Eldefrawi, 1979). NEM 

treatment of forebrain homogenates increases the density of 

high affinity sites (Ehlert et al., 198Gb). At least two 

classes of sulfhydryl groups appear to be involved in 

muscarinic receptor regulation. Parachloromercuribenzoate 

10 

(pCMB) reacted with one group, abolishing both agonist and 

antagonist binding; these effects of pCMB could be prevented 

by occupancy of the receptor site by agonists. NEM reacted 

with a second sulfhydryl group that was not affected by 

pCMB. As a consequence of this interaction, receptors were 

converted to states of high agonist affinity. Occupancy of 

the receptor by agonists enhanced the ability of NEM to 

induce these affinity changes rather than preventing them 

(Aronstam~ al., 1977b; Aronstam~ al., 1978a). Thus, the 

sulfhydryl groups with which NEM interacts to increase 

agonist affinity are contiguous to the receptor binding 

site. 

Physiological evidence exists to corroborate the 

previously cited binding studies. NEM and pCMB were found 

to decrease responses of intestinal smooth muscle to 

muscarinic agonists as well as to nonspecific stimuli of 

contraction, such as high potassium concentrations (Stubbins 

and Hudgins, 1971). These findings indicate that the 

sulfhydryl _groups regulating receptor-effector coupling are 

not restricted to the receptor binding site. These 

researchers also found that dithiothreitol (DTT) inhibits 

agonist-stimulated intestinal smooth muscle contraction. In 



the model of the rat trachea, Fleisch et al. (1974) 

generated similar data and also concluded that the 

sulfhydryl groups regulating receptor-effector coupling are 

not necessarily located on the agonist binding site of the 

receptor. 

C. ChaYa·c·t·e·r·izat·io·n· ·of Multiple Receptor ·Populations 

Muscarinic acetylcholine receptors in the CNS and 

peripheral tissues can be identified using radiolabelled 

high-affinity antagonists (Birdsall and Hulme, 1976; 

Heilbronn and Bartfai, 1978). [ 3H] -3-Quinuclidinyl 

benzilate ([ 3H]QNB) has become the most widely used 

muscarinic receptor marker since its introduction by 

Yamamura and Snyder in 1974; the active (1) enantiomer, 

radiolabelled to high specific activities, is commercially 

available for binding studies. 

11 

Binding of antagonists to the muscarinic receptor in 

brain generally conforms to the mass-action relationship for 

bimolecular interactions (Yamamura and Snyder, 1974; Hulme 

et ·al., 1978); radiolabelled antagonist binding displays 

receptor specificity and saturability (Burgen et al., 1974; 

Birdsall~~·, 1976; Hulme et al., 1976). The affinity 

constants for antagonist binding in various tissues agree 

well with the affinity constants derived from 

pharmacological antagonism of tissue and organ muscarinic 

responses (Paton and Rang, 1965; Birdsall et al., 1977; 

Hulme et· al., 1978), indicating that the binding sites of 

[ 3H] antagonists repres~nt the physiologically relevant 
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binding sites of the muscarinic receptor. More recent 

studies have also demonstrated multiple receptor populations 

with regard to antagonist binding using the novel antagonist 

pirenzepine (Hammer· ~ al. , 1980). 

Under pseudo-first ord~r conditions (in which the 

ligand concentration far exceeds that of the receptor) , the 

binding of classical antagonists such as atropine and 

scopolamine to receptors deviates from first-order kinetics 

( Galper· ·et· ·al. , 19 7 7; Gal per and Smith, 19 7 8; Kloog et al. , -- --
1979). This deviation at high antagonist concentrations has 

been interpreted to reflect a biphasic interaction involving 

a rapid equilibration period followed by a slow 

isomerization to more stable receptor-antagonist complexes 

(Jarv and Bartfai, 1982). 

Agonist binding to muscarinic acetylcholine receptors 

is usually inferred from the agonist's ability to inhibit 

radiolabelled antagonist binding. Agonist binding curves 

deviate considerably from mass-action isotherms. Birdsall 

(1978; 1980b) has developed a model to explain these 

observations. The model proposes multiple receptor 

populations which vary in agonist affinities. The three 

binding states are designated as low (L), high (H), or 

superhigh (SH) affinity, possessing ACh dissociation 

constan'ts of 2 X 10-s 
' 

3 X 10- 7 and 2 X 10-SM 
' 

respectively 

(Birdsall ~ ·al. , 1980b). This model has been supported by 

agonist binding studies using [ 3H]oxotremorine (Birdsall et 
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al., 1980b) and [ 3H]cis-methyldioxolane (Ehlert et al., - -- ----
1980a). 

While the functional significance of the different 

agonist affinity states remains an unsettled question, 

Birdsall has· presented evidence suggesting that only the low 

affinity receptors are physiologically active: the EDSO of 

carbamylcholine for inhibition of myocardial adenylate 

cyclase agrees well with the affinity constant of the 

low-affinity form of the receptor (Birdsall, 1980a). The 

low affinity agonist binding state apparently reflects 

conformational constraints placed upon the receptor by its 

coupling to membrane structures involved in the production 

of postsynaptic cellular responses to receptor stimulation 

(Burgen, 1981). 

Populat·ions 

Muscarinic acetylcholine receptors from different brain 

regions vary in their agonist binding properties (Aronstam 

et al., 1978a, 1978b, 1979a; Birdsall et al., 1980b; Kloog 

et al., 1979). Birdsall (1980b) and others have suggested 

that regional heterogeneity of agonist binding reflects 

differing distribution of muscarinic receptor populations 

among high and low affinity states. _However, examination of 

several regulatory functions of muscarinic acetylcholine 

receptors from various brain regions (Ikeda, 'Aronstam and 

Eldefrawi, 1979) and analysis of these properties after 

solubilization (Wenger and Aronstam, 1982; 1983) suggest 



that more fundamental biochemical differences underlie 

regional receptor heterogeneity. 

Interconversion of high and low affinity binding sites 

can be achieved by sulfhydryl reagents (Aronstam et al., 

1977b), heavy metals (Aronstam et al., 1978b), oxidation or 

reduction (Aronstam and Eldefrawi, 1979a), the presence of 

guanine nucleotides or their analogues (Rosenberger et al., 

19 7 9 , 1 9 8 0 ; Berrie ·e t ·a 1 . , 19 7 9 ; Wei and S ul a kh e , 19 7 9 ) , or 

thermal denaturation of a select population (Almon.and 

Martner, 1980; Gurwitz and Sokolovsky, 1980). These 

regulatory agents provide valuable tools for dissecting 

receptor state distribution from regional heterogeneity of 

receptors. 

E. Gon·t·rib'U't.io·n· ·o·f Memhra·ne Environment to. Multiple 

Rece·p·t·o·r· 'Pop·u'lations and Regional Heterogeneity 
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Organization of the muscarinic receptor in brain 

membranes is incompletely understood. · ~he hydrophobic 

membrane environment probably plays an important role in. 

receptor-effector coupling and certain regulatory processes. 

Attempts to extract the receptor with high salt 

concentrations (Bartfai ·et· al., 1974; Carson· et· al., 1977; 

Massoulie· ·et· ·al., 1977) have been unsuccessful, suggesting 

that the muscarinic receptor is a transmembrane protein 

firmly embedded in the lipid bilayer. While muscarinic 

binding is eliminated following solubilization of membranes 

with most detergents, several_ groups have successfully 

solubilized the muscarinic receptor using digitonin, a plant 



glycoside with mild detergent properties (Beld and Ariens, 

1974; Aronstam et al., 1978c; Gorissen et al., 1978, 1981; 

Hurko, 1978; Repke and Matthies, 1980). Prelabelling the 

receptor with antagonists such as [3HJQNB prior to 

solubilization increases the· ·yield of solubilized receptors 

(Ruess and Lieflander, 1979). The difficulty in extracting 

a functional form of the muscarinic receptor with more 

powerful detergents than digitonin suggests that the 

hydrophobic membrane environment stabilizes the receptor 

(Aronstam et al., 1978c; Ruess and Lieflander, 1979). The 

phospholipid composition of" the membrane environment may be 

important in maintaining the functional receptor, and this 

is supported by experiments in which the lipid composition 

of the membrane was changed enzymatically, by temperature 

acclimation in frogs, or by addition of exogenous lipids 

(Aronstam~ al., 1977a; Almon and Martner, 1980). 
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The configuration of the muscarinic receptor within the 

hydro~hobic membrane is likely to contribute significantly 

·to its coupling to effector mechanisms and regulatory 

structures. By removing the receptor from the membrane via 

digitonin solubilization, it is possible to evaluate the 

r~gulatory function of muscarinic receptors from various 

brain regions in order to determine the relative 

contribution of the membrane environment to the observed 

multiple populations and regional heterogeneity of 

muscarinic receptors. 



MATERIALS AND METHODS 

I . EXPERIMENTAL. ANIMALS 

* Male Sprague-Dawley derived rats (Tac: NSD fBR; 

Taconic Farms, Germantown, New York) were used in the 

studies described. The birthdate and body weight of each 

rat were recorded on arrival. Rats were housed in pairs 

under diurnal lighting conditions in the Medical College of 

Georgia vivarium facility. The animals were maintained on a 

normal laboratory diet of Wayne Lab-Blox and water, to which 

they had access· ·ad Tihit·um. 

At the time of these studies, the rats were six to 

twelve weeks of age and weighed between 150 and 300 grams. 

I I. . EXPERIMENTAL 'PROCEDURES 

A. Tis·~u~ 'Prep~ration. Rats were killed by decapita

tion, a dorsal craniotomy performed, and the brains removed 

to ice-cooled Petri dishes for dissection. Brains were 

bisected dorsoventrally anterior to the superior colliculi. 

The cerebellum was discarded and the posterior half, 

comprised of midbrain, pons, medulla, and cord to C-1, 

designated "brainstem." The anterior half was hemisected 

and the thalami, basal ganglia, corpora callosum, and 

remaining white matter removed; the remaining tissue was 

designated "cortex." 

16 
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B.· "Pr·e·p·a·r·a·t·io'It ·o·f Me·mhr·an.e-B"oun·d Homogenates ~ Cortex 

or brainstem tissue was homogenized in 10 t~ 15 ml of 50 mM 

Tris HCl, pH 7.4, using a Heidolph automatic-drive unit at 

200 rpm, with Teflon pestles. Homo~enates were then 

centrifuged at 35,000 x g (17,000 rpm) for 20 minutes at 4°C 

using a JA-20 rotor in a Beckman J2-21 centrifuge. The 

pellets were resuspended in fresh buffer and the protein 

content mea~ured by the method of Lowry (1951) using bovine 

serum albumin as a standard. 

C.· ·pr·e·p·a·r·a:t·io·n ·o·f SoTuhiliz-e·d Re·c·ep·t·ors. Digitonin (a 

glycoside from the plant Digitalis purpurea which possesses 

mild detergent properties) was dissolved in distilled water 

by heating to 80°C. The membrane-bound receptors were 

solubilized by shaking 25 to 50 ~g of pro~~in in a_solution 

of 5.0 ml of 50 mM Tris HCl pH 7.4 with an equal volume of 

2% digitonin for 30 minutes at room temperature, followed by 

centrifugation at 100,000 x_ g (40,000 rpm) for 35 minutes at 

4°C using a Type 65 rotor i~ a Beckman 15-75 ultracentri-

_fuge. The supernatant was retained as the solubilized 

receptor preparation. 

Solutions of membrane-bound or digitonin-solubilized 

tissue were stored at 4°C. Phenylmethylsulfonyl fluoride 

was added (final concentration of one mM) to all 

preparations to prevent proteolysis. Binding assays were 

performed within 24 hours of ~issue preparation. 
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D. Ligand-Re·c·e·p·t·or· ·B"inding Assays. 

1.· Prot·oc·ol fo·r filtration assay of me·mbrane

boun·d ·musc·ar·inic r-e·cep·tors. The binding of [ 3H] QNB, a 

specific and potent muscarinic receptor antagonist, to 

membrane-bound receptor preparations was measured by a 

modification of the method of Yamamura and Snyder (1974) as 

described by Aronstam (1979a; 1979b). Suspensions of 100 ~1 

containing SO to 100 ~g of membrane-bound protein, 100 pM 

[3H]QNB and appropriate concentrations of drugs as required 

_by the experiment, in SO mM Tris-HCl, pH 7.4, were" incubated 

for 60 minutes at room temperature. The samples were then 

filtered through Whatman GF/B glass fiber filters (pore size 

1 micron) which had been immersed in a 1% organosilane 

solution (Prosil 28, PCR Research Chemicals) to reduce 

radiolabelled-ligand binding to the filters, using a 

modified Brandel cell harvester. Filters were washed three 

times with approximately S ml of SO mM Tris HCl, pH 7.4. 

Radioactivity content of the filters was determined by 

liquid scintillation counting in a Beckman LS 1800 counter 

at approximately 44% efficiency using the scintillation 

cocktail described in Table I. Nonspecific binding (binding 

of radiolabelled ligands to membrane components other than 

the receptor) was measured in the presen~e of a 10,000 fold 

excess of atropine (10 uM). A typical assay procedure is 

outlined in Table II. 

2 .· 'Pr·o·to·c·o1· ·for pr·e·cip.it·a·t·ion/fiTt·rat·ion assay 

of det·er·g·e·nt· ·soTuhilize·d ·mus·c·a·rinic receptors. Binding of 



TABLE I 

Scintillation Cocktail 

.C.o.n.s.t.i.t.ue.n. t .. 

2,5 ·Diphenyloxazole 

1,4-bis[2(4-rnethyl-5-phenyloxazolyl)] 
benzene 

Beckman Bio-Solv 3 

mmo.l./.1. i. t.e.r. .o. f. .T.o.l.ue.n e 

20.39 

0.078 

3 7. 5 rnl 
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TABLE II 

Receptor Binding Assay Procedure: Carbamylcholine D1splacement of [3H]QNB Binding 

[3H]QNB 50 mM Tris I 

Tube [Carbamylcholine] Added as: HCl pH 7 ._4 
Protein Sample 

,.., t=Q b.O 
10- .liMa oz !=! 1 - - 4.85 ml 100 pg in 100 pl 

~ O'·r-1 
+-> r--~'"d 

10-llMa !=! ::c !=! 2 - - 4.85 ml 100 pg. in 100 pl Otr> •r-1 
u 1...-..J t=Q 

<D 3 10-llMa 10- 7M . 50 pl 10- 5M 4. 8 0 ml· 100 pg in 100 pl 
!=! 

10-llMa 10- 6M -4 ·r-1 4 4.80 ml 100 pg in 100 pl ,.., 50 pl 10 M 
0 <1.) 

..r:::::> lb-llMa 10- 5M -3 u ~ 5 50 pl 10 M 4.80 ml 100 11g in 100 11l 

.---i;::l 
>-.U 

10-llMa 10- 4M 50 11l 10- 2M ~ 6 4.80 ml 100 11g in 100 11l cd 
...0 

10-l.lMa 10- 3M 50 11l 10-lM ~ 7 4.80 ml 100 11g in 100 111 cd 
u 

u 
•r-1 b.O 8 10-llMa -5 50 11l 10- 3M 4.80 ml 100 pg in 100 11l LHI=! Atropine 10 M 
·r-1 ·r-1 

I U '"d 
!=! <D !=! 
0 ~·r-1 
Zlflt=Q 

aAs 50 111 10- 9M 

* Protein may be membrane-bound or detergent-solubilized cortex or brainstem, in normal form 
or pretreated with ~-ethylmaleimide or Gpp(NH)p. 

All samples are assayed in triplicate. The incubation period is 60 minutes. 

Membrane-bound samples are ·filtered following the incubation period. 

For digitonin-solubilized samples, 100 pl of 5% protamine sulfate is added to each tube, 
followed by 1.0 ml of 20% polyethylene glycol. The solutions are then mixed on a 
vortex mixer and filtered. 

N 
\0 



radiolabelled ligands to detergent-solubilized receptors 

was measured by a procedure similar to that used for 

membrane-bound receptors. The assay is a modification of 

the method of Kalinoski (1980) as described by Wenger and 

Aronstam (1982; 1983). After the incubation period, the 

solubilized receptor complexes were precipitated using a 5% 

protamine sulfate solution, followed by 20% polyethylene 

glycol to increase the viscosity of the precipitate to 

assure its retention by the glass-fiber filters. 

3. ·pr·o·t·o·c·oT fo·r· ·e·qu·ilihrium dialysis.· A 200 111 

sample of receptor preparation (cortex or brainstem, 

membrane-bound or solubilized) was placed inside a 1/4 inch 

diameter dialysis bag (Spectra-Par 2, Fisher Scientific, 

nominal molecular weight cutoff of 14,000) that had been 

boiled for one hour in distilled water containing 1 mM EDTA 

and stored in 0.1% sodium azide to remove contaminants. 

21 

Dialysis bags were then placed in a lat.ge (10 to 20 ml) 

volume of 100 mM Tris-HCl, pH 7.4, containing an appropriate 

ligand concentration (e.g., lo- 10M [ 3H]QNB) and shaken for 4 

hours at room temperature. The difference in radioactivity 

content between the bags and the bathing medium reflects the 

extent of binding. While equilibrium dialysis is a 

time-consuming means for routine binding measurement, it 

eliminates several errors of nonequilibrium binding assays. 

Ligand binding is determined under equilibrium conditions, 

so that ligand-receptor dissociation during sampling is not 

· a problem. This method is therefore capable of measuring 



lower-affinity interactions than the filtration methods. 

The assay also provides accurate, independent measurements 

of free ligand concentration. Equilibrium dialysis was 

periodically used to spot check the validity of results 

obtained.by filtration assays. 

4.· Proto~~l ·f~r ~easurement of ligand-receptor 

ass~ciation rates. 30 ~1 ·of 10- 7M [ 3H]QNB was added to a 

solution of 0.5 mg/ml of membrane-bound or 

digitonin-solubilized cortex or brainstem, in 50 mM Tris 

HCl, pH 7.4, for a final volume of 3.0 ml. 100 ~1 aliquots 

were taken at specified times (30 seconds to 60 minutes 

after addition of [ 3H]QNB) and rapidly filtered through 2.1 
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em glass fiber filters which had been immersed in a 1% 

organosilane solution (Prosil 28, PCR Research Chemicals) to 

reduce [3H]QNB binding to the filters. Samples from 

membrane-bound preparations were filtered directly; samples 

from solubilized preparations were precipitated with 100 ~1 

of 5% protamine sulfate and 500 ~1 of 20% polyethylene 

glycol before filtration. Each filter was washed three 

times with 5 ml of 50 mM Tris HCl, pH 7.4. Radioactivity 

content of the filters was determined by liquid 

scintillation counting as described previously. 

Nonspecific binding of [3H]QNB as a function of time 

was measured by preincubating receptor preparations for 20 

minutes with 10 ~M atropine. Precipitation, filtration and 

scintillation counting were performed as described for the 

direct measurement of [3H]QNB binding. 



I I I. SOURCES OF DRUGS AND EXPERIMENTAL REAGENTS 

the following drugs and reagents were used in these 

studies: 

Atropine sulfate 

Carbamylcholine 
chloride 

Digitonin 

N-ethylmaleimide 

5'-guanylylimidodi
. phosphate (sodium 

salt) 

Protamine sulfate 
(salmine) 

Lot 82F-0103 

Lot 119C-0171 

Lot SlF-0565 

Lot E-3876 

Lot 42F-7305 

Lot 71F-0037 

[3H] (1)-3-quinuclidinyl benzilate 

IV. STATISTICAL ANALYSIS 

Sigma· Chemical 
St. Louis, MO 

Sigma Chemical 

Sigma Chemical 

Sigma Chemical 

Sigma Chemical 

Sigma Chemical 

44 Ci/mmole, Amersham 
32 Ci/mmole, New 

England Nuclear 

The IC50 values of QNB and carbamylcholine binding 
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curves performed on membrane-bound and digitonin-solubilized 

muscarinic receptors from rat cortex and brainstem 

preparations were compared by the two-tailed Student's 

T-test for unpaired data. P values of less than 0.05 were 

accepted as indicating significant differences. 

Binding kinetics were analyzed by fitting binding 

curves to the sum.of two first-order exponentials 

representing the fast and slow steps according to the 

following model: 



where B is [ 3H]QNB bindirig, and k1 and k 2 are the 

first-order r-ate constants corresponding the fractions of 

high (a1) and low (a 2) affinity binding sites. Binding 

parameters were estimated by iterative, nonlinear, least 

24 

squares regression analysis with the Marquandt method using 

programs available in the statistical package for the Social 

Sciences and the University of Georgia Cyber.computing 

network. The data was replotted in a linear form according 

to the integrated rate equation for bimolecular 

interactions (Kloog ~ al., 1979a): 

ln 
.(B. . :- .B.t) eq, 

B eq. 

where Beq and Bt.are the concentrations of_bound receptor at 
3 . 

equilibrium and at time t. Free [ H]QNB was in great excess 

of receptor binding sites, and was considered to remain 

constant throughout the reaction. 

V. ABBREVIATIONS AND SYMBOLS 

. The following abbreviations and symbols are used 

throughout this thesis: 

ACh - acetylcholine 

Gpp(NH)p - S'guanylylimidodiphosphate 

mAChR - muscarinic acetylcholine receptor 

NEM - N-ethylmaleimide 

[ 3H]QNB - tritiated (1)-3-qu{nuclidinyl benzilate 

ICSO - concentration of a compound which produces SO% 

inhibition.of substrate binding 
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- logarithm,· base 10 

-negative log of the·hydrogen ion concentration 

- standard error of the mean 

- gram 

- milligram 

- microgram 

- liter 

- milliliter 

- microliter 

- molar concentration (moles/liter) 

- millimol,ar concentration (10- 3 moles/liter) 

- micromolar concentration (10- 6 moles/liter) 

- nanomolar concentration· (10- 9 moles/liter) 

- picomolar concentration (lo- 12 moles/liter) 

- femtomolar concentration (lo- 15 moles/liter) 

- time 

- hour 

minute 

- second 

- degrees of temperature, Celsius 

- percent 

- slope 



RESULTS 

I. SOLUBTLlZATlON 'OF MUSCARINIC RECEPTORS "FROM 

RAT CEREB"RAL "CORTEX AND B"RAINSTEM 

Membrane-bound cortex homogenates were opaque 

suspensions of pinkish-tan particles, while brainstem 

homogenates were lighter in color, probably reflecting the 

greater myelin content of that region. All membrane-bound 

preparations settled to the bottom of their containers upon 

standing; they required frequent agitation to keep the 

particles suspended during assay sampling procedures. 

Digitonin-solubilized preparations represented the 

supernatants from high~speed (100,000 x g for 35 min) 

centrifugation of mixtures of membrane-bound tissue and 

digitonin solutions. The discarded pellets consisted of a 

dark brown core surrounded by a translucent white or beige 

pellet which had a waxy consistency. The supernatant fluids 

were clear, colorless solutions. Digitonin-solubilized 

protein did not settle out of solution for up to one week 

after preparation, nor did a precipitate form after storage 

at -70°C and subsequent thawing up to six months afterward. 

After extraction with 1% digitonin, 36 to 43% of the 

membrane-bound protein was solubilized from both cerebral 

cortex and brainstem preparations. The density of 
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m~scarinic receptors in the solubili~ed preparations was 

decreased 20%; digitonin solubilization reduced the specific 

binding of 1. 0 nM [ 3H] QNB from 800 to 600 fmol/mg ·protein in 

the cortex and from 275 to 225 fmol/mg in the brainstem. 

II. RADIOLAB"ELLED ANTAGONIST BINDING TO MEMBRANE-BOUND 

AND DETERGENT SGLUBTLTZED MUSCARINIC RECEPTORS FROM 

CORTEX AND B'RAlNSTEM 

Binding of the antagonist [3H]-3-quinuclidinyl benzi

late ([ 3H]QNB) to membrane-bound and digitonin-solubilized 

muscarinic receptor~ from ~ortex and brainstem was well 

described by a mass action relationship for a single class 

of noninteracting binding sites. The binding of SO pM 

[3H]QNB was measured in the presence of unlabelled QNB in 

the concentration range of 10-lO to 10- 8 M (Figure 1). The 

ICSO values for QNB binding to membrane-bound cortex and 

brainstem do.not differ significantly. After 

solubilization, the ICSO is significantly (P < 0.00~) 

decreased. ICSO values decreased more than twofold from the 

membrane-bound to the solubilized forms of both.cortex and 

brainitem (Table III). 

I I I .. AGONIST 'B'INDING TO MEMBRANE--HOUND AND DETERGENT

SOLUBTLTZ'ED MUSGARINTC .RECEPTORS FROM CORTEX AND 

. ·HRAINSTEM 

Solubilization of the muscarinic receptor with 

digitonin enhanced the ability of carbamylcholine to inhibit 



on 
1·ng to 

The binding of 50 pM [ 3H]QNB was measured in the 
presence of the indicated concentrations of Unlabelled 
QNB. Each point and bar represents the mean and S.E~M. 
of at·least four separate determinations using cortex 
(left panel) .and brainstem (right panel) preparations. 
Receptor preparations and binding ~ssays were performed. 
as described in Materials and Method~. Binding is 
expressed as percentage of total specific (i.e. 
atropine-sensitive) binding (measured in the absence.of 

·unlabelled QNB) to membrane-bound (0) and digitonin-
solubilized (6) receptors. · 
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TABLE III 

ICSO Values. (nM). for QNB I;h-ibition of 50 pM [3H]QNB Binding 
to Membrane-Bound and Detergent-Solubilized Muscarinic 

Receptors from Cortex and Brainstema 

TISSUE MEMBRANE-BOUND DIGITONIN-SOLUBILIZED 

Cortex z.3o ·c~ o.z9) 0 • 9 9 (~ 0 • 3 8) b 

Brainstem 1. 9 9 . (~ 0 • 2 ~ J. 0 • 8 6 (~ 0 • 0 9) b 

aValues shown represent the mean + S.E.M. ICSO in nM for 
four separate determinations. -

bDenotes a significant difference at the (P < 0.005) level 
between membrane-bound and corresponding digitonin
solubilized preparations. 

ICSO values for QNB binding to cortex and brainstem are not 
significantly different (P > 0.05) in the membrane-bound or 
digitonin-solubilized forms .. 
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the specific binding of 10 pM [3H]QNB to the receptor. 

Curves o£ carbamylcholine displacement of [ 3H]QNB binding 

undergo a significant (P < 0.005) parallel sh1ft to the left 

(Figure 2). Solubilized receptors derived from both cortex 

and brainstem preparations had about a fivefold increase in 

apparent agonist affinity over their resp~ctive 

membrane-bound forms, as indicated by decreased IC50 values 

(Table IV). 

The regional heterogeneity of brain muscarinic 

receptors, characterized by a higher affinity of 

membrane-bound brainstem receptors for carbamylcholine 

compared to those from membrane-bound cortex, is preserved 

after solubilization with digitonin (Figure 3). In the\ 

membrane-bound form, brainstem receptors.have an affinity 

for carbamylcholine (IC50 = 3.2 ~ 0.3 ~M) roughly fifteen 

times that of receptors derived from c·ortex 

(IC50 = 45.0 ~ 8.0 ~M). This significant (P < 0.005) 

difference in agonist binding properties remains after 

solubilization (Figure 3). Although solubilization caused 

an increase in affinity in both cortex and brainstem 

preparations, the solubilized brainstem receptors retained a 

significantly (P < 0.005) greater affinity for 

carbamylcholine than the solubilized muscarinic receptors 

from cortex. 

Under the conditions used in the [ 3H]QNB binding 

assay, particularly the high concentration of [ 3H]QNB 



Figure 2. Tnfl'u"enc·e· of digit ·so1ubiliza·t·ion on carbamyl-
choline· 1n ·1· ·1·t·1·on· ·o· H · ·1·n ·1·n·g· ·to· ·mu:s·carl.n.1c 
acetylcholine receptors from corte~ ·and brainstern 

The specific binding of 10 pM [ 3H]QNB was measured in 
the presence of the indicated concentrations of 
carbamylcholine. Membrane-bound (open symbols) and 
digitonin-solubilized (closed symbols) receptors from 
cortex (left panel) and brainstem (right panel)~ were 
prepared and assayed as described in Materials and 
Methods. Each point and bar represents the mean and 
S.E.M. of four separate determinations. Binding is 
expressed as percentage of total spetific (i.e. 
atropine-sensitive) binding (measured in the absence of 
carbamylcholine) to membrane-bound and digitonin
solubilized cortex and brainstem receptors. 
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TABLE IV 

IC50 Values 3 (vM) for Carbamylcholine Inhibition of 
10 pM [ H]QNB Binding to Membrane-Bound and 
Detergent-Solubilized Muscarinic Receptors 

from Cortex and Brainstema 

TISSUE MEMBRANE-BOUND 

Cortex 45 c.: 8.0) 

Brainstem 3 • 2 . c.: 0 • 3) 

DIGITONIN-SOLUBILIZED 

b 8. 8 c.: 1. 5) 

0.66 (.:!:, 0.05)c 

aValues shown represent the mean IC50 in ~M _: S.E.M. for 
four to eight separate determinations. 

bDenotes a significant difference at the P < 0.005 level 
between membrane-bound and corresponding digitonin
solubilized cortex preparations. 

cDenotes a significant difference at the P < 0.001 level 
between membrane-bound and corresponding digitonin
solubilized brainstem preparations. 
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Figure 3 •· Tnflue·n·c·e· ·o·f dig.ito·n·in· ·s·oTuhiliz·a·ti·o·n ·o·n· region·al 
he·t·e·r·o'g·e·n·e'ity ·o'f· ·a·g·o·n'fs·t· hi'n'din·g· 'in· ·c·o'rt·e·x ·a·n·a br·a·in
·s·te·m ·mu·s·c·a·r'in·1·c· ·r·ec·e·p·t·o·r· ·p·o·p·uta·t'fo·ns 

sgecific (i.e. atropine-sensitive) binding of 10 pM 
[ H]·QNB to membrane-bound (left panel) and digitonin
solubilized· (right panel) recept6rs from cortex (O) and 
brainstem (~) was measured in the presence of the 
indicated concentration of carbamylcholine. Each point 
and bar represents the mean and S.E.M. of four·separat~ 
determinations. 3Binding is expressed as per~entage of 
total specific [ H]QNB binding (measured in the absence 
of carbamylcholine) .. Regional heterogeneity of 
receptor affinity for carbamylcholine is preserved 
after digitonin solubilization. 
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(SO pM) relative to its reported dissociation constant of 7 

to 10 pM (Korn et al., 1983), carbamylcholine inhibition 

curves would be expected to be shifted to the ·right. The 

ICSO is related to the agonist (i.e. carbamylcholine) 

affinity constant KA by the ·equation: 

In these experiments, the ICSO represents 11-16 times the 

actual value of the affinity constant for the competing 

drug. The ICSOs reported are therefore operational values 

which reflect the drugs' relative affinities for the 

receptors. 

IV. REGULATORY MECHANISMS ·oF MUSCARINIC ACETYLCHOLINE 

RECEPTORS "FROM "CORTEX AND BRAINSTEM: INFI~UENCE OF 

SOLUBILIZATION 

1. Antagonist binding 

N-ethylmaleimide, a sulfhydryl alkylating 
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reagent, produced a concentration-dependent decrease in the 

number of muscarinic sites in membrane-bound a·nd 

detergent-solubilized cortex and brainstem as measured by 

the specific (i.e., atropine~sensitive) binding of [3H]QNB. 

Figure 4 infers the number of muscarinic binding sites in 

membrane-bound versus solubilized cortex and brainstem after 

incubation with various concentrations of NEM for 20 



Figure 4 .· Tnflue·n·ce· ·o·f N-·e·thyTmale·imide· '(NEM). ·an· ·the· number 
of mus·c·ari·n·lc hin·ding· ·s'ft·es· ·in ·me·m:hr·a·n·e-ho·un·a and 
dig1 ton1n s·oiubilized cort·ex ·an·a hr·al'ns·tem r·eceptor 
preparations 

Membrane-bound (O) or digitonin-solubilized (8) 
receptors from cortex (left panel) or brainstem (right 
panel) were treated with the indicated concentrations 
of NEM for 20 minutes at 37°C. The spe~ific (i.e. 
atropine-sensitive) binding of 1.0 nM [ H]QNB (a 
receptor saturating concentration) is expressed as 
percentage of control specific binding measured in 
corresponding untreated preparations. Each point and 
line represents the mean and S.E.M. from five separate 
determinations. 
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minutes at 37°C. Specific [3H]QNB binding to solubilized 

receptors was completely abolished after treatment of -

solubilized cortex arid brainstem with 1 and 32 mM NEM, 

respectively. NEM treatment irreversibly inhibits [ 3H]QNB 

binding to solubilized receptors at concentrations .at which 

it has no appreciable effect on [3H]QNB binding to 

membrane-bound receptors. 

2. Agonist binding 

Figure 5 illustrates the influence of NEM on 

carbamylcholine inhibition of [3H]QNB·binding to 

membrane-bound receptors from cortex and brainstem. In 

these experiments, an NEM concentration of 0.32 mM used in 

order to produce effective increases in carbamylcholine 
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ICSO values without inactivating over 50% of the solubilized 

receptors. Preincubation of tissues with 0.32 mM NEM for 20 

minutes at 37°C produced a fourfold increase in agonist 

ICSOs for cortex receptors and a threefold increase irt 

ICSO values for receptors from brainstem (Tabl~ V). In the 

membrane-bound forms of the muscarinic receptor, the. 

influence of NEM on carbamylcholine binding was greater at 

high (10-S to 10- 3 M carbamylcholine) agonist 

concentrations. 

In digitonin-solubilized forms of the muscarinic 

receptor from cortex and brainstem, th~ NEM-induced shift to 

higher agonist affinity is significantly (P < 0.005) greater 

than that produced in membrane-bound preparations under the 

same .conditions. Treatment of solubilized receptor 



Figure 5 .· 'lnfltiettce· ·of N -·e·t'h 'lma·le.iniide· ·(NEM)' ·o·n· c·a·rha·myl-
cho 1 in·e ·l·n· ·1· ·.l·t·l·o·n· ·o· · 'Q · ·l·n· ·l·n·g· ·tO' ·meni Ya·ne-
bound muscarin,l·c receptors· fr·om ·c·o'r'te·x· a·n·a ·hra1nstem 

Membrane-bound receptor preparations from cortex 
(circles) and brainstem (triangles) were incubated in 
the pre·sence (closed symbols) or absence (open symbols) 
of 0.32.mM NEM for 20 minutes at 37°C. The sgecific 
(i.e., atropine-sensitive) binding of 10 pM [ H]QNB was 
measured in the presence of the indicated 
concentrations of carbamylcholine. Each point and bar 
represents the mean and S.E.M. bf three separate 
determinations. 3Bindirrg is expressed ~s percentage of 
total specific [ H]QNB binding in the absence of 
carbaniylcholine. 
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Influence of N-e~hylmal~imide on Carbamylcholine Inhibition 
of 10 pFJI [ H] QNB Binding to .Membrane-Bound and 

Detergent-Solubilized Muscarinic Receptors from Cortex 
and Brainstema 

TISSUE CONTROL NEM-TREATEDb 

Membrane-Bound Cortex 27.0 ·c~ 2.2) 6.6 (~ 0. 7) c 

Solubilized Cortex 8.3 (.:!:_ 3.0) 1.0 (~ 0. 5) d 

Membrane-Bound 
Brains tern 3.3 (.:!:_ 0.?) 1.11 C:, O.OS)c 

0.06)d Solubilized Brainstem 1.6 (.:_ 0.6) 0.29 (~ 

aValues·· shown represent the mean + S .E .M. IC50 in 11M for 
three to six separate determinations. 

bSamples were incubated for 20 minutes at 37°C in the 
presence of 0.32 mM NEM before performing binding 
assays. Corresponding controls were incubated for 
20 minutes at 37°C without NEM before binding was 
measured. 

cDenotes a significant difference at the P < 0.005 level 
between NEM-treated membrane-bound receptors and cor
responding control preparations. 

dDenotes a significant difference at the P < 0.01 level 
between NEM-treated solubilized receptors and corres
ponding control preparations. 



preparations with 0.32 ~1 NEM for 20 minutes at 37°C 

resulted in an eightfold increase in agonist ICSOs for 

cortex. and a sixfold increase for brainstem receptors 

(Table V). Figure 6 illustrates that, as is the case with 
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membrane-bound receptors, digitonin-solubilized cortical 

receptors are more susceptible to the NEM-induced increase 

in affinity than are solubilized brainstem receptors. 

However, unlike with membrane-bound receptors, NEM had more 

pronounced effects on solubilized receptors in the presence 

of lower (10- 7 to 10-S M) concentrations of carbamylcholine. 

Membrane-bound and digitonin-solubilized receptors from 

cortex and brainstem retained their significant (P < 0.01) 

differences in carbamylcholine binding affinity after 

treatment with NEM. 

Discrepancies in control ICSO values for 

carbamylcholine inhibition of [ 3H]QNB binding which occur 

between Table IV and Tables V and VI probably represent 

systematic differences between the heat-treated and 

room-temperature preparations, although in all experiments, 

data were internally consis·tent within 5 to 10%. Data 

presented in Table IV and that in Tables V and VI was 

generated several months apart with different animals and· 

reagents. 

More importantly, the receptor is believed to be a 

thermally labile protein (Almon and Martner, 1980) and the 

pretreatment of receptor preparations for 20 minutes at 37°C 

probably altered the protein's conformation and increased 
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its agonist affinity. The control ICSO values for 

heat-treated control receptor preparations in NEM or 

Gpp(NH)p experiments are consistent. The data from 

receptors treated with NEM or Gpp(NH)p should therefore be 

examined with respect to the corresponding heat-treated 

controls. 

B.· Tnflue·n·c·e· ·o·f ·s·'·-g·u·a·ny"lylimidodipho·s·p·hat·e (Gp-p (NH)p) 

on membr·ane-bo·un·d ·a·nd ·de·t·ergent·-solubilized muscarinic 

receptors fr·om cortex and brainstem. 

even at millimolar concentrations (Ehlert et--al., 1980a, 

1980b, 1981; Hulme et al., 1981; Rosenberger, 1979). 

Maximal shifts in agonist affinity are achieved using 
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Gpp(NH)p concentrations of 10 to 100 ~M (Ehlert et a1., 

1980a, 1980b, 1981; Birdsall, 1980a; Wei and Sulakhe, 1980). 

Figure 7 illustrates the influence of Gpp(NH)p on 

carbamylcholine inhibition of [ 3H]QNB binding to 

membrane-bound receptors from cortex and brainstem. Tissues 

were prei~cubated with 100 ~M Gpp(NH)p for 20 minutes at 

37°C. This resulted in a 3.2 fold increase in the ICSO for 

carbamylcholine in membrane-bound cortex and a sevenfold 

increase in membrane-bound brainstem receptor preparations 

(Table VI). In membrane-bound forms of the receptor, the 

Gpp(NH)p-induced reduction of agonist affinity is more 



Membrane-bound preparations from cortex (circles) and 
brainstem (triangles} were incubated in the presence 
(closed symbols) or absence (open symbols) of 100 ~M 
Gpp(NH)p for 20 minutes at 37°C. The ~pecific (i.e. 
atropine-sensitive) binding of 10 pM [ H]QNB was 
measured in the presence of the indicated concentration 
of carbamylcholine.- ·Each point and bar represents the 
mean and S.E.M. of f9ur separate determinations. 3 _ .,, 
Binding is expressed as percentage of specific [ H]QNB 
binding measured in the absence of carbamylcholinee 

\... 
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1. 

TABLE VI 

Influence ·of 5'-Guanylylimidodiphosph~te [Gpp(NH)p] on 
Carbamylcholine Inhibition of 10 pM [ H]QNB Binding to 

Membrane-Bound and Detergent-Solubilized Miscarinic 
Receptors from Cortex and Brainstem 

TISSUE CONTROL 

Membrane-Bound Cortex 20 (~ 2.8) 

Solubilized Cortex 7.5 (~ 1.0) 

Membrane-Bound Brainstem 3.2 (~ 0.2) 

Solubiliz~d Brainstem 1.6 (~ 0.2) 

Gpp(N~)p TREATEDb 

64 (~ 3.2)c 

d 7. 5 (~ 1. 0) 

22 (~ 3. 7)c 
. d 
2.0 (+ 0.5) 
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aValues .shown represent the mean + S.E.M. IC50 (~M) for four 
to eight separate determinations~ 

bSamples were incubated for 20 minutes at 37°C in the 
presence of 100 ~M Gpp(NH)p before performing the binding 
assays. Corresponding controls were incubated for 20 
minutes at 37°C without Gpp(NH)p before measuring 
the binding. 

cDenotes a significant difference at the P < 0.001 level 
between Gpp(NH)p-treated membrane-bound receptors and 
corresponding control preparations. 

dDenotes no significant difference (P > 0.05) between 
Gpp(NH)p-treated solubilized receptors and corresponding 
control preparations. 
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-7 -5 . ) . pronounced at lower (10 to 10 M carbamylchollne agon1st 

concentrations. 

Gpp(NH)p did not alter the ability of carbamylcholine 

to inhibit specific [3H]QNB binding to solubilized forms of 

the muscarinic receptor from either cortex or brainstem 

(Table VI). Pretreatment of solubilized receptor 

preparations with 100 ~M Gpp(NH)p for 20 minutes at 37°C 

prior to measuring binding (i.e., the same pretreatment that 

produced sigrtificant reductions in agoni~t affinity in 

corresponding membrane-bound pr~parations) did not affect 

carbamylcholine binding to solubilized receptors. Figure 8 

shows that no appreciable shift occurs in carbamylcholine/ 

[3H]QNB competition curves in solubilized cortex or 

brainstem preparations. 

Gpp(NH)p did not influence the regional heterogeneity 

of muscarinic receptors from cortex and brainstem. Both the 

membrane-bound and the digitdnin-solubilized receptor 

preparations from cortex and brainstem were significantly 

different CP < 0.005) with respect to their carbamylcholine 

ICSO valuese 

Figure 9 summarizes the effects of NEM and Gpp(NH)p 

treatment on carbamylcholine IC50 values for displacement of 

10 pM [3H]QNB from membrane-bound and digitonin-solubilized 

receptors from cortex and brainstem. Control ICSO values 

r~present carbamylcholine ICSOs of corresponding 

experimental controls for preparations treated with NEM and 

Gpp(NH)p for 20 minutes at 37°C. 



Digitonin-solubilized preparations from cortex 
(circles) arid brainstem (triangles) were incubated in 
the presence (closed symbols) or absence (open symbols) 
of 100 pM Gpp(NH)p for 20 minutes at 37°C. The 
sgecific (i.e. atropine-sensitive) binding- of 10 pM 
[ H]QNB was measured in the presence of the indicated 
concentration of carbamylcholine. Each point and bar 
represents the mean and S.E.M. of four separate 
determinat~ons. Binding is expressed as percentage of 
specific [ H] QNB binding measured in the absen.ce of 
carbamylcholine. 
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The ICSO's 3associated with carbamylcholine inhibition 
of 10 pM [ H]QNB binding to membrane~bound (upper 
panels) and digitonin-solubilized (lower panels) 
receptors which were untreated (control) or treated 
with N-ethylmaleimide (NEM) or 5'-guanylylimidodi
phospl}ate (Gpp(NH)p) are shown. Neural tissues were 
incubated for 20 minutes .at 37°C with 0.32 mM NEM or 
100 ~M Gpp(NH)p; corresponding. controls ·Were similarly 
incubated in. the absence of NEM or Gpp:{NH)p. ICSO 
values are expressed in micromoles of carbamylcholine. 
The mean carbamylcholine ICSO and S.E.M. from four 
separate determinations are indicated. This figure 
summarizes the experiments presented in Figure 3 
through Figure 8. Values significantly different from 
controls (P < 0.01) are indicated by stars. NEM 
significa~tly increased"the ability of carbamylcholine to 
inhibit [ H]QNB binding to membrane-bound and 
digitonin-solubilized receptors from both cortex and 
brainstem. Gpp(NH)p, h~wever; %ecreased · 
carbamylcholine inhib.ition of·[ H]QNB binding only in 
the membrane-bound receptors; carbamylcholine 
inhibition of [~H]QNB binding to solubilized receptors 
was unaffected. 
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V; KINETICS OF l 3H]QNB BINDING TO MEMBRANE-BOUND AND 

DETERGENT-'SOLUBTLIZ"ED MUSCARINIC RECEPTORS FROM 

CORTEX AND BRAINSTEM 

Specific and nonspecific [ 3H]QNB binding to membrane

bound and di~itonin-solubilized receptors from cortex and 

brainstem were measured as a function of time. Antagonist 

binding to muscarinic receptors has been reported to be a 

two-step process, characterized by a rapid equilibration 

period followed by a slow isomerization to a more stable 

receptor-antagonist complex (Jarv et al., 1979; 1980; 1982; 

Kloog et al., 1978a; 1978b; 1979). 
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The rates of [ 3H]QNB binding to membrane-bound forms of 

cortex and brainstem muscarinic receptors were different. 

The initial phase of binding of 1.0 nM {3H]QNB is faster in 

membrane-bound cortex than in membrane-bound brainstem 

(Figure 10)~ Data obtained from time-course experiments on 

membrane-bound and digitonin-solubilized cortex and 

brainstem preparations are shown in Figure 10. When the 

data are replotted in a linear for~ according to the 

integrated bimolecular rate equation ·(Fig. 11), the biphasic 

nature of the reaction is evidente In membrane-bound cortex 

preparations, the t 112 for the initial phase was 1.9 minutes 

and 8.9 minutes for the second phase, while membrane-bound 

brainstem had an initial t
112 

of 6.5 minutes and a 

second-phase t 112 of 61 minutes. The slopes of the initial 

phases are significantly (P < 0.01) different; the slope 

obtained with membrane-bound cortical receptors (m = -0.37 + 



Figure 10. Kinetics· o·f l 3H]QNB bin.din·g ·t·o· tnembra·ne-bound 
and soluhilize·a mus·ca·rtn·ic ·r·e·c·e·p·t·o·r·s· ·£r·o·m ·co·r·t·ex 
and br·alnst·em 

The ~pecific (i.e. atropine-sensitive) binding of 1.0 
nM [ H]QNB was measured at the indicated times in 
cortex (circles) and brainstem (triangles) preparations 
in membrane-bound (left panel) and digitonin
solubilized (right panel) states. The association 
rate data of the membrane-bound forms (left panel) 
were fitted to the equation: 

-k t -k t B = a 1e 1 + a 2e 2 

where B represents specific binding in pM and k and k 2 are the first order rate constants correspondink to the 
fractions a1 and a 2 of binding sites. Each point and 
bar represents· the mean and S.E.M. from fo~r separate 
determinations. The specific ~inding of [ H]QNB was 
'determined by subtraction of -[ H] QNB binding in corres
pending preparations pre-treated for 30 minutes with 
10 llM atropine. 
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·en·c·e· ·o·f 'dig.it·o·n·in· s·o·luhiliz·a·t·ion on initial 
·rat·e·s o·f · [~H j QNB' hi'n.din·g· ·t·o· ·mu:s·c·a·r'inTc· ·r·e·c·e·pt·o·r·s· ·from 
cortex and brainstem 

The ~pecific (i.e. atropine-sensitive) binding of 1.0 
nM [ H]QNB to membrane-bound (open symbols) and 
digitonin-solubilized (closed symbols) preparations of 
cortex (circles) and brainstem (triangles) presented in 
Figure 9 was plotted using the integrated rate equation 
for a bimolecular reaction: 

In 
(Beq - Bt) 

B eq 
= -(k1 [[3H]QNB] + k_ 1)t 

where B and Bt are the concentrations of specifically 
b~und r~8eptor at equilibrium and at time t. Free 
[ H]QNB is in great excess and can be considered 
constant throughout the reaction. Each point 
.represents the mean of four separate determinations 
(S.E.M. w~s less than 5%). 
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0.002 min- 1) is fourfold greater than the corresponding 

slope obtained with the brainstem receptors (m = -0.017 + 

0.001 min- 1). 

Solubilization decreased the overall rate of [ 3H]QNB 
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binding in both cortex and brainstem preparations. However, 

[ 3H]QNB binding from solubilized preparations was not well 

described by a two-step model; one of the binding phases is 

apparently prevented or eliminated as ·a result of digitonin 

solubilization. The slope of [ 3H]QNB binding to cortex in 

the initial phase decreased more than sevenfold after 

solubilization; the slope of [ 3H]QNB binding to brainstem 

during the initial phase decreased over twofold. 

After solubilization, there is no significant 

difference (P > 0.05) between the rates of [ 3H]QNB binding 

to cortex and brainstem preparations (m = -0.049 + .001). 

The t
112 

for [ 3H]QNB binding to both solubilized cortex and 

brainstem was 14e0 minutes. Figu~e 11 illustrates the 

altered kinetics of [ 3H]QNB binding as a result of digitonin 

solubilization of muscarinic receptors. 



DISCUSSION 

In these studies, the influence of solubilization of 

the muscarinic acetylcholine receptor on antagonist binding, 

agonist binding, regulation· of receptor binding properties 

by N-ethylmaleimide (NEM) and 5'-guanylylimidodiphosphate 

[Gpp(NH)p], and kinetics of antagonist binding was 

investigated. At least two receptor populations have been 

identified on the basis of their affinity for agonists; 

different regions· of the brain pos·sess muscarinic receptors 

with different ligand binding properties. 

The existence of multiple agonist affinity states 

(i.e., intrinsic heterogeneity of muscarinic receptors) is. a 
f 

characteristic property of every brain region (Birdsall et 

al., 1980a). However, there are regional differences in 

muscarinic recept~r binding properties that cannot be solely 

attributed to th~ intrinsic heterogeneity of receptors. 

evident throughout the brain, nor can they be accounted for 

on the basis of differing distribution of· affinity states 

among different areas of the brain (Ikeda· ·et al. , 19 80; 

Wenger and Aronstam, 1983; Ellis and Hoss, 1980). The 

contribution of the hydrophobic membrane environment to the 

intrinsic and regional heterogeneity of brain muscarinic 

receptors was evaluated by extracting the receptors from the 
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membrane with the mild detergent, digitonin. 

The highly specific muscarinic antagonist [ 3H] (1)-3-

quinuclidinyl benzilate ([ 3H]QNB), radioactively labelled 

with tritium to high specific activities, was used as a 
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probe for muscarinic receptors. In the membrane-bound forms 

of receptors derived from cortex and brainstem, the binding 

affinity of [3H]QNB for both regions was virtually 

identical. Although several. investigators have reported 

heterogeneity of antagonist binding affinity in the brain 

using nonclassical antagonists as pirenzepine (Hammer et 

al., 1980), n,o such heterogeneity has been reported for QNB 

(Hulme· ·~ ·al., 19 78; Ehlert· et al., 1980). The present work 

supports these findings. 

Extraction of the membrane-bound receptors--with 

digitonin solubilized about one-third of the receptors from 

either cortex or brainstem. Solubilization increased QNB 

affinity over twofold; however, the ICSO values for QNB 

inhibition of [3H]QNB binding did not differ significantly 

between cortex and brainstem receptors. This finding is 

supported by the work of Gorissen et al. (1978), in which a 

two to threefold increase in antagonist binding affinity 

after digitonin solubilization was obs~rved. It is possible 

that the enhancement of [3H]QNB ·binding that occurs upon 

solubilization is due to a release from conformational 

constraints placed upon the receptor in its native membrane 

configuration. 



The muscarinic receptor has been extensively 

characterized with respect to it~ various states of agonist 
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affinity (Birdsall and Hulme, 1976; Birdsall et al., 1980b). 

Regional differences in agonist affinities of membrane-bound 

cortex and brainstem preparations have also been 

demonstrated. Under the present assay conditions used, 

brainstem receptors had a fifteenfold higher ~ffinity-for 

carbamylcholine than cortical receptors. This is consistent 

with published reports: Birdsall et al. (1980a) reported a 

27.5-fold difference; Ikeda et al. (1980) reported a 22-fold 

difference; and Ellis and Hoss (1980) reported a 20-fold 

difference. The variations in reported values probably 

reflect differences in assay conditions: systematic 

deviations in apparent binding parameters may be produced by 

use of inappropriately large concentrations of receptors or 

receptor probes (Chang et al., 1975; Wells et al., 1980). 

Digitonin solubilization increased agonist affinity 

threefold in both cortex and brainstem preparations without 

affecting the existence of regional heterogeneity (i.e., 
I 

brainstem receptors retained a higher affinity for 

carbamylcholine than cortical receptors). The ~egional 

heterogeneity of agonist binding properties therefore does 

not appear dependent upon elements of the hydrophobic 

membrane ~nvironment that· are disrupted by detergent 

extraction. The uniform shift to higher agonist affinities 

may reflect removal of constraints placed on the 

low-affinity form of the receptor by its presumed coupling 



to effector structures within the membrane, such as 

adenylate cyclase, calcium ion channels, or the guanine 

nucleotide regulatory protein (Berrie et al., 1979; 

Rosenberger et al~, 1979, 1980; Birdsall et al., 1980b). 

The relatively low agonist affinity seen with receptors in 

their native membrane-bound state may reflect channeling of 

intrinsic binding energy into production of conformational 

changes in associated effector and/or regulatory structures 

(Burgen, 1981). An alternative explanation is that 

receptors closely coupled to membrane-bound effector 

structures· are not readily solu~ilized in an active form by 

digitonin; two-thirds of the receptors are not solubilized, 

and this fraction may contain a large proportion of 

low-affinity binding sites. 
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N-ethylmaleimide (NEM) alkylates sulfhydryl groups in 

cysteine residues at pH > 5 and has been widely used as a 

probe for sulfhydryl. group mediation of protein interactions 

(Feeney et al., 1982). The influence of NEM on agonist and 

antagonist binding to membrane-bound and detergent-

solubilized muscarinic receptors from cortex and brainstem 

was examined .. Several investigators (Aronstam~ al., 

19 77b, 19 78a; Ikeda· ~ al., 1980) have shown that NEM, 

despite its potency as a sulfhydryl alkylating agent, does 

not inhibit [3H]QNB binding to muscarinic receptors at 

concentrations up to 10 mM (Hedlund and Bartfai, 1979). In 

solubilized preparations of cortex and brainstem, however, 

NEM treatment irreversibly inhibited [3H]QNB binding to the 
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receptor at concentrations at which it had no effect on 

[ 3H]QNB binding to membrane-bound receptors. This suggests 

that solubilization-induced exposure of sulfhydryl groups 

essential to antagonist binding renders them more vulnerable 

to alkylation by NEM. NEM reacts with only 47% of the total 

sulfhydryl groups in cortex membranes under nondenaturing 

conditions (Aronstam et· al., 1978a). Upon digitonin 

solubilization, over 85% of the sulfhydryl groups are 

alkylated by NEM, as indicated by the subsequent decrease in 

5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) interaction with 

sulfhydryl groups in the presence of 2% sodium dodecyl 

sulfate (Aronstam, per.sonal communication). 

NEM treatment has been shown to increase the affinity 

of membrane-bound muscarinic receptors for receptor agonists 

(Aronstam e t a 1 . , 19 7 7 b ; 19 7 8 a ; 19 7 9 b ; Ikeda e t a 1 , . 19 8 0 ; 

Ehlert et al., 1980a; 1980b; 1980c). This increase has been 

attributed to conversion of low affinity recep~ors to high 

and superhigh affinity states. If the low affinity states 

are indeed the physiologically active forms, as suggested by 

Birdsall et al. (1980b) on the basis of extensive 

dose-response relationship studies, NEM may act by 

uncoupling receptors from the regulatory or effector 

structures (e.g., regulatory proteins, adenylate cyclase, or 

ion channels). This theory is consistent with the results 

of Korn et al. (1983), who found that Gpp(NH)p does not 

,increase the agonist affinity of muscarinic receptors 

pretreated with NEM. This raises the possibility that the 



coupling of the muscarinic receptor to the guanine 

nucleotide regulatory protein is mediated by .sulfhydryl 

groups. 

NEM had a somewhat gre~ter influence on agonist binding 

to cortex than to brainstem receptors. Birdsall et al. 

(1980a) reported that the cortex had 54% of its receptors in 

the low-affinity state, while only 28% of the brainstem 

receptors were in the low-affinity state. If NEM 

preferentially shifts low-affinity receptors to higher 

affinity states, then the greater effect of NEM on cortex 

preparations could be attributed to the greater proportion 

of low-affinity receptors in that region. In both cortex 

and brainstem, NEM increased agonist affinity for the 

muscarinic receptor at concentrations of carbamylcholine at 

which low-affinity binding sites are otcupied. NEM-induced 

shifts in affinity were greatest in ·the range of 1 to 10 pM 

carbamylcholine; Birdsall (1980a) reported a value of 8 ~M 

as the affinity constant for the low-affinity binding site. 

Similar results have been reported by Korn et al. (1983). 

This evidence supports the apparently selective effect of 

NEM on low agonist affinity forms of the receptor. 

The agonist affinity increases produced by NEM 

treatment were twice as great with solubilized muscarinic 

receptors compared to the membrane-bound forms. The studies 

of antagonist binding to solubilized receptors suggest that 

digitonin solubilization exposes sulfhydryl groups of the 

receptor which are inaccessible to NEM in the membrane-bound 
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form of the receptor. This finding is consistent with the 

model of Aronstam, Abood, and Hoss (1978a), in which 

sulfhydryl groups can influence both agonist and antagonist 

binding. Since the cortex underwent an eightfold increase 

in affinity while the_affinity of brainstem receptors 

increased sixfold, the binding curves of the solubilized 

cortex and brainstem are somewhat closer together than in 

corresponding controls. However, as in the influence of NEM 

on membrane-bound cortex and brainstem, this finding can be 

interpreted as the consequence of variations in distribution 

of affinity states among brain regions rather than a direct 

influence of NEM on regional heterogeneity. 

Guanine nucleotides influence the binding and 

physiological functions of a number of neurotransmitter and 

hormonal receptors (Rodbell, 1980). Biochemical evidence 

suggests that guanine nucleotide binding proteins regulate 

the association of transmitter or hormonal binding sites 

with the enzymes and ion channels which mediate their post

synaptic cellular responses (Rodbell, 1980). The 

nonhydrolyzable GTP analogue, 5'-guanylylimidodiphosphate 

[Gpp(NH)p], has been well characterized with regard to its 

ability to decrease the affinity of muscarinic receptors for 

agonists (Berrie et· al., 19 79; Birdsall et al., 1980b; 

Carrier and Aronstam, 1981; Ehlert et al., 1980a; 1980b; 

1980c; 1981; Roeske ·et al., 1980; Rosenberger· et al., 1979; 

1980; Wei and Sulakhe, 1979; 1980). The Gpp(NH)p-induced 

shift to lower agonist affinities has been interpreted as a 
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conversion of high agonist affinity states to low-affinity 

states by promoting coupling of the receptor to effector 

structures, a process mediated by a guanine nucleotide 

regulatory subunit (Birdsall and Hulme, 1976; Birdsall et 

al., 1980b; Ehlert et al., 1981; Gurwitz and Sokolovsky, 

1980b; Pfeuffer, 1977;. Rosenberger et ale, 1979; Rodbell, 

1980). Intrinsic binding energy is then channeled into the 

induction of conformational changes in regulatory and 

effector molecules (Burgen, 1981). The influence of 100 ~M 

Gpp(NH)p on agonist binding to membrane-bound and detergent

solubilized cortex and brains.tem was investigated. 

In the membrane-bound forms of cortex and brainstem, 

Gpp(NH)p decreased agonist affinity by factors of 3.2 and 7, 

respectively. This difference in magnitude of affinity 

shift parallels the greater proportion of brainstem 

receptors in the high affinity states (72%) compared to 46% 

in cortex (Birdsall~ al., 1980a). The apparent increase 

in regional heterogeneity (i.e. the greater distance between 

the binding curves of cortex and brainstem) may reflect the 

regional differences in distribution of agonist affinity 

states rather than a Gpp(NH)p-induced enhancement of 

regional heterogeneity. Reduction of agonist affinity as a 

consequence of Gpp(NH)p pretreatment provides presumptive 

evidence for coupling of the muscarinic receptor to a 

guanine nucleotide regulatory subunit. 

Gpp(NH)p reduced carbamylcholine binding to a greater 

extent at low (0.1 to 100 ~M) concentrations in both cortex 
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and brainstem. This concentration range is consistent with 

the reported affinity constants for carbamylcholine of 0.15 

and 60 ~M for the superhigh and high agonist affinity forms 

of the receptor, respectively (Birdsall et al., 1980a). 

Similar results have been reported by Ehlert et al. (198Gb) 

and Kern ·et ·al. (1983). These findings indicate an apparent 

selectivity of the effects of Gpp(NH)p for the high agonist 

affinity states. 

Exposure of digitonin-solubilized receptors from cortex 

and brainstem to 100 ~M Gpp(NH)p had no influence on the 

affinity of carbamylcholine for the receptor; the shifts in 

binding curves attributable to reduction of agonist affinity 

observed in the membrane-bound forms did not occur. This 

phenomenon is unlikely to be related to a direct interaction 

between digitonin and Gpp(NH)p insofar as Gpp(NH)p could 

effectively reduce carbamylcholine affinity in 

membrane-bound preparations in the presence of 1% digitonin. 

A s.imilar failure of GTP to exert its characteristic effects 

subsequent to digitonin solubilization has been reported by 

Ko rn e t a 1. ( 19 8 3) . Solubilization therefore appears to 

inactivate, or remove from close contact with the receptor, 

the regulatory protein with which Gpp(NH)p interacts to 

enhance receptor-effector coupling. This postulate is 

consistent with the model of Rodbell (1980) which describes 

the guanine nucleotide subunit as tightly bound to the 

cytop~asmic side of the membrane. 



A possible model for the muscarinic receptor complex 

interactions in neural membranes would be as follows: 

®·l~ ... ~ 
GTP 

NEM 

Regulator 
Effector 

T~e receptor exists in two siates, a ~igh affinity, 

uncoupled (and therefore inactive) form (RH), and a 

physiologically active, low agonist affinity form (R1 ) in 

which the receptor is coupled via a guanine nucleotide 

regulatory protein to effector molecules in the membrane 

such as adenyl ate· ·cyclase, phospholipid components, or 

calcium ion channels. Guanine nucleotides (e.g., GTP or 

Gpp(NH)p) promote this coupling; sulfhydryl alkylation 
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prevents or reverses this coupling (Carrier et al., 1983). 

Digitonin solubilization prevents the induction of, but does 

not reverse previously existent coupling. 

The kinetics of [3H]QNB binding to muscarinic receptors 

were originally described by Yamamura and Snyder. (1974) and 

those of [3H]4-N-methyl-piperidyl benzilate ([ 3H]4-NMPB) by 

Heilbronn and Bartfai (1978). Experimental results from 

these and other groups (Jarv e~ al., 1979; 1980; 1982; Kloog 

et al., 1978a; 1978b; 1979a) suggest that antagonist binding 



to the muscarinic acetylcholine receptor in mammalian brain 

and peripheral tissues involves two consecutive equilibria: 

a rapid association step followed by a slower isomerization 

of the receptor-ligand complex to a more stable 

conformation. A possible model of this interaction is as 

follows: 

* where L is the antagonist, R is the receptor, and LR 

represents the stable, isomerized receptor-ligand complex. 

The observed affinity constant is therefore the product of 

the two equilibrium constants, KD = KA · Kisom , where KA = 

(k_ 1/k1) and Kisom = (k_ 2/k2). the isomerization step 

appears dependent upon hydrophobic interactions between the 

ligand and receptor molecules (Burgen, 1981; Jarv and 

Bartfai, i982). 

Although the ~ates of antagonist-receptor association 

differ among brain regions, the affinity of antagonists 

([ 3H]QNB or [3H]4-NMPB) for the receptor at equilibrium do 

not differ (Figure 1; Kloog· ·et· al., 1979a). It therefore 

appears that under equilibrium conditions, antagonist 
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binding affinity appears homogeneous regardless of the brain 

region from which the receptor is derived, although the 

means by which the receptor and antagonist approach 

equilibrium vary among brain regions. 

Solubilization with digitonin eliminates (1) the. 

differences in the [3H]QNB binding rates between cortex and 



brainstem and (2) the biphasic nature of the binding 

kinetics, as illustrated by semilogarithmic plots of the 

integrated rate equation (Figure 11). 

[ 3H]QNB binding to membrane-bound receptors is an 

entropically driven reaction largely dependent on 

hydrophobic interactions (Aronstam et al., 1977a; Jarv et 
. --

al., 1982). It is possible that solubilization eliminates 

certain of these hydrophobic interactions and thus 

eliminates the possibility of isomerization to the more 

stable receptor-antagonist conformation. 
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SUMMARY 

I. RECEPTOR BINDING STUDIES 

1. Muscarinic acetylcholine receptors were 

solubilized with digitonin, a plant glycoside with 

mild detergent properties. Criteria for 

solubilization included nonsedimentation after 

centrifugation at 100,000 x g for one hour and 

nonretention by glass-fiber filters (pore size 1 

micron). Solubilized receptor preparations 

required precipitation by protamine sulfate and 

polyethylene glycol to permit their retention by 

the same glass-fiber filters. 

2. Digitonin solubilized 36 to 43% of the ·membrane 

protein, which had a receptor density 20% less 

than that of the original membrane-bound cortex 
I 

and brainstem preparations. 

3. Muscarinic ~cetylcholine receptor bindinJ in 

membrane-bound and detergent-solubilized rat brain 

tissues was measured using [3H]3-quinuclidinyl 

benzilate ([ 3H]QNB) as a spec~fic probe. 

4. The ICSO's for QNB inhibition of [3H]QNB binding 

were the same in cortex and brainstem preparations 

with either the membrane-bound or the 

digitonin-solubilized form of the receptor. 
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5. Antagonist binding affinity was increased by 

solubilization; the ICSO for QNB inhibition of 

[ 3H]QNB binding to both cortex and brainstem 

receptors w·as reduced over twofold by 

solubilization with digitonin. The increase in 

antagonist binding affinity subsequent to 

solubilization may reflect release of the receptor 

from conformation constraints imposed upon it by 

its interaction with other membrane components. 

6. Agonist affinity as indicated by ICSO values for 

carbamylcholine inhibition of [ 3H]QNB binding was 

increased threefold after solubilization of both 

cortex and brainstem receptors. The intrinsic 

heterogeneity of muscarinic receptors (i.e. the 

existence of multiple agonist binding states), 

however, was unaffected by solubilization. 

7. The regional heterogeneity of muscarinic acetyl

choline receptors, characterized by a fifteenfold 

greater affinity of carbamylcholine for brainstem 

compared to cortical muscarinic receptors, was 

retained after digitonin solubilization. This 

indicates that the structures responsible for 

regional heterogeneity of agonist binding are 

integral components of the receptor molecule which 

are not removed by solubilization. 

8. The role of sulfhydryl groups in muscarinic 

receptor regulation was investigated using the 



sulfhydryl-alkylating reagent, N-ethylmaleimide 

(NEM). Alkylation of sulfhydryl groups by NEM in 
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membrane-bound cortex and brainstem preparations 

increased agonist affinity for the receptor. This 

effect was particularly marked at the 

carbamylcholine concentrations at which the lowest 

agonist affinity binding sites are occupied. 

9. NEM treatment irreversibly inhibited [3H]QNB 

binding to the solubilized forms of cortex and 

brainstem muscarinic receptors at concentrations 

at which it had no effect on [ 3H]QNB binding to 

corresponding membrane-bound receptor 

preparations. This suggests that digitonin 

solubilization exposes sulfhydryl groups essential to 

·antagonist binding, rendering them more vulnerable to 

alkylation by NEM. 

10. NEM had a somewhat greater influence on agonist 

binding to membrane-bound receptors in cortex than 

to corresponding ·brainstem receptors; this 

phenomenon is probably attributable to the greater 

proportion of receptors in the low agonist 

affinity state in cortex compared to brainstem. 

This observation supports the possibility that NEM 

preferentially affects receptors with low agonist 

affinity. 

11. The increases in agonist affinity produced by NEM 

treatment of solubilized cortex and brainstem 
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receptors-were twice as great as those produced in 

the corresponding membrane-bound receptors. 

12. NEM treatment of solubilized cortex increased 

agonist affinity to a greater extent than in 

solubilized brainstem. This finding can be 

attributed to the greater low agonist affinity 

receptor population in cortex than in brainstem. 

NEM did not eliminate regional heterogeneity of 

solubilized muscarinic receptors. 

13. The nonhydrolyzable GTP analogue, 

5'-guanylylimidodiphosphate (Gpp(NH)p), apparently 

converts high affinity forms of the receptor to 

lower affinity states. Gpp(NH)p treatment 

--of membrane-bound cortex and brainstem decreased 

carbamylcholine affinity by factors of 3.2 and 

7.0, respectively. This difference in magnitude 

of affinity shift reflects the greater proportion 

of high affinity receptors (the presumed site of 

action of Gpp(NH)p) :ln brainstem compared to 

cortex. The effects of Gpp(NH)p were more 

profound at low carbamylcholine concentrations at 

which binding to high agonist affinity sites 

occurs. 

14. Digitonin solubilization abolished the ability of 

Gpp(NH)p to influence carbamylcholine binding to 

either cortex or brainstem receptors. 

Solubilization appears to inactivate, or remove 
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from close contact with' the receptor, the 

structures mediating ·the Gpp(NH)p-induced decrease 

in agonist affinity. 

II. KINETIC STUDIES 

15. Specific binding of [ 3H]QNB to membrane-bound 

receptors fitted a two-step model involving a 

rapid binding step followed by a slower 

isomerization of the ligand-receptor complex to a 

more stable conformation. The binding of [ 3H]QNB 

to membrane- bound' cortical 'receptors occurred 

faster than in membrane-bound brainstem receptors. 

16. Digitonin solubilization eliminated the regional 

differences in specific [ 3H]QNB binding rates and 
' . 

the biphasic nature of the binding kinetics; This 

suggests that the structures responsible for the 

greater rate of [ 3H]QNB binding to membrane-bound 

cortex than to membrane-bound brainstem are 

removed or inactivated by solubilization. 

17. In summary, solubilization of the muscarinic 

acetylcholine receptor with digitonin extracted 

the receptor from its native membrane environment. 

The intrinsic heterogeneity of agonist binding 

(i.e. the existence of multiple agonist affinity 

states), the regional heterogeneity of agonist 

binding properties, and the ability of the 

sulfhydryl alkylating reagent NEM to shift the 

receptor to states of higher agonist affinity 



were preserved aftei solubilization. The ability 

of Gpp(NH)p to shift the receptor to states of 

lower agonist affinity and the regional 

, ... ~··'- differences in kinetics . of [ 3H] QNB binding to the 

receptor were abolished upon digitonin 

solubilization. This evidence indicates the 
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importance of the hydrophobic membrane environment 

to the Gpp(NH)p effect and regional differences in 

receptor-antagonist association rates while the 

ability of NEM to shift receptors to higher 

affinities and the intrinsic and regional 

heterogeneities of agonist binding states involve 

integral components of the receptor molecule which 

are not disrupted by digitonin solubilization. 
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