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Abstract

PHARMACOLOGICAL CHARACTERIZATION OF THE S'tf’-CYCLIC

NUCLEOTIDE PHOSPHODIESTERASE ACTIVITY AND MUSCARINIC 

ACETYLCHOLINE RECEPTOR OF BRAIN COATED VESICLES

by

Walter I. Silva Ortiz 

Adviser: Professor Saul Puszkin

Bovine brain coated vesicles (CV) can display a high degree of 

microheterogeneity. This degree would be dependent on the contribution of 

diverse subcellular, cellular and neuroanatomical regions to the CV population. 

Two cargo molecules are described in this thesis with their respective 

pharmacological properties. These cargo molecules are 3':5'-cyclic nucleotide 

phosphodiesterase (PDE) and the muscarinic acetylcholine receptor (mAChR). The 

PDE activity is insensitive to calcium and stimulated by cyclic GMP. The basal 

hydrolysis has a broad alkaline pH optimum in contrast to the cGMP-stimulated 

hydrolytic activity which has a neutral pH optima. Analysis of the dose response 

curves for the hydrolysis of both cyclic cAMP and cGMP reveal very similar Kd 

and Vmax values. The kinetic behavior of the enzyme suggests positive 

cooperativity. Nonetheless, an alternative equilibrium  kinetics model is proposed 

which can explain the kinetic behavior of the CV type II PDE activity. The 

inhibition profile of the CV PDE by papaverine, IBMX and theophylline can support 

partially the kinetic model, in addition to certain experimental observations. The 

presence of a type II PDE in coated vesicles could suggest a differential 

subcellular partitioning of the known PDE isozymes.

The mAChR had a Kd of 25 pM and a Bmax of 341 fmol/mg protein.



Competition experiments with both agonists and antagonists revealed 

heterogeneity of binding affinities. The binding site with high affinity for 

oxotremorine displayed poor sensitivity to GTP. The high and low affinity binding 

sites for carbachol could be interpreted in terms of distinct pre and postsynaptic 

receptors (Mash, e t al., 1985). Nonetheless, the differences in the percentage of 

high affinity between both agonists, carbachol and oxotremorine leads to caution 

in the use of the la tte r  approach in the interpretation of the data. Atropine did 

not display shallow inhibition or competition curves in contrast to the hydrophylic 

antagonist N-methyl-scopolamine. The heterogeneity of binding affinities for 

muscarinic drugs in CV as well as the PDE data is discussed in the tex t in the 

context of CV subpopulations (Pfeffer and Kelley, 1985 and Weidenmann e t al., 

1985).

v
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1

INTRODUCTION

1. General Overview and Goals of the Thesis Project

In 1961, Gray described for the first time some specialized vesicles in 

synaptic terminals of cerebellar neurons, he called them complex vesicles. 

Similar vesicles were also seen in other early studies and given the names of 

bristle-coated, alveolate, densely-rimmed and coated vesicles (Nevorotin, 1980). 

These descriptive names alluded to the characteristic protein cage or coat 

surrounding the vesicles which is made of clathrin and its associated peptides. 

These "vesicles in a basket" or coated vesicles (CV) are ubiquitous structures 

observed from unicellular protozoans (see Figure 1) and algae to all cells of 

multicellular eukaryotic organisms (Blitz and Fine, 1980 and Nevorotin, 1980). 

Figure one displays an electron micrograph of CV obtained from the ciliated 

protozoan Tetrahymena termophila (prepared by W. Silva). Compare these to our 

bovine brain CV in Figure 6. These universal subcellular organelles are of 

primordial importance to the recycling of membranes, vesicles and their 

constitutive and transported (cargo) molecules. The recycling of membranes is 

instrumental in many developmental, homeostatic and pathological processes.

Pathological conditions correlated with deficiency in the expression of 

clathrin and/or its associated proteins have not been reported in the scientific 

literature. Due to their participation in development and homeostasis, mutations 

on their genes have high probabilities of resulting in lethality. Yet, some forms of 

hypercholesterolemia seem to result from low density lipoprotein (LDL) receptor 

mutants which are unable to in teract with the coat proteins (Sudhof e t al., 1985). 

This culminates in the expression of a mutant defective in the internalization of 

the LDL receptor molecule. Pharmacologically, CV can play a role in the 

development of tolerance and other pharmacodynamic phenomena observed during 

systemic drug therapy (Grahame-Smith, 1985 and Raffa, 1985). Thus, our



understanding of the biochemical machinery of coated vesicles should provide 

clues to the ethiology of certain pathological conditions. This knowledge may 

reveal potential targets for the treatm ent of certain disease states. An 

improvement of our pharm acotherapeutical regimes may also result from this 

understanding.

This thesis project’s main contribution consists in the pharmacological 

characterization of two molecules transported by brain coated vesicles. One of 

these, phosphodiesterase (EC3.1.4.17), is the only known enzyme for the 

catabolism of cyclic nucleotides, and second a cholinergic receptor, the 

muscarinic type. We aimed a t their localization in CV and at establishing their 

pharmacological properties in this subcellular organelle fraction. Until now very 

little  research has been conducted related to cyclic nucleotides or muscarinic 

receptors in coated vesicles, this work constitutes one of the first efforts along 

these lines.

2. Coated Vesicles

a. Biochemistry. The coat. A coated vesicle (CV) can be subdivided into its 

coat and core (membrane) parts (Figure 2). The core proteins are those associated 

with the lipid vesicle, ranging from clathrin anchoring sites to transported (cargo) 

molecules. The coat proteins in turn are those responsible for the formation of 

the cage, basket or coat around the vesicles. The coat proteins can be obtained by 

alkaline extraction (pH = 8.0) from a CV preparation (Woodward and Roth, 1978 

and Keen et al., 1979). This treatm ent leads to dissociation or disassembly of the 

coat which can now be separated from the stripped or decoated vesicles via 

differential centrifugation or chromatography over a Sepharose 4B gel filtration 

column. These biochemical studies have revealed that a 180,000 MW peptide, 

named clathrin, constitutes more than 60% of the coat proteins (Woodward and 

Roth, 1978 and Pearse, 1976). The word clathrin is derived from the greek clathi
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which means la ttice  (Pearse, 1976). This name emulates its ability to form 

geom etrical lattices and baskets during coated-pit and vesicles formation.

Clathrin is found tightly associated with peptides of 33,000 and 36,000 MW, 

known as clathrin associated proteins (CAP) or clathrin light chains (CLC) (Lisanti 

e t al., 1982). Separation of the CAP from clathrin requires boiling or treatm ent 

with urea (Lisanti et al., 1982 and Ungewickell and Branton, 1981). A molecular 

complex composed of various 100,000 and 50,000 MW proteins is also associated 

with the coat (Zaremba and Keen, 1985). This molecular complex is separated 

from clathrin and its CAP by gel filtration chromatography over the Sepharose 4B 

column.

The basic unit of the coat and la ttices is named a trim er or triskelion due to 

it being a composite of 3 clathrin molecules in a 1:1 ratio with its associated 

proteins (see Figure 2). Limited proteolytic digestion studies have shown that the 

distal components of the trim er are not essential for self-assembly. Purified 

clathrin can indeed be assembled into baskets in vitro by a pH shift of 8.0 to 6.5. 

During CV preparation, procedures involving the use of high sucrose 

concentrations will favor the isolation of empty coats (Nandi et al., 1982). The 

highly negative charge of the coats seems to govern their electrophoretic 

mobility, yet coated vesicles from different tissues, i.e. bovine brain versus rat 

liver, do migrate differently, the la tte r moving close to 2596 slower (Goetlieb, e t 

al., 1985). For still unknown reasons coats are seen in vitro to serve as better 

substrates for the enzyme, uncoating ATPase, which removes clathrin trim ers 

(Schlossman et al., 1984 and Braell et al., 1984). In the electron microscope, 

preparations of CV are morphologically or geometrically distinct, being 

characterized by varying ratios of hexagonal and pentagonal arrays (Pearse, 

1980). These have been described as barrel shaped, circular and others (Kanaseki 

and Kadota, 1965 and Pearse, 1980). Thermodynamic calculations show that
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clathrin's coating of vesicles is the most optimal and economical.

b. Recycling of calthrin. At least three models have been proposed to 

explain CV formation (Lisanti e t al., 1984). These models take into account a 

series of observations which can be used to construct a scheme for the in vivo 

recycling of clathrin (see Figure 2). The first phase (I) represents the event of 

clathrin's recruitm ent to membranes (plasmalemma, Golgi or intracellular 

cisternae). Indirect immunofluorescence studies suggest a role for calcium (Ca++) 

and calmodulin (CAM) in the recruitm ent of clathrin to membranes (Salisbury et 

al., 1980, 1981). Due to the ability of CAPs to bind CAM they have been proposed 

to represent the target for the action of CAM (Lisanti et al., 1984). The activity 

of a protein kinase associated with coated vesicles is modulated by CAP and could 

also play a role in phase I or II events (Pauloin and Jolles, 1984). Due to the pH 

dependence of clathrin assembly a calcium-calmodulin dependent proton generator 

could putatively modulate these phases as well (see PDE section). Such a proton 

generator could also provide protons for the proton (H+)-ATPase present in CV and 

allow acidification of the vesicles' lumen (Xie et al., 1983 and Forgac e t al.,

1983). In addition, the alkaline extraction of coats yields a protein fraction 

containing several assembly polypeptides that promote reassembly of clathrin into 

vesicle-free coat structures (Zaremba and Keen, 1985 and Unanue et al., 1981). 

These may represent or interact with calthrin anchoring sites. Inhibitors of the 

enzyme transglutaminase (Haigler e t al., 1980) block endocytosis, yet their effect 

at phase I or II has not been documented.

In phase II, the lattices initially composed of hexagons transform to allow 

pentagonal and heptagonal arrays (Kanaseki and Kadota, 1969, Heuser and Evans, 

1980 and Lisanti et al., 1984). The appearance of the la tte r geometrical arrays 

coincides with the curvature of membranes required for coated pit/vesicle 

formation (Heuser, 1980). A tailoring or la ttice  transforming factor is proposed or
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evoked to account for the la tte r observations. It is plausible that the uncoating 

ATPase could be this factor. The assembly peptides fraction has a family of a t 

least six 100,000 MW polypeptides three of which exist as complexes with a 

strochiometric (2:2) amount of a 50,000 MW polypeptide (Pearse and Robinson, 

1985). The la tte r complex is able to polymerize with low concentrations of 

clathrin to give a relatively homogeneous population of coats predominantly of the 

"barrel" size (Pearse and Robinson, 1985). In contrast, three other polypeptides of 

100,000 MW lack the 50,000 MW proteins but polymerize with clathrin to yield 

coats of a wide range of sizes including "barrels", truncated icosahedra and 

particles of 100 nm diam eter (Pearse and Robinson, 1985). These assembly 

polypeptides could thus function as transforming factors.

A clathrin trim er returns to a free sta te  or cytosolic pool(s) after the action 

in phase III of the uncoating ATPase. This enzyme has a 70,000 MW and is found 

in the cytosol (Schlossman et al., 1984). At this point, the first derivative of a 

coated vesicle arises i.e. smooth transport vesicles for fast axoplasmic transport 

(Stone et al., 1984) or endosomes (Willingham and Pastan, 1980, 1983). This la tter 

step involves fusion of various decoated vesicles. Recent studies in our laboratory 

have established in vitro conditons for the phosphorylation of the CAP and this 

apparently leads to the destabilization of the coat structure.

c. M icroheterogeneity. Coated vesicles subpopulations, subsets or 

microheterogeneity can arise a t both the coat and core levels. Clathrin iso-forms 

or tissue-variants have not been reported. Yet peptide mapping studies of liver 

versus brain clathrin show great similarities although they are not identical. In 

contrast, CAP seem to be of lower molecular weight in peripheral tissue (Brodsky 

e t al., 1983). This observation of CAP variants can be taken as evidence 

suggestive of CV subsets. Recent work in our laboratory (S. Kohtz and J . Dutt) 

using monoclonal antibodies against CAP prepared from bovine brain CV has
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revealed morphologically and biochemically distinct CV subsets. The CAP 

molecules, as well as the family of 100,000 MW peptides can be instrumental in 

the expression of CV subsets. This level of microheterogeneity due to coat 

elements can be manifested morphologically by botfy the size and subcellular 

location. Small CV of close to 75 nm are generally seen in relation to the Golgi 

region and those of 100 nm in connection to the plasmalemma (Farquhar and 

Palade, 1981 and Whyte and Ockleford, 1980). Yet, the relationship of the la tte r 

to specific CAP-variants is not known.

Nonetheless, probably the biggest source of diversity arises from the core 

elements. The core elements contributing to heterogeneity may be compartment 

and/or tissue specific "receptors" for clathrin trim ers or intraluminal as well as 

intramembrane transported (cargo) moleclues. The studies of Rothman e t al. 

(1980), suggested two distinct CV-subsets on their transport of vesicular 

stom atitis virus (VSV) proteins. These subsets apparently correspond to different 

stages of transport from ER to Golgi, and Golgi to plasmalemma (Rothman e t al., 

1980). In addition, the studies of Pfeffer and Kelly (1985) sugest distinct CV 

subpopulations from bovine brain differing in their content of two distinct 

synaptic plasma membrane proteins. These synaptic proteins are called p29 and 

the p38 peptides and the studies were performed using monoclonal AB's to the 

cytoplasmic domain of these proteins. The la tte r results also support the 

microheterogeneity of the CV preparation. It is indeed expected that these 

transport organelles will exhibit tissue specific cargo molecules. In brain, these 

cargo molecules could be from distinct neuroanatomical regions or cells i.e. glial 

cells. Subcellular microheterogeneity adds another level of diversity. Thus, we 

may expect CV transporting the same cargo molecules but in different states 

(newly synthesized receptor for hormones versus its endocytosed form). These 

various states could be reflected in different post-translational modifications like
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phosphorylation/dephosphorylation reactions. These cargo molecules may thus 

express a particular sta te  deeply influenced by their corresponding subcellular 

microenvironment.

d. Biological functions. Developmental. The early studies of Porter (1965) 

in mosquitoe oocytes showed how CV were involved in the uptake of yolk 

proteins. This suggested a role for this organelle in receptor-m ediated 

endocytosis of proteins and oogenesis. Later on studies relating to synaptogenesis 

in both the cerebellum and pons were able to demonstrate a role for CV associated 

with the Golgi region in the provision of membranes for pre and postsynaptic sites 

(Bastiani and Goodman, 1984 and Blitz and Fine, 1980). This biochemical flow of 

m aterials carried on by CV has also been implicated in the events of 

erythrogenesis melanogenesis and liver regeneration (Nevorotin, 1980). Their 

involvement, CV, in all normal developmental phenomena is thus paramount to the 

continuity of life.

Homeostatic. Not only in late and early development are CV's functions 

manifested but they are of crucial importance to the homeostasis of cells and 

organisms. Secretion and uptake are basic cellular processes where CV play a 

role. An exocytic role for CV was already alluded in the developmental studies 

cited above. Yet, it was the work of Rothman et al. (1980) that established a 

definite role for these in exocytosis. This work also was able to show CV subsets 

involved in different stages of transport of a VSV core protein (Rothman e t al., 

1980). In addition, in the normal neuronal event of axoplasmic transport, CV's, 

have been shown by Stone et al. (1984) to represent temporary relay stations for 

those vesicular elements moving in the fast axoplasmic transport system. 

Clathrin, though, travels via the slow axoplasmic transport system (Stone e t al., 

1984).

Coated vesicles have recently gained importance and popularity due to their



prominent role in the process of receptor-mediated-endocytosis (RME). It is the 

ability of receptor or membrane molecules to in teract with clathrin coats what 

provides the specificity of this process in contrast to the non~selective event of 

pinocytosis (micro or macro). The molecules bearing this role could be related to 

the intraniembrane particles observed during freeze-etch replica electron 

micrographs of synaptic vesicles, synaptic membranes and coated vesicles (Miller 

and Heuser, 1984). It was indeed the application by Heuser and Reese (1973) of 

the findings in cellular biology regarding CV, to the neuromuscular junction (NMJ), 

what led them to propose the now famous vesicle recycling hypothesis in synaptic 

transmission (Heuser and Reese, 1973). This recycling is believed to occur in the 

CNS as well. Yet, the studies of Meshul and Pappas (1984) in identified NMJ's 

synapses seem to indicate that CV contribute to a minor extent or degree to the 

overall replenishment of the synaptic vesicle pool. The work of Goldstein e t al. 

(1979), Brown e t al. (1983) and Steinman e t al. (1983) on the internalization of the 

LDL-receptor via clathrin coated pits and vesicles has emphasized the 

physiological relevance of this CV endocytic pathway. As stated before some 

cases of familial hypercholesterolemia could indeed be attributed to defects in 

endocytosis. Also signficant is the contribution by Schwartz and Lodish to our 

knowledge of general membrane recycling (Geuze et al., 1983 and Schwartz, 

1984). They have proposed on the basis of both morphological and 

pharmacological evidence a complete scheme regarding the internalization and 

recycling of asialoglycoproteins (ASGP) and tranferrin, and their biological 

receptors (Geuze et al., 1983 and Schwartz, 1984). The list of molecules 

undergoing RME is vast and ranges from the classical hormone insulin to vitamins 

(Steinman e t al., 1983).

Pathological. Helenius and colleagues (Helenius et al., 1980) has reviewed 

the role of RME in the entry of animal viruses into mammalian cells. Virus of
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various families are competent for endocytosis, and their subsequent exposure to 

the acidic environment of CV and their derivatives, facilitates their fusion with 

the plasmalemma and translocation of these into the cell’s cytosol. This allows 

them to escape from degradation and to exert their cytolytic actions. Indeed, 

Chinese hamster ovary (CHO) cells mutants defective in acidification mechanisms 

are resistant to infection (Merion et al., 1983 and Klausner e t al., 1984). Bacterial 

or animal toxins seem to behave in a similar fashion (Simpson et al., 1981). They 

all require a binding step and then an internalization step before cytolysis. Both 

viral and toxin entry can be safeguarded or delayed by the exposure of cells to 

basically charged molecules, inhibitors of endocytosis, like methylamine, 

ammonium chloride and others (Simpson, 1983). Finally, it has been reported that 

algal cells respond to cell injury with an enhanced formation of CV. This response 

is resemblant of the hypertrophied Golgi apparatus and increased number of its 

associated CV during liver injury and regeneration.

3. Muscarinic Cholinergic Receptors

a. Cholinergic Receptors and Receptor Theory. The pharmacological 

receptor concept was originally proposed by Erlich and Langley a t the beginning of 

this century. Distinctive drug-sensitive areas were detected by both workers 

using dyes, and the drugs nicotine and curare, respectively. This led to the 

concept of specific receptive substances, or eventually receptors, which mediated 

the biological effects of the drugs. In 1914, Dale pharmacologically classified for 

the first time a biological receptor system, the cholinergic receptors (see 

Sokolovsky, 1984). Dale was able to show that the pharmacological action of ACh 

in skeletal muscle were mimicked by nicotine and blocked by curare. In contrast, 

the effects of ACh on heart tissue were unaffected by the la tte r  drugs, while the 

alkaloid muscarine mimicked ACh and this effect was blocked by atropine. Since
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then, the cholinergic receptors have been classified as nicotinic and muscarinic 

types.

These receptor types not only differ in their pharmacological properties but 

also in their coupling to effector systems, and the latency of their biological 

actions. The nicotinic cholinergic receptor (nAChR) is a pentamer whose subunits 

contain the effector system or the Na+ (sodium) channel. In the meantime, 

muscarinic receptors have been shown to exist coupled to various effector 

systems. Muscarinic receptors are coupled positively to the turnover of 

phosphatidylinositol and negatively to the activity of adenylate cyclase (Jones et 

al., 1982 , Michell, R.H., 1975, McKinney and Richelson, 1984 and Brown e t al., 

1984). In addition, they seem to affect guanylate cyclase, phosphodiesterase and 

K+_channels in various cells and tissues (Matsuzawa and Nirenberg, 1975; Gross 

and Clark, 1976; Hanley and Iversen, 1977; Kayoso and Ui, 1983; Sokolovsky and 

Barfai, 1981; Meeker and Harden, 1982; Fisher e t al., 1983 and Delhaye e t al.,

1984). The latency of nicotinic responses are in the low millisecond range while 

the muscarinic responses have longer latencies in the high msecond to seconds 

range (Krnjevic e t al., 1971, 1974).

Both cholinergic receptor systems have contributed significantly to the 

evolution of receptor theory. Classical receptor theory has one of its landmarks 

in the works of Clark (1926) and Ariens (1954) who initiated the quantitative 

analysis of dose response relationships (see Stephenson, 1956). The quantification 

of the receptor concept attem pted by Clark consisted in the application of the 

adsorption isotherms of Langmuir, which are in turn derived from the application 

of the law of mass action to the adsorption of gases on metal surfaces. This 

mathem atical treatm ent is also analogous to the one used for enzyme substrate 

interactions. The scheme can be represented as follow.



K1(1) Drug (D) + Receptor (R) DR E ffe c t
*2

The equilibrium kinetics solution of this equation is well known and is often

referred to as the Michaelis-Menten equation.

R + D
E ffe c t = -----------------------

D + Kd

where D = drug concentration, Rt  = to tal receptor concentration and Kd = the 

equilibrium dissociation constant of the drug. In the elaboration of his analysis, 

Clark (1926) used two cholinergic responses, the contraction of the isolated frog 

rectus abdominus and the inhibition of the contraction of strips of electrically 

stimulated frog ventricle. Yet, experimental observations of drugs having only 

partially complete responses compared to others, partial agonists, led to the 

invocation of an ad hoc param eter called, intrinsic activity (a) (Ariens, 1954). The 

equation 2 now became

R + D
(3) E ffec t    .a

D + Kd

The intrinsic activity  term  is often found interchanged with the term 

efficacy (e) of Stephenson (1956). Stephenson's (1956) modification of the 

classical receptor theory also tried to account for the fact that some agonists 

(full) are able to achieve maximal effects with the occupancy of just a fraction of 

the available receptor pool. The la tte r phenomena has been referred to as "spare 

receptors". Furchgott (1967) also modified the classical theory and proposed an 

intrinsic efficacy term  (E). Again in the elaboration of these modifications of 

receptor theory, the biological responses under consideration were cholinergic.

b. Ligand Binding Studies. The development of radiochemical ligand binding 

techniques has allowed the study of agonist and antagonist interactions with 

muscarinic receptors. These techniques have also led to the localization and
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determination of the density of these cholinergic receptors. They have perm itted 

the establishment of accurate occupancy-response relationships and served as 

tools to dissect the mechanisms of receptor regulation. These techniques together 

with quantum mechanical calculations in structure activity  relationship (SAR) 

studies have led to the concept of the muscarinic pharmacophore (Weinstein e t al.,

1975).

c. Antagonists. Currently both agonist and antagonist (see figure 3) of the 

mAChR are available as labeling ligands. Agonist binding, as well as antagonist, 

has been measured directly, when the drug itself is the labeling ligand, or 

indirectly when used as competing or displacing ligands. All muscarinic labeling 

ligands are reversible with the exception of the antagonist propyl benzilyl choline 

mustard (PBCM) (Alberts and Bartfai, 1976). Also irreversibly inactivating the 

mAChR are the classical alkylating antagonists like dibenamine (El-Fakahany and 

Richelson, 1981).

The first antagonist used to label the muscarinic receptor was atropine. 

Other reversibly binding ligands available in their tritia ted  forms are scopolamine, 

quiniclidinylbenzilate (QNB), benzoloylcholine and N-methyl-piperidyl benzilate 

(4NMPB) (Sokolovsky, 1984 and Kloog e t al., 1979b). Early studies with these 

antagonists revealed that their binding a t equilibrium followed a simple law of 

mass action behavior (see equations 1 and 2). Yet, careful kinetic experiments 

soon contradicted this original observation. Three main empirical observations 

accounted for the contradiction. First, the dissociation constant (K^) values 

obtained by equilibrium binding experiments were different from those of 

conditions short of equilibrium. Secondly, the dissociation kinetics for antagonist 

were multiexponential, and, third, the observed rates of association (Kobs) were 

not a linear function of ligand concentration, but were rather hyperbolic. These 

and other observations led to the proposition of an isomerization model for the
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binding of antagonist to the muscarinic receptor (Kloog e t al., 1978, Galpe e t al., 

1977 and Jarv et al., 1979).

(4) D + R ^  DR Z  DR*

Thus, the initial drug-receptor (DR) complex is able to undergo a 

conformational change to a higher affinity drug-receptor complex (DR )• A series 

of thermodynamic and kinetic data support this isomerization model.

Still though, regional variations on the binding of muscarinic antagonists in 

brain are observed particularly in the hypothalamus, medulla-pons and cerebral 

cortex (Kloog et al., 1978). These variations are reflected in a faster dissociation 

rate  constant for antagonists such as 3H(-)QNB and 3H-4NMPB. The most 

significant variation has probably been documented for the muscarinic antagonist 

pirenzepine (Hammer and Giachetti, 1982, 1984). For this ligand, as well as for N- 

methylscopolamine (both hydrophylic ligands), heterogeneity of binding affinities 

has been observed in different preparations. Indeed, the proposed selectivity of 

pirenzepine has been used as a basis for the classification of muscarinic receptors 

into subtypes (Hammer and Giachetti, 1984). The muscarinic subtype Ml displays 

higher affinity for pirenzepine and seems to be localized in distinct tissues such as 

sympathetic ganglia, corpus striatum , and stomach. In constrast, the M2 subtype 

has a lower affinity for pirenzepine and is concentrated in hind brain, cerebellum 

and heart (Hammer and Giachetti, 1984). This selectivity of pirenzepine is 

supported by reports on its clinical efficacy as antiulcer compound controlling 

gastric secretion (see review by Konturek, 1983). Gallamine, a classical nicotinic 

antagonist used clinically as a muscle relaxant has in turn been claimed to 

selectively in teract with the M2 site (Hammer and Giachetti, 1984). The Ml and 

M2 subtypes are coupled positively to phosphotodylinostol (PI) turnover and



negatively to adenylate eyclase, respectively (Delhaye, 1984, Kayoso and Ui, 1983 

and Fisher et al., 1983).

The validity of this classification scheme for muscarinic sites is though 

questionable due to some pieces of biochemical and pharmacological 

information. In vitro binding studies revealed no differences in the affinity of 

pirenzepine for the receptors in dog stomach and striatum  (Laduron e t al., 1981). 

Moreover, pirenzepine has similar pA2 values for pre and postsynaptie muscarinic 

receptors of the guinea pig myenteric plexus-longitudinal muscle preparation 

(Halim et al., 1981) and the isolated rabbit and ra t hearts (Fuder, 1982). Another 

pharmacological study (Szelenyi, 1982) also reported similar pA2 values for 

pirenzepine in the antagonism of betanechol-evoked responses in the guinea pig 

ileum and atrium, and on acid secretion from the isolated stomach of the mouse. 

Furthermore, the differential coupling of muscarinic receptors to its effector 

systems has also been challenged since both excitatory (i.e. muscle contraction), 

as well as inhibitory (i.e. slowing of heart rate) muscarinic responses seem to be 

coupled to the turnover of phosphatidylinostol (Heller Brown and Brown Masters, 

1984). Nevertheless, in mammlian brain, the claim and evidence supports a 

presynaptic location for M2 receptors and a postsynaptie location for Ml 

receptors. M2 receptors function in the autoinhibition of acetylcholine's release 

(Kilbinger, 1984).

d. Agonists. Direct binding studies with agonists have been limited due to 

their availability and technical difficulties. Labeled N-methyl-oxotremorine, cis- 

methyldioxolane and pilocarpine have been used in direct ligand binding 

determinations (Ehlert e t al., 1980 and Hedlund and Bartfai, 1981). Otherwise, 

agonist binding measurements have been mostly indirect based on their competing 

or displacing abilities of labeled reversible muscarinic antagonists. These indirect 

measurements have produced inhibition or competition curves which deviate from
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the predictions of the law of mass action. This deviation is mainly manifested by 

shallow inhibition curves with Hill slopes significantly less than one for all agonist 

tested (Birdsall et al., 1978 and Ehlert e t al., 1982). These results have been 

interpreted in terms of heterogenous binding sites having different affinities for 

agonists. Usually two distinct high (H) and low (L) affinity binding sites have been 

invoked (Ehlert e t al., 1982). Yet, Birdsall e t al. (1978) reported that their non­

linear least square analysis of the binding data revealed the existence of a third 

super-high (SH) affinity binding site for agonist in several ra t brain regions.

In direct agonist binding measurements with N-methyl-oxotremorine and cis- 

methyldioxolane, the low affinity sites are undetectable by the common 

techniques of filtration or centrifugation due to their generally faster dissociation
O

rate constants. In contrast, studies with partial agonist H pilocarpine have 

allowed the detection of two binding sites with densities higher than those of

antagonists (Hedlund and Bartfai, 1981). Interestingly, the binding data of

muscarinic ligands meets the predictions of Paton's Receptor Rate Theory

(Sokolovsky, 1984). It sta tes that the differences in efficacy between agonist,

partial agonist and antagoist could be accounted for by their dissociation ra te

constants, these being higher for full agonists.

Heterogeneity of binding affinities for agonist in cerebral cortex and 

striatum has been shown to be related to different subtypes (Mash e t al., 1985 and 

references therein). The form with high affinity for agonists is the M2 receptor 

while the Ml postsynaptie receptor has low affinity for agonists. This way the 

ratio  of low to high affinity sites is an index of M1:M2 receptors. Otherwise the 

ratio of K^/Kjj is indicative of the agonists efficacies (Fisher et al., 1983 and 

Ehlert et al., 1982).

e. Perturbations of Ligand Binding. A spectrum of chemical agents have 

been reported to alter the binding of muscarinic ligands. Guanine nucleotides and



their non-hydrolyzable analoques have received the most attention. Due to their 

interaction with the GTP-binding protein of the adenylate cyclase complex, and in 

the presence of sodium, they are able to interconvert the high affinity agonist 

binding sites into low affinity ones (Ehlert e t al., 1980, 1981b, Harden e t al., 1982, 

and Waelbroeck, 1982). There is a regionalization of this effect, it being 

particularly seen in regions rich in H forms of the receptor like striatum , heart, 

cerebellum, medulla-pons and the female adenohypophysis (see Sokolovsky, 

1984). These H forms can also be irreversibly blocked by drugs affecting voltage 

dependent-Na+-channels like veratridine and tetrodotoxin (Sokolovsky and Bartfai, 

1981). Depolarization with high potassium, valinomycin and gramicidin also block 

the H state (Sokolovsky and Bartfai, 1981). Two experimental conditions which

also are able to abolish the H sta te  reversibly and irreversibly are heating (50°O  

and freeze-thawing cycles, respectively.

The conversion from L to H has also been achieved with n-ethylmaleimide

(NEM) and divalent transition metal ions (Harden e t al., 1982, Hedlund and 

Bartfai, 1978, Aranstrom e t al., 1978, Aranstrom and Eldefrawi, 1979, and Ehlert 

e t al., 1981b). These effect again displays regionalization, being most prominent 

in areas rich in L forms of the receptor. It is indeed this interconversion capacity, 

together with the fact that both H and L forms are expressed in a single 

homogeneous cell type (NE115), are evidences which may neglect the presence of 

isoreceptors. They indeed seem to point to a single receptor molecule capable of 

existing in various possible functional states. Supporting this concept of 

functional heterogeneity is the recent evidence that monoclonal antibodies raised 

against the mammalian muscarinic receptor do not recognize subtypes and are 

also capable of cross reacting with muscarinic receptors from organisms like the 

fruitfly, Drosophila melanogaster (Venter e t al., 1984 and Venter, 1983).

Antagonists are also affected by guanine nucleotides in heart and
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adenohypophysis (M attera e t al., 1985, Burgisser et al., 1982 and Sokolosky and 

Bartfai, 1981). The effect on the adenohypohysis is related to the hormonal s ta te  

of the animal as well as to sex (Sokolovsky, 1984). The effect is mainly 

manifested as an increase in antagonist binding, although additional efects on 

their binding isotherms have recently been detected and interpreted in terms of 

cooperative interactions (M attera et al., 1985).

f. Localization of Muscarinic Receptors. Most of the parasympathetic 

responses in the body are controlled by acetylcholine acting on muscarinic 

receptors, pointing to their physiological significance. They stim ulate secretion in 

a series of exocrine tissues such as pancreas, parotid, submandibular, lacrimal and 

sweat glands (Michell, 1975, Engelhorn, 1981 and Hootman, 1982). 

Parasympathetic innervations also regulate the tone of various muscles like heart, 

iris, longitudinal muscle of the ileum, vascular, bladder sphincter, and vas 

deferens (Higuchi e t al., 1983, Hammer and Giachetti, 1981 and Furchgott,

1984). With the sensitive ligand binding techniques mAChR's have been detected 

in other cells and tissues such as the retina, anterior pituitary, epithelial cells, red 

blood cells, lymphocytes, mast cells and oocytes (Sugiyama e t al., 1977, 

Wojcikiwicz e t al., 1984, Massini e t al., 1983 and Sokolovsky, 1984). Their 

physiological function in the la tte r cells is not completely understood.

In neuronal tissue they are prominently present. In the peripheral nervous 

system, they are present in both the soma and nerve terminal of ganglionic cells. 

In the sympathetic ganglion, muscarinic agonist cause a slow postsynaptie 

depolarization resulting from a calcium-independent reduction in a potassium 

conductance (M-current) (Gardier e t al., 1978 and review by McKinney and 

Richelson, 1984). In the superior cervical ganglia, there is modulation via 

preganglionic muscarinic receptors, of the serotonin-positive small intensely 

fluorescent cells located a t the poles of the ganglion near blood vessels
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(Hadjiconstantinou et al., 1982). From studies on depolarizing and hvperpolarizing 

responses to muscarinic agonist in this ganglion, distinct muscarinic receptor 

subtypes were proposed. In addition, presynaptic muscarinic autoreceptors have 

been found to diminish the release of ACh and other excitatory neurptransm itters 

from the myenteric plexus, parasym pathetic nerves of heart and iris (Kilbinger, 

1984 and Kilbinger and Wessler, 1983). In nicotinic synapses of lower vertebrates,

i.e. Torpedo, muscarinic presynaptic receptors also inhibit the release of 

acetylcholine (Kilbinger, 1984). Nonetheless, as stated  in the section on 

muscarinic antagonists, the pharmacological profile of pre and postsynaptie 

receptors seems to be similar in peripheral but not central tissue of higher 

vertebrates.

The main type of cholinergic receptor in the central nervous system is the 

muscarinic (Sokolovsky, 1984). As mentioned before, the striatum , cerebellum, 

medulla-pons and female adenohypophysis are rich in H forms of the receptor. 

The L form is in turn mainly seen in cortex and hippocampus (Mash e t al., 1985, 

Ehlert et al., 1981 and Birdsall e t al., 1978). In cortex and hippocampus the 

muscarinic activity is mainly excitatory, whereas in the hypothalamus and 

medulla-pons it is inhibitory (Krnjevic, 1974). Autoreceptors inhibiting ACh 

release have been detected in cortex, hippocampus and striatum  (Weiler e t al., 

1984, and Kilbinger, 1984). Cortex is indeed very heterogeneous and the H (M2) 

and L (Ml) sites seem to concentrate on distinct cortical layers (Wamsely e t al., 

1981).

g. Regulation of Muscarinic Receptors. The decreased responsiveness of a 

tissue to an agonist after exposure to an agonist, has received the name of 

desensitization or inactivation. These terms are usually reserved for the 

phenomena observed a fte r relatively short exposure times. Long term 

desensitization has, in turn, been named subsensitivity or down regulation.
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Desensitization can be specific (homologous), that is induced by the agonist in 

question, or nonspecific (heterologous) induced by another agonist. The first 

report on nonspecific desensitization by Cantoni and Eastman (1946) documented 

how the contractile responses of the guinea pig ileum to acetylcholine (ACh) or 

histamine (HA) were abolished by preincubation with high concentrations of either 

of the two (see Richelson and El-Fakahany, 1981). Specific desensitization was 

first observed by Barsown and Gaddum (1935), who showed that afte r 

preincubation of fowl rec ta l muscle with HA the tissue became insensitive to HA, 

while the responses to ACh and other agonists was only slightly reduced (see 

Richelson and El-Fakahany). Since then specific desensitization has been 

demonstrated for alpha and B adrenergic, nicotinic, insulin, muscarinic, histamine 

(H^ and H^) and prostaglandin receptors (see review by Richelson and El- 

Fakahany, 1981).

Desensitization may well be a result of post receptor events and may involve 

posttranslational modifications like phosphorylation. The la tte r  has indeed been 

recently shown for the B-adrenoreceptor, rhodopsin and insulin receptors (Liebman 

and Pugh, 1981 and Shia e t al., 1983). The la tte r phenomena may be more 

widespread since a series of hormone receptor systems, i.e. epidermal growth 

factor receptors, have been shown to possess intrinsic protein kinase activity  (Shia 

et al., 1983, and Cochet e t al., 1984). The la tte r  mechanisms have not been 

reported for the muscarinic receptor. Nonetheless, in the case of the stimulation 

of cGMP synthesis by muscarinic agonists in the neuroblastoma cell line N1E115, 

the role of a postreceptor event involving cGMP has been ruled out. In this 

system, the desensitization has been shown to be independent of cGMP synthesis 

(Richelson and El-Fakahany, 1980). The phenomenon is observed after 30 minutes 

of exposure to agonists and the ra te  of desensitization is proportional to the 

efficacy and concentration of the agonist (El-Fakahany and Richelson, 1980). In
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addition, it does not seem to involve a loss of receptors or a change in the 

affinity. Resensitization of this system has a half-life of 13 minutes (El-Fakahany 

and Richelson, 1980). In contrast, short term  incubation of cultured heart cells 

with muscarinic agonists lead to a loss of a fraction of the receptors with a small 

change in the affinity of the receptor for the agonist. The lost binding sites can 

be recovered by GTP treatm ent (Galper and Smith, 1980).

Receptor down-regulation has also been studied with muscarinic receptor 

systems. Incubation of the neuroblastoma cell clone N1E115 for 1 hour with high 

concentrations of agonist (1 mM) results in a gradual decrease in the number and 

affinity of the muscarinic receptors, with a half-tim e for disappearance of 4 hours 

(El-Fakahany and Richelson, 1980). The return of the receptor sites (T 1/2 = 6 hr) 

precedes that of the receptor function (T 1/2 = 16 hr) and are dependent on 

protein synthesis. In cultured heart cells, the slow phase of receptor loss induced 

by agonists indicates that after wash out of agonist recovery of receptors had a 3 

hour lag and reached 95% recovery after 9 hours (Galper and Smith, 1980). The 

loss of receptors in heart cells has also been shown to be dependent on the 

cytoskeletal system and protein synthesis (Galper and Smith, 1980). It has also 

been shown for the heart muscarinic receptors that the internalization of the 

receptors results in different states of the receptor differing in their ability to 

bind hydrophobic and hydrophylic muscarinic antagonist (Galper e t al., 1982).

In the guinea pig ileum preparation desensitization induced by muscarinic 

agonists can be abolished by concanavalin A, dansyl cadaverine and bacitracin 

(Siegel and Triggle, 1983). The la tte r two are well known inhibitors of the enzyme 

transglutaminase, which has been claimed to be involved in the event of receptor- 

mediated endocytosis (Haigler et al., 1981). Other systems where down regulation 

of muscarinic receptors has been reported are the embryonic chick heart and 

brain, cultured thyroid cells, vas deferens smooth muscle, submaxillary glands and
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brain (Meyer e t al., 1982, Halvorsen and Nathanson, 1981, Ehlert e t al., 1980, 

Higuchi e t al., 1983, Champion and Mauchamp, 1982, dePeusner e t al., 1984, 

Hootman, 1982, and O verstreet e t al., 1984). The la tte r  two were observed under 

chronic treatm ents with alcohol and acetylcholinesterase-inhibitors, 

respectively. The desensitization reported in ra t striatum has been correlated 

with a diminished capacity of ACh to stim ulate a high-affinity GTPase activity 

present in stria ta l membranes (Olianas e t al., 1984). In cortex, the selective loss 

of the presynaptic (H form) M2 receptor subtype has been reported and proposed 

as one of the receptor mechanisms degenerated during impairment of memory 

functions during Alzheimer’s disease (Mash e t al., 1985). If endocytie mechanisms 

are involved in the la tte r phenomena remains to be shown.

4. 3':5'-Cyclic Nucleotide Phosphodiesterases

Various isoenzymes, or multiple forms of cyclic nucleotide 

phosphodiesterase (PDE E.C.3.1.4.17) exist (Wells and Hardman, 1977). Initial 

biochemical and pharmacological data obtained early after their discovery in 1958 

by Rail and Sutherland (see Butcher, 1984) is to be interpreted carefully due to the 

presence in homogenates and microsomal preparations of various PDE types. 

Thus, early structure activity relationship (SAR) studies of the enzymes revealed 

an apparent poor selectivity of inhibitors, which ranged from the classical 

xanthine-derivatives to tricyclic antidepressants. Better purification procedures 

allow today the detailed study of distinct forms of the enzyme and the 

development of selective inhibitors for the various isoenzymes. A preliminary 

nomenclature and classification system for the various PDE subtypes has been 

proposed by a committee of workers in this field. The various forms have been 

classified according to their substrate preference and regulatory properties rather 

than any physical criterion or separation methodology.

a. Type I. In 1970, Kakiuchi and Yamazaki, studied calcium-dependent and
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independent forms of PDE in ra t brain cytosolic extracts. They observed the 

presence in cytosol of an unidentified factor which shifted the calcium dose 

response curves to the left. Working with bovine brain cytosolic fractions, Cheung 

(1970) detected a similar factor which also shifted the cAMP hydrolysis dose 

response curve to the le ft and increased the Vmax for the reaction. The lowering 

of the Km for the Ca++ and cAMP responses meant that this factor enabled the 

PDE to function in physiological, low micromolar levels of calcium and cyclic 

nucleotides. This calcium dependent activating factor was la tte r identified as a 

low molecular weight (MW 18,000), heat-stable, acidic peptide now known as 

calmodulin (CAM). Indeed, many calcium-dependent biological processes were 

subsequently shown to involve the action of calmodulin. The calcium-calmodulin 

stimulated forms of PDE are named type I PDE's.

The index of stimulation of the purified enzyme varies widely (2-50 fold). 

This variability can be attributed to factors such as limited proteolysis, although 

loss in CAM stimulation in purified preparations can occur in the absence of 

detectable proteolysis or change in the basal activity (Kincaid e t al., 1981; 

Shenolikar et al., 1985). Limited proteolysis eliminates CAM activation and 

increases the basal cataly tic activity to tha t characteristic for the enzyme- 

calmodulin complex (Tucker e t al., 1981 and Krinks e t al., 1984). While the 

activation by Ca++-calmodulin is reversible the one by limited proteolysis is 

irreversible (Krinks e t al., 1984). Limited proteolysis of the purified enzyme with 

trypsin suggests that this PDE is composed of at least two functional domains: a 

catalytic domain, which binds the cyclic nucleotides, and a regularoty CAM- 

binding domain, which exerts an inhibitory influence on the catalytic domain in 

the absence but not in the presence of calmodulin (Krinks et al., 1984).

No cooperativity has been detected during either calmodulin activation or 

catalysis. Yet, the Ca++-dependent activation of the enzyme exhibits a
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pronounced cooperativity evidencing the requirement of more than one Ca++/mole 

of CAM to promote interaction (Huang et al., 1981). Several laboratories have 

proposed a two-step model for CAM's interactions with CAM-binding proteins 

wherein Ca++ first binds to CAM and then the CAM’Ca++ complex binds to PDE or 

other CAM binding proteins to form an active enzyme complex as depicted below:

n Ca++ + CAM ~  » Ca++n ‘ 'CAM*

(PDE)„ + 2 (Ca++n * CAM*) (Ga*+n * • (pDE)?
2 r ( C a ++n ’ CAM*) 2

2 * (PDE )2
In this model, PDE represents one monomer of the dimeric enzyme and

r> n / r *  *CaM and PDE refer to the activated forms of the respective proteins. Each 

monomeric subunit size varies from MW 61,000 to MW 57,000, depending on the 

tissue, i.e. brain and heart (Klee e t al., 1979).

The CAM-stimulated PDE (type I) is the predominant isoenzyme in 

mammalian brain (Kakiuchi and Yamazaki, 1970). Subtypes of CAM-stimulated 

PDE exist within brain tissue (Klee et al., 1979 and Shenolikar e t al., 1985). The 

most characterized subtype displays higher affinity for cGMP than cAMP, Km's 

of 10 uM and 310 uM, respectively (Klee et al., 1979). Calmodulin's activation of 

this PDE subtype will lower the Km for cAMP to 100 uM and increase its Vmax. 

The newly characterized subtype (Shenolikar e t al., 1985) responds to CAM's 

activation by increasing the Vmax for the hydrolysis of both cyclic nucleotides 

plus decreasing and increasing the Km for cGMP and cAMP, respectively 

(Shenolikar et al., 1985). The ratio  of Vmax for both cylic nucleotides between 

these two subtypes also varies between them, with higher Vmax values for cGMP, 

cGMP-specific, seen in the recently purified and characterized subtype 

(Shenolikar e t al., 1985). Both subtypes are usually regarded as high Km PDE's, 

nonetheless other CAM-stimulated low Km and/or cGMP-specific PDE's have been
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reported in ra t testis (Purvis and Hanson, 1980), hamster liver (Smoake e t al., 

1981) and rat erythoeytes (Clayberger et al., 1981).

Type I enzymes are mainly cytosolic but they have been found in association 

with particulate preparations from ra t erythoeytes (Clayberge" e t al., 1981) and 

ra t liver membranes (Smoake e t al., 1981). While the ra t erthrocytes PDE is 

responstive to  B-adrenergic agonists, the cytosolic type I enzyme of WI-38 

fibroblasts (Barber and Butcher, 1980 and Butcher, 1984), astrocytoma cells 

(Meeker and Harden, 1982) and thyroid (Miot et al., 1984 and Dumont et al., 1984) 

are responsive to muscarinic agonist. In coronary arteries type I PDE activity is 

affected by hormones and factors regulating vascular contractility (Saitoh e t al.,

1985). Type I PDE is also detectable in postsynaptie densities of canine and ra t 

cerebral cortex and corpus striatum  (Grab e t al., 1981; Therien and Mushynski, 

1979; Ariano and Appleman, 1979; Florendo e t al., 1971). It is also seen in ra t and 

cat axodendritic synapses of the caudate nucleus and neocortex (Ariano and 

Adinolfi, 1977). Fractionation studies of bovine brain preparations of 

microtubules and neurofilaments have shown the presence in these of type I PDE 

(Runge e t al., 1979).

In addition to xanthin'e-derivatives (Dumont e t al., 1984 and Miot e t al., 

1984) other inhibitors of type I PDE's have been reported. A number of 

endogenous proteins inhibit the activation of PDE by CAM; i.e. calcineurin, myelin 

basic protein and histone (see Sellinger-Barnette and Weiss, 1984 and Wallace e t 

al., 1978). Opiod peptides (B-endorphin), dynorphin, polylysines and insect venom 

peptides (i.e. mellitin) will also inhibit CAM's activation of PDE (see Selliger- 

Barnette and Weiss, 1984 and Giedroc e t al., 1983, 1985). The first drugs reported 

to inhibit CAM-stimulated enzymes were the phenothiazine antipyschotic drugs, 

which were also shown to inhibit CAM's stimulation of PDE (Levin and Weiss, 

1976). A common feature of the inhibitory peptides listed above is that



25

they are known or predicted amphipatie alpha-helices (Sellinger-Barnette and 

Weiss, 1984). In addition, B-endorphin-derived peptides and chlorpromazine 

binding domains on CAM possess some commonality (Giedroc e t al., 1985). 

Finally, K+ ions will inhibit basal activity without affecting the CAM-stimulation 

of the enzyme (Strada e t al., 1984).

b. Type Jl. In 1970 Beavo e t al. reported for the first time in cytosolic 

fractions from liver the presence of a PDE whose cAMP-hydrolytic activity was 

stimulated by cyclic GMP (Type II PDE). A year later, Beavo e t al. (1971) 

reported the presence of this PDE type in both soluble and particulate fractions 

from various tissues, i.e., liver, thymus, brain, kidney and heart. Since the 

discovery of this type of PDE it has been detected in most tissues examined.

Indeed, immunological analysis using monoclonal antibodies against Type II 

enzymes has revealed that it constitutes one of the predominant forms of PDE in 

the cytosol of most tissues (Hurwitz e t al., 1984). In cultured dog kidney cells the 

expression of type II PDE can be induced by treatm ent with butyrate (Manganiello 

e t al., 1983). In contrast, its presence is diminished during transform ation of 3T3- 

L1 preadipocytes or dexamethasone treatm ent of culture HTC hepatoma cells 

(Manganiello e t al., 1983). It has been purified from bovine adrenal, heart and 

liver (Martins et al., 1982 and Yamamoto et al., 1983a). This type II PDE is larger 

than any other form, having an apparent MW of 102-107,000. It apparently exists 

in vivo as a dimer of MW 202,000 to 240,000 (Martins et al., 1982 and Yamamoto 

e t al., 1983a).

As type I PDE, the stimulation index of type II enzymes varies widely (0.5 to 

60). The stimulation by cyclic GMP seems dependent on proteolysis, degree of 

purity, pH and storage (Klotz and Stock, 1972; Russell e t al., 1973; Rhoads e t al., 

1976; Yamamoto et al., 1983a and Martins e t al., 1982). The stimulation index is 

generally lower for particulate forms of the enzyme (Franks and Macmanus, 1971;
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Egrie and Siegel, 1977 and Sakai e t al., 1974). The optimal concentration of cyclic 

GMP stimulating hydrolysis is usually higher for particulate forms also (Moss e t 

al., 1977). The enzyme hydrolyses both cyclic nucleotides with Km's of 10 uM 

and 30 uM for cGMP and cAMP, respectively. The kinetics of hydrolysis are 

suggestive of positive cooperativity, as reflected in Hill slopes higher than one for 

both cyclic nucleotides. Activation of cAMP hydrolysis by cGMP and other 

analogues results in a shift of the dose response curve to the left, a return to unity 

of the Hill slopes values, no significant changes in Vmax, and an enhanced 

sensitivity to proteolysis in a domain relevant to catalytic function (Moss e t al., 

1977, Beavo e t al., 1971 and Erneux e t al., 1984). A two-step model has been 

proposed for the Type II PDE of ra t liver (Erneux e t al., 1982: where the first step 

(activation process) is rather specific for cGMP, in contrast to the second one 

(hydrolytic process):

1st Step: cGVlP + E ^  cGVP.E ^  cGVP.E*

2nd S tep: cGVP.E* + cGMP ^  5 ’QVP + cGVP.E*

where E and E stand for the enzyme in a free sta te  and after cGMP binding, 

respectively. Pharmacological studies revealed distinct activation and catalytic 

sites on the mammalian enzyme (E) and the type II PDE of the slime mold 

Dictyostelium discoideum; yet, the la tte r one is a cGMP-specific enzyme which 

does not recognize cAMP a t either site (Van H aarstet and Van Lookeren 

Campagne, 1984 and Erneux et al, 1981, 1984).

Inhibition studies with ra t liver type II enzymes have revealed paradoxical 

stimulatory effects of otherwise competitive inhibitors of PDE, i.e. isobutyl- 

methyl-xanthine (IBMX) (Erneux e t al., 1981, 1984 and Yamamoto e t al., 1983b),
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papaverine and dipyridamole (Yamamoto e t al., 1983b). They activate a t low 

concentrations and inhibit hydrolysis a t higher concentrations reflecting their 

capacity to in teract a t both activating and catalytic sites on the enzyme. The 

classical inhibitor theophylline and the calmodulin antagonist MY-5445 are not 

effective inhibitors (Yamamoto e t al., 1983b). Cyclic GMP analogues are more 

potent activators than cyclic AMP analogues; this is probably related to a better 

hydrogen-binding capacity or the dipolar character of guanine (Erneux e t al., 

1984). The catalytic site of type II enzymes is also pharmacologically distinct 

from those of the other PDE types (Erneux e t al., 1984 and Miot e t al., 1984).

c. Type III. Miki et al., (1973) first isolated a light-activated, cyclic-GMP- 

specifc PDE of rod outer segments (ROS) from frog retina, a type III PDE. Light

activation requires the interaction of three major proteins; the photoreceptor 

rhodopsin, a GTP-binding protein and the phosphodiesterase (Yamazaki e t al., 1984 

and Fung e t al., 1981). This molecular complex is analogous to membrane- 

associated adenylate cyclase activity with the GTP-binding protein of ROS 

(transducin) displaying homology to the GTP-binding proteins of adenylate cyclase 

(Gilman, 1984). The PDE has been purified from bovine retina and characterized 

as a dimer having a MW of 84,000 and 88,000 and an inhibitory subunit of MW

11,000 (Baehr e t al., 1979) According to peptide mapping techniques the retinal 

PDE appears unrelated to calmodulin and insulin-sensitive PDE's, to the exception 

of a single peptide (Takemoto e t al., 1984). This PDE is highly conserved and 

present in the retina of all vertebrates.

The PDE of rod outer segments, as well as that of adrenal, lung and heart 

tissues, possess high-affinity, non-catalytic cyclic-GMP specific binding sites, an 

unusual feature of calcium-calmodulin-insensitive PDE's (Yamazaki e t al., 1982 

and Martins et al., 1983). Binding of cGMP to these sites is stimulated by the 

inhibitory factor purified from bovine retina PDE (Yamazaki e t al., 1982).
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Nonetheless, the physiological relevance of these cGMP-binding sites remains 

unknown. Activation of type in PDE by GTP/GTP-binding protein complex results 

in the release of the inhibitory protein to the cytosol while hydrolysis of GTP 

results in its reassociation with and concomitant inhibition of disc membrane PDE 

(Yamazaki e t al., 1984). A more complex cycle of activation and deactivation of 

type HI PDE has been proposed where GTPase activity is not sufficient to account 

for the inactivationof the enzyme (Liebman and Pugh, 1980). Phosphorylation of 

the bleached photoreceptor rhodopsin via rhodopsin kinase is the mechanism by 

which ATP quenches the ROS type III PDE (Sitaramayga and Liebman, 1983). 

These integrated phenomena will thus constitute the biochemical basis for the 

processess of light transduction and adaptation. Interestingly, treatm ent with an 

inhibitor directed to the catalytic site of type III PDE will result in experimental 

retinal degeneration (Lolley e t al., 1977).

Other PDE preparations coupled to GTP-binding proteins are those for 

adenosine in ra t brain membranes and insulin in ra t liver members (Mazancourt 

and Giudicelli, 1984 and Heyworth e t al., 1983). Nonetheless, these have a low- 

Km catalytic PDE coupled to them, which may make them suitable to categorize 

among type IV enzymes. It is also very probable that many of the membrane 

bound particulate PDE which have low Km’s and are responsive to hormones will 

be found coupled to GTP-binding proteins.

d* Type IV. Information concerning purification and characterization of the 

high-affinity form of PDE (type IV) is not as extensive as that of the lower- 

affinity forms (Thompson e t al., 1984). The low Km, type IV PDE, most 

extensively studied have been derived from soluble fractions of dog kidney 

(Thompson e t al., 1984), human lung (Moore and Schroedter, 1982), and calf liver 

(Yamamoto e t al, 1984). In the type IV PDE of canine tracheal smooth muscle the 

rank order of potency of its inhibitors directly correlates with the rank order
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displayed by them in the relaxation of the airway muscle (Poison e t al., 1982). 

From calf liver cytosol, two pharmacologically distinct type IV PDE's have been 

detected (Yamamoto e t al., 1984). The la tte r two differ in their sensitivity to 

inhibition by cGMP. The lowest Km form (Km 0.5 uM) is particularly sensitive to 

cGMP. The dog kidney PDE, in turn, exhibits negative cooperativity or 

heterogeneity which is eliminated after extensive purification (Thompson e t al., 

1984). It has a MW of 60,000, a broad pH optima (8.0 to  9.5), and has a 

considerably low affinity for cGMP (Thompson e t al, 1979, 1984). Papaverine and 

etazolates (Squibb compounds) are the most potent inhibitors of the dog kidney 

enzyme (Thompson et al., 1984).

Membrane bound type IV PDE's have already been alluded to in the previous 

section. The rat liver membranes PDE is responsive to insulin, such is also the 

case for mammary acini and ra t adipocytes (Aitchison e t al, 1984 and Makino and 

Kono, 1980). This type IV PDE has been shown to be GTP-sensitive (Heywrorth e t 

al., 1983) and insulin's activation seems to involve phosphorylation of a peripheral 

membrane PDE of MW 53,000 (Houslay e t al, 1984). An integral enzyme, not 

phosphorylated, is also activated by insulin. Adenosine via its interaction with its 

R-external receptors activate  the type IV PDE activity  of ra t adiopocyte and 

brain membranes (Mazancourt and Giudicelli, 1984). Although type IV ,membrane 

bound PDE's have generally lower Vmax values, their physiological relevance is 

pinpointed by their responsiveness to hormones and their high affinity for cAMP, 

allowing it to work at low submicromolar levels of the nucleotide. Fell (1980) has 

estim ated that particulate PDE may account for 60-95% of the to tal hydrolytic 

activity of a cell.

e. A working hypothesis. A model for endocytosis may be proposed 

considering two main observations. They are the pH-dependence of clathrin's 

assembly-disassembly and the requirement of calcium-calmodulin for the



recruitm ent of clathrin to the membranes (Salisbury e t al., 1980, 1981 and Pearse,

1976). Due to the favoring of clathrin's assembly a t the acidic pH's of less than 

7.0, a calcium-calmodulin-dependent proton generator could be postulated to 

modulate cycles of clathrin assembly (see Figure 2). This, activity could be 

provided by cyclic nucleotide PDE which generate protons (H+) via their 

hydrolytic actions:

cNMR + KUO- 1 ~*~WR + H+

Calcium calmodulin dependent PDE exist as well, thus Type I PDE (or others) may 

represent the target for the action of calmodulin in endocytosis. Other PDE types 

may act as proton generators and suggest a role for certain  modulators, i.e. cyclic 

GMP in the process of endocytosis. Interestingly, theophylline will produce delays 

in the onset of paralysis elicited by clostridial bacterial toxins, an effect also seen 

with inhibitors of endocytosis (Simpson, 1981). The PDE activ ity  of CV may exist 

functioning in concert with other CV-proteins, i.e. calcium-magnesium ATPase 

and H+-pump (ATPase). The PDE may also provide a pool of protons for the H+- 

pump of endocytic organelles (see Figures 4 and 39).



MATERIALS AND METHODS

1. Materials

All reagents were of analytical grade I. Cyclic-AMP, cGMP, bovine serum 

albumin, papaverine, theophylline, l-methyl-3-isobutylxanthine (IBMX), 

trifluoperazine, N-tris (hydroxymetheyl) methyl-2-aminoethane sulfonic acid, 

morpholino-ethane-sulfonic acid, 51 nucleotidase were from Sigma Co., St. Louis, 

MO. Tritiated cAMP and cGMP were from New England Nuclear, Boston, MA. 

The AG1-X8 resin and electrophoresis reagents were from Bio Rad Co., Rockville 

Centre, NY. Methanol, dimethyl sulfoxide and Scintiverse were from Fisher Co., 

Springfield, NJ. The Sephacryl S-1000 gel filtration column was Pharmacia 

(Sweden). Staphylococcus aureus cells were obtained from Boehringer Mannheim 

Biochemicals, Indianapolis, IN. Inhibitors of PDE (IBMX, theophyllline and 

papaverine) were prepared in water. Trifluoperazine was dissolved in 

dim e thy lsu If oxide and diluted in water.

2. Coated vesicle preparation.

Our CV from bovine brain were prepared by modifying the method of Keen 

e t  al. (1979, 1984) (Figure 5). Beef brains were obtained from a slaughterhouse, 

the meninges removed and the gray m atter separated from the white by suction. 

Everything was done a t  4°C in the presence of a cocktail of proteolytic 

inhibitors. The gray m atter was resuspended in 0.1 M morpholino-ethane-sulfonic 

acid buffer, pH 6.5, 1 mM ethylene glycol-bis-(B-amino ethyl ether) N,N!- 

tetraacetic  acid, 0.5 mM M gC ^, 0.02% sodium azide plus 0.3 mM phenylmethyl 

sulfonyl fluoride, 1 mM benzamidine, 5 uM leupeptin and 2 ug/ml of soybean 

trypsin inhibitor. The tissue was homogenized in a Waring blendor and the 

homogenate spun down a t  17,000 rpm for 15 minutes in a Sorvall RC2B centrifuge 

with a SS34 rotor. This pellet was discarded and the supernatant spun down a t

24,000 rpm in a Beckman ultracentrifuge for one hour with a type 30 rotor. The
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resulting pellet was resuspended in homogenization media and loaded onto the 

first discontinuous sucrose density gradient of the following compositions: 7 ml of 

50%, 8 ml of 40%, 10 ml of 30% and 5 ml of 20% sucrose (w/v), in homogenization 

buffer. The m aterial from this first gradient was concentrated and loaded onto a 

second gradient of the following compositions: 3 ml of 50%, 4 ml of 40%, 7 ml of 

30%, 8 ml of 20%, and 10 ml of 10% sucrose. These gradient-purified CV were 

passed twice over a Sephacryl S-1000 gel filtration column (Forgac e t al., 1983). 

Optical density a t 280 nm of the m aterial eluting from the column was determined 

using a Beckman spectrophotometer (Figure 7-9). The main peak of the 

absorbance profile was more than 90% pure CV (Figure 6). Decoated vesicles 

were prepared by resuspending the CV pellet in either 5 mM N- 

tris(hydroxymethyl)methyl-2-amino ethane sulfonic acid or 0.5 M Tris-HCl, pH 8.1 

(Keen et al., 1979, 1984). A fter one hour a t room tem perature decoated 

membranes were spun down a t 100,000 x g in a Beckman ultracentrifuge for one 

hour using a Ti 50 rotor. Coated vesicles were used immediately for assay, or, 

when indicated, stored a t 4°C for 48-72 hours.

3. Immunopurification of Coated Vesicles

Coated vesicles were purified further using polyclonal antibodies against 

clathrin (Bloom e t al., 1980) coupled to heat-inactivated, formaldehyde-fixed 

Staphylococcus aureus cells Merisko e t al., 1982. Routine, CV (approximately 25- 

50 ug) in morpholino-ethane-sulfonic acid buffer purified over the Sephacryl S- 

1000 column were incubated overnight a t 4°C with 10-50 ul of sera (dissolved in 

immunotitration buffer of 10 mM Tris-HCl-5 mM MgClg 1% bovine serum albumin 

pH 7.0) in a final volume of 200-250 ul. At the end of the incubation period 25 ul 

of a Staphylococcus aureus suspension in immunotitration buffer was added to 

each tube. The tubes were incubated a t room tem perature for one hour with 

periodic shaking, following which the tubes were spun down for 10 seconds in a
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Beckman table-top microfuge. The pellets were washed twice and resuspended in 

250 ul of PDE or binding assay buffer; 100 ul of the pellets were directly used in 

the enzymatic assays.

4. Muscarinic Acetylcholine Receptors Binding Assays

Muscarinic receptor binding assays were performed using ^H(-)QNB (specific 

activity  = 33.1 mCi/mmol) as the labeling ligand (500-30,000 cpm/ml and 5 uM 

atropine as the masking ligand to define specific binding (Yamamura and Snyder,

1974). Coated vesicles or immunopurified coated vesicles were incubated a t room 

tem perature or 30°C for 60-90 minutes (see Figures 12 and 13). The assays were 

done in 10 mM Tris -  5 mM MgClg pH 7.2-7.4. Routinely 0.05-0.3 mg of coated or 

decoated vesicles were used (Figure 12). Under these conditions, binding was 80%

or more specific in the region of 0.1 -  0.2x Kd. Bound and free ligands were 

separated by filtration over GF/B filters. Filters were dried and mixed with 4-5 

ml Scintiverse and counted a t a 40% efficacy.

The m aterial eluted from the Sephacryl-S-1000 column was directly assayed 

for its binding activity (500 ul) in a final assay volume of 1-2 ml using 50 mM 

phosphate buffer pH 7.4 (Figures 7). To obtain a Kd value dose to the true 

dissociation constant of ^H(-)QNB for the muscarinic receptor(s), the apparent K 

values obtained a t various receptor densities were plotted against each other 

(Figure 16). In the competition experiments, the final assay volume was 5 ml and 

the ^H(-)QNB concentration equal to about 800 pM. These experiments were 

peformed on affinity purified coated vesicles.

5. Phosphodiesterase Assay

We used an improved version of the isotopic method involving the column- 

separation procedure (Thompson e t al, 1979). The final reaction mixture consisted 

of 40 mM Tris-HCl, pH 7.4, 5 mM 2-mercaptoethanol, 5 mM MgC^ and about 10^ 

counts per minute of % -cAM P per assay tube. For cAMP-hydrolytie dose-



response curves, isotopic dilutions were performed using 0.5-200 uM cAMP. Non­

specific hydrolysis was determined on parallel blanks containing 10 mM 

theophylline or 1 mM IB MX or by boiling the tissue prior to assay. Final assay 

volume was 400 ul and contained 5-25 ug of tissue protein, a range wherein 

hydrolysis was a linear function of tissue with cAMP added. Twenty percent or 

less of the to ta l counts added were usually hydrolyzed. Reactions were started  by 

mixing all reagents in an ice bath, rapidly equilibrating them to 30°C and 

incubating them for 10 minutes. The reaction was stopped by placing the tubes in 

boiling water for one minute. Tubes were cooled immediately in an ice bath; 100 

ul of 5'nucleotidase from Crotalus atrox (Sigma, Co. (2.5 units/ml)) prepared in 

distilled water was added. The tubes were mixed and incubated for 10 minutes at 

30°C, a t which time they were placed in an ice bath and 1 ml of methanol added 

to each tube. Tube contents were separated over an AG-1 x 8 anion-exchange 

resin. One ml of ethanol was added and columns were run to dryness. The column 

eluate was collected in scintillation vials and 10 ml of Scintiverse added to each. 

Counting was performed a t  40% efficiency.

6 . Data Analysis

Analysis of ^H(-)QNB binding isotherms was done using the Scatchard 

equation (1949).

B/F = B(.l/Kd)+ Rt  

Kd

The linearity of the data was evaluated using a simple linear regression 

analysis with least squares solution available as the F it Line program in the 

Prophet computer. The data was also fitted  to the Michaelis-Menter equation 

using the hyperbolic program in Prophet. The binding data as well as the cyclic 

nucleotide hydrolysis dose response curves were fitted  to the Hill equation using 

the LOGISTIC program available also in PROPHET;



where R = ^H(-)QNB bound (or cyclic nucleotide hydrolyzed. Rmax = maximal 

bound (maximal hydrolysis), Kq  = apparent dissociation constant for QNB (or 

cyclic nucleotide), (Q) = concentration of ^H(-)QNB (cyclic nucleotide or 

competing ligand), and N = Hill slope.

Competition experiments were also analyzed according to the Hill equation 

to obtain the IC5Q and Hill slope values using the Logistic program. A similar 

approach was used in the analysis of the PDE inhibition profiles. Competition 

experiments where heterogeneity of binding affinities was apparent for the drugs 

tested, were further analyzed according to a two site model:

f«  100-fH%B + ------ ="-------- +  a----
1 + KH 1 + KL

where %B = percent bound, fjj = percent of high affinity sites, X = concentration 

of competing ligand, Kjj = affinity for the high affinite site and Kjj= affinity for 

the low affinity site (Figures 19-22). The analysis of the data was done using an 

iterative non-linear regression analysis program available in PHOPHET as the FIT 

FUNCTION program. FIT FUNCTION was also used in the fitting of the cyclic 

nucleotide dose response curves to the equilibrium kinetics solution for the 

scheme presented in Section 6 of Results:
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v  =  1____

Vmax l  + Kc .  ( 1 + S/K« )

S ( 1 + s/a%>
T

7. Other laboratory procedures.

Sodium dodecyl sulfate (SDS) polyacrylamide slab gel electrophoretic 

analysis was done using Laemmli’s method (1970). Protein concentration was 

determined with Lowry method (1951) using bovine serum albumin as a standard.
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RESULTS

1 . Localization of cyclic nucleotide phosphodiesterase activity and 

muscarinic acetylcholine receptors in bovine brain coated vesicles.

The final step in the purification of our CV requires their chromatography 

over a Sepharcyl-S-1000 column. Any CV associated molecule or activity must 

co-purify with CV during this step. In order to obtain the purest CV preparation 

possible we have passed our CV twice over this column, this approach has 

previously been utilized by Branton (Forgac e t al., 1983) and co-workers in their 

studies on the proton (H+) pump associated with coated vesicles. Figures 7 to 9 

demonstrate that both the PDE and mAChR activities copurify with CV during 

both runs over the Sephacryl-S-1000 column. The CV peak is the peak of material 

retained by the column and determined by the absorbance a t  280 nanometers 

(nm). The assay of S’tS'-cyclic nucleotide PDE activity in the presence of C aC ^ 

(1 mM) or cGMP (5uM) revealed that after a second run the cGMP stimulated 

activity also copurified with CV (see Figure 9). This activity seems to be Ca++ 

independent. As stated before, this approach was seemingly enough to establish 

the presence of the H+-pump in coated vesicles. This approach seems suitable 

since in our hands CV obtained through this procedure are more than 90% pure 

(see Figure 6). Yet, the presence of smooth vesicles is still a main concern, thus, 

additional purification steps are considered as more definite proofs or criteria  for 

the direct demonstration of molecular association to CV. Amongst these 

additional purification steps are agarose-gel electrophoresis (Goetlib e t al., 1985) 

and immunoprecipitation procedures (Merisko, e t al., 1982). We have considered 

both techniques and present here the results of immunoprecipitation studies.

Using polyclonal antibodies against clathrin, coupled to formaldehyde-fixed, 

heat-killed Staphylococus aureus cells, Merisko e t al. (1982) have been able to 

obtain a very efficient CV purification from fractions as heterogeneous as
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microsomes. The smooth membrane vesicles are infinitesimally reduced using this 

procedure. We have obtained similar results as shown in Figure 10. The purity of 

these affinity purified CV was evaluted biochemically and its protein profile is 

charateristic of CV (Figure 6). Both morphological and biochemical information 

support the specificity of this immunoprecipitation assay. The specificity of our 

clathrin antisera has also been documented in the literature (Bloom e t al., 1980). 

It has been reported to immunoreact with clathrin cages and produce 

immunofluorescent staining patterns characteristic of clathrins’ distribution in 

neuronal and non-neuronal tissues. Not only qualitative but also quantitative 

immunoprecipitation of both the PDE activity and mAChR were obtained (see 

Figures 10 and 11). The histograms in Figure 10 shows that both the basal and 

stimulated phosphodiesterase activity can be selectively and completely 

immunotitrated. The stimulation index in both preparations was 241 and 212% for 

the control and immunotitrated CV. A similar result is shown for the mAChR 

binding activity in Figure 11. As seen in Figure 11, a t least 80% of mAChR 

binding activity of the S-1000 purified CV is associated with CV. Maximal 

precipitation values are obtained a t a range of 1-5 ul of sera per ug of coated 

vesicle (see Methods).

The quantitative and specific immunotitration of both the PDE and mAChR 

activities strengthens the evidence regarding their location in coated vesicles. 

Both of these molecules are associated with the membranes of coated vesicles, 

not the coat. That is to say that both are core proteins. The evidence supporting 

this observation is that both the receptor and enzymatic activity sediment with 

the stripped or decoated membranes after decoating with alkaline treatm ent 

(Figures 12 and 25). In addition, the Vmax of the PDE and the density of mAChR 

are increased by 50-60% after removal of the coat proteins (see Figures 12 and 

25). In the case of the PDE activity, the stimulation of cAMP hydrolysis by cGMP
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is also retained by the decoated membranes (see Figure 26).

2. Equilibrium binding studies of the muscarinic acetylcholine receptors of 

coated vesicles.

In our binding studies for the mAChR (-)Quinuclidynylbenzilate (not the 

racem ate (+)) was used as the tritia ted  labelling ligand. Use of the racem ate 

mixture can yield spurious kinetic information. QNB is known as a hydrophobic 

muscarinic antagonist in constrast, for instance, to the hydrophylic antagonist, 

N-methylscopolamine (Galper, 1983). For the equilibrium binding experiments and 

competition experiments 10 mM Tris-HCl-5 mM MgClg pH 7.2-7.3 was used as the 

binding media. This low ionic strength, hypotonic media is used for two main 

reaons. First, it has been shown to be optimal to observe the effects of guanine 

nucleotides in other tissues (Luthin and Wolfe, 1983). And secondly, this media 

has allowed the expression of psuedo-Hill slopes less than unity for the antagonist 

N-methylscopolamine (Ehlert e t al., 1981).

As seen in Figure 12, 3H(-)QNB binding was linear as a function of coated or 

decoated vesicle population in the range of 10-300 ug of tissue protein. 

Equilibrium was achieved a fte r 30-45 minutes a t 32° -34°C and remained stable 

for the next 90 minutes (Figure 13). Thus, the equilibrium binding of 3(-)QNB was 

done a t 32-34°C for 75-90 minutes. Equiiibrium binding isotherms for 3H(-) QNB 

were obtained and anlyzed using the Michaelis-Menten, H ii and Seatchard 

equations (see Table I). The Michaelis-Menten plot (Figure 14) Shows saturability 

while the Seatchard plot (Figure 15) shows no evidence of heterogeneity of sites. 

The average Kd value for the receptor using these equations was of 81 pM (N = 4) 

and Bmax = 245 fmol/mg. Nonetheless, plotting of the apparent Kd values 

obtained in these experiments as a function of receptor density allows estimation 

of an affinity value close to the real Kd (Figure 16). Using this approach the true 

Kd can be extrapolated to be of 24.6 pM (R = 0.93).
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3. Competition binding experiments on the muscarinic acetylcholine 

receptor.

The rank order of potencies of several muscarinic drugs were determined. 

Two antagonists (atropine and n-methyl-scopolamine) and two agonists (carbachol 

and oxotremorine) were used for this purpose. Their ranking as depicted from 

Figures 17 and 18 can be seen to  be typical of muscarinic receptors with 

atropine >-n-methylscopolamine (N-MS) >  oxotremorine >  carbachol (Table II). 

The competition curves for all drugs, except atropine displayed Hill slopes 

different from unit (Table III). In addition, the presence of 500 uM GTP did not 

affect significantly the competition curve for oxotremorine.

The heterogeneity of binding affinities for oxotremorine, carbachol and N- 

MS was further analyzed using a two site model (see Methods). Figures 19 and 20 

display the fits to the competition curves for oxotremorine in the absence and 

presence of GTP. The analysis reveals only 13% of high affinity sites for 

oxotremorine which are diminished to a minor 9% value in the presence of GTP. 

The high affinity site for oxotremorine had a value of 1 nM while the low affinity 

site had a value of 827 nM. Similar values were obtained for KH and in the 

presence of GTP (Table HI). In contrast, the two-site analysis for carbachol 

revealed the presence of 67% high affinity sites with a KH value of 100 uM and a 

Kl  value of 3.17 mM (see Figure 21 and Table ni). Curiously, the antagonist N-MS 

also displayed 62% of high affinity sites (Table ni and Figure 22).

4. Kinetic analysis of the cyclic nucleotide phosphodiesterase of brain 

coated vesicles.

Hydrolysis of cAMP had a broad alkaline pH optima (8-10) and the 

stimulation of cyclic AMP hydrolysis by cGMP shows a neutral pH optima between 

7.0-7.4 (Figure 23). thus, the pH of the assay was set to 7.4 for all experiments. 

The cyclic nucleotide hydrolytic activity  is calcium and calmodulin independent



41

(Figure 9). Additon of EGTA or KC1 was also without e ffect (data not shown), 

further supporting the observation that the main form of PDE activity associated 

with the CV fraction is calcium indepedent and stim ulated by cGMP.

The enzyme hydrolyzes both cyclic nucleotides (Figures 24). The apparent 

Km obtained by the fit of the data to the logistic function or Hill equation (Segel,

1975) were of 11 uM and 22 uM for cGMP and cAMP, respectively. The Vmax for 

cGMP was 3.8 nmol/min/mg protein and the one of cAMP 3.5 nmol/mg (Table 

IV). Interestingly, the Hill coefficients for cAMP (Njj = 1.5) and cGMP (N^ = 1.2) 

were reproducibly different from one. Decoating experiments showed how the 

cAMP hydrolytic activity (Figure 25) and its stimulation by cGMP (Figure 26) 

sedimented with the decoated membranes. Decoating resulted in an increase in

the Vmax of the enzyme (Table IV).

The stimulation indexes for cGMP ranged between 50-600% (Figure 26). We 

have observed similar stimulation by cGMP in CV prepared for synaptosome- 

enriched fractions and from ra t liver (data not shown). The stimulation capacity 

is lost considerably (Figure 27) during storage. This inactivation as well as the 

activation of the enzyme by cGMP had particular effect on the dose response 

curves for the hydrolysis of cAMP (Figure 28). It can be seen that in both cases 

the Hill slopes relax back to  one. For the case of activation, the curve is shifted 

to the left (22 to 10 uM) and to the right when it is almost inactive (22 to 38 uM). 

Although the Hill slopes for the hydrolysis of cGMP are close to unity the same 

behavior during storage as with cAMP, is noted in its dose response curves (Table 

IV). this set of observations are considered in another section in the development 

of a kinetic model (see section 6, Results).

5. Inhibition of the cyclic nucleotide phosphodiesterase of brain coated 

vesicles.

Phosphodiesterase stim ulated by cGMP display complex inhibition profiles



for compunds like IBMX and papaverine (Erneux e t al., 1981 and Yamamoto e t al.,

1983). These have been reported to paradoxically stim ulate cAMP hydrolysis a t 

low concentrations. The CV PDE was mildy stim ulated by papaverine only (Figure 

23). Otherwise, the rank order of potency of the PDE inhibitors using 5 uM cAMP 

as substrate was papaverine >IBMX >  theophylline (Figure 29, Table IV). This 

rank order of potency was again displayed when tested for the inhibition of-cGMP 

hydrolysis and cGMP-stimulated cAMP hydrolysis (Figures 30 and 31). Table IV

. . .  . T„  for these inhibitors also shows the deviation fromwhich summarizes the IC50

unity of the inhibiton Hill slopes for all compounds tested. These deviation from 

unity is most likely reflecting their interaction a t the cataly tic and/or regulatory 

sites of the enzyme.

6 . Equilibrium kinetics model for the cGMP-stimulated phosphodiesterase of 

brain coated vesicles.

As discussed by Segel (1975) various kinetic schemes can account for Hill 

slopes higher than one, in addition to the classical models of positive 

cooperativity. Schemes regarding substrate activation are examples of these and 

are directly pertinent to the case of type II enzymes where a substrate cGMP is an 

activator also. Activation by the substrate could be a requirement for catalysis or 

not, essential versus non-essential activation (Segel, 1975). We can observe 

catalysis of either cyclic nucleotide after considerable loss ( >  200%) of the 

cGMP-activation capacity seen after prolonged storage of CV in the PDE assay 

buffer a t 4°C (see Figures 27 and 28). Thus, the CV enzyme fits a case of 

nonessential activation. It can also be observed , as seen in Figure 28 and Table 

IV, that this loss is also accompanied by a change in the kinetic behavior of the 

enzyme. This change culminates for both cyclic nucleotides in an increase in the 

apparent Km and a return of the Hill slope to a value not significantly different 

from unity (Table VI). A return of the slope to a value not significantly different



from unity (Table VI). A return of the slope to a value not significantly different 

from unity is also observed for the cAMP dose response curves, in the CV PDE as 

well as in other cGMP-stimulated enzymes, when done in the presence of cGMP 

(Figure 18, Beavo, e t al., 1971) and other activators. In all cases the Vmax is not 

significantly changed and the apparent Km is now decreased (Erneux e t al.,

1984). Thus two situations can reflect the behavior of the enzyme in two 

predominant sta tes the unactive and activated sta tes respectively. These are

considered in the following kinetic scheme as the species ES and SES,

respectively, contributing to  the observed catalysis (gfe Figure 32).

K, kp
E + S —  ■ — » ES ----------- ► E + P

Scheme I + +

%  . H  “ “ c  I t  K
SE + s  '-—  e sfs  ----------- ► SE + P

where, E = enzyme with a  regulatory (R) and catalytic (C) site, S = substrate

(cAMP or cGMP), ES = enzyme -  substrate complex a t the catalytic site, SE = 

substrate-enzyme complex a t the regulatory site, SES = ternary complex where 

substrate is bound to the regulatory and catalytic sites, Kq  = intrinsic dissociation 

constant of the substrate for the catalytic site (unactivated state), Kjj = intrinsic 

dissociation constant of the substrate for the regulatory-activation site, kp = 

catalytic ra te  constant, P = product (AMP or GMP) and = factor by which the 

apparent affinity of the catalytic site for the substrate is changed after 

occupancy of the regulatory-activation site (activation factor).

It can visually be depicted in the kinetic scheme that when the enzyme is 

inactivatable the scheme reduces to

kP
Scheme 2 E + S , ES ---- E + P

This model will thus predict that under this condition the slopes and curves be of 

simple Michaelis-Menten kinetics behavior. A simple kinetic behavior will also be 

predicted for the experimental situation where saturating amounts of activators



are present in the cAMP dose response curves. Again the equilibrium will be 

pulled to make the kinetic scheme reduced to

UKr-i kp
Scheme 3 SE + S ,  "•» SES  -----► SE + P

Both predictions are approached by cGMP-stimulated or type II cyclic nucleotide 

phosphodiesterases of ra t liver cytosol and CV (Figure 28) (Beavo e t al., 1971 and 

Erneux e t al., 1984).

This relationship is also expressed mathematically in the solution under 

equilibrium assumptions of the above presented kinetic scheme.

( 1 ) V = ^  (ES + SES)

(2 ) ii E + ES + SE + SES

(3) Vmax . ^

(4) V rr ES + SES
Vmax E ■t- ES + SE + SES

(5) V
S + 

W
S2

KcKr
Vmax 1 + s + s

KC KR
+ S2 

KOKR

(6 ) V = 1
Vmax KC (__1_ + S )

S ____________ KR ) +1
( 1 + S )

(7) apparent Km = Kc. ( 1 + S/Kr
“ 1 + ST K r"

(8 ) apparent Vmax = V max

From equations 6 and 7 it stands that when a = 1 they will reduce to the simple

Michaelis Menten equation.



An increase in the alpha value reflected as a shift of the hydrolysis dose response 

curve to the right, may be what is occurring during the loss of activation 

capacity. The experimental conditions of aged CV enzymes thus may provide a 

Km value approaching not truly because in the fractions analyzed some 

still displayed 10-50% residual activation capacities. This value is of near 40 uM 

(38 uM)and thus this was the fixed value of K^, arbitrarily chosen for the 

simulation analysis seen in Figures 33, 34 and 35. Meanwhile, when saturating 

amounts of activator(s) are present (as in Figure 28)

Apparent Kn = aKg

and the apparent KM is now equal to aK ^. The experiments in the presence of 

activators will provide a close approximation of a , when their Km are divided by 

those of stored tissues (Kq ). From Table III it can be seen that the aKQ value for 

the CV enzyme is of 10 uM. But, this value must be corrected for the possible 

amount of cGMP (5 uM) binding to the catalytic site. Now the apparent Km for 

this experiment is

apparent Km = Kq  (1 + G )

%  )

Using Kc  (for cAMP) = 40 uM, ((cGMP)) = 5 uM, Kc  for cGMP = 10 uM, and an 

apparent Km of 10 uM (see Table IV), we can estim ate a tentative value for 

cyclic AMP of 0.16. This low value of a for cAMP is also consistent with its dose 

response curves having Hill slopes in the vecinity of 1.5 (Figure 24). From the 

stimulation analysis it can be seen that only alpha values lower than 0.25 will yield 

Hill slopes close to 1.5 (Figure 35).

The other factor contributing to changes in the observed slopes and Km



values is the relative affinity of each substrate for the catalytic and regulatory 

sites of the enzyme, the K ^/K r  ratio. For the case of cAMP and the CV PDE the 

Kr  value for cAMP can be calculated to be of 137 uM, and an approximate 

Kc /Kr  of 0.28 (Table VI). From Figures 33 and 34 it can be depicted that the 

lower the K ^/K r  ratio  the farther to the right they will be. This together with 

the fact that the dose response curve for cAMP lies to the right of the curve for 

cGMP may suggest a larger K ^/K r  ratio  for the la tte r. This implies a higher 

affinity for the regulatory site for cGMP which may explain why cGMP activates 

cAMP dydrolysis and not the converse occurs. Indeed, similar calculations for 

cGMP can be attem pted. Table VI now resumes the estim ated and K ^/K r  

ratios of 0.38 and 13, respectively for cGMP. These relatively high values of 

alpha and K ^/K r  for cGMP are consistent and may explain the lower apparent 

Km and Hill slope values for this cyclic nucleotide. The calculated values can 

indeed be used to generate dose response curves for both cyclic nucleotides which 

closely fit the experimental (fresh) dose response curves (Figure 36).



DISCUSSION

4. Muscarinic acetylcholine receptors of brain coated vesicles.

a. Equilibrium binding. Direct biochemical assays of muscarinic 

acetylcholine receptors in subcellular fractions have usually been restricted  to 

crude homogenates, synaptosomes and synaptic membranes (Aguilar e t al., 1982, 

Sokolovsky, 1985 and Yamamura and Snyder, 1974). Nerve ligature experiments of 

rat vagus, nerve sciatic nerve and brain (Wamsely e t al., 1981, 1983; Zarbin e t al., 

1982; and Laduron, 1980), have tackled the receptor in its vesicular fast 

anterograde and retrograde axoplasmic transport. The work presented here 

represents one of the first attem pts to detect and characterize the mAChR- 

binding activity in purified subcellular preparations of an internalization and/or 

transport organelle, CV. Its congener, the nicotinic receptor has been visualized 

in CV's (Burstajn and Fischbach, 1984). The experiments reported here support the 

presence of mAChR binding sites in bovine brain CV. The binding activity 

copurified with CV through all purification steps. Binding isotherms with 

^H(-)QNB reveal that the receptor has a Kd of 25 pM and a Bmax of 341 fmol/mg 

protein. The Kd value obtained is comparable to the values reported for ^H(-)QNB 

in mammalian brain and other tissues (Ehlert et.al, 1981 and Sokolovsky, 1984). 

This low Kd values are belived to reflect the contribution of a mixed fraction of 

receptor binding states in accordance with the isomerization model proposed for 

^H(-)QNB binding (Galper e t al., 1977 and Sokolovsky, 1984). Thus, the mAChR in 

this CV preparation seems to be able to isomerize during binding of QNB. The 

density of antagonist binding sites is also comparable to that reported for 

mammalian brain gray m atter (McKinney & Coyle, 1982). This similarity may 

suggest a very balanced dynamic equilibrium between the mAChR on the 

plasmalemma and its intracellular pools.

b. Heterogeneity of binding affinities. Competition experiments with N-MS
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in brain CV revealed the existence of high and low affinity binding sites. This 

heterogeniety of binding affinities for N-MS has been previously reported for brain 

and heart tissue (Elher e t al., 1981 and Lee and El-Fakahany, 1985). The situation 

is reminiscent of the also hydrophylic antagonist pirenzepine. It h îs already been 

discussed how the heterogeneity of binding sites for pirenzepine may be related to 

distinct muscarinic receptor subtypes. A similar argument could be applied to the 

case of N-MS. If such were the case, the 38% low-affinity N-MS binding sites 

could be directly related to the 34% of low affinity carbachol binding sites (Ml 

receptors). The major 66% of high affinity binding sites for carbachol and N-MS 

would then represent the M2 subpopulation. Nonetheless, this classification 

scheme is only opposed by the observation that for another agonist, oxotremorine, 

the percent of high affinity agonist binding sites is less than 20%. This is a 

common observation in brain tissue (Sokolovsky, 1984) and has led to the 

proposition that the K^/Kjj ratio is more important and is an index of the 

agonists’ efficacy.

The Kl /K jj ratio  for carbachol in CV is within the range of values seen in 

brain and other tissues (Fisher et al., 1983). A minimal Kl /K jj ratio is required 

for full agonist activity ( ~40) (Fisher e t al., 1983). For oxotremorine the ratio in 

CV is the highest (915) among all values reported for it in the literature. 

Curiously it has been reported that during down-regulation of mAChR the 

ratio increases. The high CV K^^Kjj ratio value for agonists may suggest that 

these mAChR’s are present as cargo molecules in endocytic CV. The putative 

sources of endocytic CV are depicted in Figure 37 as subsets 1 and 2. These may 

derive from presynaptic terminals or the soma of postsynaptic neurons.

According to the la test classification scheme, M2 receptors should be in 

presynaptic terminals and may also be present in the Golgi-associated CV en route 

to their fast axoplasmic transport (subsets 1 and 3 of Figure 37). The la tte r could
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correspond to the 66% of high-affinity carbachol binding sites. The insensitivity 

of GTP could suggest that a significant portion of these are from endocytic 

(Zarbin e t al., 1982) CV. The relative fraction of mAChR in CV which are 

internalized cargo molecules could be estim ated from the low-affinity N-MS 

binding sites. This approach seems valid in heart and brain (Galper, 1983). If such 

were the case, then less than 38% of the M2 presynaptic receptors could be in 

endocytic CV's. This leaves us with a t least 20% of the putative M2 receptors in 

CV's being related to the Golgi region of presynaptic cholinergic neurons. Thus, 

the postsynaptic Ml (low-affinity carbachol binding site) positive CV could thus 

also represent a mixture of endocytic and exocytic CV.

The microheterogeniety of CV preparations from bovine brain has already 

been reported on the basis of biochemical, immunochemical and morphological 

observations (Wiedenmann e t al., 1985, P feffer and Kelly, 1985 and Ockleford and 

Whyte, 1981). The presence of specific cargo molecules with molecular weights of 

38,000 and 29,000 has been used as the marker for distinct CV subpopulations. 

From the results presented here it can be concluded that the heterogeneity of 

binding affinities for agonists and antagonists of the mAChR suggests the 

presence of various CV subsets. At least 4 CV subpopulations can be inferred all 

carrying for mAChR. Various "functional" or affinity sta tes of the receptor will 

be discriminant of specific CV subset. It can be envisioned that monoclonal 

antibodies against specific CV subsets may allow the purification of CV 

subpopulations enriched in mAChR with a particular affinity profile for 

muscarinic drugs.

c. Clinical relevance. It has recently been shown that human and ra t 

cerebral cortex muscarinic M2 receptors are diminished in senile dementia of the 

Alzheimer’s type (SDAT) (Mash e t al., 1985). This sta te  results as a consequence 

of eliminating the presynaptic cholinergic neurons, particularly the innervation
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from the nucleus baslis of Meynert. This has led to some prospects in the 

pharmacotherapy of this disease and led to precaution in the use of drugs like 

atropine or possessing antimuscarinic side-effects in the treatm ent of disease 

states like Parkinsonism and depression. The pharmacotherapy of SDAT will move 

in the direction of developing Ml selective agonists or M2 selective antagonist 

(Hammer and Giachetti, 1984). In addition, SDAT could as well results from an 

imbalance of the recycling of M l:M2 receptors. An enhanced ra te  of endocytosis 

or defective exocytosis of M2 receptors will result in less autoinhibition of ACh 

release, acetycholine's interaction with the postsynaptic M2 receptor may result 

in its down regulation. Thus, subsequent down regulation of Ml receptors could 

indeed result in the onset of the disease. A lterations in the transport CV could 

also deplete the postsynaptic plasmalemma of Ml receptors. It can be visualized 

how enhanced rates of endocytosis of either Ml or M2 receptors, as well as 

defective transport of the newly-synthesized receptors may result in SDAT. In 

conclusion, imbalances in the levels of mAChR in the different CV subsets (1,2,3) 

of mammalian cerebral cortex could result in SDAT.

2. Cyclic Nucleotide PDE of Coated Vesicles.

a. Pharmacological properties. For all known types of PDE, both soluble 

and particulate forms have been reported. In brain tissue PDE activity is 

distributed differentially with postsynaptic and interm ediate filaments densities, 

displaying a calmodulin-sensitive PDE (Grab e t al., 1981). The other major PDE 

activity associated with particulate preparations from bovine and ra t cerebra is 

Ca2+ independent (Davis, 1984; Grab e t al., 1981, Therien & Mushyski, 1979; Vale 

e t al., 1984). The biochemical assay of cAMP-PDE in the presence and absence of 

cGMP on the m aterial eluted from the S-1000 column and further immunopurified 

demonstrated cAMP hydrolytic activity sensitive to cGMP copurifying with the 

CV. Indeed, purification of our Sephacryl S-l000-column-purified CV by an
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agarose gell electrophoresis technique (Gottlieb e t al., 1985) corroborates our 

finding that cyclic nucleotide PDE activity of CV was stimulated by cGMP, a 

type-H enzyme (data not shown). Both the hydrolytic activity and cGMP 

sensitivity were retained

by the membrane after removal of the coat, suggesting a particulate enzyme.

Particulate forms of type-II enzymes have been found in brain, liver, thymus 

(Beavo et al., 1970, 1971); T-cells (Franks 6c Macmanus, 1971); hepatoma cells 

(Turnbull 6c Hickie, 1984); and cultured 3T3L1 preadipocytes (Manganiello et al.,

1983). The indexes of maximal stimulation by cGMP in the la tte r preparations are 

comparable to those of our CV preparation, ranging anywhere between 50-600% 

(Beavo et al., 1971; Egrie 6c Siegel, 1977; Franks 6c Macmanus, 1971; Klotz 6c 
Stock, 1972; Sakai et al., 1979). These stimulations indexes are lower than those 

from cytosolic forms of this enzyme type (Erneux e t al., 1984), perhaps because 

cytosolic and particulate forms of the enzyme may have different 

pharmacological properties. In addition, studies on the cytosolic type-II PDE have

shown that the stimulation index is a function of degree of enzyme purification
%

(Martins et al., 1982). Otherwise, the relatively lower indexes of stimulation in

these particulate preparations (including CV) may be due to the contribution of

some low K low V_ . membrane-bound PDE from either smooth vesicles or CV m m 8.x
subsets. We have observed that the sensitivity to cGMP and its allosteric behavior 

is lost during storage a t 4°C. Proteolysis as well as association with endogenous 

inhibitors may also expalin the low stimulation indexes. Thus, the values reported 

here for stimulation most likely are underestimates of in vivo sensitivity to cGMP.

Kinetic param eters were obtained from the analysis of cAMP hydrolysis 

dose-response curves in the presence and absence of cGMP. The Km (21 uM) for 

cAMP is close to that of other type-II enzymes (Martins e t al., 1982; Yamamoto et 

al., 1983) and Ca^+-independent forms from bovine tissues i.e. (Vale e t al., 1984).
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The slope index for cAMP is 1.5, suggesting positive cooperativity, for bovine 

brain CV-PDE. This allosteric behavior is typical of type-n PDE from ra t and 

bovine liver cytosol; they also share modulation of this allosteric behavior by 

cGMP (Erneux e t al., 1984 and Martins e t al., 1982). This modulation by cGMP is 

believed to induce conformational changes which increase sensitivity to 

inactivation by chymotrypsin (Moss e t al., 1977).

Phosphodiesterases differ beyond their kinetic behavior in the potency 

displayed by their inhibitors (Chasin & Harris, 1976; Yamamoto e t al., 1983,

1984). Using a set of classical PDE inhibitors, competition or inhibition 

experiments of cAMP hydrolysis in the absence and presence of cGMP were 

performed. The rank order of potency of these antagonists in inhibiting the 

cGMP-stimulated cAMP hydrolysis is: papaverine >IBMX > theophylline. This 

rank order of potency is similar to the ranking they displayed against the cytosolic 

type-II enzyme or calf liver, including the ineffectiveness of trifluoperazine 

(Yamamoto e t al., 1983). The rank order of potency in the inhibition of cAMP 

, hydrolysis (no cGMP present) was the same (with trifluoperazine, again inactive a t 

100 uM). The IC5qS for IBMX and papaverine are in the micromolar range. This 

behavior is atypical for these compounds because in the cytosolic type-II enzyme 

they are very poor inhibitors of cAMP hydrolysis in the absence of cGMP 

(Yamamoto et al., 1983). Moreover, IBMX and papaverine also have been shown to 

stim ulate cAMP hydrolysis by type-II cytosolic enzymes of ra t and calf liver 

(Yamamoto e t al., 1983). In CV, papaverine is a very poor activator of PDE 

activity, while IBMX is completely inactive in this respect. The la tte r  differences 

in the behavior of these inhibitors between cytosolic type-II enzymes and the CV 

type-H PDE may be due to their being intrinsically distinct type-n isozymes or to 

the contribution of another PDE type to cAMP hydrolysis in the absence of 

cGMP. Various PDE conceivably may exist within a CV, or subpopulations of
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these may carry different PDE types. The possibility that some or all of the PDE 

activity we detect in CV may represent contamination from the cytosol must be 

considered. We do not believe the la tte r  to be the case due to the fact that type- 

II enzymatic activity sediments with the CV membrane under both hypotonic and 

hypertonic conditions; if such were the case, contamination would have been 

predominantly of the Ca2+-calmodulin-sensitive PDE, which is the main cytosolic 

form in brain (Strada e t al., 1984.

b. Subcellular location. In the receptor section, various CV subsets were 

invoked. These various subsets may as well carry the type II PDE of CV. The 

preferential expression of different PDE types in distinct subcellular structures 

may pinpoint to com partam entalization in the regulation of this enzymatic 

activity. Nonetheless, the type II PDE may coexist with type I PDE in 

postsynaptic densities. This possibility arises due to the fact that these 

subcellular structures (PSD) express also calcium-independent forms of PDE (Grab 

e t al., 1981). In the la tte r  preparations the sensitivity to cyclic GMP was not 

determined. In addition, the lack of expression of type I PDE activity in CV's may 

not be solely indicative of the poor degree of cytosolic contaminants but may 

suggest as well the means by which this PDE type is transported in the cell. Thus, 

type I PDE may be transported cytoplasmically (see Figure 38). A factor may 

exist in the cytosol which confers this isozyme its ability to anchor in postsynaptic 

densities or interm ediate filam ents. It is also entirely possible that other PDE 

types are present in our CV but in an inactivatable (desensitized) sta te  in distinct 

or the same CV subsets. Inactivation of these enzyme(s) could be a function of 

proteolysis, aging (storage at 4°C) or association with endogenous inhibitors 

(Tucker e t al., 1981). Specific allocation of this type II PDE to a distinct CV 

subset is difficult and further experimentation will be required. The eventual 

purification of CV subsets may reveal the coexistence of specific muscarinic



receptor binding activities with type II PDE.

c. Kinetic behavior. The 3':5' cyclic nucleotide PDE activity  copurified, as 

the mAChR, with CV's. The main type of PDE activity detected under our assay 

conditions is stimulated by cyclic GMP, a type II PDE. Among .type II PDE 

enzyme systems, the best characterized is the soluble form of the enzyme from 

ra t liver (Erneux et al., 1984). The particulate type n PDE's have not been, as 

thoroughly characterized (Beavo e t al., 1971). The particulate nature of the type 

n  PDE of CV's should lead to its consideration as a model system for the study of 

particulate type II PDE.

One of the idiosyncrasies of type II PDE are their Hill coefficients higher 

than one 1.2 -  1.8 (Erneux e t al., 1984, Martins e t al., 1983, and Yamamoto e t al., 

1983). This has usually been referred to as suggestive of positive cooperativity. 

But as discussed in Results other models may as well account for Hill slopes higher 

than one. Exemplifying these are the substrate activation models to which type II 

enzymes belong by definition. The presence of catalysis in the absence of a 

considerable amount of activation capacity suggests tha t the type II enzyme of CV 

fits a case of nonessential activation.

The absence of significant- changes in the Vmax of the enzyme during 

activation or inactivation also provides insights into the mechanism of the 

enzyme. First, it means that activation of the enzyme by substrate only produces 

changes in the apparent affinity of the enzyme for the substrate a t the cataly tic  

site. This also means that no changes in the Kp of the reaction take place 

during substrate (cGMP) activation. This lack of changes in Vmax contrasts those 

seen during activation of type I enzymes by CAM. It can thus be inferred that 

activation of type n PDE by cGMP or its analogues (Erneux e t al., 1981, 1984) 

does not release an inhibitory influence imposed by the regulatory domain on the 

catalytic function of the enzyme. These observations hold true for both cytosolic
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and particulate type II PDE's. This type II PDE activity  constitutes the only 

known example of nonessential-substrate activation.

Detailed analysis of the various kinetic param eters of the kinetic model also 

yielded valuable information. The differences in apparent affinities for both 

cyclic nucleotides (cAMP and cGMP) can be attributed to different K ^ /K ^  ratios 

or to the higher affinity of cyclic GMP for the regulatory site. In contrast, the 

higher Hill slope values for cAMP can be attributed to lower alpha (activation 

factor) values. This observation on the CV type n  PDE can again apply to the 

cytosolic type II enzymes (Erneux e t al., 1984). Finally, the kinetic analysis of the 

inhibition of the CV PDE shows Hill slopes for all drugs significantly different to 

one. This deviation from normal Michaelis-Menten behavior could be related to 

their abilities to interact with both regulatory and cataly tic sites (or states) of the 

enzyme. The tendencies to have Hill slopes higher or lower than one could be 

related to the drugs abilities to inhibit or activate , respectively, via interaction a t 

the regulatory site. Otherwise, the shallow slopes will be reflective of the 

heterogeneity of binding affinities of the drugs to these distinct sites on the 

enzyme.

d. Evaluation of the original working hypothesis. In the evaluation of the 

original working hypothesis one can still conceive PDE’s as proton generators. 

Yet, the physiological activators of cyclic nucleotide PDE may vary. In the case 

of CV the PDE activity associated with these is stim ulated by cGMP. Apparently, 

different PDE types are associated with different synaptic structures. The 

particulate type n  PDE activ ity  of bovine brain may exist in vivo preferentially 

associated with endocytic structures (see Figure 38, 39). This CV PDE would be 

maximally sensitive a t pH values achieved intracellularly by the action of 

hormones (i.e. EGF) (see Figure 39). In addition, it would be responsive to sub and 

micro molar amounts of cGMP. Curiously, muscarinic acetylcholine receptors are
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known to mediate increases in guanylate cyclase activity which could in turn 

activate the brain particulate type II or cGMP-stimulated PDE. Cyclic GMP has 

indeed been postulated to be involved in the anti-nociceptive and cognitive 

muscarinic response centrally (McKinley and Richelson, 1984) and Drosophila 

mutants in PDE lead to memory impairments (Kawar, 1982).

As proposed earlier the CV cyclic GMP-stimulated PDE could be part of an 

intrinsic regulatory cycle which controls the intracellular and intravesicular pH 

together with other enzymes, i.e. proton pump, Ca /Mg ATPase, others (see 

Figure 39) (Blitz e t al., 1977 and Forgac e t al., 1983). As a closing note, the first 

paper describing type II PDE activities (Beavo e t al., 1970) has as its last 

sentence: "An in vivo stim ulatory effect of cyclic GMP on cAMP hydrolysis could 

be restricted to a localized pool of the la tte r  nucleotide since, in most tissues 

examined, this effect of cGMP was appreciable only with particulate PDE 

activity". I would like to  propose that this localized pool is constituted by 

plasmalemma, Golgi and endocytic organelles. Ultimately, the CV PDE may 

function in terminating an unknown physiological response to cyclic nucleotides in 

these subcellular organelles. Nonetheless, the hydrolysis of cyclic nucleotides 

should not be regarded as the onlyp roton generator. The pH on the cytoplasmic 

leaflet of the plasma membrane can also be acidified by the ydrolysis of ATP and 

phospholipids, among others. Allowing this consideration one could view the pDE 

as only one of the elements regulating the intracellular pH and possible in a on- 

significant manner. Finally, it must also remain clear that no evidence has been 

presented in my work for the coexistence of PDE with the other molecules 

presented in the working hypothesis.
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CONCLUSIONS

1. Coated vesilces have a particulate PDE which is insensitive to calcium 

and calmodulin, and stimuliated by cyclic GMP, a type II PDE,

2. Cyclic GMP's stimulation of cyclic AMP hydrolysis was optimal a t 5 uM 

cGMP, using 5 uM cAMP as substrate, and had a pH optima a t about 7.4..

3. Basal PDE activity  in CV had in turn a broad alkaline pH optima, 8.0-

10.0,

4. The enzyme hydrolyzes both cyclic nucleotides with nonlinear kinetics 

suggestive of positive cooperativity,

5. An equilibrium kinetics model is proposed where differences in the 

apparent kinetic param eters for each cyclic nucleotide can be explained by their 

relative affinities for regulatory and catalytic sites on the enzyme (K ^/K ^ ratio) 

and by their efficacies at the regulatory site,

6 . Cyclic nucleotide hydrolysis dose response curves were modulated by the 

regulator cGMP and storage in a distinct manner allowing dissection of the various 

equilibrium constants and factors governing the behavior of the enzyme,

7. The proposed kinetic model for the CV vesicle type H PDE could b e . 

applied in the analysis of other type II enzymes,

8 . Bovine brain coated vesicles also display specific muscarinic cholinergic 

binding activity, as determined by:

a) The use of ^H(-)QNB as the labelling ligand, and

b) The use of a series of muscarinic agonists and antagonists, in competition 

experiments,

9. The coated vesicle’s mAChR has a Kd = 25 pM and a Bmax = 341 fmol/mg 

protein,

10. Heterogeneity of binding affinities is observed for both agonists and the 

antagonist n-methyl-scopalamine in coated vesicles,



11. The heterogeneity of agonist and antagonist binding can be interpreted 

in terms of distinct functional states, receptor subtypes (Ml vs M2) or subcellular 

microheterogeneity.

12. Both enzymatic and receptor activities in bovine brain can be 

selectively expressed in distinct coated vesicles subsets.
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Table I.

Kinetic Param eters of the Coated Vesicle PDE 
Obtained Using Various Kinetic Equations

Equation Kd (pM) Bmax (fmol/mg) N

Scatchard 87 247 (4)

M.M. 80 383 (5)

Hill Equa. 88 394 (4)

Ave: 85 341



T able II.

Inhibition Param eters of Agonists and Antagonists 
of the CV Muscarinic Receptor

IC50 *H N

A gonists:
Qxo- 671 nM 0.60 (6 )

+ GTP 671 nM 0.67 (4)
CCh 254 uM 0.72 (3)

Antagonists:
A tro 1.34 nM 0.88 (5)
NMS 3.96 nM 0.49 (5)

N = number of brain preparations assayed.

Nr  = Hill slope

ICcq = concentration of competitor required to achieve 50% inhibition of 
3rf(-)QNB bound.



T able III

Analysis of the Inhibition of QNB Binding with a Two-site Model

Compound % High Affinity Sites k h k l N

Oxo -  GTP 13 1 nM 827 nM (6)
+ GTP 9 1 nM 784 nM (4)

CCH - 66 100 uM 3.2 mM (3)
NMS - 62 627 pM 203 nM (5)

N = number of brain preparations considered.



Table IV. Summary of Kinetic Param eters of the CV PDE

Substrate Apparent Km (uM) Vmax Slope N

cAMP:
Fresh coated vesicles 22 3.2 1.5 (5)
Stored coated vesicles 37 3.4 1.08 (4)
Decoated vesicles 35 8.5 1.08 (2)
Coated vesicles 20 2.1 1.5 (3)
Coated vesicles + 5 iiM cGMP 11 2.3 1.05 (3)

cGMP:
Fresh coated vesicles 11 3.8 1.3 (4)
Stored coated vesicles 26 4.5 1.08 (3)

Vmax = nmol/min/mg

Slope = Hill slope 

N = number of experiments



Table V. Summary of Inhibition Param eters of the CV PDE

Drug 5 uM cAMP 
IC50 Slope

5 uM 
5 uM

IC50

cAMP+
cGMP
Slope

5 uM GMP 
Ic5Q Slope

N

Papaverine 15 uM 1.3 4 uM 0.8 3 uM 0.85 4
IBMX 56 uM 0.5 16 uM 0.8 8 uM 0.85 4
R0201724 48 uM 0.4 1 mM 0.2 — 5
Theophylline 1 uM 0.7 249 uM 1.4 273 uM 1.12 4
cAMP — — 17 uM 0.75 3
cGMP 1 mM — “ “ — 7

N = number of brain preparations considered in the analysis.



T able VI

Summary of the Calculated Kinetic Param eters for the CV PDE

cAMP

cOMP

28 uM 137 uM 0.28

26 uM 2 uM 13

alpha (a)

0.16

0.38
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FIGURE LEGENDS

Figure 1. Electron micrograph of coated vesicles from the ciliated 

protozoan Tetrahymena termophila obtained according to the method of Campbell 

e t al. (1984) (prepared by W. Silva).

Figure 2. Scheme for the recycling of clathrin triskelions (A) in vivo. 

Proton (H ) production may facilita te  the formation of clathrin la ttices (B) in 

phase I. Phase II involves the la ttice  transform ation and the genesis of coated 

vesicles (C). H+ are also used in the lowering of the pH in the CV's lumen. In the 

final phase (III) CV lose their coat to yield their derivative structures, i.e. 

endosomes (D). These will in turn travel back to the plasmalemma, to lyzosomes, 

Golgi or nucleus (2).

Figure 3. Chemical structure of muscarinic drugs (from Brita Hedlunds 

thesis).

Figure 4. Working hypothesis scheme which postulates a dynamic 

interaction between various CV cargo molecules i.e. Ca /Mg ATPase, cyclic 

nucleotide PDE and H+ pump. Cyclic nucleotide PDE in CV may be activated (+) 

by Mg++ ions provided by the Ca++/Mg++ ATPase, PDE's may be activated by 

calcium-calmodulin and generate protons to facilita te  the assembly of clathrin or 

provide acid protons (H+) for the acidification of the coated vesicle's lumen.

Figure 5. Subcellular fractionation scheme routinely used for the isolation 

of bovine brain coated vesicles. The steps constitute an integration of the 

procedures of Keen e t al. (1979) and Forgac e t al. (1982).

Figure 6 . Morphological and biochemical analysises of CV and decoated 

vesicles: Panel a is a decoated vesicle preparation. Panel b shows both SDS-

polyacrylamide gradient (5-15%) slab-gel electrophoretic analyses. Lane 1 

corresponds to the CV; lanes 2 and 3 are the cages extracted  during the decoating



procedure; and lane 4 shows the corresponding protein profile of the decoated 

membrane. Protein samples (5-20 ug) were routinely loaded per lane. Panel c is 

an electron micrograph of our bovine brain CV. Magnification: 50,000 x.

Figure 7. Analyses of the specific binding of ^H(-)QNB (@ ) ( 1 nM) to brain 

CV eluting from a S-1000 gel filtration column. Atropine (5 uM) was used as a 

masking ligand. Specific binding was 70% or more using 0.5 ml aliquots of the 

m aterial eluting from the column. The final pH was of 7.0 and the final assay 

volume of 2 ml in 50 mM phosphate buffer pH 7.4. Panel a is m aterial afte r a 

first run which was concentrated and run for a second time (panel b).

Figure 8 . Phosphodiesterase activity of the m aterial eluted after a first 

(panel a) and second (panel b) runs over a Sephacryl S-1000 column. In both runs 1 

uM ^H cAMP was used as substrate, and 50 ul aliquots of m aterial from the 

Sephacryl column was directly used in the assay. Specific hydrolysis ( £  ) was 

determined by substracting the blank counts obtained using 1 mM IBMX or boiling 

of the tissue. The right ordinate represents the absorbance a t 280 nm of the 

m aterial eluting from the column. This peak of absorbance within the included 

volume of the column (or m aterial retained by the column) is the CV peak. The 

results presented are representative of typical experiments and qualitatively and 

quantitatively similar results have been obtained in various (at least 5) 

preparations and using anywhere from 0.1 — 50 uM cAMP as substrate.

Figure 9. Biochemical assay of cAMP hydrolysis by CV purified and eluted 

from a Sephacryl S-1000 column: The main peak of absorbance a t 280 nm

represents the CV rich ( > 90%) fraction. Fifty-ul aliquots of the indicated 

fractions were directly assayed using 5 uM cAMP as substrate in the absence (® ) 

and presence of 5 uM cGMP ( )  or 1 mM Ca2+ ( g |  ). These results are 

representative of a typical experiment and qualitatively and quantitatively similar 

results have been obtained in a t least five different brain preparations.



by

Figure 10. Immunoprecipitation of coated vesicles and the PDE activity. 

Panel a. represents the m aterial im munotitrated with Staphylococcus aureus cells 

coupled with human IgG. Panel b. represents coated vesicles immunoprecipitated 

with antibodies against clathrin. Panel c., the histogram shows the PDE activity 

of a CV sample purified over the Sephacryl-S-1000  column (control) and that of 

CV purified as in panel b (experimental). The ordinate on the right is in 

pmol/minsample.

Figure 11. Immunotitration of the muscarinic binding activity  from column- 

purified CV's. The percentage of bound 3H-QNB (ordinate) is plotted against the 

volume of sera (abscisa) containing polyclonal antibodies to clathrin, used to 

im m unotitrate 125-250 ug of column-purified CV. Non-specific immunotitration 

was determined using commercially available human immunoglobulins (IgG).

Figure 12. Specific binding of 3H-QNB ( 1 nM) as a function of the amount 

of tissue used, coated ( H  ) or decoated ( Q  ) vesicles. Non-specific binding was 

determined using 5 uM atropine. The final assay volume was of 4-5 ml in 10 mM 

Tris HC1-10 uM Mg++Cl2 pH 7.2. The results are the average from 5 different 

preparations from bovine brain.

Figure 13. Kinetics of 3H(-)QNB binding to coated vesicles. The 

concentration of ligand used was near 0.5 nM and the specific binding determined 

using 5 uM atropine in parallel blanks. In this particular experiment 225 ug of 

coated vesicles proteins were used.

Figure 14. Michaelis-Menten plot for the binding of 3H(-)QNB to bovine 

brain coated vesicles. The results are representative of a typical experiment 

where 125 ug of CV were used in a binding media of 10 mM Tris HClg 10 mM 

MgCl2 pH 7.2 and a final assay volume of 5 ml. Blanks were obtained using 5 uM 

atropine for each point. Specific binding was more than 90% between 0.1 -  10 x 

Kd.



Figure 15. Scatchard plot from the data presented in Figure 14. The 

correlation coefficient for the line was of 0.93 (n = 4). The kinetic param eters

from these graphs are included in the analysis presented in Table I.
0

Figure 16. Analysis of the H(-) QNB kinetic param eters. Variation of the 

apparent Kd as a function of the receptor’s density (Rt). The correlation 

coefficient for this line was of 0.98. The intercept on the y-axis provides a Kd 

value approximating the true Kd of the reaction, 25 pM.

Figure 17. Inhibition of 3H(-)QNB binding to CV by the antagonist atropine 

( Q  ) and N-Methyl-scopolamine ( g |  ). Control groups routinely bound near 800- 

1100 CP M’s specifically ( > 90%). See Table II for the analysis of these 

competition curves using the Hill-equation.
q

Figure 18. Inhibition of H(-)QNB by the agonists earbachol ( |  ) and 

oxotremorine. Competition experiments for oxotremorine were done in the

absence ( £ )  or presence ( O )  ° f  500 uM GTP. Conditions for binding were as in

Figure 17. Table II summarizes the kinetic param eters for these competition

curves using the Hill equation.

Figure 19. Analysis of the competition curves for oxotremorine (Figure 18) 

in the absence of GTP by a one (— ) and two-site (— ) models. Table II and III 

summarize the various kinetic constants obtained by both approaches.

Figure 20. Analysis of the competition curves for oxotremorine (Figure 18) 

in the presence of GTP by a one (— ) and two (— ) sites model. Tables II and III 

summarize the kinetic param eters obtained by these approaches.

Figure 21. Analysis of carbachol’s (no GTP) competition curve using a one 

and two-site model. Tables II and III summarize the kinetic param eters obtained 

using both equations.

Figure 22. Analysis of N-methyl-scopolamine's competition curves (Figure 

17) using a one (— ) and two site (— ) models. Table's II and II provide the kinetic



param eters obtained using both equations.

Figure 23. Effect of pH on the basal ( ® ) and cyclic GMP-stimulated ( Q ) 

cAMP hydrolysis by coated vesicles. Maximal stimulation was obtained in these 

experiments (2) a t pH 7.4 and was of 411%. Basal hydrolysis in turn displays a 

broad alkaline pH (pH 8-10) optima. Five micromolar cyclic AMP was used as 

substrate and 5 uM cGMP as the stim ulator’s concentration.

Figure 24. Dose response curves of the hydrolysis of cyclic AMP ( & )  and 

cyclic GMP ( f l )  by coated vesicles. Analysis of these dose response curves with 

the Hill equation was done and the results displayed in Table IV.

Figure 25. Dose-response curves for the hydrolysis of cAMP by CV (Q )  and 

decoated vesicles ( Q |). Non-specific hydrolysis was determined in parallel blanks 

using 10 mM theophylline. See Table 1 for a summary of the kinetic param eters 

obtained from these curves.

Figure 26. Effect of cGMP on the hydrolysis of 5 uM cAMP by CV (Q )  and 

decoated vesicles ( H )  from bovine brain: Non-specific hydrolysis was determined 

in parallel blanks using 1 mM IBMX. Maximal activation was achieved at 

approximately 5 uM cGMP.

Figure 27. Effect of cyclic GMP on the hydrolysis of cyclic AMP by fresh 

(®) and stored ( H  ) coated vesicles. The maximal level of stimulation by cyclic 

GMP in the aged, stored preparations was less than 50%.

Figure 28. Effects of activation ( f l  ) and storage on the kinetics of 

cyclic AMP hydrolysis. Control dose response curves (® ) displayed Hill slopes 

different from one (see Table IV). In the activation experiments, 5 uM cGMP was 

used as the activator's concentration. Non-specific hydrolysis was determined 

using 1 mM IBMX. See Table IV for the summary of the kinetic param eters of 

these various curves.

Figure 29. Inhibition of cAMP hydrolysis (5 uM) by various PDE inhibitors:



papaverine ( £ ) ;  IBMX ( ■ ) ;  and theophylline < A -  See Table V for a summary of 

the ICgg values for the inhibitors.

Figure 30. Inhibition of the cGMP-stimulated cAMP hydrolysis by various 

PDE inhibitors: The concentration of both cAMP and cGMP was 5 uM.

Inhibitors: papaverine ( # ) ;  IBMX ( f | ) ;  and theophylline A  . See Table V for the 

IC50 values of the inhibitors.

Figure 31. Inhibition of cyclic GMP hydrolyis. The concentrationof cGMP 

used was 5 uM. Inhibitors used were papaverine (Q), IBMX ( g j ), cyclic AMP 

and theophylline ( ^ ). Table V summarizes the kinetic param eters from these 

inhibition curves.

Figure 32. Kinetic scheme proposed for the CV PDE. This equillibrium 

kinetics model could be classified as one of random, non-essential substrate 

activation model. This model for the cGMP-stimulated PDE of CV is developed in 

section 6 of Results.

Figure 33. Simulation curves obtained from the steady-state solution of the 

kinetic model in Figure 32. The value of alpha (a) was se t to 1 (panel 1), 0.75 

(panel b), 0.25 (panel c) and 0.1 (panel d). In each panel the curves from right to 

left represent increasing Kc /Kj^ ratios: 0.1, 0.5, 1, 2, 20, 800 and 400, 

respectively. They all represent normalized dose response curves since no 

significant changes are seen in the Vmax under the simulations or experimental 

data.

Figure 34. Variations in apparent Km as a function of alpha (a, activation 

factor) and the K q/K ^ ratio. The values are from the simulation curves in Figure 

33. Various alpha values were used: 1 ( a ) ,  0.75 ( b ), 0.25 ( c ) and 0.1 ( d ).

Figure 35. Variations in the apparent Hill slope as a function of the 

activation factor, alpha, and the Kq /K ^  ratio. Values were derived from the 

analysis of the simulation curves in Figure 33. The curves from top to bottom are



representative of increasing values of alpha, 0.1, 0.25, 0.75 and 1, respectively.

Figure 36. Normalized dose response curves obtained for both cyclic 

nucleotides using the experimentally determined kinetic constants for each of 

them (see Table VI). The points represent the experimental values for the control 

dose response curves of cyclic GMP ( 0 )  and cAMP (@ ) (see Figure 24).

Figure 37. Illustration of the putative vesicular transport of muscarinic 

receptors in neuronal tissue. The darkened areas represent postsynaptic densities, 

N.T. = nerve terminal and N = nucleus. According to the view of some workers 

(Mash e t al., 1985) pre and postsynaptic elements carry distinct muscarinic 

receptor subtypes M2 and Ml, respectively. Four putative sources of receptors in 

CV can be thought of, two of them may be endocytic CV's from either pre or 

postsynaptic tissue ((1) and (2), respectively). The third and fourth may be related  

to newly synthesized receptors in Golgi associated coated vesicles (3) en route to 

either the soma’s plasmalemma (Ml receptors) or the nerve terminal (M2 

receptors).

Figure 38. Illustration of the possible vesicular (V.T.) and cytoplasmic (C.T.) 

transport of cyclic nucleotide phosphodiesterases types 1 and 2. Type I is 

represented attached to the postsynaptic densities (shaded areas) and the 

interm ediate filaments system of the axon in the nerve term inal (N.T.). As for 

the muscarinic cholinergic receptor various putative CV transport systems are 

proposed for the type n  PDE of coated vesicles.

Figure 39. Evaluation of the original working hypothesis regarding 

phosphodiesterases as proton generators. As seen and discussed in the tex t, cyclic 

GMP stimulation could regulate proton production. It is particularly interesting 

that some culture cells respond to hormones, i.e. epidermal growth factor (EGF) 

with an increase in the cytoplasmic intracellular pH (pHi), usually reaching a 

value, 7.4 (top left insert) where the type II PDE of CV's is maximally sensitive to



activation by cGMP (bottom le ft insert). These event could recruit the type II 

PDE activity and lead to the reacidification of the cells cytosol seen also with i.e. 

EGF. These intrinsic regulatory cycle could be applicable to other intracellular

vesicular systems i.e. receptosomes and lysosomes. Finally, the role of protein
+  *1* • kinases, Na /H exchangers, phospholipases and phosphoinositides remain to be

incorporated into this scheme.
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