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Now, here you see, i t  takes a l l  the running you can 

do, to keep in the same place. I f  you want to get 

somewhere e lse, you must run at least twice as fast  

as th a t .

from Through the Looking Glass 

by Lewis C arro l l .
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CHAPTER I .

General Introduction



1.1 HUMAN PLATELETS

1.1.1 P la te le t  Formation

Human p la te le ts  are derived from megakaryocytes, which orig inate  from 

multi potent stem ce lls  in the bone marrow. Committed megakaryocytic 

stem ce lls  d i f fe re n t ia te  and p ro l ife ra te  to result in mature 

megakaryocytes. Fragments of cytoplasm are then pinched o f f  to form 

p late le ts  which are released from the bone marrow into the c ircu la tio n  

at the rate of about 3.4x10^ p la te le ts /m l/day . (Pennington, 1981).

Some mature megakaryocytes (20-50%) also pass into the c ircu la t io n  and 

are thought to  lodge in the venous microcirculation of the lungs where 

they can release p la te le ts  (Kaufman et a l . ,  1965).

The normal c ircu la ting  p la te le t  count is maintained within a narrow 

range 150-400 x 10^/ml, indicating that p la te le t  production is a 

regulated process. Removal or destruction of p la te le ts  has been shown 

to  stimulate p la te le t  production, whereas transfusion of v iable  

plate le ts  inh ib its  the process (de Gabriele and Pennington, 1967). The 

precise mechanism of th is  regulation remains unknown (Burstein and 

Harker, 1983), although there is increasing evidence to suggest that a 

stimulatory humoral factor generally termed "thrombopoietin" is  

involved (Pennington, 1981). In addition a humoral in h ib ito r  of 

p la te le t  production has been reported in certa in  patients (Shreiner et 

a l . ,  1980). Thus p la te le t  production may be controlled by humoral 

stimulatory and in h ib ito ry  a c t iv ité s .  P la te le ts  remain in the c irc u l



ation for an average of 7 to  10 days and are then removed by the 

reticu loendothelia l system in spleen and l iv e r .  The mechanism by which 

pla te le ts  are recognised as ready fo r  sequestration is unknown.

C irculating p la te le ts  exhib it heterogeneity in size and density (see 

Frojmovic and M ilton , 1982). Certain workers suggest that p la te le ts  

become smaller and denser as they age (Corash et a l . ,  1977), whereas 

others maintain that heterogeneity is megakaryocytic in o r ig in . Until 

p la te le t  separation according to age is technica lly  v iab le , i t  is 

un like ly  that the factors responsible fo r  p la te le t  heterogeneity w il l  

be unravelled.

1.1 .2  P la te le t  Structure

P la te le ts  normally ( i . e .  in a non-activated state) c ircu la te  as 

anucleate biconvex discs 2-5um in diameter. Details of p la te le t  

u ltras tructure  as revealed by electron microscopy are shown 

diagrammatically in f igure  I . l .

The outer coat or glycocalyx, rich in glycoproteins gives the p la te le t  

a smooth o u tl in e , although i t  appears as a fuzzy surface in electron  

micrographs. I ts  chemical constituents provide the receptors for  

stimuli tr iggering  p la te le t  activation and are therefore important in 

adhesion-aggregation reactions. Immediately below the plasma membrane 

which has a t r i la m in a r  structure characteris tic  of mammalian cell 

membranes, l ie s  a band of microtubules which form a marginal bundle
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encirc ling the p la te le t .  These have a cytoskeletal function, to  

maintain the characteris tic  discoid shape of quiescent p la te le ts  and 

cannot themselves contract (Gordon, 1981). In addition to  microtu

bules, p la te le ts  contain f in e r  microfilaments arranged in bundles in an 

extensive network. They are believed to contain actin filaments which 

in teract with myosin rods following phosphorylation of myosin l ig h t  

chains under the influence of calmodulin (H arr is , 1981), and may be 

important in maintaining the discoid shape of unaltered p la te le ts  and 

provide a con trac tile  system involved in shape change, pseudopod 

extension, internal contraction and secretion (Nachmias, 1980; White, 

1983).

In d irect continuity with the plasma membrane is the surface-connected 

open canalicular system. This network of invaginations enlarges the 

surface area of the p la te le t  accessible to  plasma factors , serves as a 

channel fo r  release of p la te le t  products during secretion, and may be 

externalised during activation  (White, 1983). The dense tubular system 

immediately associated with the open canalicu lar system is the major 

storage s ite  for calcium (White, 1973), and is an important s i te  of 

arachidonic acid metabolism in the p la te le t  (Gerrard et a l . ,  1981).

P la te le ts  contain a number of d if fe re n t organelles d istributed through

out the cytoplasm. Mitochondria and glycogen storage granules are 

both present, enabling aerobic and anaerobic resp iration . Dense 

granules (dense bodies) contain high molecular weight aggregates of 

adenosine nucleotides, serotonin and calcium (Chesterman et a l . ,  1982) 

and smaller amounts of histamine and catecholamines. Alpha granules



are heterogenous in nature and contain a range of proteins which 

include : p la te le t  fac to r 4 and g-thromboglobulin (both are anti-hepa- 

r in  prote ins), f ib ro n e t in , fibrinogen and thrombospondin (aggregation 

cofactors), p la te le t  derived growth fa c to r ,  p la te le t  factor V I I I  

related antigen, p la te le t  factor V, Von Willebrand fa c to r ,  albumin and 

protease inh ib itors  (see Ogston, 1983), The lysosomes contain a range 

of enzymes including acid phosphatase and g-N-acetylglucosaminidase. 

These organelles lose th e ir  random d is tr ib u tio n  during p la te le t  

activation  and become centralised.

1.1.3 Biological responses and reactions of p la te le ts

The main physiological function of p la te le ts  is to  in i t ia t e  the 

formation of a haemostatic plug at the s ite  of vascular in ju ry  by 

ensuring e f f ic ie n t  coagulation, and promoting subsequent wound healing. 

Pla te le ts  have also been implicated in the maintenance of endothelial 

in te g r i ty ,  phagocytosis, vascular permeability changes, pathological 

thrombosis and atherosclerosis, inflammatory reactions and transplant 

re je c t io n , these functions w il l  not be detailed  here (reviewed by 

Gordon and Milner, 1976).

Discoid p late le ts  in the blood do not read ily  adhere to any surface and 

th is  is essential fo r  the maintenance of blood flow. Vascular in jury  

however, results in the exposure of subendothelial collagen, which 

brings about p la te le t  ac tivation . Once activated , p la te le ts  

immediately adhere to  the vascular collagen, release constituents such 

as serotonin, ADP, arachidonic acid metabolites and calcium, a l l  of



which are p la te le t  activators which act to  recru it other p la te le ts  in 

the immediate v ic in i ty  to  clump together. At the same time, the blood 

coagulation system is activated following the unmasking of the 

procoagulant phospholipid - p la te le t  facto r 3, and activation of 

coagulation facto r X I,  at the p la te le t  surface. The coagulation 

cascade then proceeds with the release of procoagulant proteins such as 

fibrinogen, p la te le t  factor 4 and g-thromboglobulin, culminating in the 

formation of a haemostatic plug (Gordon, 1981).

The haemostatic role of p la te le ts  is dependent on the wide array of 

morphological responses that occur when p la te le ts  become activated. 

These responses include shape change, adhesion, aggregation, secretion  

of granule contents and eicosanoid synthesis and secretion.

Shape change : discoid p la te le ts  are characterised by a marginal bundle 

of microtubules. When p la te le ts  are activated, microtubule organisa

tio n  is disrupted and the submembraneous microfilament networks 

in te ra c t ,  leading to  a dramatic and rapid change in p la te le t  shape.

This shape change consists of centra lisation  of organelles and 

extrusion of long th in  pseudopodia, which e ffe c t iv e ly  increase the 

p la te le t  surface area and f a c i l i t a t e  the p la te le t  to p la te le t  contact 

essential fo r  aggregation (Born, 1970; Gordon, 1981). Shape changes 

can be monitored in v it ro  by measuring transmission and/or scattering  

of l ig h t  through p la te le t  rich plasma or washed p la te le t  suspensions, 

and is characterised by an increase in optical density i . e .  a decrease 

in l ig h t  transmission (Michal and Born, 1971).



Adhesion : Once activated, p la te le ts  w i l l  read ily  adhere to  certain  

biological polymers and a varie ty  of foreign surfaces. The mechanisms 

involved in p la te le t  adhesion however are not well understood since 

attempts to  corre late  physical and chemical properties of a r t i f i c i a l  

surfaces with th e ir  attractiveness to  p la te le ts  have not been 

successful. In v it ro  adhesion has been quantitated by a varie ty  of 

techniques (see Weiss, 1983).

Aggregation : P la te le t  aggregation ( i . e .  attachment of p la te le ts  to  

each other, as d is t in c t  from th e ir  attachment to  foreign surfaces 

(adhesion)) can be induced by a variety  of s t im u li .  Aggregation of 

pla te le ts  is normally preceded by shape change. Adrenaline however is 

unusual in causing a q u a l i ta t iv e ly  d is t in c t  change in p la te le t  shape 

without formation of pseudopodia. This has been described as 'm ild ' 

shape change and occurs in the absence of changes in l ig h t  transmission 

(Gerrard et a l . ,  1981). Reversible or 'primary' aggregation can be 

induced by low agonist concentrations. Secondary aggregation can be 

induced by higher agonist concentrations and is associated with 

secretion of granule contents and prostanoid formation, and is 

essentia lly  ir re v e rs ib le  (Smith and W i l l is ,  1971). Aggregation is 

dependent on exposure of fibrinogen receptors (Peerschke, 1984) and the 

degree to which agents expose these receptors may re la te  d i re c t ly  to 

p la te le t  aggregability . Aggregation may be monitored in p la te le t  rich 

plasma or washed p la te le t  suspensions by measuring increases in l ig h t  

transmission through s t ir red  samples (Born, 1962), or by p la te le t  

counting, where numbers of single p la te le ts  are counted before and 

a f te r  addition of an aggregating agent (Lumley and Humphrey, 1981).



Aggregation may be monitored in whole blood by the la t t e r  p la te le t  

counting method or by an e le c tr ic a l impedence method (Cardinal and 

Flower, 1980).

Secretion : a) Degranulation : p la te le t  secretion, also referred to as 

the p la te le t  release reaction, involves the specific  discharge of 

p la te le t  granules to  the outside of the c e l l .  The quantity and type of 

substance secreted depends on the nature and concentration of the 

stimulatory agent. ADP or adrenaline induce secretion from the dense 

granules only (M il ls  et a l . ,  1968) while stronger stimuli e .g . high 

concentrations of thrombin and collagen evoke in addition, secretion 

from the a-granules. Dense granule contents (with the exception of 

ATP) are pro-aggregatory and th e ir  main function is presumably to  

promote the growth of a haemostatic plug along with alpha granule 

constituents e .g . fibrinogen and the antiheparin factors , which promote 

coagulation. Secretion of dense granule contents can be monitored by 

measuring released ATP by lu c ife r in - lu c ife ra s e  luminescence (Feinman et 

a l . ,  1977) or by a radio-isotopic  (^^C or ^H-serotonin) pre labelling  

method.

b) Release of newly synthesized consituents : prostaglandins are 

synthesized from membrane phospholipids via the activation of two 

enzymes -  phospholipa§e C and phospholipase Ag. This results in the 

formation of thromoxane Ag which by v ir tue  of being a very potent 

stim ulator of both p la te le t  aggregation and the release reaction  

(Hamberg et a l . ,  1975) results in fu rther am plification of the aggre- 

gatory process.



P la te le t  function may be altered by a wide variety  of biological 

agents. These compounds (agonists) are diverse in nature and may act 

to stimulate p la te le t  activation  e .g . thrombin, ADP, serotonin, 

catecholamines, thromboxanes, p la te le t  activating  fac to r, collagen and 

immune complexes; or to  abolish or attenuate activation e .g . certa in  

prostaglandins, adenosine and i ts  derivatives.

Receptors fo r  many of the above agonists have been id en tif ie d  by 

radioligand binding studies. Their precise location is unknown but 

presumed to  be the p la te le t  surface -  although in t ra c e l lu la r  receptors 

may exist for  certa in  l ip o p h il ic  compounds such as thromboxane Ag or 

p la te le t  activating fa c to r .  Thus, transduction mechanisms must be 

present in the p la te le t  to convey the external agonist -  receptor 

in teraction  signal into a modification of c e l lu la r  responsiveness. 

Several such mechanisms have been proposed to occur in the p la te le t ,  

those considered to  be of major importance at present involve in t ra 

c e l lu la r  second messengers. P la te le t  activation appears to  be assoc

iated with agonist-induced elevations in the in tra c e l lu la r  concentra

tions of 1 ,2-diacyl g lyce ro l, inosito l 1 ,4,5-trisphosphate, and calcium 

(Kaibuchi et a l . ,  1983; O'Rourke et a l . ,  1985; Rink et a l . ,  1982), 

whereas, p la te le t  in h ib it io n  is associated with agonist-induced 

elevation of in t ra c e l lu la r  cyclic  AMP (Haslam et a l . ,  1978). I t  is not 

clear at present how many of these events occur following agonist 

occupancy of a single type of receptor. Agonists can also influence  

p la te le t  responsiveness by other mechanisms such as exposure of 

fibrinogen receptors (Peershke, 1984) and production of substances

10



within the p la te le t  which are themselves agonists e .g . thromboxane Ag 

( fo r  review see Huang and Detwiler, 1986). The s ituation is fu rther  

complicated by the observation that most ( i f  not a l l )  p la te le t  agonists 

are capable of acting in a synergistic manner, in th a t ,  addition of two 

or more agonists can result in a response ( i . e .  aggregation or dense 

granule secretion) that is s ig n if ica n tly  greater than the sum of the 

individual responses. To date, despite extensive investigations, the 

molecular mechanisms underlying the control of p la te le t  function remain 

unclear. P la te le ts  however provide an easily  accessible homogenous 

population of c e lls  that are p a r t icu la r ly  useful for  the study of 

receptors, agonist-receptor in teractions, and the consequences of such 

interactions in terms of stimulus-response coupling pathways, and 

receptor regulation. Such studies may be performed with a view to  

understanding and contro lling  p la te le t  function fo r  therapeutic  

purposes, or may, as in the present study, employ th is  easily  

accessible human ce ll as a model fo r  exploring receptor mechanisms that  

may have wide implications for other cell types, in particu la r  other 

less accessible human ce ll types. The receptors of in terest in the 

present study were human p la te le t  adrenoceptors (see section 1 .2 .3 .  for  

more d e t a i l ) .

1.2. RECEPTORS

1.2 .1 . Introduction

The concept of a 'receptor' was f i r s t  introduced to explain the 

s p e c if ic ity  of response of a system to added agents of in te re s t .  As

11



early  as 1878, Langley referred to a constituent of the ce ll -  the 

'receptive substance' whose function he proposed was to  receive stimuli 

from drugs or hormones acting upon i t ,  and tran sfer these stim uli to  

the e ffec to r  organ. The term 'receptor' was introduced la te r  by 

Ehrlich (1913) to describe the s ite  of i n i t i a l  recognition to  which 

"agents must be bound i f  they are to  ac t."  Clark subsequently proposed 

that drug -  receptor interactions could be described by a mathematical 

re la tionsh ip . In 1926, he put forward his "occupancy theory" which 

postulated that response was d ire c t ly  proportional to  number of 

receptors occupied. I t  soon became apparent however that such a simple 

re lationship was not applicable in a l l  s ituatons. For example, Ariens 

(1954) noted that the occupancy theory did not account fo r the a b i l i t y  

of 'drugs' to e l i c i t  a response subsequent to binding, and thus 

proposed that drug-receptor interactions involved two separate and 

independent parameters : a) a f f in i t y  -  the recognition and binding of a 

ligand by the receptor (governed by the law of mass action -  C lark, 

1926) and b) in t r in s ic  a c t iv i ty  -  the a b i l i t y  of a drug to e l i c i t  a 

biological response. Thus agonist drugs -  analogous to  endogenous 

hormones and neurotransmitters in the sense that they e l i c i t  a 

biological response, be i t  stimulatory or in h ib ito ry , would.have 

a f f in i t y  and in t r in s ic  a c t iv i ty ,  whereas antagonist drugs -  which block 

receptor mediated e ffects  e l ic i te d  by hormones, neurotransmitters or 

agonist drugs by competing fo r  receptor occupancy, would have a f f in i t y  

fo r  the receptor, but lack the necessary in t r in s ic  a c t iv i ty  to e l i c i t  a 

response.

Many theories of drug receptor interactions have since evolved in
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response to experimental findings (see Ruffolo, 1982; Hollenberg,

1985), some dealing with trad it io n a l pharmacological observations such 

as dose-response curves, others in answer to  the development of more 

d irec t methods of investigating drug-receptor interactions that have 

provided more specific  information about receptors, such as th e ir  

molecular weights, subunit composition, and amino acid sequence e .g .  

g-adrenoeptors (see I . 2 . 2 . 1 . ) .  In th is  respect "receptors" are no 

longer hypothetical e n t i t ie s ,  but d is t in c t  c e l lu la r  macromolecules, 

believed to perform at least two basic functions : recognition of a 

hormone or drug and in i t ia t io n  of events leading to a c e l lu la r  

response.

1.2.2 C lassification  of adrenoceptors

The physiological e ffects  of adrenaline and noradrenaline are exerted 

via th e ir  in teraction with a variety  of c e l lu la r  receptors called  

adrenoceptors (adrenergic receptors).

I n i t i a l  evidence fo r  the existence of m ultip le  types of adrenoceptors 

arose from the work of Dale. In 1906, he demonstrated that excitatory  

responses of various organs to  adrenaline were blocked by ergot 

a lka lo ids , while in h ib ito ry  responses remained unaffected. Ahlquist,  

(1948) la te r  divided adrenergic responses into two major categories on 

the basis of th e ir  pharmacological s p e c if ic ity  i . e .  order of potency 

fo r  a series of sympathomimetic amines. His results showed that 

excitation  of smooth muscle in the vasculature, uterus, n ic t i ta t in g  

membrane and d i la to r  pupillae exhibited a potency order of adrenaline >
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noradrenaline > a-methylnoradrenaline > a-methyladrenaline >

IsoprenalIne, while the order of potency fo r  In h ib it ion  of smooth 

muscle In the vasculature, bronchi and uterus, and excitation of the 

heart was IsoprenalIne > adrenaline > a-methyladrenalIne > 

a-methylnoradrenaline > noradrenaline. I t  was concluded that two types 

of adrenoceptors were Involved and these were named a - and 

^-respectively. Support fo r  Ahlqulst's adrenoceptor subdivision came 

with the Introduction of selective adrenergic blocking drugs e .g .  

I n i t i a l l y ,  dibenamlne and phenoxybenzamlne (Nickerson, 1949) to  block 

the a-adrenoceptor e f fe c ts ,  and la te r  dichlorolsoprenalIne - a specific  

3-adrenoceptor antagonist (Powell and S la te r , 1958; Moran and Perkins, 

1958).

There Is now considerable evidence to suggest that both a -  and 

3-adrenoceptors can be fu rth e r  divided Into two d is t in c t subtypes known 

as a^, ag and 3^, respectively .

I . 2 .2 .1 .  3| and 3o -  adrenoceptors

In 1967, Lands and co-workers provided evidence fo r  the existence of 

more than one type of 3-adrenoceptor by comparing the rank order of 

potency of catecholamines on 3-adrenoceptor mediated responses. The 

receptor Involved In cardiac stimulation and fa t ty  acid m obilization  

which exhibited a potency order of IsoprenalIne > adrenaline = 

noradrenaline was called 3^, whereas that Involved In bronchodllatlon 

and vasodilation which exhibited a potency order of Isoprenal Ine >

adrenaline > noradrenaline was called 32* Direct support fo r  th is
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subclassification came with the advent of synthetic drugs 

selective fo r  e ith e r  receptor subtype. From the prototype, practolol - 

0̂  selective antagonist (Dunlop and Shanks, 1968) has arisen a vast 

array of subtype selective agents. Some are receptor selective e .g .  

betaxolol -  selective  antagonist (Boudot et a l . ,  1979), ICI 118,551 

-  $2  selective antagonist (B llsk i et a l . ,  1980) and have been used In 

the present study to characterise the human p la te le t  g-adrenoceptor. 

Others are supposedly selective by v irtue  of a selective e ff icacy  at 

producing a response e .g . salbutamol (B r i t ta in  et a l . ,  1968) and 

prenalterol (Carlsson et a l . ,  1977) which have been called gg and ĝ  

selective agonists respectively.

With the discovery of adenylate cyclase (Sutherland and R a i l ,  1960) 

came the opportunity to  study a more proximal consequence of 

drug-receptor In terac tion , namely the activation of the enzyme.

Numerous studies exploring catecholamine stimulated adenylate cyclase 

a c t iv i ty  have since demonstrated that both g^- and gg -adrenoceptors 

stimulate enzyme a c t iv i ty ,  and that g-adrenoceptor subtype heterogeneity 

was apparent at the level of adenylate cyclase activation (Burges and 

Blackburn, 1972; Lefkowftz, 1975).

Until 1972, I t  was generally accepted however that tissue responses 

were mediated by a single receptor subtype. Evidence to  the contrary  

was f i r s t  Introduced by Carlsson et a l . ,  (1972) who demonstrated 

d i f fe re n t ia l  blockade of chronotropic e ffects  In the cat heart by 

selective  ĝ  and gg-adrenoceptor antagonists depending upon the subtype

se lective  agonist used. Their results led them to  propose that g%"
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gg-adrenoceptors may co-exist within a single organ or tissue and under 

certa in  circumstances even mediate the same functional response. This 

has subsequently been demonstrated fo r  a number of responses mediated 

by catecholamines (see review by Daly and Levy, 1979).

Further support fo r  the existence of only two g-adrenoceptor subtypes 

In mammalian tissues, that correspond to pharmacologically defined g^- 

and gg-adrenoceptors, has come from radioligand binding studies. High 

a f f in i t y  ligand binding assays have been employed to successfully  

delineate g-adrenoceptor subtypes In a wide varie ty  of tissues 

(Nahorski, 1981; Mlnneman, 1979), and In some cases both subtypes have 

been found within the same cell (Homburger et a l . ,  1981).

Recently, the a v a i la b i l i t y  of techniques fo r  the p u rif ica t io n  of 

g-adrenoceptors, and of specific  a f f in i t y  and photoaffin ity  probes 

capable of Identify ing  the receptor binding subunits, has resulted In 

the elucidation of several biochemical and structural features of 

mammalian g^- and g^-adrenoceptors. Although there Is a general 

agreement that both g^- and g^-adrenoceptor binding subunits reside on 

polypeptide chains of molecular weights 60,000-65,000 (Shorr et a l . ,

1985), peptide mapping studies have revealed co nflic t ing  resu lts .

S tiles  et a l . ,  (1983) In obtaining both s im ila r i t ie s  and d iss im ila r 

i t ie s  between the two subtypes, concluded that they were d if fe re n t  

proteins, whereas Grazlano et a l . ,  (1985) showed that the p a rt ia l  

proteolytic  digests obtained fo r both receptor subtypes were 

essentia lly  Id e n t ic a l.  In addition. Immunological approaches have also 

yielded conflic t ing  resu lts , with Venter, (1984) observing differences

16



between the subtypes and Moxham et a l . ,  (1986) finding a high degree of 

intersubtype homology. The need fo r  more specific  techniques was thus 

apparent. Several workers had previously employed a molecular genetic 

approach to  successfully elucidate the structure of several receptors 

(Hollenberg, 1987). These complementary DNA (cDNA) cloning techniques 

have subsequently been employed fo r  the study of g-adrenoceptor 

structure. During the last two years genes and cDNA fo r  several 

g-adrenoceptors. Including hamster lung gg-adrenoceptor (Dixon et a l . ,

1986) and turkey erythrocyte g^-adrenoceptor (Kobllka et a l . ,  1987), 

have been cloned, and the entire  amino acid sequence of these receptors 

elucidated. All these receptors appear to share some amino acid 

sequence homology with each other and with other receptors such as 

rhodopsin (Hargrave, 1982), and the muscarinic cholinergic receptor 

(Kubo et a l . ,  1986), p a rt ic u la r ly  In seven hydrophobic regions believed 

to  represent transmembrane helices (Nathans and Hogness, 1983).

The basis for the pharmacological differences In binding of ligands to  

these receptors, and In particu lar to g^- and gg-adrenoceptors, at 

present remains unknown. Dixon et a l . ,  (1987) employing deletion  

mutants of the g^-adrenoceptor have shown however, that the proposed 

e x tra c e llu la r  hydrophilic receptor domains are not d ire c t ly  Involved In 

the binding of agonists or antagonists to  the receptor, and that  

possibly both Internal and external domains of the gg-adrenoceptor may 

modulate ligand binding. Undoubtedly, rapid advances In th is  f ie ld  

w ill  occur In the near fu ture . To date, no d e f in i t iv e  evidence fo r  the 

presence of more than two mammalian g-adrenoceptor subtypes ex is ts .
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I . 2 .2 .2 .  and - adrenoceptors

g-adrenoceptors were o r ig in a l ly  c lass if ied  by Langer, (1974), according 

to  th e ir  anatomical locations, with the classical smooth muscle 

postsynaptic receptor being called g^, and those located on presynaptic 

terminals being called gg. However, as gg-adrenoceptors were also 

found to be postsynaptic, th is  terminology was Inappropriate.

Berthelsen and Pettlnger, (1977), then suggested that g-adrenoceptors 

be c lass if ied  on the basis of th e ir  function; g^-adrenoceptors being 

excitatory  and gg-adrenoceptors. In h ib ito ry . This c la s s if ic a t io n  also 

seemed Inappropriate, since certa in  g^ responses could be considered 

exc ita to ry , rather than In h ib ito ry .

The th ird  attempt to subclassify g-adrenoceptors was based on a 

biochemical approach, which suggested that g^-adrenoceptor mediated 

effects  were secondary to  In t ra c e l lu la r  calcium elevation and Involved 

an Increased turnover of phosphatidyl In o s i to l , while g^-adrenoceptor 

effects  were mediated by the In h ib it io n  of adenylate cyclase (Wikberg, 

1979; Fain and Garcla-Sainz, 1980). Although I t  seems l ik e ly  that g^- 

and gg-adrenoceptors do possess d if fe re n t  mechanisms fo r  signal 

transduction, so that a biochemical subdivision may be correct, the 

most widely accepted subclassification of g-adrenoceptors at present Is 

made with reference to  pharmacological s e le c t iv i ty  only (Starke, 1981). 

Selective agents Include : methoxamlne and phenylephrine (g^ agonists); 

prazosin and corynanthlne (g^ antagonists); clonldlne and UK 14304 (gg 

agonists); and yohimbine and rauwolseine (g^ antagonists).Non selective  

agents Include : adrenaline and noradrenaline (agonists); and
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phentolamine and dihydroergocryptine (antagonists), (see Scrutton and 

W allis , 1981).

In contrast to  the g-adrenoceptor, less attention has been given to  

elucidating the molecular structure of g-adrenoceptors, and the 

Information available at present Is c o n f l ic t in g . Certain studies have 

Indicated that g^- and gg-adrenoceptors share several common features  

at the gross structural level such as, sub-unit structure, a molecular 

weight of 85,000, and a number of epitopes as recognised using 

monoclonal antibodies (Shreeve et a l . ,  1985). Others, however have 

shown the gg-adrenoceptor to have a molecular weight of 64,000 (Regan 

et a l . ,  1986). Furthermore, evidence Is accumulating to suggest that 

both g^- and gg-adrenoceptor subtypes exhibit heterogeneity. The 

presence of two g^-adrenoceptor subtypes Involved In smooth muscle 

contraction has been Inferred from antagonist potencies (see Flavahan 

and Vanhoutle, 1986), and the Involvement of more than one mechanism of 

activation (Han et a l . ,  1987). Likewise, gg-adrenoceptors have been 

shown to exhibit a d i f fe re n t ia l  pharmacological p ro f i le  with respect to  

antagonist a f f in i t i e s ,  that Is apparent In both particu la te  and solubi

lised receptor populations (Chung et a l . ,  1986; Alabaster and B re tt ,  

1983). A better understanding of g^- and gg-adrenoceptor heterogeneity  

must however await a more complete analysis of these receptors at a 

molecular le v e l .

1 .2 .3 .  HUMAN PLATELET ADRENOCEPTORS

I . 2 .3 .1 .  g-adrenoceptors
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Early studies established that human p la te le ts  aggregate and secrete In 

response to  adrenaline (O'Brien, 1963) and fu rther  that the presence of 

low concentrations of adrenaline enhanced the aggregatory response to  

suboptimal concentrations of a second excitatory  agonist e .g . ADP ( I . e .  

proaggregation) (M il ls  and Roberts, 1967). Subsequent studies have 

since demonstrated that both the aggregatory and proaggregatory 

response of human p la te le ts  to  adrenaline have the characteris tics  of 

an ag-adrenoceptor mediated response. (O'Brien, 1964; Glusa et a l . ,  

1979; Hsu et a l . ,  1979; Grant and Scrutton, 1980). They are Induced by 

selective  Og-adrenoceptor agonists, (e .g . clonldlne or UK, 14304) and 

blocked by selective Og-adrenoceptor antagonists (e .g . yohimbine), 

whereas -adrenoceptor agonists (phenylephrine or methoxamlne) and 

antagonists (prazosin) are In e ffe c t iv e .

Further characterisation and quantitation of p la te le t  a-adrenoceptors

has recently been achieved using radioligand binding studies. These

studies I n i t i a l l y  employed the nonselectIve a-antagon1st radioligand  

3 3H-d1hydroergocrypt1ne ( H-DHE), and showed I ts  binding was Inhib ited  

much more e f fe c t iv e ly  by «g" (e .g . yohimbine) as compared with 

-adrenoceptor antagonists (e .g . prazosin) (Alexander et a l . ,  1978;

E l l io t t  and Grahame-Smlth, 1982). More recently , studies employing
3 3 3Gg-selectlve antagonists e .g . H-yoh1mb1ne ( H-YOH) and H-rauwolseine

have Id en tif ied  a homogenous population of a-adrenoceptors of the

Gg-subtype (Motulsky et a l . ,  1980; Cheung et a l . ,  1982). The number of

p la te le t Gg-adrenoceptors measured however, depends upon which ligand

Is used (see Kerry and Scrutton, 1985), In most preparations the
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3 3
density estimated using '"H-DHE Is higher than that with H-YOH. These

'e x tra ' H-DHE sites do not represent -adrenoceptors as the binding

Is not displaced by -antagonists (Hoffman et a l . ,  1979), and cannot

be accounted fo r  by H-prazos1n binding (Dalguji et a l . ,  1981; Motulsky

and In s e l , 1982). The presence of «^-adrenoceptors has been reported

In approximately 2 0 % of donors who exhibited a proaggregatory response

to the -adrenoceptor agonist methoxamlne (Grant and Scrutton, 1979)

which correlated with H-prazos1n binding (Kerry et a l . ,  1982), but

since these findings have not been corroborated by others, the

Importance of an -adrenoceptor response In human p la te le ts  remains In

doubt.

The precise mechanism by which activation of p la te le t  «^-adrenoceptors 

results In p la te le t  aggregation has not been f u l ly  evaluated. I t  has 

been shown In both whole ce lls  and p la te le t  lysates that the 

Og-adrenoceptors on p la te le ts  are linked In an Inh ib ito ry  fashion to  

adenylate cyclase (M il ls  and Smith, 1971; Jakobs et a l . ,  1978).

However, evidence from the use of Inh ib ito rs  of adenylate cyclase 

suggests that a f a l l  In cyclic  AMP alone Is not su ff ic ien t to Induce 

p la te le t  aggregation (Haslam et a l . ,  1978). I t  Is therefore l ik e ly  

that In h ib it io n  of adenylate cyclase forms a part of a more complex 

mechanism which Is responsible fo r Inducing the aggregatory response. 

Work on permeablllsed p late le ts  has suggested that cyclic  nucleotides 

may control a system which regulates the calcium s e n s it iv ity  of 

p la te le t  secretion (Knight and Scrutton, 1984) I t  Is therefore possible 

that adrenaline may exert I ts  effects via th is  route. A number of 

workers have explored the p o ss ib il i ty  that p la te le t  activation via
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Gg-adrenoceptors may involve changes In in t ra c e l lu la r  calcium. 

Adrenaline Induced changes In ch lortetracycllne  fluorescence (Le Breton 

et a l . ,  1976), ^^Ca^* uptake (Owen et a l . ,  1980) and luminescence of 

p late le ts  loaded with the calcium-sensitive photoprotein aequorin (Ware 

et a l . ,  1986) have been reported. However, when In tra c e l lu la r  

cytosolic calcium levels  are monitored using Quin 2, no e ffec t of 

adrenaline Is observed. Furthermore, the mechanism by which adrenaline 

might produce a change In In t ra c e llu la r  calcium Is unclear since I t  

does not appear to  be accompanied by phospholnosltlde hydrolysis 

(Brydon et a l . ,  1984; MacIntyre et a l . ,  1985). Thus, a role fo r  

phospholnosltlde metabolism and/or calcium mobilisation In 

Gg-adrenoceptor mediated p la te le t  activation awaits d e f in it io n .

Exposure of fibrinogen receptors Is an Important part of adrenaline  

Induced aggregation and relates d ire c t ly  to p la te le t  aggregabllIty  

(Peershke et a l . ,  1980), but the second messenger Involved Is as yet
3

unknown. The significance of the 'e x tra ' H-DHE sites Is also unknown, 

but may be Important since studies on patients with abnormal blood 

catecholamine levels e .g . phaeochromocytoma, have reported changes In
3 3

G-adrenoceptor number when measured with H-DHE but not when H-YOH was 

used, (Davies et a l . ,  1981; Snavely et a l . ,  1982). Also, there Is  

evidence to suggest that the Gg-adrenoceptor which mediates the 

aggregatory response. Is not Identical with that which mediates 

In h ib it io n  of adenylate cyclase, or that two d is t in c t  signal transduc

tio n  mechanisms are Involved. When certa in  «g-adrenoceptor agonists 

were examined, two groups were Id e n t if ie d ,  one being selective fo r  

In h ib it io n  of adenylate cyclase, and the other selective fo r  the  

aggregatory response (Clare and Scrutton, 1983; Clare et a l . ,  1984).
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Swart et a l . ,  (1984; 1985) showed that a population of p la te le ts  which
3

apparently lacked the 'e x tra ' HDHE s ite s ,  fa i le d  to aggregate on 

addition of adrenaline but showed unimpaired In h ib it ion  of adenylate 

cyclase. Moreover, removal of e x tra c e llu la r  Na  ̂ has been shown to  

abolish adrenaline Induced aggregation and secretion, without a ffecting  

adrenaline mediated In h ib it io n  of adenylate cyclase (Connolly and 

Limbird, 1983). Recent Investigations have suggested that removal of 

extra p la te le t  Na  ̂ prevents arachldonic metabolism In response to  

adrenaline, and that a Na*/H* exchange mechanism Is Involved In 

contro lling  adrenaline activation of human p la te le ts  (Sweatt et a l . ,  

1986a). The precise mechanism by which Na^/H* exchange controls the 

I n i t i a l  mobilization of the arachldonic acid pool that subsequently 

activates phospholIpase C Is not known, but may Involve Ca*^ 

m obilization and a phospholIpase Ag (Sweatt et a l . ,  1986b).

Information available to  date does not explain the re lationship between 

the Gg-adrenoceptors responsible fo r  In h ib it io n  of adenylate cyclase 

and fo r  Induction of the aggregatory response, or the mechanisms 

Involved In coupling agonist occupancy of the «g-adrenoceptor to  

Induction of the la t t e r  response. A great number of questions 

regarding the molecular Interactions of p la te le t  «g-adrenoceptors with 

components of the adenylate cyclase system and with other constituents  

of the p la te le t  membrane remain to be answered. Of pa rt ic u la r  In terest  

In the present study Is the possible In teraction  between p la te le t  

Gg-adrenoceptors and g-adrenoceptors.

I . 2 .3 .2 .  g-adrenoceptors
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In contrast to the extensively studied p la te le t  «g-adrenoceptor, less 

attention has been paid to the presence of g-adrenoceptors on human 

p la te le ts .  Abdulla (1969) was the f i r s t  to demonstrate the 

disaggregatory e ffec t of IsoprenalIne on stable ADP Induced p la te le t  

aggregates. A weak In h ib ito ry  e ffec t of IsoprenalIne on the aggrega

tion  response to  ADP and collagen has also been demonstrated (M il ls  and 

Roberts, 1967; M il ls  and Smith, 1971) which could be blocked by 

propranolol. Sim ilar In h ib ito ry  effects  on thrombin, ADP and collagen 

Induced aggregation were reported by Yu and Latour, (1977) using 

IsoprenalIne or adrenaline In the presence of phentolamine to  block 

«-adrenergic actions of th is  agonist.

IsoprenalIne and adrenaline ( In  the presence of phentolamine) have also 

been shown to stimulate adenylate cyclase a c t iv i ty  In p la te le t  lysates, 

(Adbulla, 1969; Jakobs et a l . ,  1978) and In whole c e l ls ,  an e ffec t that 

was enhanced by the presence of phosphodiesterase Inhib itors  (M il ls  and 

Smith, 1971; Haslam and Taylor, 1971). However, g-agon1sts other than 

adrenaline and IsoprenalIne were found to be In e ffe c t iv e . This 

apparent lack of response of the adenylate cyclase system to  

Bg-select1ve agonists (e .g . orclprenalIne) coupled with an In a b i l i t y  to 

block observed responses with g^-select1ve antagonists led Jakobs et 

a l . ,  (1978) to suggest that the human p la te le t  g-adrenoceptor possessed 

characteristics Ind icative  of neither ĝ  nor gg subtype. Likewise, the 

radioligand binding studies of Steer and A tlas , (1982) reported that
1 pc

the binding sites labelled  by the radioligands I-1odocyanop1ndolol 

and IZS^^yjpQxybenzylpindolol could not be c lass if ied  as being of
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e ith e r  the g^- or gg- subtype.

Recent functional studies employing subtype selective g-adrenoceptor 

antagonists suggest that the disaggregatory e ffe c t  of jsoprenallne may 

be mediated by a gg-adrenoceptor. Thus, when studies were performed In 

the presence of phentolamine ( I . e .  a-adrenoceptor blockade) the  

IsoprenalIne e ffec t was p re fe re n t ia l ly  blocked with high potency by 

antagonists that are selective for the gg-adrenoceptor e .g .

IC I-118,551, but not by g^-select1ve antagonists such as atenolol or 

practo lo l. Furthermore, the aggregatory responses Induced by thrombin 

or vasopressin were e f fe c t iv e ly  Inhib ited by adrenaline or gg-select1ve 

agonists e .g . salbutamol or te rb u ta lln e , whereas noradrenaline or 

g^-adrenoceptor agonists were In e ffe c t ive  (Kerry and Scrutton, 1983a).

The above studies have thus yielded somewhat conflic t ing  resu lts . The 

present study was undertaken to re-examine the pharmacological 

characterisation and quantitation of the human p la te le t  g-adrenoceptor 

and to  examine the events that occur following agonist occupation of 

th is  receptor (see section 1 .3 ) .

I . 2 .3 .3 .  The physiological and pathophysiological significance of human 

p la te le t  adrenoceptors

Adrenaline Induced aggregation In v i t ro  has been In routine use as an 

assessment of p la te le t  function ever since I t  was f i r s t  demonstrated by 

O'Brien (1963). Numerous reports have shown that the s e n s it iv ity  of 

p la te le t  aggregation In response to adrenaline may vary considerably
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between normal individuals and within the same Individual at d if fe re n t  

times (O'Brien, 1964). Also, In certa in  diseased states e .g . diabetes. 

Ischaemic heart disease, hypercholesterolaemla, a 'supersensitive' 

e ffec t of aggregatory agents Including catecholamines has been 

demonstrated (Carvalho et a l . ,  1974; Hampton and Gorlin , 1972).

However, the relationship between In v it ro  adrenaline Induced 

aggregation and In vivo p la te le t  function during haemostasis Is unclear 

fo r  a number of reasons. F i rs t ly ,  the concentration of adrenaline  

required to produce aggregation In p la te le t  rich plasma (0.5uM) Is  

several orders of magnitude higher than that normally found In the 

c ircu la tio n  under physiological conditions (0.25nM). Secondly, even 

the levels of adrenaline found In human blood during extreme physical 

or emotional stress, or In the presence of phaeochromocytoma are orders 

of magnitude less than those required to Induce In v it ro  aggregation 

(see S h a t t l l ,  1987). Th ird ly , a subgroup of patients with 

m yeloproliferative disorders whose p la te le ts  are Insensitive to  

adrenaline In v i t r o ,  do not suffer from haemostatic fa i lu re  (Swart et 

a l . ,  1984). S im ila r ly , there appear to  be wide differences among 

mammalian species with regard to p la te le t  responsiveness to adrenaline 

In v i t r o ,  yet th is  Is not mirrored by a wide difference In haemostatic 

competence (Kerry and Scrutton, 1985). F in a l ly ,  In v it ro  p la te le t  

function Is subject to  considerable a rte fac t (see Chapter V ).

Evidence to date suggests that adrenaline In vivo acts In concert with 

a number of other agonists to  produce fu l l  p la te le t  ac t iva t io n . But 

the concentration of adrenaline required to  produce a response when 

employed as sole proaggregatory agent Is s t i l l  In excess of that found
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in pathological circumstances (M il ls  and Roberts, 1967) and no 

situation  has been reported where proaggregatory responses to  

adrenaline are c le a r ly  abnormal. However, recent studies have shown 

that addition of more than one proaggregatory agent decreases the 

required concentration of adrenaline to  that found In the c ircu la tio n  

(G u llive r  and A rd lle , 1981). This s ituation  of several excitatory  

agonists acting simultaneously on the p la te le t  probably re fle c ts  the 

physiological state more closely than that of each agonist acting  

Independently of one another.

Despite major advances In our understanding of the molecular mechanisms 

underlying the response of p late le ts  to  c ircu la t in g  catecholamines, the

physiological and pathophysiological roles of human p la te le t

adrenoceptors are s t i l l  poorly understood.

1.3 STUDY OBJECTIVES

I t  Is well recognised that normal c e lls  or tissues have the a b i l i t y  to  

adapt th e ir  responsiveness to  catecholamines. The precise mechanisms 

Involved are not known at present but may Involve any process that  

modifies an agonist's a b i l i t y  to bind to  the adrenoceptor and produce 

an e f fe c t .  As w i l l  be discussed In Chapter V I ,  much of the Information 

availab le  to  date regarding adrenoceptor regulation has come from

studies employing animal tissue and cultured c e l ls ,  and hence l i t t l e  Is

known about the molecular events that accompany th is  phenomenon In  

human c e l ls .  The presence of g-adrenoceptors on a s ingle, eas ily  

accessible cell therefore makes the p la te le t  a useful model fo r
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studying agonist regulation of a human g-adrenoceptor In the present 

study. Furthermore, the presence of ag-adrenoceptors on the p la te le t  

provides a potential experimental system fo r  evaluating agonist 

regulation of an adrenoceptor that Is negatively coupled to cyclase.

In addition, the presence of opposing effects  of ag- and 

g-adrenoceptors on a single cell system exhibiting read ily  definable  

functional and biochemical responses makes the p la te le t  an excellent 

model fo r  studying the In terre lationships between these catecholamine 

receptors. A possible functional In teraction between them has been 

suggested, since studies showing enhancement of e ith er  ag- or 

g-adrenoceptor effects  on functional response or p la te le t  adenylate 

cyclase have required specific  blockade of the opposite receptor 

(Abdulla, 1969; Jakobs et a l . ,  1978; Kerry and Scrutton, 1983a). An In 

vivo response of human p la te le ts  may well Involve a composite 

stimulation of both adrenoceptors since adrenaline (the most probable 

c ircu la tin g  agonist) has s im ilar  a f f in i t y  fo r  both ag- and 

g-adrenoceptors.

The alms of th is  study have been to : -

I )  Characterise the g-adrenoceptor present In human p la te le t  membranes
125by means of radioligand binding studies employing I(-)P1ndolol

I I )  Examine the coupling of th is  receptor to  adenylate cyclase by 

exploring Ion and guanine nucleotide modulation of agonist In teraction  

at th is  receptor In radioligand binding studies, and cyclic  AMP
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accumulation in in tact c e l ls .

i l l )  Perform aggregation and secretion studies In an attempt to  

delineate a possible functional role fo r  human p la te le t  g-adrenoceptors 

as modulators of responses stimulated by other agonists.

1v) Study agonist regulation of g-adrenoceptors on human p la te le ts ,  and 

examine the possible Interaction of these receptors with 

Gg-adrenoceptors also present on these c e l ls .
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CHAPTER I I .

Radioligand binding studies

Selection of a suitable radioligand

Isolation of human p late le ts  from other blood ce lls



I I . 1 Introduction

The basic princip le  of radioligand binding studies is re la t iv e ly  

simple. A radioactively labelled ligand (hormone or drug, agonist or 

antagonist that has high s p e c if ic ity  and a f f in i t y  for the receptor of 

in te re s t)  is incubated with a tissue preparation bearing receptors. 

Unbound radioligand is removed and receptor-bound radioligand deter

mined (see Limbird, 1986 for review). Technically, these assays are 

easy to perform, and the direct labe llin g  of the receptor by th is  

method allows a precise quantification and characterisation of the 

receptor under investigation. Experiments may be carried out on whole 

ce lls  or membrane preparations of tissues, thus minimising problems of 

drug access ib ility  and d is tr ib u tio n . Furthermore, the results are not 

complicated by factors such as receptor reserve and efficacy which can 

cause problems in functional studies. However, the lack of a f in a l  

biological response can be a disadvantage, and certain c r i t e r ia  must be 

f u l f i l l e d  in order to establish that the observed binding of 

radioligand represents the physiological receptor for the p art icu la r  

ligand. Thus,

i )  as the number of receptors in a tissue is f i n i t e ,  the binding of 

radioligand to receptor preparations should be saturable.

i i )  the kinetics of binding should re f le c t  the time-course of the 

biological response e l ic i te d  by the ligand, and for competitive  

ligands should be reversib le.
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i l l )  the re la t iv e  potencies of drugs in competing for binding should 

correlate  with th e ir  potencies in functional studies. This 

c r i t e r ia  however is not always sa tis fied  e .g . the presence of spare 

receptors may mean that the concentration of drug required to e l i c i t  

a h a lf  maximally e ffec t ive  physiological response (ECggjis much less 

than that required to occupy ha lf  the available  receptors (ICgg).

In addition, in v itro  conditions found in binding experiments and 

physiological response systems may not be e n t ire ly  comparable.

Id e a l ly ,  measurable radioligand binding should represent specific  

receptor binding. Unfortunately th is  is not the case since radio

ligands can bind, not only to the receptors under investigation but 

also to other "non-receptor s ites" . This "non-specific binding" (NSB) 

is generally determined by incubating the tissue and radioligand in the 

presence of a non-radioactive drug that w i l l  occupy a l l  the specific  

receptors. By subtracting the ra d io ac tiv ity  observed in the presence 

of th is  unlabelled compound (NSB) from that observed in i ts  absence 

( to ta l binding) the amount of specific binding is calculated, and 

specific  binding is assumed to represent the receptors of in te re s t .  

C learly , the choice of compound and concentration selected to define  

NSB are c ru c ia l,  since inappropriate choices may overestimate or under

estimate the specific  radioligand binding to receptors (Nahorski and 

Richardson, 1979). Accurate determinations of NSB are generally made 

by examining the displacement of radioligand by a number of agonists 

and antagonists known to be active at the receptor under investigation . 

Id e a l ly ,  binding should decrease as the concentration of displacing
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agent is increased, until a plateau is reached which should be the same 

for a number of drugs. A concentration of displacing agent is then 

chosen which does not displace from NSB s ite s . In general, compounds 

that are s tru c tu ra lly  d iss im ilar to the radioligand are less l ik e ly  to 

displace th is  lo w -a f f in i ty  binding of radioligand to non-receptor 

s ite s , and are therefore a better choice. NSB is usually proportional 

to tissue and radioligand concentration and therefore nonsaturable in 

nature.

Three basic types of experiments generally performed to sa tis fy  the 

above c r i te r ia  fo r receptor id en t if ic a t io n  were employed in the present 

study and are described below. Protein was determined by the method of 

Lowry et a l . ,  (1951) see Appendix 2.

Saturation experiments : These experiments are performed to evaluate

whether or not radioligand binding measured meets the f i r s t  c r ite r io n  

for  binding to the physiologically relevant receptor -  s a tu ra b il i ty  of 

binding. They also provide an estimate of the maximum number of 

receptors present in the tissue (B max) and the equilibrium  

dissociation constant (Kd) of the receptors for the radioligand (where 

Kd = the concentration of radioligand occupying h a lf  the receptors).

Kinetic experiments : These experiments are performed to evaluate the 

time course of radioligand interaction with i ts  receptor. The rate of 

radioligand binding to (association rate) and dissociation from 

(dissociation rate) i ts  receptor are determined, and may be used to
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give an estimate of the Kd. Kinetic experiments also provide 

information on how long i t  takes the reaction to reach equilibrium  

which is useful in designing future experimental protocols, and gives 

an estimate of how much radioligand dissociates from the receptors 

during the time required to separate bound from unbound radioligand.

Competition experiments : The th ird  c r ite r io n  for id en t if ic a t io n  of a 

physiologically relevant receptor by radioligand binding is that the 

binding should exh ib it the appropriate s p e c if ic i ty .  The s p e c if ic ity  

with which the radioligand interacts with i ts  binding sites is 

determined in competition binding experiments. The tissue preparation 

is incubated to equilibrium with a fixed concentration of radioligand  

in the presence of increasing concentrations of unlabelled competitors. 

Specific binding (total-NSB) is determined at each concentration of 

in h ib ito r .  Data is plotted as % specific binding or % in h ib it io n  of 

specific  binding versus log molar concentration of competitor, and the 

concentration of competitor displacing 50% specific  radioligand binding 

( IC 5 0 ) is determined. This type of experiment can also be employed to 

id e n t ify  the presence of more than one receptor subtype ( i . e .  by the 

use of selective antagonists), or the presence of high and low a f f in i t y  

agonist binding states.

Data Analysis : All radioligand binding experiments were conducted a 

minimum of three times in duplicate, and data analysed as described in 

Appendix 3. Results are reported as the mean ± standard error of the 

mean for each variab le . S ta t is t ic a l significance was established by 

Students ' t ' test fo r  comparison of paired means unless otherwise
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stated e .g . p artia l F-te s t  for competition data (appendix 3c ) ,  a p 

value of <0.05 was considered s ig n if ic a n t.

The aim of the preliminary studies described in th is  chapter were 

twofold

i )  to evaluate the s u i ta b i l i t y  of ^^^I(-)P indolol (^^^ I(-)P IN ) as the 

radioligand of choice for use in the present study.

i i )  to establish a p la te le t  preparation free of contamination from 

other g-adrenoceptor bearing blood c e l ls .

I I . 2 Selection of a suitable radioligand fo r  use in the present study

1 1 .2 .1 . Introduction

The most c r i t ic a l  step in any radioligand binding study is the choice 

of an appropriate radiolabelled ligand for the id e n tif ic a t io n  of the 

receptor under investigation. The radioligand should have high 

a f f in i t y  for the receptor so that low concentrations of radioligand may 

be used, thus minimizing non-specific binding problems, and also have 

demonstrable biological a c t iv i ty  at the receptor e ither as an agonist 

or antagonist. In addition, the radioligand should be chemically 

stable under the incubation conditions employed, and id ea lly  react with 

only one receptor type present in the tissue preparation, thus avoiding 

complex binding phenomena that may not be easily  in terpre tab le . Also, 

since the number of receptor sites in a tissue preparation is usually  

small, with equilibrium dissociation constants for ligands in the 

nanomolar range or below, the radioisotope employed to label the ligand
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must have s u ff ic ie n t  specific a c t iv i ty  to allow accurate measurements 

of low concentrations.

The two most commonly used radioisotopes are t r it iu m  (^H) and iodine 
125

( I ) ,  both have th e ir  unique advantages and disadvantages. T r it ia te d

ligands are generally indistinguishable from the native compound,

stable for several months, with a radiochemical h a l f - l i f e  fo r  t r i t iu m

of approximately 12 years. Their main disadvantage is th e ir  low

specific  a c t iv i ty  as compared with iodinated ligands. For example,

incorporation of one tr i t iu m  atom per molecule of ligand would result

in a theoretical specific  ra d io a c tiv ity  of 29 Ci/mmol, whereas
125incorporation of one I atom per molecule of ligand gives a theore

t ic a l  specific  rad io a c tiv ity  of 2175 Ci/mmol. Furthermore, counter 

eff ic iency  for is usually less than 50%, whereas for i t  can be 

above 75%. Thus, t r i t i a t e d  ligands can only be employed when the 

receptors under investigation are of s u ff ic ie n t  density in the tissue

preparation. Iodinated ligands however possess certain disadvantages; 
125I has a r e la t iv e ly  short radiochemical h a l f - l i f e  of 60 days, thus 

the radioligand needs to be frequently resynthesised or repurchased; 

the iodination procedure can sometimes result in altered biological 

a c t iv i ty  of the iodinated product when compared with the parent 

molecule, or result in the generation of damaged labelled ligand 

molecules; and la s t ly ,  iodinated radioligands are more susceptible to 

decay catastrophe i . e .  radiation induced damage of molecular structure  

during storage.

I n i t i a l l y ,  attempts to id en tify  g-adrenoceptors by d irect radioligand
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binding techniques employed t r i t ia t e d  agonists. However, since th e ir  

binding was inh ib ited  by compounds without g-adrenoceptor a c t iv i ty ,  

only inhib ited by g-adrenoceptor antagonists with very low a f f in i t y  and 

did not display s te re o s e le c tiv ity , the binding sites labelled in these 

studies were not g-adrenoceptors.

The f i r s t  successful id e n t if ic a t io n  of g-adrenoceptors by ligand

binding studies was achieved with the use of radioactively labelled

3 3g-adrenoceptor antagonists such as H(-)dihydroalprenolol ( H(-)DHA,

Lefkowitz et a l . ,  1974), ^H-propranolol (Atlas et a l ,  1974) and

(t)hydroxybenzylpindolol (^^^I(±)HYP, Aurb'ach et a l . ,  1974). These

antagonists had higher a f f in i t y  than agonists for the receptor s ite s ,

and th e ir  binding displayed a ll  the characteristics of s a tu ra b i l i ty ,

re v e r s ib i l i ty ,  s p e c if ic ity  and s te re o se lec tiv ity , expected for binding

to a physiologically relevant receptor. Since 1974, numerous other

radioactively  labelled  g-adrenoceptor agents (both agonists and

antagonists -  see S tiles  et a l . ,  1984) have been developed and

successfully employed in binding studies. Agonist radioligands are not

generally used for routine investigation of receptor number and

properties, since th e ir  measurable binding to the receptor of in terest

is complicated by factors such as multip le agonist a f f in i t y  states of

the receptor (see chapter I I I ) .  One of the most commonly employed

antagonist radioligands to date is ^H(-)DHA, i ts  high s p e c if ic ity  for

g-adrenoceptors coupled with a low degree of non-specific binding in

membrane preparations has resulted in i ts  successful application for

the id e n t if ic a t io n  of g-adrenoceptors in a wide range of tissues (see

Nahorski, 1981). Unfortunately although 3H(-)DHA is currently
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available at a specific rad ioactiv ity  of 50-100 Ci/mmol, i t  cannot be

employed in the present study to examine g-adrenoceptors on human

p late le ts  because of the lim ited a ccess ib il ity  of biological material

( i . e .  human blood) and the low density of g-adrenoceptors reported to

be present on these ce lls  (Steer and Atlas, 1982). Therefore an

iodinated antagonist radioligand must be employed, those availab le  at

present include ^^^I(±)HYP, ^^^I(±)cyanopindolol (^^^I(±)CYP),

lZ5i(±)p indolo l and ^^®I(-)pindolol (^ ^® I(-)P IN ). ^^^I(±)HYP appears

to possess several unwanted characteristics such as a high non-specific

binding that can be p a r t ia l ly  suppressed by addition of phentolamine

(Sporn and M olinoff, 1976) or (+)isoprenaline (Harden et a l . ,  1976),

and an association with 5-HT receptors (Willcocks and Nahorski, 1983). 
125I(±)CYP although successfully employed to study g-adrenoceptors

exhibits slow association/dissociation rates such that long incubations

(at 37°C) are required to achieve equilibrium . Furthermore, since

incubations are performed at 37*C, protection of receptors from

inactivation apparently necessitates the inclusion of sodium chloride

in the assay buffer (Bojanic, 1984). Both these factors l im i t  the

usefulness of th is  radioligand for exploring ionic modulation of

agonist-receptor interactions (see chapter I I I ) .  In addition, the
125racemic nature of these radioligands and of I(± )p indolo l may result

in an inaccurate estimation of absolute radioligand and competing

ligand a f f in i t y  (Burgisser et a l . ,  1981). For these reasons,
1 25I ( - )P IN  was considered to be the most suitable radioligand for  

investigating the g-adrenoceptors on human p la te le ts  in the present 

study. However, before experiments with human p la te le ts  were under

taken, a b r ie f  evaluation of the s u i ta b i l i t y  of ^^^i(-)p iN  fo r the
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present study was performed by means of i )  th in - la y e r  and paper
IOC

chromatographic separation of I ( - )P IN  to check i ts  radiochemical

s ta b i l i ty  and purity over one h a l f - l i f e  (60 days) and i i )  a check of 
125I ( - )P IN 's  g-adrenoceptor lab e ll in g  characteris tics  during th is  time 

by means of a b r ie f  comparison with a well established 6 -adrenoceptor 

binding model i . e .  H(-)DHA binding in rat lung membranes (Rugg et a l . ,  

1978).

I I . 2 .2 . Methods

I I . 2 .2 .1 .  Chromatography of ^^^I( - )P IN

a) Paper chromatography

5ul aliquots of Na^^^I or SOul aliquots of ^^^I(-)P IN  were subjected to 

chromatographic separation on Whatman 3MM paper as described in 

Appendix 4(a) every 7 days from iodination of (-)p indolol on day 0 to 

day 60 ( t  1 / 2  for

b) Thin-layer chromatography

1 p c  1 p c
Na I and I( - )P IN  (3 fractions obtained from paper chromatographic 

125p u rif ica t io n  of I ( - )P IN ,  see Appendix 4 (a ))  were subjected to 

th in - la y e r  chromatography according to the method of Harden et a l . ,  

(1976). Sul aliquots of Na^^^I or ^^^I(-)P IN  were spotted onto Whatman 

s i l ic a  gel plates and developed in e ither t o i uene-diethyl ami ne (6 :5) or 

ethyl acetate-methanol (1 :2 ) .  The plates were then cut into equal

39



sections ( 1  x 1cm) and the rad ioac tiv ity  in each section counted 

d ire c t ly  in a Packard Auto Gamma 500C counter at 74% counting 

e ff ic ien c y .

I I . 2 .2 .2  Preparation of ra t lung membranes

Male Wistar rats (150-200g) were k i l le d  by cervical d is location . Lungs 

were removed, dissected free of major bronchi and roughly minced with 

scissors. The tissue was homogenised in 10 volumes of 50mM Tris-HCl,  

pH 7.8 , at 4®C with an Ultraturrax homogeniser (3 x 10 second bursts) 

and centrifuged at 500g for 10 minutes at 4°C. The supernatant was 

passed through a double layer of cheesecloth and the f i l t r a t e  

centrifuged at 50,000g fo r  15 minutes at 4°C. The pe lle t  was 

resuspended in 50mM Tris-HCl, pH7.8, and washed three times (at 4°C) 

before f in a l resuspension in an appropriate volume of ice-cold assay 

buffer (50mM Tris-HCl, 0.2 mM Na metabisulphite, pH7.8) fo r  binding 

assays. Membranes prepared in th is  manner could be stored frozen at 

-70*C fo r  prolonged periods ( 6  months or more) without s ig n if ican t loss 

of binding sites (Dickinson, 1982).

I I . 2 .2 .3 .  ^H(-)DHA binding assays to rat lung membranes

Membranes (100-200ug protein) were added to ^H-DHA (1-lOnM) and 

(-) isoprenaline  (200uM) or buffer, in a f in a l volume of 250ul assay 

buffer (50mM Tris HCl, 0.2mM Na metabisulphite, pH 7 .8 ) .  Incubations 

were performed at room temperature (22-25°C) fo r 30 minutes. Upon 

reaching equilibrium the reaction was stopped by addition of 1 . 0ml
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ice-cold assay bu ffe r. Membranes were immediately collected on Whatman 

6 F/B f i l t e r s  by vacuum f i l t r a t io n  and rapidly washed with 3x5ml ice 

cold 50mM Tris HCl, pH 7.8 . The f i l t e r s  were then placed in insert  

via ls  into which 4.5mls of Fisofluor 1 s c in t i l la t io n  f lu id  (Fisons Ltd) 

was added. Following extraction of the mixture for at least 6 hours 

the rad ioac tiv ity  associated with the f i l t e r s  was counted in an 

LKB-Wallac liqu id  s c in t i l la t io n  counter at 40% counting e ff ic ie n c y .

I I . 2 .2 .4 .  ^^^ I( - )P IN  binding assays to rat lung membranes

Membranes (5-lOug protein) were added to ^^^I(-)P IN  (0-200pM) and 

appropriate concentration of displacing agent or buffer in a f in a l  

volume of 250ul assay buffer (50mM Tris HCl, 0.2mM Na metabisulphite, 

pH 7 .8 ) .  Incubations were performed at room temperature (22-25°C) for  

40 minutes (except for k inetic  experiments) and the reaction stopped by 

the addition of 1.0ml ice-cold assay b u ffe r . Membranes were 

immediately collected on Whatman GF/B f i l t e r s  by vacuum f i l t r a t io n  and 

rapidly washed with 3 x 10ml ice cold 50mM Tris HCl, pH 7.8 . 

Radioactivity associated with the f i l t e r s  was determined d ire c t ly  in a 

Packard Auto Gamma 500C Counter at 74% counting e ff ic ien cy .

(-)P indolol was iodinated as described in Appendix 4 (a ) .

I I . 2.3 Results

I I . 2 .3 .1 .  Chromatographic separation of ^^^ I( - )P IN

The purity  and s ta b i l i t y  of 125l(-)P IN  was assessed by paper chromato-
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graphy ( I I . 2 .2 .1 . ) .  Aliquots of ^^^I(-)P IN  or Na^^^I (employed as a 

125marker for free I )  were subjected to paper chromatography at various

in tervals  during the f i r s t  60 days following iodination of ( - )p in d o lo l .

^^^I(-)P IN  migrated as a single peak (Rf=0.29-0.36) well separated from

Na^^^I (Rf=0.81-0.83) (f igure  I I . 1 . ) .  More than 96% of to ta l

ra d io ac tiv ity  spotted onto the paper was recovered within the peak for  
125

I ( - )P IN ,  the remaining 4% was accounted for as a constant background

present along the length of the chromatograph. No change in the

chromatographic pattern of the radioligand was observed during the 60

days, thus no other iodinated products were detectable, and no changes

125in detectable free I concentrations occurred with time.

The purity  of the ^^^I(-)P IN  peak was further evaluated. The

individual fractions (numbers 9,10 and 11, figure I I . 1 .) were subjected

to th in - la y e r  chromatography and developed with ethyl acetateimethanol

(f igure  I I . 2. upper panel), and t o i ueneidiethyl ami ne (f igure  I I . 2.
125lower panel). With both solvent systems the I ( - )P IN  eluted as a
125single radioactive peak well separated from Na I (employed as a 

125marker for free I )  with Rf values of 0 (remained on the o r ig in ) and 

0.76-0.78  in t o i ueneidiethylamine, and 0.93 and 0 .36-0 .40  in ethyl 

acetatermethanol, for  Na^^^I and ^^^I(-)P IN  respectively. All the 

individual fractions exhibited identical chromatographic p ro fi les  that 

did not change during the 60 days.

11.2 .3 .2 .  ^H(-)DHA + ^^^ I( - )P IN  binding to rat lung membranes

Specific binding to rat lung membranes was i n i t i a l l y  defined
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125Figure II.1. Paper chromatographic separation of I(-)PIN (# #)
and Na I (o o)

Aliquots of ^^^I(-)PIN and Na^^^I were spotted onto separate Whatman 
3MM paper and developed as described in appendix 4(a) every 7 days from 
iodination of (-)pindolol on Day 0 to Day 60. Counts per minute per 
fraction were determined. The data shown are from a single representative 
separation of each compound after 28 days, and are typical of the 
chromatographic profile obtained at the other time intervals examined 
(see text for further explanation II.2.3.).
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125Legend to Figure II.2. Thin-layer chromatograms of I(-)PIN (•-- •)
125and Na I (o....o)

125Aliquots of a I(-)PIN fraction (9,10 or 11, see figure II.1.) and
125Na I were spotted separately onto Whatman Silica Gel plates and developed

in either toluene-diethylamine (6:5) (upper panel) or ethyl acetate
: methanol (1:2) (lower panel) as previously described in (II.2.2.1.).
Counts per minute per fraction were determined. Both upper and lower
panels show that with both solvent systems, a clear separation between
^^^I(-)PIN and Na^^^I was obtained. The data presented represent the

125separation of only one of the three fractions that make up the I(-)PIN 
peak (figure II.1.) but are typical of the chromatographic profile 
obtained with all the individual fractions at various intervals during 
the period of iodination of (-)pindolol on Day 0 to Day 60. (see text 
for further explanation II.2.3.).
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as to ta l minus non-specific binding in the presence of

200uM(-)isoprenaline as described for ^H(-)DHA by Rugg et a l . ,  (1978).
125Employing these conditions, specific I ( - )P IN  binding was found to be

rapid, with equilibrium being attained within 30 minutes at 22-25°C

(figure I I . 3 ). From th is  experiment a routine incubation period of 40

minutes at 22-25°C was considered su itab le , and employed to check that

specific binding had been correctly  assessed. (-) Isoprenaline  and
125(-)propranolol competition of I ( - )P IN  binding was examined over a 

wide concentration range of competitor (f igure  I I . 4) and both drugs 

displaced the binding of ^^^I(-)PIN to an equivalent extent, reaching a 

plateau at around <5% of to ta l binding. Non-specific binding in 

subsequent experiments was defined by the presence of 

200uM(-)isoprenaline (see I I . 1 . ) .

125The s ta b i l i ty  and s p e c if ic ity  of I ( - )P IN  binding to g-adrenoceptors

during one h a l f - l i f e  ( i . e .  60 day period s ta rt ing  at day O=iodination

of p ino lo l) was assessed. Saturation binding experiments were
3 125performed simultaneously using H(-)DHA and I( - )P IN  as described in 

the methods section, g-adrenoceptor density (Bmax) and a f f in i t y  (Kd 

-equilibrium  dissociation constant) were determined at least once every 

7 days fo r  each radioligand. When employing radioiodinated 

radioligands, i t  is generally assumed that decayed radioligand does not 

lose i ts  binding properties with time, and therefore has a d ilu tio n  

e ffec t on the remaining radioligand. In order to account for th is  a 

decay correction factor is employed which e ffe c t iv e ly  adjusts the 

specific  a c t iv i ty  of the radioligand with time. However, a recent 

report by Doyle et a l . ,  (1984) suggests that no correction for decay is
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measured as a function of time. Data shown are from a single representative 
experiment performed in triplicate.
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Membranes were incubated at room temperature for 40 minutes with 30-4QpM 
125I(-)PIN and increasing concentration of displacing drugs as described 
in II.2.2.4. The data shown for each compound are the means of at least 
three separate experiments performed in duplicate. SEM for each point 
was <-5%.
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required in the case of certain g-adrenoceptor radioligands including 

1 I ( - )P IN .  In order to establish whether the use of a decay

correction factor was appropriate in the present study, the data for  
1 I ( - )P IN  was analysed with and without correction for decay.

Analysis of the saturation binding curves showed that specific  binding 

of both radioligands was saturable. Scatchard analysis of the data 

revealed a homogenous population of s ite s ,  with a Kd of 0.43 ± 0.05 nM, 

and a Bmax of 462 ± 12 (fmol mg“  ̂ protein) for  ^H(-)DHA s im ilar to that 

quoted previously by Rugg et a l . ,  (1978); and a Kd of 23.1 ± 1.23pM or 

33.24 ± 2.14 pM, with Bmax values of 441 ± 10 (fmol mg"  ̂ protein) or 

625 ± 39 (fmol mg"  ̂ protein) for ^^^I(-)P IN  without and with correction  

for decay respectively. In a l l  cases. H i l l  slope values obtained were 

not s ig n if ica n tly  d if fe re n t  from un ity , ind icative  of a homogenous 

population of binding s ite s . The mean values quoted were calculated  

over 60 days. Linear regression analysis of the best f i t  lines for  

Bmax (figure  I I . 5) and Kd (not shown) values obtained for ^H(-)DHA and
1 p c

I ( - )P IN  (without correction) revealed no s ign ificant difference

between the two radioligands over the 60 day period. However, when 

125 I( - )P IN  binding was corrected fo r  decay, a steady increase in both 

Bmax (figure  I I . 5) and Kd (not shown) estimates with time were 

observed.

I I . 3. Isolation of human p la te le ts  from other blood cells

I I . 3 .1 . Introduction
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Apparent maximal number of binding sites (Bmax) measured 
in rat lung membranes with various /^-adrenoceptor antagonists

Saturation binding experiments were performed with either H(-)DHA (•) or 
125I(-)PIN (o,*), as described in II.2.2. at intervals during the first 60 
days following the iodination of (-)pindolol. Bmax values were calculated 
as described in Appendix 3 and plotted as a function of time. The lines

3through the data points represent the best fit regression lines of H(-)DHA 
125(•—— •) or I( —)PIN without corrections (o*»»o), or an approximate best 

125fit curve for I(-)PIN with correction (*— »). The data shown are 
representative of two such experiments. Each data point represents one 
saturation experiment performed in triplicate (see text for further 
explanation III.2.3.).
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The second most important consideration in any radioligand binding 

study is the tissue preparation to be employed. In the present study 

the receptor of in terest was the g-adrenoceptor on the human p la te le t .  

However, before embarking on a study to investigate the g-adrenoceptor 

present on the human p la te le t ,  a means of preparing a 'pure' p la te le t  

suspension was required since human blood ce lls  other than p la te le ts  

also possess g-adrenoceptors.

White blood cells  have been extensively used as a model to study 

g-adrenoceptor changes that occur in diseased states, or during drug 

therapy, and hence there is an abundance of data regarding g-adre- 

noceptor number present in both mononuclear leukocytes and polymor

phonuclear leukocytes. Unfortunately the l i te ra tu re  reveals 

considerable v a r ia b i l i ty  in the reported normal values for g-adreno- 

ceptor numbers in human white blood ce lls  (see Marinetti et a l . ,  1983 

for summary) due mainly to d if fe re n t experimental conditions, but i t  is  

now well established that the g-adrenoceptor present on these ce lls  is 

of the gg-subtype (Galant et a l . ,  1978; Williams et a l . ,  1976; Brodde 

et a l . ,  1981).

Human erythrocytes also appear to possess g-adrenoceptors of the 

gg-subtype (Sager, 1982). Early studies employing radioligand binding 

techniques to id en tify  g-adrenoceptors in human erythrocyte membranes 

concluded that no g-adrenoceptors were present on these ce lls  (Williams 

et a l . ,  1976). A possible explanation for th is  has come from recent 

studies in which i t  has been shown that membrane fragments of human 

erythrocytes are able to pass through glass f ib re  f i l t e r s  with a pore
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size of 1.4um (Sager et a l . ,  1983), and that in tact normal human 

erythrocytes subjected to a minimal negative pressure pass through 

channels of less than Sum in diameter due to membrane deformability  

(Gregersen et a l . ,  1967; Chien et a l . ,  1967). Also, washing of in tact  

human erythrocytes has been shown to reduce the number of saturable 

binding sites fo r  propranolol and alprenolol (Sager and Jacobsen,

1979). I t  is un like ly  therefore that in tact erythrocytes or erythro

cyte membrane fragments w il l  in te rfe re  with the present investigation  

of the g-adrenoceptor on human p la te le ts ,  but any contamination from
1 pc

white blood ce lls  would undoubtedly contribute to I ( - )P IN  binding 

measurements.

In th is  preliminary study, various methods for iso la ting  p la te le ts  from 

other human blood ce lls  were evaluated in an attempt to obtain a 'pure' 

p la te le t  preparation. The methods found to give the least ( i . e .  

undectable) contamination from e ither white blood ce lls  or erythrocytes 

were adopted fo r  routine use in the present study and are described in 

section I I . 3 .2. Several techniques were employed to assess the purity  

of the p la te le t  suspensions prepared in th is  way and are described 

below; they include l ig h t  microscopy, in d irec t immunofluorescence, 

manual and Coulter counting. Throughout the present study, p la te le t  

numbers were routinely  obtained by means of Coulter counting, and white 

blood ce ll (WBC) and erythrocyte (RBC) contamination of p la te le t

suspensions was always below the detection l im i t  (0.3xl0^WBC/ml;
0

0.03x10 RBC/ml) fo r  the Coulter counter. However, since WBC are 

reported to have a re la t iv e ly  high number of g-adrenoceptors per ce ll 

(see I I . 3 .3 .2 . )  as compared with p la te le ts ,  a study to estimate the
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number of g-adrenoceptors associated with 0.3x10^ WBC was performed by 

125I ( - )P IN  binding so that the significance of an at worst detectable  

contamination of 0.3x10^ WBC/10  ̂ p la te le ts  could be evaluated.

I I . 3 .2 . Methods

11.3 .2 .1 .  Preparation of human p la te le t  membranes

Blood was drawn from healthy normal volunteers using a 19 gauge needle 

into 0.1 volumes of 3.8% sodium c it ra te  as anticoagulant. A fter  

centrifugation of blood at 250g for 15 minutes, the p la te le t  rich  

plasma (PRP) was recentrifuged at ISOg fo r  a fu rther 20 minutes. Using 

th is  method, a l l  p la te le t  preparations were completely free of white 

blood cell and erythrocyte contamination as assessed by visual counting 

(see I I . 3 . 2 . 4 . ) .  P la te le t  membranes were prepared by centrifugation of 

PRP at 27,000g for 10 minutes at 4°C. The resulting p la te le t  p e lle t  

was resuspended in ice-cold lysing buffer (SmM EDTA, 5mM Tris-HCl) and 

homogenised using an U ltraturrax  homogeniser. The resulting membrane 

suspension was centrifuged at 27,000g fo r 10 minutes at 4°C, washed 

twice and f in a l ly  resuspended in assay buffer (50mM Tris HCl, 0.2mM Na 

metabisulphite, pH 7.8) at a f in a l concentration of 1.5-3mg membrane 

protein /m l. All experiments were carried out using freshly prepared 

membranes.

11.3 .2 .2 .  Preparation of in tac t human p la te le ts
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Blood was drawn from healthy normal volunteers using a 19 gauge needle 

in to  0.17 volumes of a c id -c itra te  dextrose (lOmM c i t r a te )  as anticoa

gulant. A fter centrifugation of blood at 700g fo r 5 minutes at room 

temperature, the p la te le t  rich plasma was d ilu ted 1:1 with Tris  

Isosaline pH 6.5 (50mM Tris HCl, lOOmM NaCl, 5.0mM EDTA, 0.2mM sodium 

metabisulphite) and centrifuged at 450g fo r  20 minutes at room 

temperature (22-25®C) before f in a l resuspension in 'whole c e l l '  assay
o

buffer (Tris Isosaline, pH7.8) at a concentration of 5-9 x 10 

c e lls /m l.  Using th is  method, a l l  p la te le t  preparations were free of 

white blood ce ll and erythrocyte contamination as assessed by means of 

a model S-plus IV Coulter ce ll counter and visual counting (see

I I . 3 .2 .4 . ) .  All experiments were carried out using freshly prepared 

p la te le ts .

I I . 3 .2 .3 .  Preparation of in tact mononuclear leukocytes (MNL)

Blood was drawn from healthy normal volunteers using a 19 gauge needle 

in to  0.17 volumes of a c id -c itra te  dextrose (lOmM c i t ra te )  as 

anticoagulant. A fter centrifugation of blood at 700g for 5 minutes at 

room temperature, the PRP was removed and discarded. MNL were prepared 

from the cell sediment remaining a f te r  removal of PRP by adding Tris 

buffered saline (TBS -  see appendix 5) to the equivalent volume of the 

orig ina l blood and c are fu lly  layering 4 .Omis of th is  onto 4 .Omis 

lymphocyte separating medium (Flow lab o ra to r ies ). The tubes were then 

centrifuged at 400g fo r  30 minutes at 20°C. The MNL which formed a 

band above the separating medium were removed and washed with TBS by 

centrifugation at 400g fo r  15 minutes at room temperature (22-25°C).
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The resu lting MNL pelle ts  were resuspended in whole p la te le t  assay 

buffer (Tris  Isosaline pH 7.8) (see section I I . 3 . 2 . 2 . ) .  The f in a l cell 

suspension was counted with a Model S-Plus IV Coulter ce ll counter.

All experiments were carried out using fresh ly  prepared MNL.

11.3 .2 .4 .  Cell Counting 

Visual counting :

Aliquots of p la te le t  suspensions ( I I . 3 .2 .1 /2 )  were placed on glass 

microscope s lides, cover slips apposed and slides examined for white 

blood ce ll  (WBC) and erythrocyte (RBC) contamination by l ig h t  and 

phase-contrast microscopy.

Coulter ce ll counting j

P la te le t  or mononuclear leukocyte suspensions ( I I . 3 .2 .1 /2 /3 )  were 

counted by means of a model S-plus IV Coulter ce ll counter. To ensure 

accurate determinations of cell number, values must f a l l  within the 

l in e a r  range for each parameter as quoted in the manufacturers manual: -

Parameter Linear Range

WBC X 10^ cells/ml 0.3 -  76.0

RBC X 10® cells /m l 0.5 -  7.2

P late lets  x 10® cells /m l 25 -  735

11.3 .2 .5 .  Light microscopy of p la te le ts  and mononuclear leukocytes (MNL)
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P la te le t or MNL suspensions (see I I . 3 .2 .1 /2 /3  respectively) were 

diluted in phosphate buffered saline (PBS -  Appendix 5) to give 1 x 10^ 

c e lls /m l.  Diluted suspensions were centrifuged at 500g fo r  1 minute at 

room temperature (22-25°C) in a Shandon cytospin, and "cytospin" 

preparations immediately stained with Wright's stain (Appendix 6 ) .  

Slides were examined and photographs taken on a Zeiss Photomicroscope 

I I I  using a "Kodak Ektachrome 50" colour f i lm .

I I . 3 .2 .6 . Indirect immunofluourescent analysis of p la te le ts  and mononuclear 

leukocytes (MNL)

Immunological techniques may be used fo r the id en t if ic a t io n  or 

enumeration of cell populations by preparing an antibody that reacts 

s p ec if ica lly  with an antigenic substance on the ce ll surface. The 

antibody may then .be attached to an iden tify ing  label e .g . a 

fluorescent dye, and incubated with the c e l ls .  The sites at which the 

antigen-anti body complexes are formed may then be localised by 

fluorescence microscopy. This, the f i r s t  immunofluorescence technique 

to be developed, known as the 'D irec t ' method is however rare ly  used 

nowadays since i t  is not only re la t iv e ly  insensitive but also requires 

the labe llin g  of each individual antibody and has been replaced by the 

commonly used ' In d ire c t '  (two-stage) method. The la t te r  method was 

employed in the present study and involves reacting the ce ll surface 

antigen with an unlabelled primary antibody and then trea ting  th is  with 

a labelled secondary antibody. The primary antibody therefore has a 

paradoxical dual function, serving as antibody when reacting with the
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c e ll antigen, but then as antigen when in teracting with the secondary 

anti serum. Such an ind irec t approach eliminates the need fo r  lab e ll in g  

each primary antibody and also has much greater s e n s it iv ity  since the 

primary antibody molecule may bind several labelled secondary antibody 

molecules, which corresponds to an am plification e f fe c t .

The fluorochrome used in the present study was fluorescein iso th io -  

cyanate (FITC). This gives an intense apple-green fluorescence, when 

an excita tion  wavelength of 490nm and emitting wavelength of 510nm are 

employed (emitted l ig h t  is always of longer wavelength i . e .  lower in 

energy, than absorbed l ig h t  (Stokes Law)). The primary antibodies 

employed were 0KT3 -  anti human T ce ll (Appendix 1) which is specific  

for peripheral T-lymphocytes, and ANSI (Appendix 1) which recognises an 

antigenic determinant on p la te le t  Glycoprotein Ib and is specific  for  

p late le ts  and megakaryocytes (Vainchenker et a l . ,  1982).

Cytospin preparations of p la te le ts  or MNL (see I I . 3 .2 .5 ) were fixed in 

acetone fo r  5 minutes a t 4°C, a ir  dried and washed in phosphate 

buffered saline pH 7.2 (PBS - see appendix 5) fo r 10 minutes at room 

temperature (22-25®C). Excess PBS was removed from the s l id e , the 

ce lls  were c a re fu lly  overlaid with 15ul of primary antibody (0KT3 or 

ANSI) and incubated in a moist chamber for 30 minutes at room 

temperature. Following incubation, the primary antibody was rinsed 

away and slides washed for 15 minutes at room temperature in PBS. 

Cytospins were then c are fu lly  overlaid with the labelled secondary 

antiserum, (FITC labelled  goat antimouse Ig (Appendix 1) d iluted 1:20 

with PBS containing 1% human AB serum to absorb any re a c t iv i ty  with
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human B-lymphocytes) and incubated in a moist chamber for 30 minutes at 

room temperature. F in a lly ,  cytospins were washed for 15 minutes in 

PBS, mounted with 90% glycerol 10% PBS and examined by fluorescence 

microscopy on a Leitz Orthomat microscope. Photographs were taken 

using a "Kodak Ektochrome 400" f i lm .

125I I . 3 .2 .7 .  I ( - )P IN  binding assays to in tac t human p late le ts  or mononuclear 

leukocytes (MNL)

P la te le ts  (whole) or MNL (whole) were added to ^^^I(-)P IN  (0-200pM) and 

appropriate concentration of displacing agent or buffer, in a f in a l  

volume of 500ul assay buffer (Tris Isosaline, pH 7.8 , see I I . 3 . 2 . 2 . ) .  

Incubations were performed at 37°C for 40 minutes. Upon reaching 

equilibrium (except for k inetic  experiments) the reaction was stopped 

by the addition of 10ml ice cold assay buffer diluted 1:10 with water. 

Tubes were kept on ice for 30 minutes p r io r  to rapid vacuum f i l t r a t i o n .  

F i lte rs  were then washed with 3 x 10ml ice cold buffer (25mM Tris HCl, 

154mM NaCl, pH 7.8) and rad ioactiv ity  bound to the f i l t e r s  was 

determined d ire c tly  in a Packard Auto Gamma 500C counter at 74% 

counting e ff ic iency . (-)P indolol was iodinated as described in 

Appendix 4.

I I . 3 .3 .  Results

I I . 3 .3 .1 .  Examination of p la te le t  preparations fo r  contamination by other 

blood ce lls
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Routine examination of p la te le t  suspensions ( I I . 3 .2 .1 /2 )  by l ig h t  and 

phase-contrast microscopy ( I I . 3 .2 .4 . )  revealed no detectable 

contamination from e ith er  white blood ce lls  (WBC) or erythrocytes (RBC) 

(not shown).

Aliquots of p la te le t  suspensions were subjected to cytospin 

preparation in order to concentrate any contamination that may be 

present onto the visual f ie ld  ( I I . 3 .2 .5 ) .  Cytospins were stained and 

examined under l ig h t  microscopy. Stained cytospin preparations of MNL 

suspensions were employed as an example of the expected appearance of 

other blood cells  examined in this manner. As can be seen from plate  

lb , MNL suspensions contained several ce ll  types including lymphocytes, 

monocytes and erythrocytes, whose appearance was easily  distinguishable  

from that of p late le ts  also present in the preparation. Examination of 

stained p la te le t  suspension cytospins (p late  la ) revealed typical 

heterogeneity of p la te le t  s ize, but no detectable contamination from 

other blood c e l ls .

Sim ilar results were obtained when cytospin preparations of p la te le t  or 

MNL suspensions were subjected to ind irect immunofluorescence analysis 

( I I . 3 .2 .6 ) .  When p la te le t  cytospin preparations were overlaid with the 

p la te le t  monoclonal antibody AN51, specific la b e ll in g  of the p la te le ts  

occurred which was c learly  v is ib le  by fluorescence microscopy as an 

intense apple-green fluorescence (p late  2a). However, when an 

identica l p la te le t  cytospin preparation was overlaid with the 

T-lymphocyte monocolonal antibody 0KT3, no specific  la b e llin g  of any
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Plate la Mag X 300

«

#

Plate Ib Mag X 800

Plate 1 : Platelet or mononuclear leukocyte (ML) "cyrospin" preparations 
were stained with Wright's stain (see II.3.2.3.).

Plate la: platelet preparations
Plate lb: MNL preparation a= lymphocyte, b= platelet, c= erythrocyte, 

d= monocyte, (see text for further explanation II.3.3.1.)
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Plate 2a 
Mag X  500

Plate 2b 
Mag X  500

Plate 2c 
Mag X  500
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c e lls  occurred, and the dull fluorescence observed (plate 2b) was 

characteris tic  of the background fluorescence expected when using th is  

method. By comparison, overlaying an MNL cytospin preparation with 

0KT3 resulted in specific  labe llin g  of the T-lymphocytes present that  

was easily  observed as ci bright fluorescence (p late  2c).

Both p la te le t  and MNL suspensions were routinely counted with a model 

S-plus IV Coulter ce ll counter. As mentioned previously ( I I . 3 i l . )  

white blood ce ll and erythrocyte contamination of p la te le t  suspensions 

was always below the detection l im i t  (0.3xl0^WBC/ml; 0.03xl0^RBC/ml) 

fo r  th is instrument.

125I I . 3 .3 .2 .  I ( - )P IN  binding to in tact p la te le ts  and mononuclear leukocytes 

(MNL)

Specific binding of ^^^I(-)P IN  to in tact p la te le ts  or MNL defined as 

binding displaceable by luM(-)propranolol (determined from competition 

experiments, see chapter VI) was saturable (data not shown). The 

maximum number of binding sites (Bmax) assessed by Scatchard analysis 

was 5.64 ± 0.03 fmol/10^ p la te le ts  (n=7) and 1.4 ± 0.01 fmol/10^ MNL 

(n=7) equivalent to 6 binding s i te s /p la te le t  and 826 ± 106 sites/MNL. 

^^^I(-)P IN  binding was of high a f f in i t y  with v ir tu a l ly  identical 

equilibrium dissociation constants of 23.29 ± 1.15 pM, and 21.0 ± 0.77 

pM, for p la te le ts  and MNL respectively. In a l l  cases the data produced 

l in e a r  Scatchard plots with H il l  slope values not s ig n if ic a n t ly  

d if fe re n t  from un ity , ind icative  of a homogenous population of binding 

sites on both ce ll types. The Bmax on MNL was calulated over a wide
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range (1 .0  -  7.9 x 10^ c e l ls )  of ce ll concentration and the number of 

fmoles associated with 0.3 x 10^ ce lls  calculated by extrapolation to 

be 0.42 ± 0.01 (n=7). Therefore a WBC contamination of 0.3 x 10^
Q

WBC/10 p la te le ts  would be equivalent to less than 8% of the 

g-adrenoceptor number measured. Both Bmax estimates in terms of 

fmol/lO^MNL or number of sites/MNL are in excellent agreement with 

values previously quoted by other workers (Brodde et a l . ,  1981; Feldman 

et a l . ,  1986).

I I . 4. Conclusions

In summary, ^^^I(-)P IN  labelled the same number of binding s ites in rat
o

lung membranes as H(-)DHA. The binding sites exhibited a s im ilar  

overall a f f in i t y  for (-) isoprenaline  and (-)propranolol to those quoted 

previously for rat lung g-adrenoceptors (Rugg et a l . ,  1978), and
1 p c

furthermore, the Kd fo r  I( - )P IN  was s im ilar  to that quoted by other 

workers employing th is  radioligand to study g-adrenoceptors (Barovsky 

and Brooker, 1980). ^^^I(-)P IN  once iodinated appeared to be stable

fo r  at least 60 days i . e .  i t  labelled the same number of binding sites
3

as H(-)DHA during th is  period, and did not appear from chromatographic

analysis to dissociate into free iodine and ligand, or form another
125detectable iodinated product. Analysis of I ( - )P IN  data with and 

without correction fo r  decay revealed that Bmax and Kd values 

calculated fo r ^^^I(-)P IN  deviated markedly from those for ^H(-)DHA 

when a correction for decay was employed, but that no s ign if ican t  

difference between the two radioligands was apparent i f  no correction  

facto r was employed. These results support the conclusion of Doyle et
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a l . ,  (1984), and suggest that the decayed ^^^I(-)P IN  becomes altered in 

such a way that i t  no longer binds s p e c if ic a lly  to the receptors. A 

decay correction factor was not employed in the present study, and to
IOC

ensure that maximum accuracy could be a tta ined , I ( - )P IN  was only
I O C

used within 30 days of iodination. Furthermore, although I( - )P IN  is 

iodinated to a theoretica l specific a c t iv i ty  of 2175 Ci/mmol, the
I O C

specific  a c t iv i ty  of supplied Na I can vary by as much as 20%. Thus, 

to minimize any errors in in terpretation of data, the actual specific  

a c t iv i ty  of each ^^^I(-)P IN  preparation was adjusted to that of Na^^^I 

employed in the iodination.

Pindolol is a 8-adrenoceptor antagonist with in tr in s ic  sympathomimetic

a c t iv i ty  i . e .  i t  is a p a rt ia l agonist. I t  has been suggested that

stimulation and blockade are mediated via d if fe re n t  receptor

populations (Walter et a l . ,  1984; Kaumann and Lobnig, 1986), and that

pindolol is more active on Bg- than on e^-adrenoceptors (C lark, 1984),

with a Gig-agonistic component of i ts  p a r t ia l  agonist a c t iv i ty  (Brodde

et a l . ,  1986). The nature of the dissociation between stimulation and

blockade is not well understood for pindolol or other weak p a rt ia l

agonists at present, and probably involves tissue related factors such

as receptor density and e ffic iency  of coupling (Kenakin, 1984).

However i t  does appear that the concentrations required for activation

are fa r  greater (nanomolar range) than those required for occupation

and blockade of the 8-adrenoceptors (picomolar range) as used in the

present study (Brodde et a l . ,  1986; Neve and M olinoff, 1986). Since 

125 I ( - )P IN  would not be expected to have agonist a c t iv i ty  at the 

concentrations employed in this study, i ts  functional 3 2 ~se lec tiv ity  is
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of l i t t l e  consequence. A recent report exploring radioligand

s e le c tiv ity  in binding studies however, may have a marked influence on
125the data obtained. I ( - )P IN  and several other g-adrenoceptor radio

ligands were shown by Neve et a l . ,  (1986) to exhib it a 2 -5 .8  fold  

gg-se lec tiv ity  (3 .2  fo ld  fo r  ^ ^^ I(-)P IN ). Although i t  is un like ly  that 

th is  subtype s e le c t iv ity  would a l te r  to ta l receptor density measure

ments (Bmax), delineation of the proportion of g-adrenoceptor subtypes 

present would be less accurate than with a nonselective radioligand.

Examination of the p la te le t  suspensions prepared using optimal methods 

( la te r  adopted for th is  study) fa i le d  to show any contamination from 

other blood c e l ls .  Our estimation of the number of g-adrenoceptors 

that could be attributed  to a detectable contamination from WBC was 

found to be equivalent to less than 8% of to ta l g-adrenoceptors 

measured by ^^^I(-)P IN  binding and is therefore not expected to 

in te r fe re  s ig n if ic a n t ly  with th is  investigation of the human p la te le t  

g-adrenoceptor.
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CHAPTER I I I

125I I I  I(-)Pindolo1 binding to human p la te le t  membranes. Characterisation  

and agonist interactions - b r ie f  comparison with rat lung membranes.



I I I . l .  Introduction

Evidence to date suggests that g-adrenoceptors are present on human 

pla te le ts  (see section I . 2 .3 .2 ) .  The precise quantification and 

c la s s if ic a t io n  of the human p la te le t  g-adrenoceptor however remains 

unclear. Recent functional studies employing subtype selective  

g-adrenoceptor antagonists suggest the presence of a gg-adrenoceptor 

subtype (Kerry and Scrutton, 1983a). Radioligand binding studies 

however, have yielded somewhat confusing resu lts . I n i t i a l l y ,  Hansen et 

a ! . ,  (1981) using ^H-dihydroalprenolol (^H-DHA) suggested that both g^- 

and gg- adrenoceptors were present on human p la te le ts .  Later, Steer
1 pc

and Atlas (1982) showed that the iodinated radioligands I-hydroxy- 

benzylpindolol and ^^^I-cyanopindolol (^^^I-CYP) id en tif ied  d if fe re n t  

densities of sites on human plate lets  which did not exhib it the 

pharmacological properties of e ither  g^- or g^-adrenoceptor subtype.
3

More recently, other workers have shown that the binding of H-DHA and
3
H-acetobutolol to human p la te le t  lysates was la rg e ly , i f  not exclusi

vely , unrelated to occupancy of g-adrenoceptors (Kerry and Scrutton, 

1983b).

The aims of the study described in th is  chapter were to employ radio

ligand binding techniques to: i )  id en tify  the g-adrenoceptor present in 

human p la te le t  membranes; and i i )  examine the functional "coupling" of 

th is  receptor.

Adrenoceptor coupled adenylate cyclase systems are among the most
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studied receptor-effector mechanisms, and hence, much is known about 

the components present and how they in teract to e ither stimulate or 

in h ib it  enzyme a c t iv i ty .  At present, the system is believed to consist 

of at least three d is t in c t  components : stimulatory (e .g . g-adrenocep- 

tors) or in h ib ito ry  (e .g . Og-adrenoceptors) receptors; regulatory  

coupling proteins; and the c a ta ly t ic  subunit that converts Mg'*"*’.ATP 

into cyclic  AMP. Two d if fe re n t guanine nucleotide-binding regulatory  

proteins are involved in the stimulation (Gs, G/F or Ns) and in h ib it io n  

(Gi or Ni) of adenylate cyclase. Both have been isolated and appear to 

be heterotrimers of subunit composition or , g and K. The g a n d /  

subunits (mol wt 35,000 and 8,000 respectively) of Gs and Gi are 

s tru c tu ra lly  s im ilar i f  not id e n t ic a l,  functionally  indistinguishable  

and do not bind guanine nucleotides. In contrast, the a subunits of Gs 

and Gi are d is t in c t  proteins with molecular weights of 45,000 for Gsa 

(or as) and 41,000 for Gia (or a i ) .  Both possess a high a f f in i t y  

binding s ite  for guanine nucleotides, and are the targets for  

NAD-dependant ADP ribosylation catalysed by cholera toxin for as and 

is le t -a c t iv a t in g  protein for ai (see Gilman, 1984; Hildebrandt et a l . ,  

1984). Although these proteins were f i r s t  id en tif ied  as regulatory  

units of adenylate cyclase systems, i t  now appears that they are part 

of a family of G proteins that have diverse regulatory functions (see 

Stryer, 1986).

The mechanism by which the various components of the adrenoceptor 

responsive adenylate cyclase system in teract to a l te r  the a c t iv i ty  of 

adenylate cyclase is becoming increasingly c le a r .  Agonists, but not 

antagonists, have been shown to induce a guanine nucleotide sensitive
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State of the receptor that forms a complex with the G protein , which 

fo r B and Og-adrenoceptors is id e n t if ia b le  by i ts  larger molecular 

size . This functional difference for the receptor is also apparent in 

radioligand binding experiments employing purif ied  membrane 

preparations. Agonists, competing against radiolabelled antagonists 

often exhib it complex, shallow, biphasic competition curves, whilst 

antagonist curves are generally steep and uniphasic. Computerised 

analysis of such data has been interpreted to represent two sub

populations of receptors exhibiting two a f f in i t y  states for agonists 

(high and low) but equivalent a f f in i t y  for antagonists. Furthermore, 

in the presence of guanine nucleotides, agonist competition curves are 

steepened, shifted to the right and appear uniphasic with a lower 

overall a f f in i t y  (see Nahorski and Barnett, 1982; S tiles  et a l . ,  1984) 

whilst antagonist competition curves generally remain unchanged.

This d if fe re n t ia l  e ffe c t  of agonists and antagonists has been explained 

in terms of a ternary complex model (Delean et a l . ,  1980; Stadel et 

a l . ,  1982). Agonist (H) occupancy of the receptor (R) is believed to 

induce a conformational change in the receptor which allows the 

agonist-occupied receptor (HR) to form a complex with the GDP-occupied 

G protein (G). In the absence of guanine nucleotides this ternary  

complex (HRG) pers ists , and exhibits high a f f in i t y  for the agonist. In 

the presence of guanine nucleotides (e .g . guanine triphosphate (GTP)), 

GDP-GTP exchange on the G protein promotes dissociation of the active  

GTP.G protein species, which then interacts  w ith , and activates ( i . e .  

stimulatory or in h ib ito ry )  the c a ta ly t ic  moiety of adenylate cyclase. 

Activation persists un til GTP is hydrolysed to GDP by a GTPase in the
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system. Recently (Gilman, 1984b; Northup, 1985), i t  has been proposed 

that G protein activation  involves dissociation of the a and g /  

subunits. Thus the ternary complex model may be i l lu s tra te d  as 

follows :

H + R HR (low a f f in i t y  agonist state)
+
G

11
HRG (high a f f in i t y  agonist state)

h "
*HRG,_ + G^GTR^
Jl cyclase activation

"R+Ggy

♦possible HRG complex of unknown agonist a f f in i t y

The involvement of G protein subunit association-dissociation in the 

control of adenylate cyclase a c t iv ity  is not c le a r ly  defined at 

present. Recent reports have shown that when Gi^, activated by stable 

GTP analogues, was reconstituted with the adenylate cyclase of p la te le t  

membranes, i t  proved to be only s lig h t ly  in h ib ito ry . This led to the 

suggestion that Gi^ in h ib it io n  of adenylate cyclase may be ind irect  

(Katada et a l . ,  1984). Thus, activation of Gi by inh ib ito ry  

Gg-adrenoceptors may lead to inh ib ition  of adenylate cyclase by two 

d if fe re n t  pathways : i )  a d irect in h ib it io n  of adenylate cyclase by 

Gi^.GTP; and i i )  an in d irec t in h ib it ion  by interference with Gs 

activation i . e .  the simultaneous release of g /  subunits which favours 

formulation of the inactive Gs^^^. Therefore, with regard to adenylate 

cyclase in h ib it ion  by activated G i, i t  is s t i l l  unclear which of the

70



subunits causes the inh ib it ion  of adenylate cyclase or what role g / 's  

play in signal transduction (see Birmbaumer, 1987; L ev itzsk i, 1987). 

Furthermore i t  is not established whether the subunit dissociation  

reaction occurs in the normal l ip id  b ilayer of the plasma membrane.

The a b i l i t y  of agonists to stimulate or in h ib it  adenylate cyclase 

a c t iv i ty  has been shown to correlate well with th e ir  a b i l i t y  to promote 

the h ig h -a f f in i ty  agonist state (Kent et a l . ,  1980; Limbird, 1987). 

Thus, an indication of the degree of coupling of a receptor to  

adenylate cyclase may be obtained by evaluating agonist binding in the 

presence and absence of guanine nucleotides.

Guanine nucleotides were employed to examine the human p la te le t  

g-adrenoceptor -  adenylate cyclase system in th is  chapter, along with 

monovalent and divalent cations i . e .  Na'*' and Mg** which have also been 

shown to modulate agonist binding at g-adrenoceptors.

Mg** has been shown to promote h ig h -a f f in i ty  agonist binding to 

g-adrenoceptors, and a requirement for i ts  presence in order to fu l ly  

promote the h ig h -a f f in i ty  state of the receptor has been demonstrated 

in several tissues including frog erythrocytes (Williams et a l . ,  1978), 

S49 lymphoma ce lls  (Bird and Maguire, 1978), rat lung (Heidenreich et 

a l . ,  1980) and rabbit lung (Dickinson and Nahorski, 1983). The precise 

location of this metal ion binding s ite  is not yet known, but 

hypothesised to be on the coupling protein . Evidence in support of 

th is  hypothesis comes from studies employing genetic variants of 

cultured cell l in e s .  For instance. Mg** been shown to increase
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receptor a f f in i t y  for agonist in HC-1, and H21a ce lls  (Maguire, 1982). 

Since the c a ta ly t ic  unit in H21a ce lls  cannot in teract with the G 

protein , and the c a ta ly t ic  unit of HC-1 ce lls  is e ither absent or 

non-functional, the Mg** binding s ite  cannot be present on the 

c a ta ly t ic  u n it .  Furthermore, Mg** does not a l te r  receptor a f f in i t y  for  

agonists in eye" and UNC variants of 349 lymphoma ce lls  in which the 

receptors cannot in teract with a functional G protein (Bird and 

Maguire, 1978; Heidenreich et a l . ,  1980). Thus, the Mg** binding s ite  

is most probably located on the Gs coupling protein , possibly on the a 

subunit since eye" 349 lymphoma cells  lack only the as subunit of Gs 

(Ferguson et a l . ,  1982). Mg** has also been shown to have an important 

modulatory influence on agonist binding to several other receptors 

which include ag-adrenoceptors (Tsai and Lefkowitz, 1978), and 

prostaglandin receptors (Williams et a l . ,  1978).

Na*, in contrast to Mg**, has been shown to mimic the e ffec t  of guanine 

nucleotides in lowering the receptor a f f in i t y  for agonists at the 

g-adrenoceptor in c a lf  cerebellar and rat lung membranes (U'Prichard et 

a l . ,  1978; Heidenreich et a l . ,  1980). The s ite  at which sodium acts 

remains unknown, and most information availab le  to date concerning Na* 

modulation of agonist binding has come from studies performed on 

receptors which mediate inh ib ition  of adenylate cyclase, e .g . sodium 

markedly reduces the receptor a f f in i t y  fo r  agonists at the human 

p la te le t  ag-adrenoceptor (Tsai and Lefkowitz, 1978). However, unlike  

guanine nucleotide e ffects  at th is  receptor which result in a s h if t  to  

the right and steepening of the agonist curve s im ilar to that described 

for g-adrenoceptors, sodium effects are apparent as a p ara lle l s h if t  of
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the agonist curve to lower a f f in i t y ,  with no change in slope (Tsai and 

Lefkowitz, 1979; Michel et a l . ,  1980).

In the present chapter, radioligand binding techniques were employed to  

i )  id e n t ify  the g-adrenoceptor present in human p la te le t  membranes by 

means of ^^^I(-)p indolol (^^^ I(-)P IN ) binding and perform a b r ie f
1 pc

comparative study with I(±)CYP (one of the radioligands previously 

employed by Steer and Altas (1982) to id en t ify  g-adrenoceptors on human 

p la te le ts ) .

and i i )  to assess the functional coupling of the human p la te le t  

g-adrenoceptor by examining the effects of guanine nucleotide and Na* 

on agonist competition of ^^^I(-)PIN binding in the presence of Mg**.

In view of recent studies in which divalent cations and guanine 

nucleotides have been shown to c h a rac te r is t ic a lly  modulate agonist 

binding to rat lung g-adrenoceptors (Dickinson and Nahorski, 1983), a 

d irec t comparison in para lle l experiments of agonist interactions in 

rat lung and human p la te le t  membranes was made.

I I I . 2. Methods

I I I . 2 .1 . ^^^I(- )p in d o lo l ( ^^^(-)P IN ) binding to human p la te le t  membranes

P la te le t  membranes (150-300ug protein , except fo r protein d ilu tion

experiment, see Appendix 8) prepared as previously described

( I I . 3 .2 .1 . )  were added to and appropriate concentration of
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displacing agent or buffer in a f in a l volume of 250ul assay buffer  

(50mM Tris HCl, 0.2mM Na metabisulphite, pH 7 .8 ) .  Incubations were 

performed at room temperature (22-25°C) fo r  40 minutes (except for  

Kinetic experiments). Upon reaching equilibrium the reaction was 

stopped by the addition of 1.0ml ice-cold assay bu ffe r . Membranes were 

immediately collected on Whatman GF/B f i l t e r s  by vacuum f i l t r a t io n  and 

rapidly washed with 3 x 10ml ice-cold 50mM Tris HCl, pH 7.8. 

Radioactivity associated with the f i l t e r s  was determined d ire c t ly  in a 

Packard Auto Gamma 500C counter at 74% counting e ff ic ien c y .

( - ) Pindolol was iodinated as described in appendix 4 (a ) .

Agonist in teraction experiments were conducted in assay buffer  

supplemented with lOmM MgClg, 0.5mM EDTA.

I I I . 2 .2 . ^^^ I(± )  cyanopindolol ( ^^^I(±)CYP) binding to human p la te le t  

membranes

P la te le t  membranes (150-300ug protein) prepared as previously described
125( I I . 3 .2 .1 . )  were added to I(±)CYP and appropriate concentration of 

displacing agent or buffer in a f in a l volume of 250ul assay buffer  

(25mM Tris HCl, 154mM NaCl, 0.2mM Na metabisulphite, pH 7 .8 ) .  

Incubations were performed at 37°C fo r  60 minutes (except for Kinetic  

experiments), a f te r  which the reaction was stopped by addition of 1.0ml 

ice-cold assay b u ffe r . Membranes were immediately collected on Whatman 

GF/B f i l t e r s  by vacuum f i l t r a t io n  and rapid ly  washed with 3 x 10ml 

buffer (25mM Tris HCl, 154mM NaCl, pH 7.8) at room temperature. 

Radioactivity associated with the f i l t e r s  was determined as described
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for ^^^I(-)P IN  ( I I I . 2 .1 . ) .  (±)CYP was iodinated as described in 

appendix 4 (b ) .

I I I . 3. Results

125Optimal conditions for I ( - )P IN  binding to human p la te le t  membranes 

were established prio r to in i t ia t io n  of the study described in th is  

chapter (see Appendix 8 ) .

111.3 .1 . 1̂ ^ I ( - )P IN  binding - equilibrium and Kinetic studies

125The specific  binding of I ( - )P IN  to human p la te le t  membranes was 

rapid and reversible with a t l / 2  (time for ha lf maximal binding) for  

association of 10-12 min, and dissociation of 40-45 min, at room 

temperature (figure I I I . l . ) .  For the i l lu s tra te d  data, the second 

order association rate constant was calculated to be k ,=0.8636 nM"  ̂

min"^. Dissociation followed monophasic f i r s t  order k in e tics , with a 

dissociation constant Kg of 0.017 min"^. The mean k in e t ic a l ly  derived 

Kd (Kg/K^) calculated from three such experiments was 13.08±3.11 pM in 

excellent agreement with that obtained from equilibrium experiments.

125Specific I ( - )P IN  binding to human p la te le t  membranes (defined as 

binding displaceable by 200uM(-)isoprenaline) was saturable (f igure

I I I . 3 / 4 . ) ,  whereas non-specific binding increased l in e a r ly  with
125I ( - )P IN  concentration. Scatchard analysis of the data (f igure

I I 1 .4 .)  revealed a homogenous population of binding sites with an
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125Legend to Figure III.l. Kinetics of specific I(-)PIN binding to human
platelet membranes at 22°C 
(See III.2.1. for method)

125A) Time course of specific I(-)PIN association (•), and dissociation 
(o). Dissociation .was initiated by the addition of 200uM (-)isoprenaline 
after equilibrium had been reached (40 minutes).

B) pseudo first-order rate plot for the association reaction
C) first-order rate plot for the dissociation reaction, the slope

of which yields the dissociation rate constant K .̂ The second-order 
rate constant was calculated as described in Appendix 3b.

Data shown are from a single experiment representative of three experiments
performed in duplicate.
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125 +Legend to Figure III.2. Kinetics of specific I(-)CYP binding to
human platelet membranes at 37°C 
(See III.2.2. for method)

125 +A) Time course of specific I(-)CYP association (•), and dissociation
(o). Dissociation was inititated by the addition of 200uM (-)isoprenaline 
after equilibrium had been reached (60 minutes).

B) pseudo first-order rate plot for the association reaction,
C) first-order rate plot for the dissociation reaction, the slope

of which yields the dissociation rate constaint K̂ . The second-order 
rate constant was calculated as described in Appendix 3b.

Data shown are from a single experiment performed in duplicate.
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Data shown are from single representative experiments performed in triplicate, 
Both figures illustrate raw,untransformed saturation data of total, 
specific and non-specific binding for ^^^I(-)PIN (A), and ^^^I(-)CYP (B)
(see III.2.1./2. for methods respectively). Specific binding defined in 
the presence of 200^(-)isoprenaline represented approximately 70-80% for 
^^^I(-)PIN (A), and 25-30% for ^^^I(Î)CYP (B) at around the Kd (20-30pM) 
for both radioligands.
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shown are representative of 13 such experiments performed in triplicate.
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equilibrium dissociation constant (Kd) of 24.27±1.3pM(n=13), and 

binding s i te  maxima (Bmax) of 5.54±0.71 (fmol mg"  ̂ prote in ) .  In a l l  

cases. H i l l  slope values were not s ign i f ican t ly  d i f fe ren t  from unity ,  

indicat ive of interaction with a single class of receptor sites in the 

absence of co-operative interactions.

I I I . 3 .2 . ^^^I(±)CYP binding -  equil ibrium and kinet ic  studies

Specific binding of ^^^I(±)CYP to human p la te le t  membranes at 37°C was
125slower at association and dissociation compared with I ( - )P IN  at room 

temperature. Equilibrium was reached in around 60 minutes, (f igure

I I I . 2 . ) .  From the k inet ic  experiment i l lu s t ra te d  in f igure I I I . 2, the 

association constant K̂  was calculated to be 0.9135 nM“  ̂ min”^. 

Dissociation appeared to follow monophasic f i r s t  order k inet ics ,  with a 

dissociation constant of KgsO.OOSS min”^. The k in e t ic a l ly  derived Kd, 

(Kg/K^) calculated from th is experiment, of 6.469(pM) was of s l ig h t ly  

higher a f f i n i t y  than that obtained from equil ibrium experiments. The 

reason for th is is not known but may be related to the racemic nature 

of this radioligand. Burgisser et a l . ,  (1981), have shown that  the Kd 

of a racemic ligand may vary with receptor concentration, and that the 

apparent Kd is a hybrid of the Kd's for the (+) and ( - )  isomers 

respectively.  Also, the re la t iv e ly  slow dissociation rate of 

^^^I(±)CYP binding makes accurate determinations of specific binding 

more d i f f i c u l t  : this source of error may be augmented by the l inear  

transformation of the data and thus result in inaccurate estimations of 

Kd.
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125Specific binding of I(±)CYP to human p la te le t  membranes (defined in 

the presence of 200uM(-)isoprenaline) was saturable ( f igure I I I . 3 . )  

whereas non-specific binding increased l in e a r ly  with radioligand 

concentration. Scatchard analysis revealed a homogenous population of 

binding sites with a Kd of 21.68±1.4(pM)(n=4), and a Bmax of 8.25±0.6  

(fmol mg"  ̂ prote in) .  H i l l  analysis of the data showed no s ign if icant  

deviation from unity , indicative of interaction with a single class of 

receptor s i tes ,  with no co-operative in teract ion.

125
I I I . 3.3 . I ( - )P IN  binding -  pharmacological characterisation

The re la t ive  potencies of g-adrenoceptor agonists and antagonists in 

125competing for I ( - )P IN  binding were examined in order to characterise  

the ^^^I(-)PIN binding sites of the human p la te le t .

Data presented in the table I I I . l  and figure I I I . 6 indicate that the 

binding was stereo selective,  with the (-)isomer of the non-selective  

antagonist propranolol being more potent than the (+)isomer by 

approximately two orders of magnitude. Both isomers generated 

displacement curves with steep slope factors indicative of in teraction  

with a single population of binding s i tes .

125The displacement of I ( - )P IN  binding by agonists was character is t ic  

of a g-adrenoceptor, and the hierarchy of potency displayed,  

( - ) isoprenaline > ( - )adrenal ine > (-)noradrenaline (table I I I . l .  f igure

I I I . 5 . ) ,  was suggestive of a gg-subtype.
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Table III.l.

values and pseudo-Hill coefficients (nH) for inhibition of
125I(-)PIN binding to human platelet membranes by/^-adrenoceptor
agonists and antagonists.

Agonist nH

(-) Isoprenaline 2.87 xlO"-7 0.91
(-)Adrenaline 1.61 xlO"-6 0.89
(-)Noradrenaline 2.01 xlO"-5 0.94

Antagonist nH

(-)Propranolol 5.65 xlO"-10 1.03
(+)Propranolol 5.63 xlO'-8 1.03
(-)CGP 12177 1.5 xlcT-9 0.85
(-)Practolol 1.91 xlO“-5 0.89
(-)ICI 118,551 3.01 xlO"-9 0.81
(-)Betsixolol 1.0 xlO“-7 0.83

CGP 20172A 3.55 xlo”-6 1.02

The IC^Q said nH values given su*e the means of at least three sepsirate 
experiments performed in duplicate, and were derived from the 
computer-assisted curve fitting analysis of the me soi curves illustrated 
in figures III.5 said III.6 as described in Appendix 3c.
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125Inhibition of specific I(-)PIN binding to human 
platelet membranes by adrenergic agonists

125.Membranes were incubated with 30-40pM I(-)PIN at room temperature 
for 40 minutes, in the presence of increasing concentrations of 
competing agent, and specific binding determined.

The data shown for each compound are the mean curves from at least 
three sepsirate experiments performed in duplicate. SEM for each 
point was <-5%.
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Figure III.6 125Inhibition of specific I(~)PIN binding to human 
platelet membranes by adrenergic antagonists

Experiments were performed as described for figure III.5. The data 
shown for each compound are the mean curves from at least three 
separate experiments performed in duplicate. SEM for each point 
was <±5%.
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The overall  a f f i n i t i e s  of the non-selective g-adrenoceptor antagonists 

( - )propranolo l , (+)propranolol and CGP 12177 were as expected for  

in teraction with a g-adrenoceptor (Rugg et a l . ,  1978; Hertel et a l . ,  

1984). In addit ion, the highly selective g-adrenoceptor antagonists 

ICI 118,551 (gg s e le c t iv e ) ,  and practolo l ,  betaxolol and CGP 20172A (g^ 

selective) (Bilski et a l . ,  1980; Dunlop and Shanks, 1968; Boudot et 

a l . ,  1979; Dooley et a l ,  1986) exhibited a f f i n i t i e s  for the binding 

site  s imilar  to those found at the g2 "Subtype in other mammalian tissue 

(Dickinson et a l . ,  1981; Dooley et a l . ,  1986). The selective  

antagonists practo lo l ,  ICI 118,551 and betaxolol however, generated 

displacement curves with H i l l  slopes that  were s l ig h t ly  lower than 

unity (Table I I I . l . )  suggesting the po ss ib i l i ty  of receptor 

heterogeneity. Computer assisted c u rv e - f i t t in g  analysis of these 

curves however, revealed that the data were best f i t t e d  to a one-site  

model. Thus, these results suggest the presence of a homogenous 

population of gg-adrenoceptors. However, the poss ib i l i ty  of a small 

(<10%) component of g^-adrenoceptor binding sites cannot be e n t i re ly  

excluded.

Serotonin and the a-adrenoceptor antagonist phentolamine, were weak 

125inhib itors of I ( - )P IN  binding with mean IC^q values and pseudo-Hill 

coeff ic ients  of 2.25 x 10"^, 1.05 and 8.5 x 10’ ^, 1.05 respectively.

125I I I . 3 .4 . I ( - )P IN  binding -  modulation of agonist interactions by ions and

guanine nucleotides

Agonist binding to g-adrenoceptors on human p la te le t  membranes and rat
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lung membranes was assessed by examining isoprenaline inh ib it ion of 
125 I ( - )P IN  binding. The effects of guanine nucleotide, i . e .  guanyly li -  

midodiphosphate (Gpp(NH)p) a non hydrolysable analogue of GTP, and 

sodium ions upon isoprenaline competition curves were determined using 

standard assay conditions ( I I I . 2 .1 . / I I I . 2 .2 .4 . )  in assay buffer  

supplemented with lOmM MgClg, O.SmM EDTA.

Results for the human p la te le t  0 2 -adrenoceptor are shown in figure

I I I . 7 and table I I I . 2. Without added Na  ̂ or guanine nucleotide, the 

isoprenaline displacement of 125 i ( . ,p iN  yielded a steep competition 

curve with a slope factor of 0.91. The addition of Gpp(NH)p (lOOuM) 

produced no apparent change in the a f f i n i t y  of the agonist or the slope 

factor of the curve. In the presence of lOOmM NaCl, the competition 

curve was shifted in a paralle l fashion to a lower overall a f f i n i t y  

with no change in the slope factor.  Addition of Gpp(NH)p (lOOuM) in 

the presence of lOOmM NaCl caused no further  change in agonist a f f i n i t y  

or slope factor.

1 pc
In contrast,  displacement of I ( - )P IN  by isoprenaline from rat lung 

gg-adrenoceptors ( f igure I I I . 7, table I I I . 2) produced a shallow binding 

isotherm in the absence of Na  ̂ and guanine nucleotide. Addition of 

lOOuM Gpp(NH)p resulted in the character is t ic  s h i f t  to the right of the 

curve with an approximate 5-fold lowering in overall  a f f i n i t y  for  the 

agonist and increase in slope factor.  Addition of lOOmM NaCl produced 

a paralle l rightward s h i f t  of the agonist displacement curves observed 

in the presence or absence of Gpp(NH)p, lowering a f f i n i t y  of the 

agonist without affect ing the slope factor of the curve. The binding
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Figure III.7,

125Inhibition of specific I(-)PIN binding to human platelet and 
rat lung membranes by isoprenaline in the presence (closed symbols ) 
Sind absence (open symbols) of lOOmM NaCl, without guanine nucleotide 
(A»̂ ) » with added 10Q«M Gpp(NH)p (o,*). Data shown are the mean 
curves of at least three separate experiments performed in duplicate 
SEM for each point was <-5%.
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Table III.2

Overall IC_ values and pseudo-Hill coefficients(nH) for (-)isoprenaline
125competition curves of I(-)PIN binding in human platelets and 

rat lung membranes in the presence of 9mM MgCl .̂

Additions Human Platelet Rat Lung

No addition 2.87 xlO"^ (0.91) 2.87 xlO“® (0.56)
+100yKM Gpp(NH)p 3.16 xlO"^ (0.919) 1.58 xlO"^ (0.845)
+100mM NaCl 7.79 xlO“  ̂(0.88) 7.29 xlO"® (0.566)

8.84 xlO-7 (0.866) 5.16 xlO"? (0.857)

The IC^Q and nH values given are the means of at least three separate 
experiments performed in duplicate, and were derived from computer 
assisted curve fitting analysis of the mesin curves illustrated in 
figure III.7. as described in appendix 3c.
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of the antagonist ^^^I(- )PIN was unaltered by Na  ̂ or Gpp(NH)p (data not 

shown).

1 pc
111.3 .5 .  I ( - )P IN  binding - e f fect  of a^-adrenoceptor blockade on agonist 

interactions with the human p la te le t  g-adrenoceptor

1 pc
Adrenaline competition of I ( - )P IN  binding to human p la te le t  

membranes was examined in the presence or absence of the a-adrenoceptor 

antagonist phentolamine (luM) to block any action of this agonist at 

p la te le t  Op-adrenoceptors. The effect  of guanine nucleotide (Gpp(NH)p) 

on these adrenaline competition curves was assessed as previously 

described ( I I I . 2 .1 . )  in assay buffer supplemented with lOmM Mg Clp,

0.5mM EDTA.

In the absence of added phentolamine or guanine nucleotide, adrenaline
1 pc

displacement of I ( - ) P IN  yielded a steep competition curve with a 

slope factor of 0.85 ( f igure I I I . 8, table I I I . S . ) .  Addition of 

phentolami ne (luM) produced no change in overall  a f f i n i t y  of the 

agonist or the slope of the curve, whereas addition of Gpp(NH)p (lOOuM) 

produced an identical e f fect  in the presence or absence of phentolamine

1.e . the overall  agonist a f f i n i t y  was marginally lowered, with 

v i r t u a l l y  no change in slope (table I I I . 3 ) .  The appearance of the mean 

agonist curves i l lu s t ra te d  in f igure I I I . 8 may be interpreted to 

represent a minor guanine nucleotide e f fec t  in the presence or absence 

of phentolamine. S ta t is t ic a l  evaluation of the data however showed no 

sign if icant  difference between the curves obtained in the presence or 

absence of guanine nucleotide (p>0.05).
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Figure III.8.

125Inhibition of specific I(-)PIN binding to human platelet membranes 
by adrenaline in the presence (lower panel) or absence (upper pemel) 
of phentolamine ilyuM), without guanine nucleotide (open symbols), 
with added lOQ^M Gpp(NH)p (closed symbols). Data shown are the 
meem curves of at least three separate experiments performed in 
duplicate. SEM for each point was< -5%.
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Table III.3.

Overall IC _̂ values and pseudo-Hill coefficients (nH) for (-)adrenaline
125competition curves of I(~)PIN binding in human platelet membranes 

in the presence of 9mM MgCl .̂

% 0 nH

No phentolamine No Gpp(NH)p 3.92 X 10-7 0.85
No phentolamine + Gpp(NH)p 

(100/4M) 5.89 X 10"^ 0.88

+ phentolamine (3ywM) No Gpp(NH)p 3.79 X 10-7 0.87
+ phentolamine (^M) +Gpp(NH)p

(lOÔ M) 5.82 X 10-7 0.88

The ICgQ and nH values given are the mesins of at least three separate 
experiments performed in duplicate, and were derived from computer 
assisted curve fitting analysis of the mean curves illustrated in figure 
III.8. as described in Appendix 3a.

93



I I I . 4. Discussion

The results of the present study confirm the presence of
1 p c

8 -adrenoceptors on human p la te le ts .  I ( - )P IN  binding sites in human 

p la te le t  membranes f u l f i l l e d  a l l  the c r i t e r i a  required for i d e n t i f i 

cation of 8 -adrenoceptors by radioligand binding studies. Thus, 

binding was stereoselective, saturable, of high a f f i n i t y ,  rapid, 

reversible and displaceable by drugs which interact at 8 -adrenoceptors.
1 p c

The re la t ive  potencies of agonists in displacing I ( - )P IN  binding 

were indicative of a 8 2 -adrenoceptor subtype. The use of agonists to 

delineate receptor subtypes can however be somewhat misleading where 

multiple agonist a f f i n i t y  states of the receptor are present, unless 

the agonist experiments are performed in the presence of guanine 

nucleotide to abolish the heterotrophic binding (Kent et a l . ,  1980).

An a l ternat ive  approach is to employ subtype selective antagonists.  

Experiments performed with the 8 ^- and 8 2 " selective antagonists 

practo lo l ,  betaxolol and ICI 118,551, showed that  the a f f i n i t i e s  of 

these agents for the p la te le t  8 -adrenoceptor correlated well with th e ir  

reported a f f in i t i e s  at 8 2 -adrenoceptors in other mammalian tissue  

(Dickinson et a l . ,  1981). Although competition curves for  these drugs 

exhibited slopes (nH) that  were lower than unity , 0 .81-0.89, curve 

f i t t i n g  analysis of the data suggested that  human p la te le t  membranes 

possess a homogenous population of 8 2 -adrenoceptors. However, such 

analysis using compounds of only 50-100 fold s e le c t iv i ty  cannot 

discriminate, with certa in ty ,  very minor (<1 0 %) populations of second
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sites (Dickinson et a l . ,  1981). Competition experiments performed with 

the highly selective (approximately 10,000 fo ld)  g^-adrenoceptor 

antagonist CGP 20172A (f igure I I I . 6 . )  supported the proposed gg- 

homogeneity of the human p la te le t .  Although the overall appearance of 

the curve may suggest the presence of more than one s i te ,  the a f f i n i t y  

of the minor <10% component observed at the lower concentrations does 

not correlate with that expected for  in teraction with g^-adrenoceptors, 

whereas the overall a f f i n i t y  of the remaining curve is in excellent  

agreement with that expected for gg-adrenoceptors (Dooley et a l . ,

1986).

1 pc
Comparative experiments exploring I(±)CYP binding to human p la te le t

1 p c
membranes showed th a t ,  as mentioned b r ie f ly  in I I . 2 .1 . ,  I(±)CYP

displayed Kinetics of binding which were considerably slower at 37°C
1 pc

compared to I ( - )P IN  at room temperature. The values obtained for  

the association and dissociation rate constants were in good agreement 

with those previously quoted for interaction of this radioligand at 

6-adrenoceptors in human p la te le t  membranes (Steer and Atlas, 1982) and 

membranes from other mammalian tissue (Bojanic, 1984), but gave a Kd 

estimation that was of a s l ig h t ly  higher a f f i n i t y  than the Kd 

determined by equilibrium analysis. The reason for  this discrepancy is 

not known but possible explanations were previously discussed in the 

results section ( I I I . 3 . 2 . ) .

1 25The mean Kd value for I(±)CYP obtained from equil ibrium studies was 

in excellent agreement with previously reported values (Steer and
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Atlas, 1982; Engel et a l . ,  1981). However, when ^^^I(±)CYP and
1 pc

I ( - )P IN  were employed to estimate the maximum number of binding
1 pc

sites (Bmax) in para l le l  experiments, I(±)CYP was found to 

consistently iden t i fy  a greater (approximately 40%) density of binding
1 pc

sites than I ( - ) P IN .  The absolute requirement for sodium chloride in 

the assay buffer (Bojanic, 1984) for  ^^^I(±)CYP binding may contribute 

towards this dif ference since Na  ̂ has been shown to modulate not only 

agonist binding, but also antagonist binding. For instance, addition 

of Na'*’ to assay incubation buffer has been shown to increase the 

receptor a f f i n i t y  and apparent density of binding sites for the 

antagonist radioligand 3H-yohimbine in human p la te le t  membranes 

(Limbird et a l . ,  1982). In addition, Na'*’ has been shown to increase
1 pc

the binding of I(±)CYP to g-adrenoceptors by increasing the apparent 

receptor a f f i n i t y  for  th is  radioligand. This e f fect  was only seen i f  

binding assays were performed at 4°C, and did not a l te r  the Bmax 

(Minuth and Jakobs, 1986). No change in the Kd or Bmax for  ^^^I(-)PIN  

binding was observed on addition of Na  ̂ in the present study (Appendix 

8 ) ,  but a Na  ̂ e f fec t  on ^^^I(±)CYP binding cannot be ruled out since an 

accurate assessment of Bmax in the absence of Na  ̂ is not possible. I t  

is most l i k e ly  however, that the discrepancy between Bmax values 

relates to the high non-specific binding component associated with 

^^^I(±)CYP which in this study accounted for  70-75% of to ta l  ^^^I(±)CYP
1 pc

binding (f igure I I I . 3 . ) .  Thus, in contrast to I ( - )P IN  which gives 

70-80% specific binding, ^^^I(±)CYP yields at best only 30% specific  

binding, s imilar  to that previously observed in p la te le t  membranes 

(Steer and Atlas, 1982). These experiments confirmed the original

suspicion that was a more suitable radioligand than
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125 I(±)CYP for use in the present study, and served as a useful basis 

125for evaluating I(±)CYP data presented by other workers. No further  

experiments were performed with ^^^I(±)CYP.

The above results therefore demonstrate the presence of a re la t iv e ly  

low density of gg-adrenoceptor binding sites on the human p la te le t  that  

are identical to those found in other mammalian t issue. These results 

appear to d i f f e r  from those obtained from e a r l ie r  radioligand binding 

studies performed by other workers. For instance. Steer and Atlas 

(1982) suggested that the p la te le t  g-adrenoceptor possessed character

is t ics  indicative of neither g^- nor gg- subtype, which might 

conceivably be taken to indicate the presence of an "atyp ica l" 

g-adrenoceptor on human p la te le ts .  However, the pharmacological 

receptor prof i le  produced in th e i r  study was misinterpreted by these 

authors, and th e ir  data is in fact e n t i re ly  consistent with 

id en t i f ica t ion  of a gg-adrenoceptor. Hansen et a l . ,  1981 and la te r  

Winther et a l . ,  1985, employing ^H-DHA as radioligand, have suggested 

that both g j -  and gg-adrenoceptors were present on human p la te le ts .  

These results must however be interpreted with caution in view of the 

l imited pharmacological characterisation of the receptor in these 

studies, coupled with the low specific rad ioact iv i ty  of the radioligand 

employed, and the in a b i l i t y  of other workers to demonstrate specific
o

binding of H-DHA in human p la te le t  membranes (Kerry and Scrutton, 

1983b).

More recent investigations by other workers have provided evidence in 

support of the conclusions of the present study. Wang and Brodde,
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1 25
(1985) employing I ( - )P IN ,  have iden t i f ied  a similar  low density of 

gg-adrenoceptors present on human p la te le t  membranes, whilst Kerry et 

a l . ,  (1984) have examined ^^^I(±)CYP binding to intact human p late le ts  

and concluded that the p la te le t  receptor was of the gg-subtype. I t  

must be noted however, that although the l a t t e r  authors iden t i f ied  the 

receptor as being of the gg-subtype, th e i r  reported a f f i n i t i e s  of 

certain antagonist drugs deviated markedly from those found at the 

gg-adrenoceptor of human p la te le t  membranes in the present study and by 

Wang and Brodde (1985), and at other mammalian gg-adrenoceptors (Rugg 

et a l . ,  1978; Minneman et a l . ,  1979; Dickinson et a l . ,  1981). The 

poss ib i l i ty  that these differences re la te  to the use of in tact  

plate lets  was further evaluated in the present study (Chapter V I ) .

Experiments to evaluate the effects of Na  ̂ and guanine nucleotides were 

performed to examine the functional coupling of the human p la te le t  

Bg-adrenoceptor, as previously described ( I I I . l ) .  Isoprenaline 

competition curves in human p la te le t  and rat lung membranes were 

performed in p a r a l le l .  To ensure that d i f fe re n t ia l  retention of Mg'*”’’ 

by the two membrane preparations did not influence the results , EDTA 

treated membranes were prepared in an identical manner from both 

t issues. Thus, rat lung membranes (1 1 .2 .2 .2 . )  once i n i t i a l l y  pelleted,  

were resuspended and washed as described for  p la te le t  membranes 

(1 1 .3 . 2 . 1 . ) .  Competition experiments were subsequently performed in 

assay buffer supplemented with Mg'*”*’ and EDTA. The use of 9mM free Mg^* 

was chosen since the Mg** requirement for  expression of h ig h -a f f in i ty  

agonist binding has been shown to be half  maximal at 2-3mM Mg** in S49

lymphoma membranes (Bird and Maguire, 1978). Addition of Mg**
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presence of EDTA to assay buffer was employed since i t  has previously 

been shown to allow a guanine nucleotide e f fect  to be observed in what
I

otherwise appeared to be guanine nucleotide insensitive membranes, 

(Dickinson and Nahorski, 1983). The reason for  this Mg**/EDTA e f fec t  

is unclear at present : possible explanations have included the 

proposal that Mg** may f a c i l i t a t e  GDP/GTP exchange (Cassel and 

Selinger, 1978) or that EDTA may remove inhib itory GDP from the G 

protein or clear inact ive divalent cations from the system (Shane et 

a l . ,  1981).

In a manner s imilar  to that described for Na* above, a modulatory

action of guanine nucleotides on antagonist binding has also been

reported. The apparent a f f i n i t y  of iodinated antagonist radioligands,
1 25including I ( - )P IN  to gg'^drenoceptors on L6 muscle cell  and rat lung

membranes, was increased in the presence of guanine nucleotide with no

change in Bmax (Wolfe and Harden, 1981). The guanine nucleotide

employed in the present study was guanylylimidodiphosphate (Gpp(NH)p),

a nonhydrolysable analogue of GTP that has been shown to be more potent

than GTP in decreasing agonist binding a f f i n i t i e s  at g-adrenoceptors

(Dickinson and Nahorski, 1983). Since a modulatory action of guanine

nucleotide on both agonist and radiolabelled antagonist binding would
125complicate the in terpretat ion of data, I ( - )P IN  binding to human 

p la te le t  and rat lung membranes was evaluated in the presence and 

absence of Gpp(NH)p. In contrast to the results of Wolfe and Harden 

(1981), 1^^I( -)PIN binding was unaltered by Gpp(NH)p (data not shown).

Agonist interaction experiments were thus conducted under assay
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conditions designed to produce a maximal guanine nucleotide e f fe c t .  

Under these conditions, experiments with rat lung membranes exhibited  

the character is t ica l ly  low slope agonist displacement curves in the 

presence of magnesium, and rightward s h i f t  and steepening a f te r  

addition of Gpp(NH)p. These observations are in excellent agreement 

with those previously described for this membrane preparation 

(Dickinson and Nahorski, 1983).

In contrast to the results with rat lung membranes, isoprenaline 

competition curves in human p la te le t  membranes exhibited a steep slope 

fac tor ,  and were not influenced by the addition of Gpp(NH)p. 

Furthermore, agonist binding to human p la te le t  g-adrenoceptors was not 

influenced by Mg'*"*’ alone. The isoprenaline curve previously obtained 

in the absence of Mg** (f igure I I I . 5 . )  was superimposable on that  

observed here in the absence of guanine nucleotide and Na*. In 

addit ion, the overall  a f f i n i t y  of isoprenaline for the p la te le t  

gg-adrenoceptor (in the presence or absence of Gpp(NH)p) was very 

similar  to that found with rat lung in the presence of guanine 

nucleotide, and thus presumably represents the low agonist a f f i n i t y  

state . This in a b i l i t y  of Mg** and Gpp(NH)p to a l te r  receptor a f f i n i t y  

for  agonists in human p la te le t  membranes, is similar  to that previously 

described for the eye" and UNC variants of S49 lymphoma cel ls  in which 

the receptors cannot in teract with a functional G-protein (Bird and 

Maguire, 1978; Cech and Maguire, 1982). I f  one assumes that the extent 

of the guanine nucleotide effect  re f lects  the degree of coupling 

between the receptor and ca ta ly t ic  unit of adenylate cyclase, the above 

results suggest that the p la te le t  G^-adrenoceptor is not coupled to
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adenylate cyclase, whereas the rat lung g-adrenoceptor is 

strongly-coupled, as has been previously demonstrated (Dickinson and 

Nahorski, 1983).

Sodium, unlike Mg** and guanine nucleotide, produced a para l le l  s h i f t  

of the agonist competition curves to a lower overall  a f f i n i t y ,  to a 

similar  degree in both p la te le t  and rat lung membranes in the presence 

and absence of Gpp(NH)p. A similar  e f fect  of Na* in lowering the 

a f f i n i t y  of agonist binding to g-adrenoceptors has previously been 

shown in rat lung and c a l f  cerebel lar  membranes (Heidenreich et a l . ,  

1980; U'Prichard et a l . ,  1978) and more recently in guinea pig lung 

membranes (Minuth and Jakobs, 1986). Furthermore, the l a t t e r  authors 

have also shown that th is  Na* e f fect  is identical in wild type 549 

lymphoma cell  membranes (possessing intact Gs and Gi proteins) and eye" 

349 lymphoma cell membranes (which lack Gs  ̂ subunit).

The data for eye" membranes (Minuth and Jakobs, 1986) and human 

p la te le t  membranes in the presnt study for  Na* regulation of 

g-adrenoceptors, is very similar to that reported previously for  

p la te le t  a^-adrenoceptors. Treatment of p la te le t  membranes with agents 

that  completely eliminate guanine nucleotide e f fec ts ,  did not a f fect  

the Na* regulation of agonist binding to these Og-adrenoceptors 

(Limbird et a l . ,  1982; Limbird and Speck, 1983). In addition,  

treatment of cel ls  with pertussis toxin , which inactivates Gi by 

ADP-ribosylating i ts  guanine nucleotide-binding a subunit (Ui et a l . ,  

1984) was found to eliminate guanine nucleotide regulation of opioid 

receptor binding without reducing the Na* e f fec t  on these receptors
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(Wuster et a l . ,  1984). The data for Na* regulation of g-adrenoceptors 

on eye" membranes (Minuth and Jakobs, 1986) and human p la te le t  

membranes in the present study, lend further  support to the hypothesis 

that the target of Na* ions is apparently d i f fe ren t  from that of Mg** 

and guanine nucleotide.

The results of the present study d i f f e r  s l ig h t ly  from the recent study 

of Wang and Brodde (1985), who have also examined the effect  of guanine 

nucleotide on agonist binding to human p la te le t  membranes. Competition 

curves for isoprenaline, adrenaline and noradrenaline in the absence of 

guanine nucleotide were steep, with slope factors of 0 .85-0.88, s imilar  

to those found in the present study. Addition of guanine nucleotide 

however, apparently produced a minor (<1.8 fo ld)  decrease in overall 

agonist a f f i n i t i e s ,  and steepening of the curves to 0 .95-0.96. These 

data were interpreted to represent the presence of weakly coupled 

gg-adrenoceptors on human p la te le ts .

Experiments were performed to investigate whether or not agonist 

activat ion of the inhib itory  Og-adrenoceptors on the human p la te le t  

influences the coupling of the gg-adrenoceptors on these c e l ls .  

Adrenaline (which has a similar  a f f i n i t y  for both «g" and 

gg-adrenoceptors) competition curves were performed in the presence and 

absence of luM phentolamine, with and without guanine nucleotide. This 

phentolamine concentration has previously been shown to occupy a ll

Gg-adrenoceptors in human p la te le t  membranes (Swart, 1984), and was
125found not to in ter fere  with I ( - )P IN  binding in the present study. 

The results show that although a s imilar  decrease in agonist a f f i n i t y
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with addition of Gpp(NH)p to that reported by Wang and Brodde (1985) 

was observed, the degree of change was not s t a t i s t i c a l l y  s ign i f icant  in 

the present study. Also, addition of phentolamine did not influence 

adrenaline binding : thus, no apparent e f fec t  of this agonist acting 

via Og-adrenoceptors to modulate gg-adrenoceptor coupling was observed. 

I t  should be noted however that  the a f f i n i t y  of adrenaline observed in 

these experiments in the presence of Mg** ( f igure  I I I . 8 . )  was 

s ign i f ican t ly  higher than in the absence of Mg** ( f igure I I I . 5 . ) .  The 

reason for  th is is not known since no change in slope occurred, and 

calculation of the dissociation constant (Kj) for  adrenaline by means 

of the Cheng and Prusoff (1978) equation :

I +[L]
Kd

does not correct this  discrepancy. This equation allows for  the

contribution made by the use of varying radioligand concentrations for

competition experiments on the overall IC^q value. However, since 

125 I ( - )P IN  concentrations [L]  employed for  competition experiments 

throughout the present study were well within the narrow range of 

30-40pM, substitution of these values with a Kd=24.27pM into the above 

equation would give a division factor of 2.23 and 2.65 for  the two 

extremes of ^^^I(-)PIN concentrations respectively.

125In summary, the binding of I ( - )P IN  to human p la te le t  membranes was 

examined, and iden t i f ies  a low density, homogenous population of 

gg-adrenoceptors on these c e l ls .  The use of modulation of agonist
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binding by ions and guanine nucleotide as a means of assessing the

functional coupling of these receptors to adenylate cyclase, fa i le d  to

demonstrate any interaction of receptors and coupling protein : thus, 

in terms of the ternary complex model, these receptors would appear 

non-functional. I t  should be noted however, that although the ternary  

complex model is applicable in many experimental situations, there are 

exceptions. For example, Severne et a l . ,  (1986) found that agonist 

competition binding curves to bovine trapezius muscle membranes 

exhibited properties that could not be accounted for  by the high/low 

agonist a f f in i t y  state model, and introduced a new ' t igh t  agonist 

binding' model to explain th e ir  data. Also, the ternary complex model 

assumes antagonist a f f i n i t i e s  are not modulated by factors such as 

guanine nucleotides or ions, but as mentioned above there are instances 

in which antagonist a f f i n i t i e s  have been shown to be influenced by both

guanine nucleotides (Wolfe and Harden, 1981; Lang and Lemmer, 1985) and

ions (Limbird et a l . ,  1982; Minuth and Jakobs, 1986). Thus, modifica

tion of the ternary complex model to include antagonist bound receptor 

interactions with G proteins may be appropriate. Furthermore, i t  has 

been shown that when an a lkyla t ing g-antagonist was employed to remove 

a large receptor reserve for agonists in the vas deferens, the a f f i n i t y  

of the remaining receptors, for agonists e l i c i t i n g  a functional 

response, correlated with the low a f f i n i t y  state of the receptor. This 

suggests that the high a f f i n i t y  form may not be a functionally  relevant  

state of the receptor (May et a l . ,  1985).

Taken together, the data presented here, with that of Wang and Brodde 

(1985) suggest that the gg-adrenoceptor on the human p la te le t  is poorly
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coupled ( i f  at a l l )  to adenylate cyclase. I t  is possible however, that  

these receptors are very la b i le  and become uncoupled during membrane 

preparations ; or that  a lack of guanine nucleotide ef fect  may be due to 

the presence of nucleotides retained in these membranes during washing; 

or that the technique employed was not s u f f ic ie n t ly  sensitive to detect 

interaction of these receptors with the coupling protein. The 

functional coupling of this receptor was further  evaluated in this  

study by investigating g-agonist stimulated cycl ic  AMP accumulation in 

in tact  plate le ts  (Chapter IV).
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CHAPTER IV

Cyclic AMP accumulation in in tact  human plate le ts



I V . 1. Introduction

The human p la te le t  adenylate cyclase system is responsive to a wide 

variety  of biological agents. Enzyme activat ion can occur via the 

in teraction of compounds such as PGIg, PGE ,̂ PGD̂  or adenosine with 

specific membrane receptors coupled to the stimulatory guanine 

nucleotide binding protein Gs, or by agents such as forskol in ,  or 

stable GTP analogues, which cause activat ion by an apparent interaction  

with Gs or the ca ta ly t ic  subunit. Likewise, enzyme inhib it ion can 

occur via the interaction of agents such as adrenaline 

(og-adrenoceptors), ADP, vasopressin and p la te le t  activat ing factor  

with th e i r  membrane receptors coupled to the inhib itory guanine 

nucleotide binding protein Gi , or by agents that act on Gi or the 

c a ta ly t ic  moiety, e.g . stable GTP analogues and adenosine (P -s i te )  

respectively (see Aktories and Jakobs, 1985).

The role of cyclic AMP in control l ing p la te le t  function is however, not 

well defined. There is considerable evidence to suggest that elevation 

of cycl ic  AMP is important in mediating inh ib it ion  of a number of  

p la te le t  functions such as shape change, aggregation and secretion.

The precise mode of action is not known but may involve several 

mechanisms such as : inhib it ion of agonist-induced phosphoinositide 

hydrolysis (Lapetina, 1984); inhib it ion of cytoplasmic free Ca** 

elevation (Feinstein et a l . ,  1983) by increased Ca** sequestration or 

extrusion (Feinstein et a l . ,  1983; Kaser-Glanzmann et a l . ,  1977); 

interference with the coupling of receptors (thrombin) to a GTP-binding 

protein in the p la te le t  plasma membrane (Halenda et a l . ,  1986) and
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inh ib i t ion  of p la te le t  myosin l igh t  chain Kinase a c t iv i ty  (a Ca** 

activated enzyme) by cyclic  AMP-dependant protein Kinase (Hathaway et 

a l . ,  1981). The importance of adenylate cyclase inhib it ion in the 

control of p la te le t  function is less c lear .  Salzman (1972) proposed 

that p la te le t  activat ion may result from reduced cyclic AMP leve ls .  

Haslam et al (1978) however, have since shown that for  most agents, a 

reduction of p la te le t  cycl ic  AMP is neither necessary nor s u f f ic ien t  to 

induce p la te le t  act ivat ion.

A possible anti-aggregatory role for g-adrenoceptors on human plate le ts  

has been suggested. Functional studies have demonstrated isoprenaline 

induced disaggregation of ADP induced p la te le t  aggregates (Abdulla, 

1969), and isoprenaline inhib it ion of the aggregatory response to 

various stimulatory agonists which apparently is prevented by addition 

of propranolol (Mil ls  and Smith, 1972; Kerry and Scrutton, 1983a).

These effects were reportedly associated with an increase in cycl ic  AMP 

formation since the aggregatory inhib itory response to isoprenaline was 

potentiated by the presence of cyclic AMP phosphodiesterase inhib itors  

(M i l ls  and Smith, 1979), and abolished by addition of 2 ' ,  5'-dideoxya- 

denosine, an adenylate cyclase inh ib i tor  (Kerry and Scrutton, 1983a).

In addit ion, isoprenaline and adrenaline have been shown to increase 

in t ra p la te le t  cyclic AMP levels (Haslam and Taylor, 1979; Mi l ls  and 

Smith, 1971; Kerry and Scrutton, 1983a) and activate p la te le t  adenylate 

cyclase (Abdulla, 1969; Jakobs et a l . ,  1976; 1978).

However, the results of the present study (Chapter I I I )  show that  the 

^2 -adrenoceptors present on human p late le ts  do not appear to be coupled
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to adenylate cyclase. The aim of the study described in th is  chapter 

was to further investigate the coupling of th is  receptor to adenylate 

cyclase by examining isoprenaline stimulation of cyclic  AMP 

accumulation in in tact human p la te le ts . In view of the fact that the 

isoprenaline stimulated changes in cyclic AMP levels reported are very 

small, approximately 1 .4 -1 . 6  fold maximum (Abdulla, 1969; M il ls  and 

Smith, 1971; Jakobs et a l . ,  1978; Kerry and Scrutton, 1983a), an 

attempt was made to potentiate this response by the use of fo rsko lin .  

Forskolin potentiation of hormone responses has been extensively  

studied in a number of ce lls  and previously employed in several studies 

to successfully unmask or detect hormonal responses that were otherwise 

d i f f i c u l t  to observe (Seamon, 1985). Experiments were performed in the 

presence of a phosphodiesterase in h ib ito r ,  to f a c i l i t a t e  detection of 

any changes in cyclic  AMP levels during the course of this study, and 

in the presence and absence of phentolamine to evaluate possible Gg- 

and g^-adrenoceptor in terac tion . As w i l l  be seen from the resu lts , no 

isoprenaline stimulation of cyclic AMP accumulation could be detected 

in these c e l ls .  The study was thus extended to explore the e ffec t  that 

minimal white blood ce ll contamination would have on these resu lts .

IV .2. Methods

IV .2 .1 . Cyclic AMP accumulation

Plate le ts  or mononuclear leukocytes (MNL) were prepared as described in

I I . 3 .2 .2 .  and I I . 3 .2 .3 .  respectively, with the exception that f in a l
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resuspension for both ce ll preparations was in cyclic AMP accumulation 

assay bu ffe r , i . e .  an aerated Krebs buffer containing 0.2mM Na 

metabisulphite and lOOuM RO 20-1724 (a phosphodiesterase in h ib ito r )  

(Appendix 5c). Incubations were performed at 37*C in a f in a l volume of 

500ul. P late lets  or MNL were incubated for 10 minutes prior to the 

addition of phentolamine (1 or lOuM as indicated) and maintained at 

37*0 for a further 5 minutes before e ither (-)isoprenaline  (lOOuM),

PGÊ  (with or without (-)adrenaline) or forskolin (indicated  

concentrations) were added. Incubations were continued for 20 minutes 

(or 45 minutes in experiments involving forskolin ) unless otherwise 

stated, e .g . time course experiments, and rapidly terminated by 

b o iling . Cell suspensions were pelleted by centrifugation and aliquots  

of supernatant assayed fo r  cyclic AMP using a competitive protein  

binding assay (Brown et a l . ,  1971; see Appendix 7b) with an assayable 

range of 0.125-15 pmol cyclic  AMP.

IV .2 .2 . S ta t is t ic a l evaluation of data

Experiments were performed at least three times in quadruplicate 

(except figure IV .4 .)  and the results reported as mean ± SEM. 

S ta t is t ic a l  significance was established by Student's ' t ' tes t for  

comparison of paired means : a p value of <0.05 was considered 

s ig n if ic a n t .  S ta t is t ic a l  evaluation of experimental data presented in 

figure IV .4. was performed by means of covariance analysis, ce ll number 

being f i t t e d  as the independent variab le , and cyclic  AMP concentration 

(or In [cyclic  AMP] fo r  MNL) as the dependent variab le . Values plotted  

represent the mean of quadruplicate data points.
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IV .3. Results

As previously mentioned ( I V . 1 .) the p la te le t  adenylate cyclase system 

is responsive to both stimulatory and in h ib ito ry  agonists. A b r ie f  

study to evaluate whether or not the adenylate cyclase system of the 

purified  p la te le t  suspension employed in th is  study exhibited the 

expected responsiveness was performed. Prostaglandin E^(PGE^) 

stim ulation, and adrenaline inh ib ition  of PGÊ  stimulated cyclic  AMP 

accumulation were examined : both responses are well documented in the 

l i t e r a tu r e  for human p la te le ts  (see IV .4 . ) .

The time course of cyclic  AMP accumulation in response to luM PGE ,̂ 

i l lu s tra te d  in figure I V .1 . ,  showed that PGÊ  stimulation was apparent 

within the f i r s t  2 minutes of incubation and increased stead ily  with 

time for the f i r s t  15 minutes, following which a le ve ll in g  o f f  of 

cyclic  AMP accumulation was observed. An incubation period of 20 

minutes was thus adopted to give an easily  measurable, reproducible  

PGÊ  response above basal. Basal levels of cyclic  AMP were easily  

detectable, and stable, showing i f  anything a s ligh t l in e a r  accumula-, 

tion of cyclic  AMP during this time, as might be expected in the 

presence of a phosphodiesterase in h ib ito r  ( I V . l . ) .  The dose-response 

curve for PGE ,̂ i l lu s tra te d  In figure IV .2 . ,  showed that PGÊ  induced a 

dose-dependant increase in cyclic AMP accumulation. Half-maximal
-7

stimulation was observed at 3x10 M PGE ,̂ with near-maximal stimulation  

attained at 10“ M̂ PGE .̂ Adrenaline induced in h ib it io n  of PGÊ  

stimulated cyclic  AMP accumulation was subsequently examined. The

111



10.0en
eu
CJ

o

o
C L

□l

CJ
I I
CJ
CJ

0 10 20 
Time (mins)

30

Figure IV.1. Time course of PGÊ ŝtimulated cyclic AMP accumulation in
intact human platelets at 37°C

Platelets'were incubated as described in methods section in the presence 
(•) or absence (o) i.e. basal, of luM PGE . Data are quoted as pmol cyclic

g  ^
AMP/10 cells and are representative of two experiments performed in 
triplicate.
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Figure IV.2. Dose response of PGE  ̂stimulated cyclic AMP accumulation
in intact human platelets

Platelets were incubated for 20 minutes at 37°C in the presence (e)  or 
absence (o) of PGE^ (indicated concentrations). Data shown are representative 
of two experiments performed in triplicate.
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o
in h ib ito ry  e ffec t of adrenaline was apparent at around 3x1 0 " M, and 

half-maximal at approximately 10"S (figure  IV .3 . ) .  Maximal in h ib it ion  

of PGÊ  stimulation was between 50-60% and seen with lO’ M̂ adrenaline : 

higher concentrations did not cause further in h ib it io n . These results  

are in excellent agreement with those previously published by other 

workers (see IV .4 . ) .  Having established th is ,  0 -agonist stimulated 

cyclic  AMP accumulation in in tact human p la te le ts  was investigated.

Basal levels of cyclic  AMP in intact human p la te le ts  were l in e a r ly  

related to p la te le t  number (figure IV .4 a ) . Additions of a supramaximal 

stimulatory concentration of isoprenaline (lOOuM), produced no change 

in cyclic  AMP levels above basal even in the presence of 1 or lOuM 

phentolamine to block alpha adrenergic e ffects  of th is  high concentra

tion of isoprenaline (data not shown for c la r i t y ) .  Covariance analysis 

showed no s ign ificant difference between basal and isoprenaline stim ul

ated whole p la te le t  cyclic  AMP levels (with or without phentolamine)

8 9across the range of p la te le t  concentrations used ( 1 0  - 1 0  p la te le ts ) .

In contrast, additions of O.SuM PGÊ  to these ce lls  produced a >10 fold  

increase in cyclic AMP above basal (data not shown) as previously 

described (figure IV .2 . ) .  A time-course of isoprenaline stimulated 

cyclic  AMP accumulation s im ilar to that for PGÊ  (figure I V . 1 .)  was 

performed, but no change in cyclic AMP levels above basal were observed 

(data not shown).

Experiments were performed to explore forskolin potentiation of 

isoprenaline induced cyclic  AMP accumulation in in tac t human p la te le ts .  

Although the primary s ite  of action of forskolin appears to be the
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Figure IV.3 Adrenaline-induced inhibition of PGE  ̂stimulated 
cyclic AMP accumulation in intact human platelets

Platelets were incubated for 20 minutes at 37®C in the presence 
of 5 X  10 M PGE^ and adrenaline (indicated concentrations). Data 
shown are representative of two experiments performed in triplicate,
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Cells were incubated at 37®C for 20 minutes with (-) isoprenaline 
(10Q*iM) in the presence (data not shown) or absence of phentolamine, 
Data presented as pmol cyclic AMP/number of cells represent the 
mean of quadruplicate determinations.
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ca ta ly t ic  unit of the adenylate cyclase system or closely related  

membrane component, forskolin  can also apparently promote the 

in teraction of hormone on guanine nucleotide-activated Gs with the 

c a ta ly t ic  moiety, which results in the potentiation of hormonal 

stimulation of cyclic AMP formation by fo rsko lin . I t  has been
3

suggested that two H-forskolin a f f in i t y  binding sites are observed in 

radioligand binding studies. The low a f f in i t y  s i te ,  with Kd in the yu 

molar range, is proposed to correspond to the s ite  responsible for the 

d irect stimulation of adenylate cyclase, with an EC^g in the range 

1-lOuM. The high a f f in i t y  s ite  with a Kd in the nanomolar range is 

thought to be involved in the synergistic action of forskolin  with 

hormone, an e ffec t which apparently has an ECgg of lO-lOOnM (Seamon, 

1985). Evidence to support th is  concept in p la te le ts  has recently come 

from a study in which agents that activate  adenylate cyclase via Gs
3

have been shown to increase the number of high a f f in i t y  H-forskolin  

labelled sites (Nelson and Seamon, 1986). The concentration of 

forskolin chosen to potentiate agonist-induced cyclic  AMP accumulation 

in th is  study is therefore c r i t i c a l .

Forskolin-stimulated cyclic  AMP accumulation appeared to reach a 

maximal steady state level at around 40-60 minutes (f igure  IV .S . ) .  An 

incubation time of 45 minutes was thus adopted for forskolin potentia

tion experiments. The dose-response curve for forskolin  stimulated 

cyclic  AMP accumulation (figure  IV .6 . )  appeared monophasic, with an 

approximate half-maximal and near maximal response at 10 and lOOuM 

respectively, as has been reported by others (Insel et a l . ,  1982; Siegl 

et a l . ,  1982). Since an EC50  10-lOOnM is reported fo r  forskolin
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Figure IV.5. Time course of forskolin stimulated cyclic AMP accumulation 
in intact human platelets at 37°C

Platelets were incubated as described in the methods section in
the presence (•) or absence (o) i.e. basal, of lOjM forskolin. Data

0
are quoted as pmol cyclic AMP/10 cells and are representative of 
two experiments performed in triplicate.
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accumulation in intact human platelets

Platelets were incubated for 45 minutes at 37°C in the presence 
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scale). Data shown are representative of two experiments performed 
in triplicate.
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potentiation of hormone-stimulated cyclic  AMP accumulation, both lOnM 

and lOOnM forskolin were employed in th is  study. Forskolin (lOOnM) in 

the absence of any other stimulatory agent produced a minimal but 

s ign if ican t increase in cyclic AMP above basal. When this low concen

t ra t io n  of forskolin was added in the presence of lOOuM isoprenaline, 

no further elevation of cyclic  AMP occurred beyond that measured with 

forskolin  alone (table IV .1 . ,  figure IV .7 . ) .  A threshold concentration 

of 30nM PGEj (figure IV .2 .)  which e l ic i te d  a small increase in in t r a 

c e l lu la r  cyclic AMP (<3-fo ld) however, produced characteris tic  potent

ia t io n  of the response in the presence of lOOnM forskolin , with a 

>15-fold increase in cyclic  AMP (table IV .1 . ,  figure IV .7 .)  s im ilar  to 

that observed in the presence of a higher (approximately half-maximal) 

concentration of PGÊ  (0.5uM) in the absence of forskolin (table

I V . 1 . ) .  lOnM forskolin however, produced no s ign ificant change in 

cyclic  AMP levels above basal when added alone, or in combination with 

isoprenaline (table I V . 1 . ) .

The p o ss ib il i ty  that small increases in p la te le t  g-adrenoceptor 

stimulated cyclase a c t iv i ty  in previous studies could be explained by 

minimal contamination from mononuclear leukocytes (MNL) was 

investigated. Various concentrations of MNL (figure  IV .4b .)  were 

incubated with isoprenaline (lOOuM) in the presence or absence of 

phentolamine (luM) as described previously fo r  p la te le ts .  Covariance 

analysis of the data showed that across the range of MNL concentrations 

used, the slope of the best f i t  l ine  fo r  isoprenaline stimulated cyclic  

AMP was s ig n if ica n tly  d if fe re n t to the basal level (p=<0.05). This 

e ffec t  of isoprenaline was not influenced by addition of phentolamine
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Table IV.1. Agonist-induced cyclic AMP accumulation in intact 
human platelets

0
Agonist Cyclic AMP (pmol/10 platelets)

None
Isoprenaline (10Q*<M)
Forskolin (lOnM)
Forskolin (lOOnM)
Isoprenaline (lOÇuM)
+ Forskolin (lOnM)
Isoprenaline (lOQ^)
+ Forskolin (lOOnM)
PGE^ (30nM)

PGE (30nM)
+ Forskolin (lOOnM)
PGE  ̂ ( 0 . ^ )

0.38 + 0.07
0.40 + 0.07
0.33 + 0.06
0.70 + 0.11

0.44 + 0.05

0.75 + 0.18

1.05 + 0.19

14.19 + 5.54

15.70 + 2.66

Platelets (+1/^ phentolamine) were incubated in the presence of 
(-)isoprenaline, forskolin, or PGE^ (indicated concentrations) either 
singularly or in combination as shown. Data quoted are the mean 
- SEM of three separate experiments performed in quadruplicate. 
Statistical significance was established by Students 't' test for 
comparison of paired means ; a * p value of<0.05 was considered 
significant.
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Figure IV.7, Agonist-induced cyclic AMP accumulation in intact 
human platelets

Platelets were incubated as described in the methods section in 
the presence of (-)isoprenaline (100>«M), forskolin (lOOnM) or PGE^ 
(30nM) either singularly or in combinations as shown. Data quoted 
are the mean - SEM of three separate experiments performed in 
quadruplicate.
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Table IV.2. Predicted cyclic AMP levels estimated for given numbers 
of mononuclear leukocytes (MNL)

. X  10® Basal Isoprenaline
(pmol) (pmol)

1.0 1.35 3.09
(0.49,3.73) (1.12,8.57)

0.75 0.63 2.70
(0.23,1.76) (0.97,7.49)

0.5 0.54 2.36
(0.20,1.51) (0.85,6.55)

0.25 0.46 2.06
(0.17,1.29) (0.74,5.73)

MNL were incubated in the presence or absence of lOQoM isoprenaline 
as described for figure IV.4 and the data analysed by covariance 
analysis (see methods section) to give the predicted cyclic AMP 
levels expected to be associated with the presence of given numbers 
of MNL. 95% confidence intervals sire shown in parentheses.
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(data not shown for c la r i t y ) .  Thus, even at the lowest MNL concentra

tion assayed (0.37x10^), isoprenaline stimulation of cyclic  AMP was 

s ig n if ic a n t ly  higher than basal. From the relationship i l lu s tra te d  in 

figure IV .4 . ,  predicted cyclic  AMP accumulation for given values of MNL 

were calculated (tab le  IV .2 . ) .  For example, the presence of 0.5xl0^MNL 

would be expected (95% confidence in terva ls  in parentheses) to produce 

a basal cyclic  AMP of 0.54 pmol (0 .2 ,1 .5 1 ) and isoprenaline stimulated 

cyclic  AMP level of 2.36 pmol (0 .8 5 ,6 .5 5 ) .  Therefore, i f  th is  minimal 

contamination of MNL were present/10^ p la te le ts  (equivalent to 0.05%), 

i t  can be seen from figure  IV .4. that the basal level of approximately 

8 pmol cyclic  AMP/10^ p la te le ts  would not be dramatically a ffected .  

However, a spurious increase in isoprenaline stimulated cyclic  AMP,
Q

equivalent to a level of 8.85-14.55 pmol/10 p la te le ts ,  would occur, 

i . e .  a 1 . 1 - 1 . 8  fold increase, s im ilar to that quoted in other studies 

of human p la te le ts .

IV .4. Discussion

In the present study, basal whole p la te le t  cyclic  AMP levels were 

easily  detectable : thus, any stim ulation, however small, would have 

been readily  observed. However, no isoprenaline stimulated cyclic  AMP 

accumulation could be detected in these p la te le ts ,  free of white blood 

c e ll contamination. Furthermore, addition of phentolamine to block any 

isoprenaline in h ib it io n  of adenylate cyclase at p la te le t  Og'^drenoce- 

ptors did not influence these findings, suggesting that no a^- 

gg-adrenoceptor in teraction occurs in these c e l ls .  These results  

d i f fe r  from those previously reported by others. This raises the
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p o s s ib il i ty  that the c e lls  employed in th is  study may be depleted of 

one or more essential requirements, and thus become unresponsive during 

preparation. Gs, Gi and the adenylate cyclase c a ta ly t ic  moiety of 

these ce lls  however, appear to be functioning as expected for other 

stimulatory and in h ib ito ry  agonists since the data for PGÊ  stimulated 

and adrenaline in h ib it io n  of this response are s im ilar to those 

previously quoted for the adenylate cyclase system of human p la te le ts  

(Moskowitz et a l . ,  1971; Jakobs et a l . ,  1976; Michel and Lefkowitz, 

1982; Insel et a l . ,  1982). Furthermore, i t  is unlikely  that phospho

diesterase breakdown of any cyclic AMP formed following g-agonist 

stimulation is responsible for the absence of any detectable response, 

since experiments were performed in the presence of a phosphodiesterase 

in h ib ito r  and, as mentioned previously, basal levels actua lly  increased 

s lig h t ly  in a l in ea r  manner with time.

Attempts to potentiate agonist induced cyclic  AMP accumulation in these 

cells  by the use of fo rsko lin , also fa i le d  to show any synergistic  

in teraction with the g-agonist isoprenaline, but resulted in a 

s ign if icant potentiation of the PGÊ  response. These results are in 

agreement with those of Siegl et al (1982) who also examined cyclic  AMP 

accumulation in in tact human p late le ts  and found no isoprenaline  

stimulated response in the presence or absence of forskolin . Recently, 

low concentrations of forskolin have been shown to in h ib it  Gs-stimu- 

lated human p la te le t  adenylate cyclase a c t iv i t y ,  an e ffec t that is 

apparently more pronounced at low substrate (Mg^^/ATP) concentrations 

(Watanabe and Jakobs, 1986). No such e ffec t  of forskolin was apparent 

in th is  study, and the importance of th is  in h ib ito ry  e ffec t when
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employing fo rsko lin  as a stimulatory agent is  unclear at present.

The absence of any detectable stimulation of p la te le t  cyclic  AMP by 

isoprenaline in the present study, raised the question of why previous 

studies had observed very small ( 50% or less) increases in p la te le t  

6 -adrenoceptor stimulated cyclic  AMP accumulation (M ills  and Smith, 

1971; Haslam and Taylor, 1971; Kerry and Scrutton, 1983a) or adenylate 

cyclase a c t iv i ty  (Abdulla, 1969; Jakobs et a l . ,  1976; 1978; Wang and 

Brodde, 1985). The p o s s ib il i ty  that these differences related to the 

purity  of the p la te le t  preparations employed was investigated. The 

results show that minimal contamination ( 0.05%) by well coupled 

G^-adrenoceptors on mononuclear leukocytes could explain the spurious 

appearance of a 'weakly coupled' gg-^drenoceptor in the human p la te le t .  

P la te le t  preparation in the present study involved an in t i i a l  

centrifugation of PRP to eliminate WBC and RBC contamination. Using 

th is  method, WBC contamination was always below 0.3x10^ WBC/10^ 

p la te le ts ,  i . e .  less than 0.03% (chapter I I ) .  This is in good agree

ment with other recent studies investigating the human p la te le t  

g-adrenoceptor (Wang and Brodde, 1985; Kerry et a l . ,  1984) which have 

also employed the additional second centrifugation step to eliminate  

WBC contamination, without which s ign if ican t contamination with WBC and 

RBC is possible. However, the e a r l ie r  studies in which g-adrenoceptor 

stimulated adenylate cyclase a c t iv i ty  was observed (Abdulla, 1969; 

Jakobs et a l . ,  1976; 1978; Haslam and Taylor, 1971; M il ls  and Smith, 

1971; Kerry and Scrutton, 1983a) employed only an in i t i a l  

centrifugation step to obtain PRP from whole blood, and no reference is 

made in th e ir  manuscripts as to the degree of WBC and RBC
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contamination. I t  is of in terest to note that the method of p la te le t  

preparation employed by Kerry and Scrutton (1983a), in which 

g-adrenoceptor stimulated cyclic AMP accumulation and in h ib it io n  of 

aggregation were reported, employed only the single centrifugation  

step, whilst a more recent study by the same workers investigating  

g-adrenoceptor radioligand binding on these ce lls  employed the 

additional second centrifugation step (Kerry et a l . ,  1984).

In summary, the above results confirm the previous finding (chapter 

I I I )  of lack of coupling of the human p la te le t  g^-adrenoceptor to 

adenylate cyclase. Evidence is presented to support the suggestion 

that previous reports of coupling of th is  receptor to adenylate cyclase 

may have been p a r t ly ,  or t o t a l ly ,  due to a contribution from g-adreno- 

ceptors present on other blood c e l ls .  The presence of a very weakly 

coupled g-adrenoceptor on these cells  however cannot be elim inated, 

since isoprenaline induced inh ib it ion  of p la te le t  aggregation cannot be 

easily  explained to occur via the involvement of other blood c e l ls .  

Small changes ( 1.5 fo ld )  in cyclic  AMP levels above basal have 

previously been reported to produce s ign if ican t in h ib it ion  of p la te le t  

aggregation (Siegl et a l . ,  1982). I t  is therefore possible that  

changes in cyclic  AMP levels of less than th is  are s u ff ic ie n t to 

in i t i a t e  an in h ib ito ry  response, and that present techniques are not 

sensitive enough to detect such changes. Adenylate cyclase studies on 

lysates prepared from p la te le ts  free of contamination from other blood 

ce lls  may help c la r i fy  the s ituation in the fu ture . I t  is also 

conceivable that gg-adrenoceptors may modulate p la te le t  responsiveness 

via a biochemical e ffec to r  system other than adenylate cyclase, as has
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been suggested fo r  Cg-adrenoceptors on these c e l ls .

A possible ro le  fo r  Bg-^drenoceptors as modulators o f p la te le t  

responsiveness to s tim ulatory  agonists was explored in the following  

chapter (chapter V).
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CHAPTER V

3 -adrenoceptor modulation of p la te le t  responses 

to other stimulatory agonists 

-  aggregation and secretion studies



V . l .  Introduction

As mentioned previously (see IV .1.) a possible anti-aggregatory role  

fo r  human p la te le t  g-adrenoceptors has been suggested. P la te le t  

aggregation studies have reported an isoprenaline induced disaggrega

tion of ADP induced p la te le t  aggregates (Abdulla, 1969) and isoprena

l in e  in h ib it ion  of the aggregatory response to various stimulatory  

agonists including thrombin, ADP, vasopressin and collagen (M il ls  and 

Roberts, 1967; M ills  and Smith, 1971; M il ls  and Smith, 1972; Yu and 

Latour, 1977; Kerry and Scrutton, 1983a). These effects  were 

reportedly associated with an increase in in t ra p la te le t  cyclic  AMP 

formation and apparently prevented by the addition of g-adrenoceptor 

antagonists (see IV .1. and IV .4 . ) .  I t  was thus assumed that  

g-adrenoceptor induced in h ib it ion  of p la te le t  responses to stimulatory  

agonists occurred via an elevation of in t ra p la te le t  cyclic  AMP leve ls .  

The results of the present study however suggest that th is  may not be 

the case in that the human p la te le t  g-adrenoceptor does not appear to 

be coupled to adenylate cyclase (chapters I I I  and IV ) .  This raised the 

p o s s ib il i ty  that th is  g-adrenoceptor may function via an e ffec to r  

system other than adenylate cyclase.

Several agonist-receptor controlled transduction processes have been 

proposed to occur in the p la te le t ,  those considered to be of major 

importance at present involve cyclic  AMP, 1 ,2-diacylglycerol (DG), 

inos ito l 1,4,5-trisphosphate ( IP 3 ) and calcium (Ca*^). As b r ie f ly  

mentioned above (see also 1 .1 .3 . )  in h ib it ion  of p la te le t  responsiveness 

is associated with agonist induced elevations of the in t ra c e l lu la r
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concentration of cyclic  AMP, whilst p la te le t  activation is associated 

with agonist-induced elevations in the in t ra c e l lu la r  concentrations of 

DG, IPg and Ca**. Both the inh ib ito ry  and stimulatory pathways have 

much in common (figure  V . l . ) .  In both, the agonist is recognised by 

specific  ce ll surface receptors which transmit information across the 

plasma membrane via G proteins. The G proteins activate  an 'a m p lif ie r '  

enzyme located on the inner surface of the membrane which then converts 

precursor molecules into second messengers. For the in h ib ito ry  second 

messenger pathway the enzyme adenylate cyclase converts Mg^^.ATP into  

cyclic  AMP, whilst in the stimulatory pathway the enzyme phospholipase 

C converts the membrane inosito l-conta in ing phospholipids (phosphatidyl 

inosito l 4,5-bisphosphate : PIPg and possibly also phosphatidyl 

inosito l : PI and phosphatidyl inosito l 4-phosphate : PIP) into DG and 

the corresponding inosito l phosphates including IP^ (see Drummond and 

MacIntyre, 1987 fo r review).

Cyclic AMP, once formed, stimulates a specific  cyclic  AMP-dependent 

protein Kinase or Kinase A which catalyses the phosphorylation of 

various p la te le t  proteins to induce a functional change (Krebs, 1984; 

Berridge, 1985). Cyclic AMP acts in p la te le ts  to modify the rate of 

production and inactivation  of the stimulatory second messenger 

molecules Ca^^ and DG (Kaser-Glanzmann et a l . ,  1977; Feinstein et a l . ,  

1983; Lapetina, 1984) and may also antagonise th e ir  effects  to prevent 

or reverse agonist-induced p la te le t  activation (Hathaway et a l . ,  1981). 

Cyclic AMP action is terminated via phosphodiesterase (PDF) hydrolysis.

S im ilarly  the main s ite  of action of DG, once formed, appears to be the
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activation  of protein Kinase C (Takai et a l . ,  1979; Kishimoto et a l . ,  

1980; Nishizuka, 1984). DG acts by increasing the a f f in i t y  of this  

enzyme for phosphatidyl serine and Ca** such th a t ,  providing enough DG 

is formed, activation  of protein Kinase C can occur at resting levels  

of Ca**. The other primary product of phospholipase C action on 

membrane phosphoinositides, IPg, is believed to stimulate the m obili

sation of Ca** from in tra c e l lu la r  stores (O'Rourke et a l . ,  1985; Brass 

and Joseph, 1985). Released Ca** may act via a d irect combination with 

a target enzyme, or via an in teraction with the Ca** acceptor protein  

calmodulin (Cheung, 1980).

I t  has been proposed that both Ca**-calmodulin dependent and protein  

Kinase C-dependent phosphorylation reactions are necessary for fu l l  

p la te le t  activation  (Kaibuchi et a l . ,  1983). Both limbs of the 

stimulatory pathway can be mimicked through the use of Ca** ionophores 

e .g . A23187 or ionomycin to increase cytosolic Ca**, and with e ither  

membrane permeable DG's (e .g . DC8) or phorbol esters to bring about the 

activation of protein Kinase C (Kaibuchi et a l . ,  1983; Lapetina et a l . ,  

1985). Using such probes i t  has been shown that addition of one or 

other agent alone e l ic i t s  a portion of the fu l l  hormonal response 

w hile , in combination, the response obtained is indistinguishable from 

that generated by the receptor agonist, i . e .  protein Kinase C and Ca** 

in te rac t in a synergistic manner to produce secretion and aggregation 

(Kaibuchi et a l . ,  1983; Nishizuka, 1984). In addition, protein Kinase 

C appears to have a negative feedback influence over p la te le t  ac t iv a 

t io n , in that p r io r  stimulation of protein Kinase C with phorbol esters  

or a membrane permeable DG can reduce the a b i l i t y  of an agonist to
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activate  phospholipase C. This has been demonstrated as an in h ib it io n  

of subsequent PTPg hydrolysis (Watson and Lapetina, 1985; Zavoico et 

a l . ,  1985; Rittenhouse and Sasson, 1985), an in h ib it io n  of 

in t ra c e l lu la r  Ca** mobilisation (MacIntyre et a l . ,  1985b) and an 

increase in IPg breakdown (Molina y Vedia and Lapetina, 1986). Thus, 

protein Kinase C is hypothesised to have a b id irectiona l role in 

p la te le t  activation i . e .  i t  is involved in both secretion and 

aggregation and also in l im it in g  p la te le t  a c t iv a t io n .

In addition to the second messenger pathways depicted in f igure  V . l . ,  

there may also be a role for adenylate cyclase in h ib it ion  in the 

control of p la te le t  function. At present, there is no evidence to 

suggest that p la te le t  activation is accompanied by a decrease in 

in t ra c e l lu la r  cyclic AMP levels below basal (see IV .1 . ) .  The 

inh ib ito ry  e ffec t of certa in  aggregatory agonists on adenylate cyclase 

a c t iv i ty  may therefore be one of modulating the effects  of other 

agonists e .g . on phosphoinositide metabolism.

I t  has been suggested that cyclic GMP may modulate p la te le t  responsi

veness. Agents such as nitroprusside, which elevate in t ra c e l lu la r  

cyclic  GMP le ve ls , have been shown to in h ib it  p la te le t  function. The 

mechanism involved is not understood (Haslam et a l . ,  1980). 

Furthermore, cyclic  GMP levels have been shown to rise in response to 

the addition of certain p la te le t  stimulatory agonists. This occurs 

a f te r  a re la t iv e ly  long lag phase (Haslam et a l . ,  1980). In some cell  

types, guanylate cyclase, the enzyme that converts GTP to cyclic  GMP, 

is not connected to a receptor, and cyclic  GMP formation often occurs
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a fte r  the activation of phosphoinositide hydrolysis (Berridge, 1985).

In p la te le ts ,  cyclic  GMP apparently in h ib its  agonist induced elevation  

of in t ra c e l lu la r  calcium (MacIntyre et a l . ,  1985b). I t  is therefore  

possible that cyclic  GMP may function as a negative feedback to l im i t  

p la te le t  responsiveness.

A number of c e l lu la r  processes have been shown to corre late  with 

changes in in t ra c e l lu la r  pH, suggesting a possible second messenger 

role for H*. Evidence fo r  such a role in p la te le ts  is contradictory.  

Horne et a l . ,  (1981) have reported that thrombin induced p la te le t  

activation correlates with an increase in cytosolic pH, whilst Rotman 

and Heldman (1982) observed no change in pH with p la te le t  a c t iv a t io n .

At present, the role ( i f  any) of pH in p la te le t  function awaits 

d e f in it io n .

P la te le t activation by a number of agonists is accompanied by the 

release of arachidonic acid from membrane phospholipids via the action  

of phospholipase A^. Arachidonic acid once released is rapidly  

converted by a cyclooxygenase enzyme to the la b i le  endoperoxides PGGg 

and PGHg. The endoperoxides which can themselves activate  p la te le ts  

are converted into the potent aggregating agent and vasoconstrictor 

thromboxone Â  (TxAg) (Hamberg et a l . ,  1975). Free arachidonic acid 

may apparently also be liberated as a consequence of stimulated phosph

oinositide metabolism e ith er  via diacyl glycerol lipase hydrolysis of 

diacyl glycerol (Rittenhouse-Simmons and Deykin, 1981), or via the 

action of monoglyceride lipase on a converted form of diacyl glycerol 

(Majerus et a l . ,  1983). I t  seems uncertain at present which of these
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two sources of arachidonic acid is the i n i t i a l  and major source; 

however, the resultant endoperoxide and TxAg formation provides a 

positive feedback mechanism to promote p la te le t  ac t iva t io n .

From the above information i t  is c lear that the stimulus-response 

coupling mechanisms believed to be involved in the control of p la te le t  

function are both numerous and complex. Information availab le  at 

present does not allow a precise d e fin it io n  of how in h ib ito ry  and 

stimulatory pathways contribute to the f in a l  p la te le t  response, but 

does unequivocally demonstrate a high degree of in teraction between the 

mechanisms present. In th is  respect, i t  is possible that the 

anti-aggregatory e ffec t  of isoprenaline may be mediated by any one of 

the mechanisms described.

The aim of the study described in th is  chapter was to reproduce and 

extend previous studies in which an isoprenaline induced in h ib it io n  of 

the aggregatory response to certain stimulatory agonists was observed, 

and in so doing to attempt to delineate how isoprenaline may produce 

th is  e ffec t i f  i t  is not via elevation of in t ra c e l lu la r  cyclic  AMP. 

Thrombin, adenosine diphosphate (ADP) and vasopressin were selected for  

use as stimulatory agonists since they had previously been employed by 

others. The e ffec t of isoprenaline on the p la te le t  response to these 

agonists was evaluated in the presence and absence of the a-adrenoce- 

ptor antagonist, phentolamine and the g-adrenoceptor antagonist, 

( - ) t im o lo l (Leo la b o ra to r ie s ) . Timolol was employed because of i ts  

reported low membrane-stabilising a c t iv i ty  and lack of e ffec t on 

p la te le t  aggregation (Green et a l . ,  1985).
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Two p la te le t  responses were examined : i )  reversible or primary 

aggregation, which apparently does not involve p la te le t  secretion and 

thus avoids possible complications from the e ffects  of the secretory 

response, and i i )  p la te le t  secretion, an event that is reportedly  

associated with secondary irreve rs ib le  aggregation (see 1 .1 .3 ,  for  more 

d e t a i l ) .

V.2. Methods

V.2 .1 . P la te le t Preparation

Blood was drawn from healthy normal volunteers using a 19 gauge needle 

into 0.1 volumes of 3.2% sodium c it r a te  as anticoagulant. The sample 

was centrifuged at 700g fo r  5 minutes at room temperature and the 

p la te le t  rich plasma (PRP) removed with a p las tic  pipette and stored 

in a t ig h t ly  capped p las tic  container at room temperature for use in 

aggregation (V .2 .2 . )  or secretion studies ( V .2 .3 . ) .  The remaining 

sample was centrifuged at lOOOg fo r  10 minutes at room temperature to 

obtain p la te le t  poor plasma (PPP). Before use, PRP was diluted with 

PPP to give a p la te le t  count of approximately 300 x 10^/ml.

V .2 .2 . P la te le t Aggregation.

Photometric detection of aggregation in p la te le t  rich plasma (PRP) or 

washed p la te le t  suspensions, i n i t i a l l y  described by Born (1962), is the 

most commonly used technique for monitoring th is  response and was
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employed in the present study. The method depends on the measurement 

of changes in l ig h t  transmission through a s t ir re d  p la te le t  sample. As 

p la te le t  aggregates are formed, the l ig h t  in tens ity  passing through the 

sample increases in proportion to the extent and rate of aggregation.

PRP samples (1.0ml) were incubated at 37*C in si 1 iconised glass 

cuvettes fo r  3 minutes prio r to testing in a Payton dual channel 

aggregometer connected to a Rikadenki chart recorder. The recorder was 

set so that PRP gave about 10% l ig h t  transmission and PPP gave 100% 

transmission. Samples were s tirred  at SOOrpm and agents added in a 

small volume (<40ul) within 1 minute of placing the sample cuvette in 

the aggregometer.

Thrombin, adenosine diphosphate (ADP) and vasopressin were used as 

aggregatory agents. When more than one agent was to be added, a 30 

second time interval was allowed before subsequent additions were made 

and the sequence employed was : antagonist (phentolamine or t im o lo l) ,  

followed by isoprenaline followed by aggregatory agent (thrombin, ADP 

or vasopressin).

V .2 .3 . P la te le t Secretion

P la te le t  secretion of dense granule constituents was assessed by 

monitoring the release of the adenine nucleotides, ADP and adenosine 

triphosphate (ATP).

Total and released ATP and ADP were determined by a bioluminescent

138



technique using a s tab ilised  f i r e f l y  lu c i fe r in - lu c ife ra s e  reagent (ATP 

monitoring reagent LKB) and an LKB luminometer (Summerfield et a l . ,  

1981). The monitoring reagent gives a constant l ig h t  output that is 

d ire c t ly  proportional to ATP concentration. ADP may be assayed a f te r  

f i r s t  phosphorylating to ATP using pyruvate Kinase (PK) in the presence 

of phosphoenolpyruvate (PEP). The d ifference in ATP before and a f te r  

phosphorylation therefore represents the ADP content of the sample (see 

Appendix 9 for further explanation).

To prepare extracts of PRP for analysis of to ta l nucleotides, 50ul of 

PRP was added to 450ul of Triton-Tris-EDTA, allowed to stand fo r 1 

minute and then stored frozen at -40°C fo r  assay (Appendix 9 ) .

To prepare extracts of PRP for analysis of released nucleotides, 

samples of PRP (400ul) were prewarmed to 37*C in a siliconised glass 

cuvette for 3 minutes prio r to tes tin g . Samples were s t ir red  at SOOrpm 

and agents added in a small volume (<40ul) within 1 minute of placing 

the cuvette in the aggregometer.

Thrombin and ADP were used as aggregating agents. When more than one 

agent was to be added, a time interval of 30s was allowed before 

subsequent additions were made and the sequence employed was as 

described for aggregation studies ( V .2 .2 . ) .  Reactions were allowed to 

continue for times indicated (V .3 .)  before being terminated by the 

addition of 40ul ice cold O.IM EDTA. Samples were immediately 

centrifuged at lOOOg for 10 minutes at 0 -  4®C to obtain PPP. lOOul of 

PPP was then removed, mixed with 400ul of Triton-Tris-EDTA, allowed to
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stand for 1 minute and then stored frozen at -40*C fo r  assay (Appendix 

9 ).

All samples were assayed in duplicate. For thrombin stimulated samples 

both ATP and ADP levels were measured, fo r  ADP stimulated samples 

however only ATP measurements were meaningful. Thus only the ATP 

results are given. Values for released ATP are expressed as e ither  

percentage of to ta l ATP or as a percentage of the control response 

( 100%).

V.3. Results

P la te le t  aggregation to thrombin, ADP and vasopressin was monitored 

turbidom etrically  as described in the methods section. In a l l  cases 

stimulatory agonists were added at a concentration which gave a 

near-maximal reversible aggregatory response. Only the extent of the 

primary phase of aggregation was considered in these measurements and 

no attempt was made to analyse the shape of the aggregation tracings. 

When analysed in th is  way, the presence and absence of phentolamine was 

found to make no difference to the response observed in the presence of 

isoprenaline. For c la r i t y ,  only data obtained in the presence of 

phentolamine (lOuM) is presented; thus, any action of a high 

isoprenaline concentration at p la te le t  ag-adrenoceptors is elim inated. 

In addition, when the effects  of luM and lOuM phentolamine were 

compared, the results obtained were id e n tic a l;  thus, although a 

concentration of luM phentolamine has been used elsewhere in th is  

study, in th is  chapter lOuM phentolamine was employed so that the
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results obtained could be compared d ire c t ly  with those of previous 

studies (Kerry and Scrutton, 1983a).

Thrombin induced aggregation in PRP was s ig n if ic a n t ly  inhib ited by the 

addition of increasing concentrations of (-) isoprenaline  (f igure  V .2 . ) .  

The extent of the in h ib it ion  was s im ilar  over the concentration range 

of ( - ) isoprenaline employed, i . e .  O.l-lOOuM, and apparently prevented 

by the presence of luM t im o lo l.  S im ila r ly , in h ib it io n  of thrombin-ind

uced aggregation was also observed in the presence of (+ )isoprenaline,  

but, although apparent at O.l-lOuM, was only s ta t is t ic a l ly  s ig n if ican t  

at lOOuM. I t  should be noted, however, that although the mean data 

presented was s ig n if ic a n t ly  d if fe re n t from contro l, in three out of 

seven subjects the observed responses on addition of ( - )  or (+) 

isoprenaline were indistinguishable from those obtained with thrombin 

alone.

Similar results were obtained for vasopressin-induced aggregation, in 

that both ( - )  and (+)isoprenaline inhib ited the observed response. 

Furthermore, the (-) isoprenaline  e ffec t was absent in the presence of 

t im o lo l.  However, the in h ib ito ry  e ffec t was only s ign if ican t at high 

isoprenaline concentrations and was in fact more pronounced in the 

presence of (+)isoprenaline (f igure  V .3 . ) .

In contrast, ADP-induced aggregation was not s ig n if ic a n t ly  influenced 

by the presence of ( - )  or (+ )isoprenaline, or by timolol (f igure  V .4 . ) .

The time course of thrombin-induced p la te le t  secretion was examined.
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Figure V.2. Thrombin-induced aggregation of human platelet rich plasma

Platelet rich plasma was prepared and platelet aggregation monitored as 
described in the methods section. Aggregation was induced by thrombin 
at a concentration which gave a near-maximal aggregatory response 
(concentration range = 0.1-0.3U/ml). lOuM phentolamine was present 
throughout. Aggregation was monitored in response to thrombin alone 
= control; thrombin with increasing concentrations of (-)isoprenaline 
in the absence (o) and presence of timolol (•); and thrombin with 
increasing concentrations of ( + )isoprenaline (a). Data are presented 
relative to control and represent the mean -SEM of seven separate 
experiments. Results were analysed using Students 't' test for 
paired data. x=p<0.05.
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Figure V.3. Vasopressin-induced aggregation of human platelet
rich plasma

Platelet rich plasma was prepared and platelet aggregation monitored 
as described in the methods section. Aggregation was induced by 
vasopressin at a concentration which gave a near-maximal • aggregatory 
response (concentration range = 0.91-91.4U/ml vasopressin). lOuM 
phentolamine was present throughout. Aggregation was monitored in 
response to vasopressin alone = control; vasopressin with increasing 
concentrations of (-)isoprenaline in the absence (o) and presence of 
timolol (•); and vasopressin with increasing concentrations of 
( + )isoprenaline (a). Data are presented relative to control and 
represent the mean -SEM of six separate experiments. Results were 
analysed using Students 't' test for paired data, x = p<0.05.
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Figure V.4. ADP-induced aggregation of human platelet rich plasma

Platelet rich plasma was prepared and platelet aggregation monitored 
as described in the methods section. Aggregation was induced by 
ADP at a concentration which gave a near-maximal aggregatory response 
(concentration range = 0.5-1.OuM ADP). lOuM phentolamine was present 
throughout. Aggregation was monitored in response to ADP alone 
= control; ADP with increasing concentrations of (-)isoprenaline 
in the absence (o) and presence of timoloK#); and ADP with increasing 
concentrations of (+)isoprenaline (o ). Data are presented relative 
to control and represent the mean -SEM of five separate experiments. 
Results were analysed using Students 't' test for paired data.
None of the values were significantly different from control.
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Figure V.5. Time course of thrombin-induced ATP release in platelet 
rich plasma

Platelet rich plasma was prepared and ATP release measured as described 
in methods section and appendix 9. lOuM phentolamine was present 
throughout. ATP release was induced by l.OU/ml thrombin in the 
absence (o) and presence (•) of lOOuM (-)isoprenaline for the times 
indicated. Data are presented relative to total platelet ATP and 
represent the mean -SEM of three separate experiments. Results 
were analysed using Students ’t' test for paired data, x = p<0.05.
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Figure V.6. Thrombin induced ATP release in platelet rich plasma

Platelet rich plasma was prepared and ATP release measured as described 
in methods section and appendix 9. lOuM phentolamine was present 
throughout. ATP release was induced by thrombin alone (l.OU/ml 
for 60 seconds) = control; thrombin with increasing concentrations 
of (-)isoprenaline in the absence (o) and presence of timolol (•); 
and thrombin with increasing concentrations of (+)isoprenaline ( D  ) .  

Data are presented relative to control and represent the mean -SEM 
of three separate experiments. Results were analysed using Students 
't' test for paired data, x = p<0.05.
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Figure V.7. ADP induced ATP release in platelet rich plasma

Platelet rich plasma was prepared and ATP release measured as described 
in methods section and appendix 9. lOuM phentolamine was present 
throughout. ATP release was induced by ADP alone (5uM ADP for 60 
seconds) = control; ADP with increasing concentrations of (-)isoprenaline 
in the absence (o) and presence of timolol (•); and ADP with increasing 
concentrations of ( + )isoprenaline (q ). Data are presented relative 
to control and represent the mean -SEM of three separate experiments. 
Results were analysed using Student's 't' test for paired data.
None of the values were significantly different from control.
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ATP release was found to be rapid, reaching a steady state maximal 

level within 20 seconds (f igure  V .5 . ) .  When lOOuM (-) isoprenaline  was 

added, a s ig n if ica n t decrease in the amount of ATP released within th is  

i n i t i a l  20 seconds was observed. From 30 seconds onwards the amount of 

ATP released, although apparently lower than that fo r  thrombin alone, 

was not s ig n if ic a n t ly  d i f fe re n t .  Thus, (-) isoprenaline  appeared to 

have shifted the time course of thrombin-induced ATP release. When 

various concentrations of ( - )  and (+)isoprenaline were added, in h ib i 

tion of ATP release appeared to be a concentration dependent process 

( f igure  V .6 .)  that was absent i f  timolol was present. However, the 

dose-effect re lationship for both ( - )  and (+)isoprenaline were s im ilar  

with an apparent ha lf  maximal e ffec t for both at around 0.5uM.

Vasopressin induced ATP release was not evaluated since in the 

aggregation study only two out of six subjects exhibited a secondary 

aggregation response to vasopressin even at 91.4U/ml.

When ADP-induced ATP release was examined, addition of (+) or 

( -) iso p ren a lin e , or timolol did not s ig n if ic a n t ly  influence the control 

response (f igure  V .7 . ) .

V.4. Discussion

The results of th is  study suggest that isoprenaline has an in h ib ito ry  

e ffec t on thrombin- and vasopressin-induced primary aggregation. The 

extent of th is  in h ib ito ry  e ffec t is s im ilar to that quoted by others 

(Yu and Latour, 1977; Kerry and Scrutton, 1983a). Furthermore,
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isoprenaline also appears to in h ib it  thrombin-induced dense granule 

secretion. From the results of this b r ie f  study i t  is not c lear  

whether these isoprenaline effects are mediated via occupancy of the 

gg-adrenoceptors present on human p la te le ts .  On the one hand, in h ib i 

tion of these isoprenaline effects by the addition of timolol suggests 

that they are 6-adrenoceptor e ffec ts , while on the other hand, the lack 

of discrimination between ( - )  and (+)isomers of isoprenaline on vasopr

essin-induced primary aggregation and thrombin-induced secretion 

suggest these to be non-6-adrenoceptor e ffe c ts .  The only isoprenaline  

e ffec t  to exhib it s tereose lec tiv ity  was thrombin-induced primary 

aggregation and, as mentioned in the results section (V .3 . ) ,  th is  

e ffec t  was only s ig n if ic a n t ly  d if fe re n t from control in four out of 

seven subjects.

The situation is further complicated by the fact that 6-adrenoceptor 

antagonists themselves are reported to have an inh ib ito ry  e ffec t  on 

p la te le t  responsiveness to stimulatory agonists both in vivo and in 

v i t ro .  (Campbell et a l . ,  1981a,b; Weksler et a l . ,  1977). The concen

tra t io n  range required fo r  inh ib ition  is two orders of magnitude higher 

than that required fo r  occupancy of the p la te le t  6-adrenoceptor, and 

(+) and (-)isomers of the antagonists are equally e ffec tive  as in h ib i 

tors (M ills  and Roberts, 1967; Weksler et a l . ,  1977; Kerry et a l . ,  

1984b). Such observations suggest that in h ib it io n  of p la te le t  aggrega

tion by these 6-adrenoceptor antagonists is not a 6-adrenoceptor 

mediated e ffec t but may be due to the membrane s tab il is in g  a c t iv i ty  of 

these agents, or to th e ir  inh ib ito ry  e ffe c t  on thromboxane synthesis 

(Greer et a l . ,  1985). There is no evidence from th is  study however to
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suggest that timolol is acting via mechanisms other than Gg-adrenocep- 

to r  occupancy since; i )  as previously reported, (see V .3 .)  i t  did not 

in h ib it  p la te le t  responsiveness to the stimulatory agonists employed, 

and i i )  the concentration of timolol employed was not in excess of that 

required for 6-adrenoceptor occupancy (Rugg et a l . ,  1978).

In contrast to previous studies (Abdulla, 1969; Kerry and Scrutton, 

1983a) no isoprenaline in h ib it ion  of ADP-induced primary aggregation 

was observed in th is  study. The reason for th is  is not known, but 

since the degree of isoprenaline in h ib it ion  of ADP-induced p la te le t  

aggregation varies considerably from one study to another (Adbulla, 

1969; Kerry and Scrutton, 1983a) i t  is possible that the v a r ia b i l i t y  

observed is a consequence of the technique employed, i . e .  photometric 

determination of p la te le t  aggregation. Although immensely useful in 

the study of p la te le t  physiology and pharmacology this technique has 

several inherent drawbacks, the main one being the fact that at best i t  

is only sem i-quantitative. In addition, i t  has been shown that when 

ADP-induced aggregation is examined d ire c t ly  by l ig h t  microscopic 

methods or electronic p a r t ic le  size analysis, extensive aggregation can 

occur in the absence of l ig h t  transmission changes (Born and Hume,

1967; Nichols and Bosmann, 1979). Born and Hume (1967) reported 87% 

loss of single p la te le ts  with 7% change in l ig h t  transmission. 

Furthermore, a recent report has indicated that p la te le t  aggregation 

can produce e ither decreases or increases in l ig h t  transmission 

depending on the size and shape of the aggregate partic les  formed 

(Maiinski and Nelsestuen, 1986). An additional complication in the 

analysis of l ig h t  transmission data of primary reversible aggregation
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is the decrease in l ig h t  transmission associated with shape change and 

increased p la te le t  density (Michal and Born, 1971). Hence, quantita 

t iv e  analysis of aggregation traces with respect to the absolute degree 

of aggregation present is d i f f i c u l t  and results in poor reproduc ib ility  

and large SEM's (in  figures V .2 -4 . ) .

When ADP-induced secretion was examined, no e ffec t of isoprenaline was 

observed. In order to ensure that dense granule secretion from 

p la te le ts  of volunteers partic ipa ting  in the study was normal, to ta l  

and released ATP and ADP were measured in the presence of thrombin. In 

a ll  cases, to ta l ATP, to ta l ADP, released ATP, released ADP and hence 

ATPrADP ratios for to ta l and released nucleotides were well within the 

normal ranges expected for these parameters. However, despite the fact  

that secretion studies provide a more easily  definable quantita tive  

response, considerable in te r -  and intra-assay v a r ia b i l i ty  was observed 

as demonstrated by the large SEM's calculated (see figures V.5 to V .7 ) .  

Problems of reproducib ility  were further compounded by a rapid 

diminished responsiveness of the p late le ts  to agonist-induced dense 

granule secretion. For instance, control responses to thrombin were 

reduced to 60-70% of i n i t i a l  response within 45-60 minutes of blood 

taking. The number of determinations that could be performed with each 

sample was thus s ig n if ic a n t ly  lim ited .

Overall, the results of th is  study suggest that isoprenaline does have 

an inh ib ito ry  e ffec t on thrombin- and vasopressin-induced primary 

aggregation and on thrombin-induced dense granule secretion, but does 

not a ffect ADP-induced responses. In order to t r y  and delineate how
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and where isoprenaline might exert th is  in h ib ito ry  e ffec t  i t  is 

necessary to consider how thrombin, vasopressin and ADP are believed to 

in i t i a t e  p la te le t  ac tiva tio n .

P la te le t  receptors for a l l  three agents have been id e n t if ie d .  Two 

classes of p la te le t  thrombin binding sites have been id en t if ie d  : a 

high a f f in i t y  low capacity s ite  (Kd=10nM, 500 sites per c e l l )  and a 

lower a f f in i t y  high capacity s ite  (Kd=100nM 50,000 sites per c e l l )  

(Detwiler and McGowan, 1985; McGowan and Detw iler, 1986). Thrombin, a 

serine protease, is the most potent and efficacious p la te le t  agonist, 

and at present i t  is not known whether thrombin-induced p la te le t  

activation is a consequence of proteolytic  hydrolysis of a p a rt ic u la r  

substrate or of a classical agonist-receptor in teraction (MacIntyre et 

a l . ,  1986). P la te le t receptors for vasopressin belong to the 

receptor subtype. Radioligand binding studies have id e n t if ie d  a single  

class of binding s ites (90-150 sites per c e l l )  with a Kd of 1.3-24nM 

depending upon the presence and absence of divalent cations (Pletscher 

et a l . ,  1985; V it te t  et a l . ,  1986). The p la te le t  ADP receptor appears 

from pharmacological analyses to be unique and has been designated a 

Pgy-purinoreceptor (Cusack et a l . ,  1985; Gordon, 1986). Radioligand 

binding studies have id en t if ie d  a single class of binding sites fo r  ADP 

on human p late le ts  : 400-1200 sites per ce ll with a Kd of 15nM 

(Macfarlane et a l . ,  1983).

Thrombin- and vasopressin-induced p la te le t  activation is apparently 

associated with phosphionositide hydrolysis (Rittenhouse-Simmons, 1979; 

Rittenhouse and Sasson, 1985; Si ess et a l . ,  1986; MacIntyre et a l . .
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1985 c,d) and an elevation in in tra c e l lu la r  Ca^^\ (Hallam and Rink, 

1985; MacIntyre et a l . ,  1985c) that is markedly reduced upon removal of 

e x tra ce llu la r  Ca^^. This suggests that in f lu x  of e x tra c e llu la r  Ca^* is 

the major source of Ca^^, or that mobilisation of internal Ca*^ is  

dependent i n i t i a l l y  on an in flux  of external Ca** (Hallam et a l . ,

1984a,b; Rink et a l . ,  1982; MacIntyre et a l . ,  1985c). The re lationship  

between phosphoinositide hydrolysis and the opening of a putative Ca** 

channel remains to be determined. In addition , vasopressin via  

receptors and thrombin via a process involving G i, apparently in h ib it  

adenylate cyclase a c t iv i ty  in membranes (Aktories and Jakobs, 1984; 

Haslam and Rosson, 1972) but not in in tact ce lls  (Vanderwel et a l . ,

1983). Thrombin in h ib it io n  of adenylate cyclase however d if fe rs  from 

that induced by other agents in that i t  is apparently irre ve rs ib le  

(Aktories and Jakobs, 1984).

ADP, unlike thrombin and vasopressin, is reported to be an in e ffe c tiv e  

stimulant of phosphoinositide hydrolysis in human p la te le ts ,  but does 

evoke an elevation of in t ra c e l lu la r  Ca** (Fisher et a l . ,  1985; 

MacIntyre et a l . ,  1985c). ADP also in h ib its  adenylate cyclase and 

decreases cyclic  AMP levels (Mellwig and Jakobs, 1980).

From the above information i t  can be seen that there are both s im ila r 

i t ie s  and differences in the way thrombin, vasopressin and ADP are 

believed to stimulate p la te le t  ac tiva tion . For instance, a l l  three  

agents in h ib it  adenylate cyclase a c t iv i ty  (in  membranes at le a s t ) .  As 

previously described however, a role fo r adenylate cyclase in h ib it io n  

in the control of p la te le t  function remains undefined at present. The
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only obvious difference between p la te le t  activation induced by thrombin 

and vasopressin and that induced by ADP, is the apparent in e f fe c t iv e 

ness of ADP to stimulate phosphoinositide hydrolysis. I t  may therefore  

be hypothesised that the in h ib ito ry  e ffe c t  of isoprenaline involves 

some modification(s) of phosphoinositide hydrolysis. I t  is equally  

feasible  that one or more of the mechanisms described in V . l .  may be 

involved. The problems of poor reproduc ib ility  encountered in th is  

study suggest that the techniques employed here may not be the most 

suitable for use in future studies. I t  has been suggested that b e tte r ,  

more reproducible results can be obtained by the use of a lumi-aggreg

ometer, which allows the simultaneous measurement of aggregation and 

dense granule secretion (Feinman et a l . ,  1977) although the lu c i f e r in -  

-luc iferase  reagent used can apparently in h ib it  the aggregatory 

response to certain agents (P fu e lle r  and Broadway, 1986). I t  has also 

been proposed that evaluating p la te le t  aggregation in whole blood by 

means of a Clay-Adams U ltra  Flo 100 single p la te le t  counter may be a 

more sensitive and more physiological method than turbidometric 

techniques (Lumley and Humphrey, 1981).

In conclusion, the results of the functional study described in th is  

chapter, suggest that isoprenaline may have an inh ib ito ry  e ffec t on the 

aggregatory response to stimulatory agonists. This e ffec t  however, was 

not reproducible, did not on the whole appear to f u l f i l  the c r i te r ia  

for  d e fin it io n  as a 6-adrenoceptor mediated e ffec t  and thus, was 

unfortunately not read ily  definable by the methods employed in th is  

study. Precisely how isoprenaline might exert th is  e ffec t therefore  

remains unclear. I t  is possible that isoprenaline occupancy of human
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p la te le t  6 2 -adrenoceptors results in elevation of cyclic  AMP, which in 

turn , acts to modify the phosphoinositide hydrolysis pathway and result  

in in h ib it io n  of p la te le t  activation (see V . l . ) .  From information 

availab le  at present, th is  would be the most obvious explanation, but, 

as mentioned previously th is  study has fa i le d  to demonstrate any 

evidence fo r  human p la te le t  6 2 -adrenoceptor coupling to adenylate 

cyclase. Undoubtedly, more detailed investigations are required in 

order to a tta in  a better understanding of how agonist occupancy of 

6 2 -adrenoceptors modulates p la te le t  responsiveness to other stimulatory  

agonists. In this respect, future studies w i l l  probably need to 

examine the biochemical changes that occur during changes in functional 

p la te le t  responsiveness.
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CHAPTER VI

Agonist-induced in tern a lisa tio n  and down-regulation of

gp-adrenoceptors on in tact human p la te le ts



V I.1. INTRODUCTION

In experimental systems studied to date, two broad patterns of receptor 

regulation have been described i )  homologous (specific  or s e lf  regula t

ory) regulation -  whereby an agonist regulates i ts  own receptor 

function only, and i i )  heterologous (non-specific) regulation -  where 

activation  of one receptor system leads to changes in a second, 

d is t in c t  receptor system. Homologous regulation, by v irtue  of i ts  

s p e c if ic i ty ,  suggests the receptor as the s ite  of regulation, whereas 

heterologous regulation must also include a lterations  in components 

d is ta l to the receptor. Although not mutually exclusive, general 

unifying principles have not yet emerged, and the present study w i l l  

focus on agonist-specific  regulation.

One of the most widely observed mechanisms of c e l lu la r  adaptation is 

that of diminished responsiveness to agonist, hormone or drug stimula

tion with tim e, referred to as desensitisation, tolerance, tachyphyla

xis or re frac to r iness . Desensitisation is a common feature of 

6-adrenoceptor adenylate cyclase systems and during the past decade or 

so, much attention has been given towards understanding the molecular 

basis fo r th is  phenomenon. Several concomitant or sequential steps are 

proposed to be involved, namely uncoupling, in terna lisa tion  and 

down-regulation.

Uncoupling : During agonist-specific  desensitisation, rapid changes in 

the coupling of 6-adrenoceptors to the regulatory component (Gs) of
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adenylate cyclase have been observed. This was i n i t i a l l y  reported in 

the studies performed on 132INI astrocytoma c e l ls ,  where short time 

agonist incubations (15 minutes) were shown to lead to a rapid loss of 

adenylate cyclase a c t iv i ty  that did not re f le c t  any change in to ta l  

receptor number, but was associated with a rapid uncoupling of the 

8-adrenoceptors, assessed as a reduction in high a f f in i t y  agonist 

binding and decreased e ffec t of guanine nucleotide on agonist 

competition curves. With longer incubation, some of the 8-adreno

ceptors were converted to a form not detectable by radioligand binding 

studies. Recovery from the uncoupled state was rapidly revers ib le ,  

whereas recovery from the "lost" state was slow and often incomplete 

(Su et a l . ,  1979, 1980; Harden et a l . ,  1979). Although the re la t iv e  

rates of reaction involved may be quite d i f fe re n t ,  s im ilar results have 

been obtained with other c e l ls ,  e .g . 349 lymphoma ce lls  (Su et a l . ,  

1980; Iyengar et a l . ,  1981) certain 06 glioma cell clones (Perkins and 

Frederich, 1981; Homburger et a l . ,  1980) baby hamster kidney fib ro b las t  

ce lls  (Morishima et a l . ,  1980) and frog erythrocytes (Wessels et a l . ,  

1978; 1979) (see Harden 1983 for review).

In terna lisation  : Agonist-specific desensitisation of the 

8-adrenoceptor adenylate cyclase system also appears to involve 

movement of receptors away from the ce ll surface, s im ilar to that  

demonstrated previously for peptide hormones (Pastan and Willingham, 

1981). Although d e f in i t iv e  proof for th is  step by v isua lization  of the 

receptor cannot be obtained at present due to lack of appropriate 

techniques, evidence for 8-adrenoceptor in terna lisa tion  has come from 

ind irect biochemical studies.
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F i r s t ly ,  when lysates from control and desensitised c e lls  are analysed 

by d i f fe re n t ia l  centrifugation (Chuang and Costa 1979; S tru lovic i et 

a l . ,  1983) or sucrose density gradient centrifugation (Harden et a l . ,  

1980; Waldo et a l . ,  1983; Toews et a l . ,  1984; Hertel et a l . ,  1983a,b ,),  

a change in the sedimentation properties of the 8-adrenoceptors is  

observed following agonist treatment. Thus, in control ce lls  nearly  

a ll  the 8-adrenoceptors are recovered in the heavier plasma membrane 

fraction  along with Gs protein and adenylate cyclase a c t iv i ty ,  whereas 

in desensitised c e l ls ,  a proportion of the receptors are sequestered 

out of the plasma membrane and recovered in a 'cy toso lic ' or ' l ig h t  

sucrose density fra c t io n ' devoid of Gs and enzyme a c t iv i ty .  

Sedimentation of these sequestered receptors at 150,000g lead to the 

suggestion that they are present in l ig h t  membrane partic les  or 

vesicles (Stadel et a l . ,  1983). Evidence from Strader et a l . ,  (1984) 

however, suggests that the appearance of vesicular partic les  is 

dependent on the method of cell lysis  employed. Thus, the precise 

location of sequestered 8-adrenoceptors is not known at present.

Secondly, during agonist-specific  desensitisation, 8-adrenoceptors 

appear to become less accessible to hydrophilic agonists and 

antagonists. This was f i r s t  observed in radioligand binding studies 

employing in tact c e l ls ,  where agonist occupancy of 8-adrenoceptors 

resulted in transient h ig h -a f f in i ty  receptor agonist in teraction  which 

was rapidly (1-2 minutes) followed by a decrease in apparent receptor 

a f f in i t y  for agonists, as assessed by competition of unlabelled  

hydrophilic agonist fo r  hydrophobic antagonist binding. The appearance
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of the low a f f in i t y  form of the receptor in these studies was taken to 

represent an in ternalised receptor to which hydrophilic agonists had 

lim ited access, and thus only slowly attained equilibrium (Pittman and 

Molinoff, 1980; Insel et a l . ,  1983; Toews et a l . ,  1983; Hoyer et a l . ,  

1984). Support for th is  hypothesis came from the observation that  

sotalol (a hydrophilic antagonist) also exhibited an apparent high and 

low a f f in i t y  for 8 -adrenoceptors following agonist treatment of ce lls  

(Toews and Perkins, 1984). In addition, studies employing the recently  

developed re la t iv e ly  hydrophilic antagonist radioligand H-CGP 12177 

(^H-CGP) (Staehelin et a l . ,  1983; Staehelin and H erte l, 1983) showed 

that agonist treatment resulted in a rapid loss of 8 -adrenoceptors 

assessed by H-CGP binding which pa ra lle lle d  a decrease in agonist 

stimulated adenylate cyclase a c t iv i ty ,  with no change in receptor 

number measured by the hydrophobic antagonist ^H-DHA. These results  

were interpreted as representing no loss in 8 -adrenoceptors (since the 

hydrophobicity of ^H-DHA probably allows i t  to label both surface and 

in ternalised receptors) but a sequestration of a proportion of the
3

receptors into a compartment not accessible to H-CGP. Furthermore, 

the in ternalised receptors were proposed to be located inside 

vesicles, since use of the pore forming agent alamethacin or the 

detergent digitonin revealed the hidden binding sites (Hertel et a l . ,  

1983a; Portenier et a l . ,  1984). However, as with the cell 

fractionation  studies described above, the existence of in t ra c e l lu la r  

vesicles containing receptors is disputed, since studies employing an 

acid elution technique to remove ce ll surface radioligand binding have 

shown th a t ,  following agonist treatment of c e l ls ,  not only was a ll  the
3
H-CGP bound to receptors eluted by acid, but also a l l  the 3 ,. ,

H-DHA bound
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was removed as w e ll ,  which suggested that the sequestered receptors 

were not in t ra c e l lu la r  (Mahan et a l . ,  1985a).

Down regulation : In addition to the re la t iv e ly  rapid ( i . e .  minutes) 

uncoupling/internalisation events described above, agonist-specific  

desensitisation has also (as b r ie f ly  mentioned previously) been 

reported to involve a slower (over a period of hours) actual loss of 

receptors measurable by radioligand binding assays, which is referred  

to as 'down-regulation' of receptors. The fa te  of these ' lo s t '  

receptors is as yet unknown since certain studies have reported that 

the receptors are p ro te o ly t ica l ly  degraded and new receptor synthesis 

is required to regenerate them, and other studies have reported a 

return of receptor number to control levels in the absence of new 

protein synthesis (Franklin et a l . ,  1975; Morishima et a l . ,  1980; Doss 

et a l . ,  1981; Su et a l . ,  1976).

Precisely how these three mechanisms contribute towards agonist- 

specific  desensitisation is unclear at present. Certain studies have 

shown that in astrocytoma c e l ls ,  a rapid functional uncoupling of 

8-adrenoceptors by desensitisation occurs prio r to receptor sequestra

t io n , and that concanavalin A treatment prevents sequestration but not 

desensitisation in these ce lls  (Waldo et a l . ,  1983; Toews et a l . ,

1984). In contrast, s im ilar  studies performed in S49 lymphoma (Hoyer 

et a l . ,  1984) and embryonic chick heart ce lls  (Linden et a l . ,  1984) 

showed that the rates of both processes appear to be the same. 

8-adrenoceptor uncoupling from adenylate cyclase was thus proposed to 

occur as a consequence o f ,  rather than a prelude to ,  receptor

161



sequestration.

Furthermore, there have been conflic t ing  results as regards whether or 

not 6-adrenoceptors, in addition to becoming uncoupled and/or 

in terna lised , are functiona lly  modified during agonist-specific  

desensitisation. Kassis et a l . ,  employing membrane fusion techniques, 

demonstrated that the functional a c t iv i ty  of the 6-adrenoceptor was 

reduced during desensitisation (Kassis and Fishman, 1984; Kassis et 

a l . ,  1985) and that desensitisation could occur in the apparent absence 

of receptor sequestration (Kassis et a l . ,  1986). In contrast, Strasser 

et a l . ,  employing reconstitution techniques, have shown that 

6-adrenoceptors pu rif ied  from control and desensitised ce lls  were 

functionally  equivalent (Strasser et a l . ,  1985) and that treatment of 

desensitised ce lls  with the fusogen polyethylene glycol, restores 

6-agonist stimulated adenylate cyclase a c t iv i ty  and the a b i l i t y  to form 

a high a f f in i t y  guanine nucleotide sensitive state of the receptor 

(Strasser and Lefkowitz, 1985). These la t t e r  data were taken to 

suggest that agonist-specific  desensitisation results from the physical 

separation of 6-adrenoceptors from other components of the cyclase 

system. Results of reconstitution and fusion studies should however be 

viewed with caution, since the procedures themselves may reverse a 

functional a lte ra t io n  (e .g . phosphorylation, see below), and also 

d if fe re n t  receptor populations may have been examined e .g . plasma 

membrane fractions employed for fusion studies may not involve 

sequestered receptors.

Recent studies have shown that agonist-specific  desensitisation is
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associated with increased phosphorylation of the 6-adrenoceptors 

(Sibley et a l . ,  1985; Strasser et a l . ,  1986a). This phosphorylation is 

said to be mediated by a novel, non-cyclic AMP-dependent Kinase, the 

6-adrenergic receptor Kinase (6-ARK) (Benovic et a l . ,  1986a). 6-ARK is 

apparently independent of any known second messenger, and phosphory- 

lates the 6-adrenoceptor only when agonist is bound to the receptor 

(Benovic et a l . ,  1987); unoccupied or antagonist-occupied receptors 

appear not to be a substrate fo r the enzyme. This Kinase is cytosolic  

and apparently upon agonist stimulation is translocated to the plasma 

membrane where i t  phosphorylates the receptor (Strasser et a l . ,  1986b) 

and decreases i ts  functional a c t iv i ty  (Benovic et a l . ,  1986b). 

Reactivation of the receptor at some stage is proposed to occur via 

dephosphorylation and thought to involve a "receptor phosphatase" 

(Sibley et a l . ,  1986), but l i t t l e  is known of th is  enzyme at present. 

Although many aspects of the involvement of phosphorylation/dephos

phorylation reactions in agonist-specific  desensitisation of the 

6-adrenoceptor remain to be c la r i f ie d ,  the current working hypothesis 

is as follows: agonist occupancy of the 6-adrenoceptor leads to a

b r ie f  stimulation of cyclase and rapid translocation of 6-ARK from 

cytosol to plasma membrane. Phosphorylation of the receptor 

(presumably at previously unexposed s ites ) results in decreased a b i l i t y  

of the receptor to couple with Gs, followed at some time point by 

sequestration of the receptor. Within the 'sequestered compartment' 

the receptors are reactivated by dephosphorylation and eventually  

recycle back to the ce ll surface to recouple with other components of 

the cyclase system (see Lefkowitz et a l . ,  1986). 6-ARK has also been 

shown to phosphorylate rhodopsin (Benovic et a l . ,  1986c), and to be
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translocated from cytosol to plasma membrane following PGÊ  stimulation  

(Strasser et a l . ,  1986b). I t  may therefore be an adenylate 

cyclase-coupled receptor Kinase, and not merely a specific  6-adrenoce

ptor Kinase.

Coupling of the g-adrenoceptor to a functional Gs as a prerequisite  for  

the processes of desensitisation and in te rn a lis a t io n  however is 

disputed. Green and Clark, employing cyc“ S49 lymphoma ce lls  which 

lack the subunit of Gs, have shown by means of reconstitution  

experiments that agonist occupation of g-adrenoceptors in the absence 

of receptor-Gs coupling or cyclic  AMP generation is s u ff ic ie n t  to 

promote desensitisation in these ce lls  (Green and Clark, 1981; Green et 

a l . ,  1981). Furthermore, sequestration of the g-adrenoceptor also 

occurs in eye’  c e l ls ,  as measured by an adrenaline-induced s h if t  in 

eye’  cell g-adrenoceptors to a l ig h t vesicle fraction  (Clark et a l . ,

1985) and by an isoprenaline-induced loss of surface receptors on 

in tact eye’  cells  (Staehelin and H erte l, 1983; Mahan et a l . ,  1985b). 

Agonist-induced down-regulation of g-adrenoceptors however, is e ither  

absent or blunted in these cells  (Shear et a l . ,  1976; Su et a l . ,  1980; 

Mahan et a l . ,  1985b) which implies that receptor-Gs in teraction  

influences the fa te  of g-adrenoceptors.

Despite major advances in the understanding of the molecular events 

that accompany agonist-specific  desensitisation, i t  is s t i l l  unclear as 

to how uncoupling and/or in terna lisa tion  (tphosphorylation/dephospory- 

la t io n )  and down-regulation are linked. To date, much of the available  

information has been attained from studies employing animal tissues or
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cultured cell lines and hence l i t t l e  is known about these processes in 

human c e l ls .

The aim of the study described in th is  chapter was to examine the 

events occuring following agonist treatment of human p la te le ts .

However, in view of the fact that the gg-^drenoceptor present on the 

p la te le t  did not appear to be coupled to Gs (Chapter I I I )  and hence 

adenylate cyclase (Chapter IV) in the present study, desensitisation  

and uncoupling could not be evaluated, and so the experiments to be 

described focused on exploring agonist-induced red istr ibution  of the 

g-adrenoceptors.

Several experimental approaches have previously (see above) been 

employed to examine the topographical loca lisation  of g-adrenoceptors 

on in tact c e l ls .  The method selected for use in the present study was 

that of evaluating the d if fe re n t ia l  ac ces s ib il ity  of hydrophilic versus 

hyrophobic ligands. In previous in tact ce ll studies i t  has been 

observed that the hydrophilic g-antagonist (±)CGP 12177 is re la t iv e ly  

membrane impermeant at low concentrations and binds se lec tive ly  to ce ll  

surface receptors. On the other hand, re la t iv e ly  hydrophobic compounds 

such as 1^^I(-)P IN  and (-)propranolol d is tr ib u te  in te rn a lly  and 

id en tify  in tra c e l lu la r  as well as ce ll surface receptors (Staehelin and 

Simons, 1982; Staehelin et a l . ,  1983; Staehelin and H erte l, 1983;

Hertel et a l . ,  1984). In the experiments to be described, the 

d if fe re n t ia l  permeability e ffec t of (±)CGP 12177 and (-)propranolol on 

12^I(-)P IN  binding was examined. ^^^I(-)P IN  binding inhib ited by 

(-)propranolol was taken to represent to ta l g-adrenoceptor number.
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whilst that in the presence of (±)CGP 12177 was taken to represent ce ll  

surface receptor number. Binding assays were performed at 

physiological temperature (37°C) and at a lowered temperature (4®C) to 

prevent receptor recycling (Hertel and Staehelin , 1983).

The study is presented in two parts : The f i r s t  ( V I . 3) examines
125 I( - )P IN  binding to in tact human p la te le ts  in the absence of agonist 

pretreatement i . e .  control c e l ls .  The second ( V I . 4) examines 

^^^I(-)P IN  binding to agonist-treated p la te le ts .

V I . 2. Methods

V I . 2 .1 . P la te le t Preparation

P la te le t  rich plasma (PRP) was obtained as previously described 

( I I . 3 .2 .2 . )  and incubated at 37°C for 30 minutes (unless otherwise 

stated) in the presence (treated c e l ls )  or absence (control c e l ls )  of 

lOuM (-)isoprenaline (unless otherwise s ta ted ). P la te le t suspensions 

were then prepared essentia lly  as described ( I I . 3 .2 .2 . )  but with a l l  

manipulations being performed at 2-4*0. In addition, the ce lls  were 

washed once in 50vol of Tris Isosaline pH 6.5 before f in a l resuspension 

in "whole c e ll"  assay buffer (Tris Isosaline pH 7 .8 ) .  P la te le t  

membranes were then prepared from the f in a l p la te le t  suspensions using 

the method described in I I . 3 .2 .1 .

V I . 2 .2 . Binding Assay
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P la te le t suspensions were assayed as previously described ( I I . 2 .3 .7 . )  

for  40 minutes at 37°C or 5 hours at 4*0. Assays were terminated by 

the addition of 10.0ml ice cold assay buffer diluted 1:10 with water. 

Tubes were kept on ice fo r 30 minutes before rapid vacuum f i l t r a t i o n .  

This incubation with ice-cold hypotonic buffer substantia lly  lowered 

non-specific binding without reducing specific  binding (f igu re  V I . 1 .)  

and thus s ig n if ic a n t ly  improved the to ta l binding : non-specific 

binding ra tio  as has been reported by others (Staehelin et a l . ,  1983).
1 pc

Non-specific binding of  ̂ ^ I( - )P IN  was defined in the presence of the 

l ip o p h il ic  non selective antagonist (-)propranolol (luM), or the 

re la t iv e ly  hydrophilic antagonist (±)CGP 12177 (luM) as appropriate. 

These concentrations of antagonists were determined from displacement 

experiments of ^^^I(-)P IN  binding to in tac t p la te le ts  (f igure  IV .2 . ) .  

Specific binding, defined as to ta l minus non-specific binding at both 

temperatures, was around 70-80% of to ta l binding at the concentration 

of ^^^I(-)P IN  (30-40pM) used in competition experiments.

P la te le t membranes were assayed as previously described at room 

temperature ( I I I . 2 .1 . )  or in 'whole c e l l '  assay buffer for 40 minutes 

at 37*C or 5 hours at 4*C.

V I . 2 .3 . Sucrose-density gradient centrifugation of lysates from control 

and agonist treated in tac t human p late le ts

In tact human p la te le ts  were incubated with (treated c e l ls )  or without 

(control c e lls )  lOuM (-) isoprenaline  fo r  30 minutes at 37*C, washed at 

4*C as previously described ( V I . 2 . 1 . ) ,  and ce ll lysates prepared by
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Figure VI.1 125,I(~)PIN binding to intact human platelets at 37°C 
and 4°C

125.Intact human platelets were incubated in the presence of I(~)PIN 
(lOOpM) at 37®C (upper panel) or 4®C (lower panel) as described in the 
methods section. Assays were terminated by the addition of 10ml ice 
cold assay buffer diluted 1:10 with water, and tubes kept on ice for 
the time intervals shown,prior to rapid vacuum filtration. The figure 
illustrates raw, untransformed data of total, specific and non-specific 
binding in the presence of luM(-)propranolol, from a single representative 
experiment performed in triplicate.
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125Displacement of total I( —)PIN binding to intact
human platelets by (-)propranolol and (-)CGP 12177

Cells were incubated to equilibrium at 37®C (upper panel) or 4°C (lower 
panel) with I(-)PIN (30—40pM) suid increasing concentrations of 
displacing drugs as described in the methods section. The data shown 
represent the mean of at least three separate experiments performed 
in duplicate. SEM for each point was ̂ -5%.
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incubating the washed p la te le t  pe l le t  in ImM Tris HCl, pH 7.4 fo r  30 

minutes on ice.

Discontinuous sjucrose density gradients were prepared at 4°C 

essentia l ly  as described by Kassis and Sul l ivan, (1986). 10.0ml 50%

sucrose was overlayered with 15.0ml 30% sucrose in a 40.0ml centrifuge  

tube. Cell lysates (5.0ml) prepared as described above were layered on

top of the gradients. Centrifugation was carried out in a Centronik

Ultra Centrifuge at 24,000rpm (75,000g) for  90 minutes at 4*C.

Fractions (1.5ml) were collected from the top of the gradients and 

assayed for  ^^^I( - )PIN binding ( I I I . 2 .1 . )  and adenylate cyclase 

a c t iv i t y .

Enzyme a c t iv i t y  in each fraction was assayed by Mary Keen (Department 

of Pharmacology and Therapeutics, University of Leicester) employing 

the method of 01ianas et a l . ,  (1983). ^^P-cyclic AMP was isolated by

the method of Salomon et a l . ,  (1974).

V I . 3. ^^^ I ( - )P IN  binding to in tact human p late le ts  (control c e l ls )  at 4**C

and 37®C

V I . 3 .1 .  Results

V I . 3 .1 .1 .  Equilibrium and Kinetic studies

125Under the conditions chosen, specific binding of I ( - )P IN  to intact  

human p late le ts  was rapid and reversible at 37°C with a t l / 2  (time for
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ha lf  maximal binding) for  association of 7-9 minutes, and dissociation

of 16-18 minutes ( f igure V I . 3 . ) .  For the i l lu s t r a te d  data, the second

order association rate constant was calculated to be Kj=1.508 nM"^

min’ ^. Dissociation followed monophasic f i r s t  order kinetics with a

dissociation constant Kg of 0.0416 min”^. The mean k in e t ic a l ly  derived

Kd (Kg/Kj) calculated from three such experiments was 23.75±2.73 pM, in

excellent agreement with that obtained from equilibrium experiments.

At 4°C, specific ^^^I( - )PIN binding to in tact  human plate le ts  was

slower at association and dissociation compared with 37*C ( f igure

V I . 4 . ) ,  with a t l / 2  association of 1-2 hours and t l / 2  dissociation of

>5 hours. For the data i l lus t ra te d  in f igure V I .4 .  the association

constant K̂  was calculated to be 0.2856 nM”  ̂ h r”^, and dissociation

appeared to follow monophasic f i r s t  order Kinetics with a dissociation

constant of Kg=0.00225 hr"^. The k in e t ic a l ly  derived Kd calculated

from three such experiments, of 8.17+2.54 pM, was however of s l ig h t ly

higher a f f i n i t y  than that obtained from equil ibrium experiments. This

discrepancy may well be due to the r e la t iv e ly  slow dissocation rate of 
125I ( - )P IN  binding at 4°C which makes accurate determinations of Kg 

d i f f i c u l t .

Specific binding of ^^^I(- )PIN to intact human plate le ts  at 4®C and 

37*C, defined as the binding displaceable by luM(±)CGP 12177 or 

luM(-)propranolol, was saturable (f igures V I . 5. and V I . 6 . ) .  The 

maximum number of binding sites (Bmax) assessed by Scatchard analysis 

were not s ign i f icant ly  d i f fe rent  at 37*C and 4®C whether defined in the 

presence of (-)propranolol or (±)CGP 12177 ( f igure  V I . 6. and table  

V I . 1 . ) .  In a l l  cases the data produced l in e a r  Scatchard plots with
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125Legend to Figure VI.3. Kinetics of specific I(-)PIN binding to 
intact human platelets at 37°C

125A) Time course of specific I(-)PIN association (•) and dissociation 
(o). Dissociation was initiated by the addition of luM(-)propranolol 
after equilibrium had been reached (40 minutes).

B) Pseudo first-order rate plot for the association reaction

C) first-order rate plot for the dissociation reaction.

The Kinetically derived Kd was calculated as described in Appendix 
3b. Data shown are from a single experiment representative of three 
experiments performed in duplicate.
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125Legend to Figure VI.4. Kinetics of specific I(-)PIN binding to 
intact human platelets at 4°C

125A) Time course of specific I(-)PIN association (#) and dissociation 
(o). Dissociation was initiated by the addition of luM{-)propranolol 
after equilibrium had been reached (5 hours).

B) and

C) Pseudo first-order rate plots for the association reaction and 
dissociation reaction respectively. The Kinetically derived Kd 
was calculated as described in Appendix 3b. Data shown are from 
a single experiment representative of three experiments performed 
in duplicate.
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'l(-)PIN binding to intact human platelets at 4°C 
and 37®C

125.

Saturation data shown are from a single representative experiment. The 
figure illustrates raw,: untransformed data of total binding ( M ) and 
non-specific binding in the presence of luM (-)CGP 12177 (o) or luM 
(-)propranolol (•) at 37°C (upper panel) and 4®C (lower panel).
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Figure VI.6 125.Specific I(-)PIN binding to intact human platelets 
at 4°C (o), and 37°C (#)

Inset shows Scatchard plot of data where B represents specifically
bound ^^^I(-)PIN expressed as fmol mg  ̂protein and F represents the

125free concentration of I(-)PIN in pM. Data shown are from a single
representative experiment in which specific binding was defined as 
125I(-)PIN binding displaceable by luM(-)propranolol. Data from the 
same experiment (illustrated in figure VI.5.) in which specific binding 
was defined in the presence of luM (-)CGP 12177,gave identical results 
(not shown for clarity). The mean Kd and Bmax values from at least 
three separate experiments are given in table VI.1..
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Table VI.1. Apparent equilibrium dissociation constants (Kd) and
125receptor density (Bmax) of I(-)PIN binding to intact 

human platelets

Temperature Agent used to define Bmax
-1Non-specific binding (fmol mg protein)

Kd
(pM)

37°C

4°C

luM (-)propranolol 
luM (-)CGP 12177 
luM (-)propranolol 
luM (-)CGP 12177

1.21-0.13
1.17^0.12
1.23-0.06
1.25-0.09

22.62-0.31
22.58-1.04
16.17-1.49
17.21-1.3

Dissociation constants and number of binding sites were determined at 4°C 
and 37°C simultaneously. Specific binding was assessed (as described in 
the methods section) in the presence of luM (-)propranolol or luM 
(-)CGP 12177 at both temperatures. Data sire expressed as mean - SEM (n=3) 
Results were analysed using Student's 't' test for paired data none of the 
values were significantly different (p>0.05).
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H i l l  slope values not s ign i f icant ly  d i f fe re n t  from unity ,  indicat ive of

a homogenous population of binding s i tes .  The dissocation constant 
1

(Kd) for  I ( - )P IN ,  defined in the presence of e i ther  (-)propranolol 

or (±)CGP 12177, was v i r t u a l l y  identical at 4®C and 37®C (table V I . 1 ) .  

The a f f i n i t y  of the receptors for the radioligand was, however, 

s l ig h t ly  higher at 4*C.

V I . 3 .1 .2 .  Pharmacological characterisation

The binding of ^^^I(- )PIN to intact human plate le ts  was indicative of 

an interaction with a g-adrenoceptor. Data presented in table  V I . 2. 

and figures V I . 7. and V I . 8. indicate that the binding was 

stereoselective with the (-)isomer of propranolol being more potent 

than the (+)isomer by approximately two orders of magnitude. The 

overall  a f f in i t i e s  of the non-selective g-adrenoceptor antagonists : 

( - )propranolo l , (+)propranolol and (±)C6P 12177, and the selective  

g-adrenoceptor antagonists : ICI 118,551 (gg-select ive) ,  betaxolol and 

CGP 20172A (g^-select ive) were v i r tu a l ly  identical at 37°C and 4°C. 

These antagonists generated steep displacement curves with H i l l  slope 

factors not s ign i f icant ly  d i f fe rent  from unity (p>0.1, table V I . 2 . )  at 

both temperatures, which suggests binding to a single class of sites  

with binding governed by the law of mass act ion.  In addition,  the 

selective g-adrenoceptor antagonists exhibited a f f in i t i e s  for the 

binding similar to those previously observed in human p la te le t  

membranes in the present study (Chapter I I I )  and at the gg subtype in 

other mammalian tissues (Dickinson et a l . ,  1981; Dooley et a l . ,  1986).
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Table VI.2. Overall ICr-p, values and Hill slope factors (nH) for
125/3-adrenoceptor antagonist displacement of 1(-)P1N 

binding to intact human platelets

I C g o t M V (nH)
4 0 C 37°C

(-)propranolol 3.02-0.82 X 10”^°(0.94) 3.83-0.38 X 10“^®(0.93)
(+)propranolol 4.30-0.14 X 10"® (1.08) 2.51-0.08 X 10”® (0.95)
(-)CGP 12177 6.16-1.05 X 10”^®(0.93) 5.30-0.09 X 10“^®(0.99)
(-)betaxolol 1.69-0.40 X 10"^ (0.99) 1.30-0.11 X 10~^ (1.02)
(-)ICI 118,551 6.60-0.40 X 10“^°(0.99) 7.87-0.78 X 10"^®(0.88)

CGP 20172A 1.80-0.42 X 10"® (1.04) 4.29-0.30 X 10“® (0.95)

♦ The values given are mean -SEM of at least three separate 
experiments performed in duplicate and were derived from computer-assisted 
(Allfit) simultaneous curve fitting analysis of individual curves, as 
described in appendix 3. Hill slopes quoted are not significantly 
different from unity (p>0.1).
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1 pcFigure VI.7. Inhibition of specific I(-)PIN binding to intact 

human platelets at 37°C by adrenergic antagonists

125Intact human platelets were incubated with I(-)PIN (30-40pM) at 
37°C for 40 minutes, in the presence of increasing concentrations 
of competing agent, and specific binding determined. The data shown 
for each compound are the mean curves from at least three sepairate 
experiments performed in duplicate. SEM for each point was<-5%.
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125,Intact human platelets were incubated with I(-)PIN (30-40pM) at 
4°C for 5 hours, in the presence of increasing concentrations of competing 
agent, emd specific binding determined. The data shown for each compound 
sire the mean curves from at least three sepsirate experiments performed 
in duplicate. SEM for each point was <-5%.
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125The displacement of I ( - )P IN  binding to in tact human p late le ts  by 

adrenergic agonists was also indicative of a g-adrenoceptor (table  

V I . 3 . )  and the hierarchy of potency displayed, ( - ) isoprenaline > 

(- )adrenal ine > ( - )noradrenal ine, is typical of the gg subtype. These
1 pc

agonists displaced I ( - )P IN  binding with similar  overall  a f f i n i t y  in 

in tact  human p late le ts  at 4®C and 37°C ( f igure  V I . 9 . ,  table  V I . 3 . ) .  

However, agonist competition curves at 37*C yielded shallow binding 

isotherms with H i l l  slope factors s ign i f ican t ly  d i f fe ren t  from unity 

(p<0.01, table V I . 3 . ) .  Computer-assisted curve f i t t i n g  analysis of 

these curves revealed that  the data for isoprenaline and adrenaline 

were best f i t t e d  to a two-site model (p<0.002), whereas that  for  

noradrenaline was best f i t t e d  to a one-site model (p>0.5) .  Lowering of 

the assay temperature from physiological (37°C) to 4°C resulted in a 

signif icant  steepening (p<0.01) of the isoprenaline and adrenaline 

curves only. No s ign if icant  change in the slope of the noradrenaline 

displacement curve was observed (f igure V I . 9 . ,  table V I . 3 . ) .

Isoprenaline displacement curves performed in p la te le t  membranes 

resulted in v i r tu a l ly  identical binding isotherms at 4®C and 37*C 

( f igure V I . 9 .)  with overall  IC^q values of 7.43±0.71xl0"^ and 

5.95±0.08xl0"^ respectively,  and slope factors not s ign i f ican t ly  

di f fe rent  from unity . As with whole c e l ls ,  the Kd for  ^^^I(-)PIN  

binding to human p la te le t  membranes was s l ig h t ly  lower at 4®C compared 

with 37*C (12.21±0.63 and 22.41±1.18 pM respect ively) .  Therefore,  

although Kd's were s im i lar ly  influenced by temperature in whole ce l ls  

and membranes, th is was not reflected in the overall  a f f i n i t y  (IC^g) of 

isoprenaline in competition experiments performed in membranes. Thus
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Table VI.3. Overall IC values and Hill slope factors (nH) for
125^adrenoceptor agonist displacement of I(-)PIN 

binding to intact human platelets

Temperature Agonist IC50 [M].,(nH)

4°C (-)isoprenaline 1.74-0.37 X  10"^ (0.73^-0.03)
(-)adrenaline 6.07-1.21 X  10"^ (0.75^-0.01)
(-)noradrenaline 1.35-0.35 X  10"^ (0.92 -0.03)

37°C (-)isoprenaline 4.00-0.20 X  10"^ (0.59^-0.01)^^
(-)adrenaline 2.20-0.11 X  10“® (0.52^-0.02)^^
(-)noradrenaline 4.30-0.92 X  10“^ (0.87^-0.05)^^

All data represent meain - SEM from at least three separate experiments 
performed in duplicate. IC^^ and Hill slope factors were derived 
from simultaneous curve fitting (Allfit) analysis of individual curves 
as described in Appendix 3. (Mean curves illustrated in figure VI.9.)

♦indicate slope is significantly different from unity (p<0.01) 
♦♦indicate slope at 4°C is significantly different from slope at 
37°C for same agonist (p<0.05).
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125Inhibition of specific I(-)PIN binding by adrenergic
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125Legend to Figure VI.9. Inhibition of specific (-)PIN binding 
by adrenergic agonists at 4°C (♦) and 37°C (o)

Intact human platelets (solid lines) or human platelet membranes (dotted
1 25lines) were incubated with I(-)PIN (30-40pM) at 4°C for 5 hours

(•), or 37°C for 40 minutes (o) in the presence of increasing concentrations
of competing agent, and specific binding determined. The data shown
for each agonist is the mean of at least three separate experiments
performed in duplicate. SEM for each point was<-5%.
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the d i f fe r e n t ia l  temperature effects on agonist interactions appear to 

be a character is t ic  of the intact c e l l .

V I .3 .2 .  Pi scussion

The results of th is study show that the receptor id en t i f ied  on intact

human p la te le ts  using I ( - )P IN  exhibits the expected properties of a

^2 -adrenoceptor and thus extends and confirms the e a r l ie r  study

performed in p la te le t  membranes (Chapter I I I ) .  Binding was saturable,

stereospecif ic  and of high a f f i n i t y .  Furthermore, inh ib it ion of  

12*5I ( - )P IN  binding by both selective and non-selective g-adrenoceptor 

antagonists resulted in steep monophasic displacement curves with H i l l  

slope factors not s ign i f ican t ly  d i f fe ren t  from unity at 4®C or 37°C, 

thus indicat ive  of in teraction with a homogenous population of binding 

s ite s .  The overall  a f f i n i t y  of the antagonists was v i r tu a l l y  identical  

at both temperatures and in excellent agreement with those previously 

found in membranes (Chapter I I I )  and at other mammalian gg-adrenocep- 

tors (Rugg et a l . ,  1978; Dickinson et a l . ,  1981).

These data d i f f e r  from those of Kerry et a l . ,  1984 who examined 

125 I-CYP binding to in tact  human p la te le ts .  The reported a f f i n i t i e s  of 

certain  antagonist drugs, e.g . ICI 118,551 and ( - )propranolo l , in th e ir  

study were 1-2 fold weaker than those expected for  interaction with a 

gg-adrenoceptor. The reason for this is not c lear .  I t  does not appear 

to be due to differences in membrane and intact  cell  binding 

character is tics as shown by the present study, but may well be related

to the use of 125j_^YP ^hich is a poor radioligand as compared with
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^^^I(- )PIN (Chapter I I I ;  Szefler et a l . ,  1987).

Specific binding of ^^^I( - )PIN, defined by luM (±)CGP 12177 or

luM(-)propranolol,  was ident ical at 37*C and 4°C. I f  the assumption

that (-)propranolol displaceable binding = to ta l  receptor number, and

(±)CGP 12177 displaceable binding = cell  surface receptor number is

correct,  then these results suggest that in the absence of an agonist

the gg-adrenoceptors on human platelets are situated solely on the cell
125surface. I t  has been suggested in other cell  types that I ( - )P IN

labels both surface and in t ra c e l lu la r  receptors at 37*C and only

surface receptors at 4®C (Linden et a l . ,  1984; Harden, 1983),

presumably due to a reduced hydrophobicity at the lower temperature.

When the hydrophobicity of ^^^I(-)PIN was examined (table  V I . 4 . )  at
125various temperatures, the results obtained suggest that I ( - )P IN  

becomes more hydrophobic, i . e .  37*C >room temperature >4®C, with 

decreasing temperature when incubated for 48 hours, or for assay 

incubation times of 40 minutes at 37*C and room temperature, and 5 

hours at 4°C. To ver i fy  this  method for ^^^I( - )P IN , comparable 

experiments were performed with 3H-CGP 12177. The values obtained were 

in excellent agreement with those previously quoted for  this  

radioligand (table V I . 4 . ) .  Furthermore, the observation that  

non-specific binding of ^^^I(-)PIN was s l ig h t ly  higher at 4°C when 

compared with 37*C ( f igure V I . 5.)  also suggested that ^^^I(- )PIN is not 

restr ic ted to the cell  surface in human p late le ts  at 4°C. This is 

discussed further in V I . 4 .2 .

The results of displacement experiments performed at 37*C and 4®C are
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radioligands

Radioligand Temperature -log P 
(after assay 

incubation times)

-log P 
(after 48 
hours)

37*0 1 .0 1 0.73
Room temperature 1.06 0.976

4*0 1 .2 2 1.39
^H-CG? 12177 Room temperature 0.377

1 pc 3I(-)PIN (lOOpM) or H-CGP 12177 (InM) were diluted in Iris’ Isosaline 
pH7.8 and mixed with an equal volume of octanol (Spectrograde). The 
mixtures were agitated at the indicated temperatures for 48 hours, or 
for assay incubation times of 40 minutes at 37®C and room temperature, 
and 5 hours at 4*0. The distribution of radioligands was determined by 
counting aliquots of each phase (see II.2.2.3./4). P (partition 
coefficient) was calculated as : [ligand} in octanol

£liganc^ in H^O phase 
P>1.0 = hydrophobic (log P = +ve), P<1.0 = hydrophilic (log P = -ve).

3Log P of -0.377 calculated for H-CGP 12177 was in excellent agreement
with that of -0.37 reported by Hertel et al., (1984), as was the Tris 
Isosaline : Octanol partitioning of ^H-CGP 12177 of 2.4:1 (previously 
quoted; Phosphate buffered saline : Octanol = 3.1:1 Staehelin et al., 1983)

Data presented are the mean of two separate experiments assessed in 
quadruplicate.
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indicat ive of a d i f fe re n t ia l  temperature e f fec t  on agonist binding to

in tact  human p la te le ts .  The data does not however indicate a d irect

e f fec t  of temperature on agonist binding, since isoprenaline

displacement curves performed on plate le t  membranes resulted in

v i r t u a l l y  identical binding isotherms with slope factors not

s ign i f ic a n t ly  d i f fe re n t  from unity at 4®C and 37®C. Several

investigators have previously shown that exposure of in tact ce l ls  to

6-agonists at physiological temperatures may result in a decline with

time in the a f f i n i t y  of 6-adrenoceptors for these agonists, such that

'competit ion' binding studies performed at equil ibrium may not re f le c t

the i n i t i a l  in teraction of agonists with the 6-adrenoceptor.

Methodological approaches which have previously been employed to avoid

this are : the use of non-equilibrium binding conditions, thus

terminating competition binding assays at early time points (Insel et

a l . ,  1983; Toews and Perkins, 1984) or a l te rn a t iv e ly ,  to perform

equilibrium binding assays at a lowered temperature of 4°C, thus

blocking temperature sensitive steps of 'receptor processing' (Insel

and Sanda, 1979). I t  is therefore possible that the markedly shallow 

125 I ( - )P IN  displacement curves exhibited at 37°C in the presence of 

isoprenaline and adrenaline, occur as a result of agonist modulation of 

receptor a f f i n i t y  for  these agonists during the assay incubation 

period, which may have resulted in sequestration of a proportion of the 

receptors away from the immediate cell  surface, rendering them less 

accessible to the agonist. At 4®C this e f fec t  of the agonists is 

reduced with the resulting steeper displacement curves. Perhaps 

noradrenaline is a less efficacious agonist at the p la te le t  

6-adrenoceptor, and i ts  reduced effectiveness in producing
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conformational change at the gg-adrenoceptor is responsible for the 

appearance of steep displacement curves for  this  agonist at 37*C that  

are not s ign i f ican t ly  affected by incubations at 4*C. This d i f fe r e n 

t i a l  e f fec t  of temperature on agonist binding to intact human p late le ts  

may provide i n i t i a l  evidence for  6-adrenoceptor redis tr ibution in this  

anucleate human c e l l ;  th is  is further evaluated in V I . 4.

V I . 4. 1^^ I ( - )P IN  binding to agonist-treated in tact  human p late le ts  at 4°C

and 37*C

V I . 4 .1 .  Results

V I . 4 .1 .1 .  Distribution of 6-adrenoceptors following (-) isoprenaline  

treatment of in tact  human platelets

Human plate le ts  were incubated for 30 minutes at 37°C in the presence 

(t reated ce l ls )  or absence (control c e l ls )  of lOuM ( - ) isoprenal ine ,  

washed at 4®C and assayed for ^^^I(-)PIN binding (as described in the 

methods section) at both physiological temperature (37*C) and at a low 

temperature (4*C) to prevent receptor recycling. In control c e l ls ,  

luM(-)propranolol and luM(±)CGP 12177 have previously been shown to 

id e n t i fy  the same number of sites ( V I . 3 . ) ;  therefore ,  in order to 

economise on volume of volunteer blood needed for  each experiment, 

non-specific binding was defined only in the presence of luM(-)propra-  

nolol in control c e l ls .  ^^^I(-)PIN binding in the presence of 

luM(-)propranolol was taken to represent to ta l  cell  6-adrenoceptor 

number * ^25l(- )PIN in the presence of luM(±)CGP 12177 to represent
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cell  surface receptors and the difference between them to represent 

internalised receptors that are no longer accessible to (±)CGP 12177.

Isoprenaline treatment resulted in a s ign if icant  (25% approximately) 

decrease in the number of ^^^I(-)PIN sites labelled at 37°C when 

compared with control ce l ls  ( V I . 10 . ) .  This decrease in the number of 

binding sites was identical whether defined in the presence of 

luM(-)propranolol or luM(±)CGP 12177 (table V I . 5 . )  suggesting that  when 

assayed at 37°C, a l l  the remaining receptors in the treated ce l ls  were 

on the cell  surface.

125 I ( - )P IN  binding to treated cells  performed at 4°C showed a s imilar  

loss of binding sites as defined by luM(-)propranolol,  but a much 

greater loss of binding (approximately 70%) as defined by luM(±)CGP 

12177, when compared with control cells  ( f igure V I . 10, table V I . 5 . ) .  

This difference between luM(±)CGP 12177 and luM(-)propranolol  

displaceable binding at 4°C indicates that isoprenaline treatment not 

only induces an ir revers ib le  reduction (down-regulation) in to ta l  

receptor number, but also an additional sequestration of cell  surface 

receptors. Thus, 40-50% of the receptors remaining following agonist 

treatment, although s t i l l  labelled by (-)propranolol and ^^^I( - )P IN ,  

are no longer accessible to luM(±)CGP 12177, possibly due to removal 

from the immediate cell  surface.

To determine whether these receptor changes were distinguishable over a 

wide concentration range of displacing agent or only at high saturating  

concentrations (luM), competition experiments were performed with the
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125Legend to Figure VI.10. I(-)PIN binding to control and agonist-
treated cells

Control Sind (-)isoprenaline-treated (lOuM for 30 minutes at 37®C) 
cells were prepared, and binding assays performed at 37°C and 4°C 
as described in methods section. For control cells (squares) non
specific binding (NSB) was defined in the presence of luM (-)propranolol 
( ■). For treated cells (circles) NSB was defined in the presence 
of either luM (-)propranolol (•) or luM (-)CGP 12177 (o). The data 
shown are from a single representative experiment performed in duplicate
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Table VI.5. Apparent equilibrium dissociation constants (Kd) and
125receptor density (Bmax) of I(-)PIN binding to control 

and isoprenaline-treated intact human platelets

Temperature/
Cells

Agent used to 
define non-specific 
- binding_______

Bmax ^
(fmol mg )

Kd
(pM)

37°C
Control
Treated
Treated
4°C
Control
Treated
Treated

luM(-)propranolol 
luM(-)propranolol* 
luM(-)CGP 12177*

luM(-)propranolol 
luM(-)propranolol** 
luM(-)CGP 12177**#

1.72-0.16
1.27-0.07
1.24^0.05

2.05-0.14
1.46-0.12
0.56-0.06

17.61-2.94
18.82-4.02
20.36-4.42

13.28-1.00
12.83^1.04
13.96-0.32

Dissociation constants and number of binding sites were determined 
at 4®C and 37°C in control eind (-)isoprenaline treated (lOuM for 30 
minutes at 37°C) cells simultaneously. Specific binding was assessed 
as described in the methods section in the presence of luM(-)propranolol 
for control cells, and in the presence of luM(-)propranolol or luM 
(-)CGP 12177 for treated cells. Data are expressed as mean - SEM (n=3). 
Results were sinalysed using Student's 't' test for paired data.

* p<0.05 by one tailed paired 't' test analysis compared to control 
cells at 37®C
**p<0.05 by one tailed paired 't' test analysis compared to control 
cells at 4®C
#p<D.05 by one tailed paired 't' test analysis compared to treated 
cells defined in the presence of luM(-)propranolol.
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antagonists (-)propranolol and (±)CGP 12177, and the hydrophilic

6-agonist ( - ) isoprenaline in treated ce l ls  at 37°C and 4°C. In assay

incubations performed at 37°C,  ( - )propranolo l , (±)CGP 12177 and
125(-) isoprenaline a l l  competed with I ( - )P IN  binding on treated 

plate le ts  to the same extent, displacing approximately 85% of tota l  

radioligand bound ( f igure  V I . 11 . ) .  The overall  a f f i n i t i e s ,  

3.65±0.35xl0"^^M, 2.19±0.20xl0'^M, 9.33±1.25xlO” M̂ for ( - )propranolo l , 

(±)CGP 12177 and (- ) isoprenal ine respect ively , were in excellent  

agreement with those previously shown in control ce l ls  at 37°C (table  

V I . 2 . )  although ( - ) isoprenaline and (±)CGP 12177 exhibited s l ig h t ly  

lower a f f i n i t y  following agonist treatment.

In binding assays performed at 4®C however, these three agents produced

markedly d i f fe rent  competition binding isotherms in the treated cells

(f igure V I . 11 . ) .  Thus (-)propranolol inhib ited approximately 70% of 
125tota l  I ( - )P IN  binding at saturating concentrations (<luM) with

further displacement of binding, probably from non-specific s i tes ,

occurring at higher (lO-lOOuM) concentrations. In contrast,  (±)CGP

12177 even at concentrations of lOOuM did not in h ib i t  binding to the

same extent as ( - )propranolo l , and at a saturating concentration of luM

occupied only 35% of to ta l  sites iden t i f ied  by ^^^I(- )PIN binding.

Isoprenaline exhibited similar  inhib it ion of ^^^I(- )PIN binding

(approximately 35%) at concentrations of up to lOuM. Increasing the

concentration caused further inhib it ion of binding; however, even at
125very high concentrations (ImM), isoprenaline did not in h ib i t  I ( - )P IN  

binding to the same extent as ( - )propranolol .
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1 pcLegend to Figure VI.11. Competition for I(-)PIN binding sites
on isoprenaline-treated intact human platelets at 37°C 
and 4°C by the hydrophobic antagonist (-)propranolol 
(o), the hydrophilic antagonist (-)CGP 12177 (•) and ' 
the hydrophilic agonist (-)isoprenaline (a )

Intact human platelets were incubated with lOuM (-)isoprenaline for
1 pc30 minutes at 37°C, washed at 4®C and assayed for I(-)PIN binding

at 37°C or 4°C as described in methods section. Data are plotted 
125as % of I(-)PIN bound at the indicated concentrations of competitive

agents and represent the mean of at least three separate experiments
performed in duplicate; SEM's shown by vertical lines.
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V I . 4 .1 .2 .  Concentration-dependence of (- ) isoprenaline effects in in tact  

human plate le ts

Treatment of in tact human plate le ts  with ( - ) isoprenaline induced a 

concentration-dependent loss of both to ta l  and cell  surface receptors 

( f igure  V I . 12). The e f fe c t ,  although evident at a concentration of
p

10" M(- ) isoprenaline, was only s t a t i s t i c a l l y  s ignif icant  with

concentrations of lO’ M̂ and above. Maximal e f fect  was apparent with

10"^M(-)isoprenaline. Although the extent of cell  surface receptor

loss was s ign if icant ly  greater than tota l  receptor loss from 10’ ^-10"^M

( - ) isoprenaline, ha l f  maximal receptor loss occurred at around 
—R

1-3x10” M(-)isoprenaline for  both processes.

Isoprenaline induced changes in receptor numbers were inhibited by the 

presence of the non-selective 3-adrenoceptor^antagonist sota lo l .  Thus, 

no in ternal isat ion or down-regulation of 3-adrenoceptor number was
1 pc

observed in I ( - )P IN  binding assays at 4°C i f  the plate le ts  had been 

exposed to luM sotalol (concentration assessed from competition 

experiments, data not shown) for 30 minutes at 37°C prior to 

(- ) isoprenaline treatment (lOuM for 30 minutes at 37*C).

S im i la r ly ,  agonist induced changes in receptor number were absent i f  

( - ) isoprenaline treatment (lOuM) was performed at 4®C for  2 hours (data 

not shown), even though agonist interact ion with the receptors during 

this period could be demonstrated in the form of an (- ) isoprenaline  

competition curve (f igure V I . 13.) exhibi ting a s imilar  overall  a f f i n i t y  

(3 0±1.8xl0"^M) to that  observed in control ce l ls  at 4°C (table V I . 3 . ) .
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Figure VI.12. Concentration-dependance of (-)isoprenaline induced 

internalisation and down-regulation of intact human 
platelet -adrenoceptors

Intact human platelets were incubated with (treated cells) or without
(control cells) the indicated concentrations of (-)isoprenaline for 30

125minutes at 37®C, washed at 4®C and assayed for I(-)PIN binding at 4°C. 
Specific binding was defined in the presence of luM(-)propranolol (o) to 
assess total^-adrenoceptor number and luM(-)CGP 12177 (#) to assess cell 
surface receptor number. Data points represent the mean of at least three 
separate experiments performed in duplicate. SEM's shown by vertical lines.
Results were analysed using Student's 't' test for paired data.

*p<0.05 by one tailed paired 't' test analysis to control cells.
4*p <0. 0 5  by one tailed paired 't' test analysis to treated cells defined
in the presence of luM (-)propranolol.

200



en

100

I— ICL

I— I
50-

ro

Isoprenaline Concentration (M)

12RFigure VI.13. Competition for I(-)PIN binding sites on intact
human platelets by (-)isoprenaline at 4°C

125Intact human platelets were incubated with I(-)PIN and the indicated
concentrations of (-)isoprenaline for 2 hours at 4®C. Data are plotted 

125as % of I(-)PIN bound, and represent the mean of at least three 
separate experiments performed in duplicate ; SEM's shown by vertical 
lines.
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V I . 4 .1 .3 .  Time course of (- ) isoprenaline induced 6-adrenoceptor 

in terna l isat ion  and down-regulation on in tact  human plate le ts

Treatment of in tact human p late le ts  with 0 . luM(-)isoprenaline at 37°C 

induced a rapid ( t l / 2  <5 minutes) loss of both tota l  and cell -surface  

6-adrenoceptors ( f igure V I . 14 . ) .  A near maximal response was attained 

by approximately 15 minutes, with no further  s ignif icant  decrease in 

receptor number during the remaining 45 minutes incubation with 

isoprenaline.

V I . 4 .1 .4 .  Reappearance of cell  surface 6-adrenoceptors following 

( - ) isoprenaline treatment

Intact human plate le ts  were incubated with 0.1uM(-)isoprenaline at 37®C 

for  30 minutes (as described in methods section). Agonist incubation 

was terminated by centrifugation and washing of the p late le ts  at 4®C. 

Cells were then resuspended in fresh, agonist free buffer and 

maintained at 37°C for up to 6 hours. At various time in terva ls ,  

p la te le t  aliquots were removed and ^^^I(- )PIN binding (using a 

saturating concentration of radioligand, 150pM) performed at 4°C in the 

presence of (-)propranolol or (±)CGP 12177 to define tota l and cell  

surface receptor number respectively.

The receptors which were down-regulated (defined by ( - )propranolo l) by 

agonist treatment did not reappear even a f te r  prolonged (>6 hours) 

incubation in agonist-free medium at 37°C. Conversely, the recovery of
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Figure VI.14. Time course of (~)isoprenaline induced internalisation
and down-regulation of intact human platelet .^-adrenoceptors

Intact human platelets were incubated with (treated cells) or without
(control cells) O.luM (-)isoprenaline at 37®C for the indicated time

125intervals, washed at 4®C and assayed for 1(-)P1N binding at 4®C. 
Specific binding was defined in the presence of luM(-)propranolol 
(o) to assess total^-adrenoceptor number and luM(-)CGP 12177 (•) 
to assess cell surface receptor number. Data points represent the 
mean of at least three separate experiments performed in duplicate 
; SEM’s shown by vertical lines.
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cel l  surface receptors defined by (±)CGP 12177 was rapid, such that by 

40 minutes there was no s ignif icant  di fference in ^^^I(- )PIN binding 

defined by (±)CGP 12177 or (-)propranolol ( f igure V I . 15 . ) .

V I . 4 .1 .5 .  Time course of ^^^I(~)PIN binding at 4^C to control and 

( - ) isoprenal ine  treated intact  human p late le ts

The time course of ^^^I(- )PIN binding at 4®C to control and

( - ) isoprenaline treated in tact  human p la te le ts  was assessed in the

presence of a saturating concentration of ^^^I(- )PIN (150pM) to ensure

that a l l  available receptors are label led ( f igure V I . 16.) and at a

lower concentration of 30-40pM that would normally be employed for

Kinetic and competition experiments (data not shown). Both

concentrations of ^^^I(- )PIN exhibited identical Kinetics. Specific  
125 I ( - )P IN  binding attained a steady state level in both control and

treated cells  a t ,  or before, 5 hours incubation at 4°C whether defined

by luM(-)propranolol or luM(±)CGP 12177 ( f igure V I . 1 6 . ) .  No further  

125increases in I ( - )P IN  binding were observed i f  incubation time was 

extended beyond 5 hours.

V I . 4 .1 .6 .  Effect of ( - ) isoprenaline treatment of in tact human p late le ts  on 

125subsequent I ( - )P IN  binding to p la te le t  membranes

The above results obtained with intact p la te le ts  indicate that  

8-adrenoceptor sequestration and down-regulation occur when plate le ts  

are incubated with the 8-agonist ( - ) isoprenal ine .  As no s ign if icant  

change in the apparent Kd of 125I{-)PIN was observed at e i th e r  37°C or
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Figure VI.15. Time course of intact human platelet/3-adrenoceptor 

reappearance following (~)isoprenaline treatment

Intact human platelets were incubated with (treated cells.) or without
(control cells) O.luM (-)isoprenaline for 30 minutes at 37®C, and
then recovery of down-regulated and 'internalised' receptors evaluated
for up to 6 hours as described in the text (VI.4.1.4.). Time intervals
represent periods of further incubation in fresh buffer following

125initial agonist treatment. I(-)PIN binding assays were performed 
at 4°C using luM(-)propranolol (o) and luM(-)CGP 12177 (•) as described 
in the methods section. Data points are shown relative to control 
(100%) and represent the mean of at least three separate experiments 
performed in duplicate. SEM's shown by vertical lines.
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125Figure VI.16. Time course of I(~)PIN binding at 4°C- to control and 

(-») isoprenaline treated intact human platelets

Intact human platelets were incubated with (treated cells, (o)) or without
(control cells (•)) lOuM (-)isoprenaline for 30 minutes at 37°C, washed

125at 4°C and assyed for 1(-)P1N binding (150pM) at 4°C for the indicated 
times. Specific binding was defined in the presence of luM (-)propranolol 
(A) to assess total receptor number, and luM (-)CGP 12177 (B) to assess 
cell surface receptor number. Data shown are representative of two 
experiments performed in triplicate.
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4°C (table V I . 5 .)  i t  is unlikely that the loss of sites a f te r

incubation with ( - ) isoprenal ine is a t t r ibu tab le  to free agonist being

retained during the washing procedure, and in ter fer ing  with subsequent

binding assays. However, in order to establish whether or not retained

receptor bound ( - ) isoprenaline was responsible for the loss of 
125I ( - )P IN  binding observed with in tact p la te le ts ,  a series of 

experiments were performed on human p la te le t  membranes.

I t  has previously been shown that addition of Gpp(NH)p or Na  ̂ decreased 

1 25the a f f i n i t y  of I ( - )P IN  binding sites for  ( - ) isoprenaline in human

p la te le t  membranes (Chapter I I I ;  Wang and Brodde, 1985). Although in

the present study the e f fec t  of Gpp(NH)p on agonist a f f i n i t y  at the

6-adrenoceptor in p la te le t  membranes was minimal due to poor coupling

e f f ic iency ,  the addition of NaCl induced a marked s h i f t  to the r ight of

the isoprenaline competition binding curves in control membranes

(Chapter I I I . ) .  Subsequent studies have shown that  th is Na  ̂ induced

s h i f t  is quant i ta t ive ly  the same in membranes prepared from p late le ts

following agonist treatment (data not shown). In the l ig h t  of these

findings, i t  was postulated that i f  the decreased ^^^I(-)PIN binding

demonstrated above, following preincubation of in tact p la te le ts  with

( - ) isoprenal ine ,  was the result of competition by retained

(- ) isoprenal ine ,  then lowering the a f f i n i t y  of the receptor for  the

(-) isoprenaline by the addition of Gpp(NH)p or Na  ̂ in membranes

prepared from these ce l ls  should reverse the e f fe c t .  I f  on the other
125hand, true down-regulation had occurred, the reduced I ( - )P IN  binding 

would persist .
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As shown in table V I . 6 . ,  in the presence of  Gpp(NH)p or Na  ̂ there was 

no s ign if icant  difference in the maximal binding capacity (Bmax) or the 

apparent equil ibrium dissociation constant (Kd) observed in membranes 

prepared from treated c e l ls .

V I . 4 .1 .7 .  Distr ibut ion of g-adrenoceptors from control and agonist treated  

in tact human p late le ts  on a sucrose density gradient

Intact  human p late le ts  were treated with or without 10uM(-)isoprena- 

l in e ,  lysed and fractionated on non-linear sucrose density gradients as 

previously described ( V I . 2 . 3 . ) .  Gradient fractions were subsequently 

analysed for adenylate cyclase a c t iv i ty  (plasma membrane marker) and 

125i ( . )p iN  binding.

Sucrose density gradient centr ifugation of control lysates revealed 

that a l l  measurable ^^^I(- )PIN binding was located along with sodium 

f luor ide stimulated cyclase a c t iv i ty  at the heavy 30%-50% sucrose 

density interphase. In contrast,  identical fract ionation of treated 

lysates revealed that I ( - )P IN  binding was not only associated with 

th is  heavy membrane f rac t ion ,  but also with a l ig h te r  density f rac t ion ,  

devoid of adenylate cyclase a c t iv i t y ,  located at the lysate-30% sucrose 

interphase. Furthermore, the appearance of 6-adrenoceptors in this  

l ig h te r  density fract ion was associated with a s ign if icant  40-45% 

decrease in the receptor number associated with the plasma membrane 

f ract ion .  Attempts to concentrate the receptors present in this  

'cytosolic '  fraction by centrifugation at 150,000g proved unsuccessful; 

therefore accurate determination of the receptor number present was not
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Table VI.6. Apparent equilibrium dissociation constants (Kd) and
125receptor density (Bmax) of 1(-)P1N binding to human 

platelet membranes prepared from control and (~)isoprenaline 
treated cells

Bmax ^
(fmol mg )

Kd
(pM)

Control
Treated
Treated + lOOuM 

Gpp(NH)p
Treated + lOOmM 

NaCl

3.65-0.16
2.25-0.06*

2.40-0.09*

2.34-0.05*

16.91-0.71
26.10-2.76

22.74-2.90

22.46-2.00

Human platelets were incubated with (treated) or without (control)
lOuM (-)isoprenaline at 37°C for 30 minutes, washed at 4°C and membranes

125prepared and assayed for 1(-)P1N binding at room temperature (111.2.1.) 
Specific binding was defined in the presence of luM(-)propranolol.

The results shown sure the mean - SEM of at least three separate 
experiments performed in duplicate. Results were analysed using 
Student's 't' test for paired data.

*p<0.05 by one tailed paired 't' test analysis compared to control 
membranes.
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possible due to the low numbers involved.

V I . 4 .1 . 8 .  Concentration-dependence of (-)noradrenaline effects in in tact  

human p late le ts

(-)Noradrenaline treatment of intact human p late le ts  resulted in a 

concentration-dependent loss of both tota l  and ce l l -surface receptors 

( f igure V I . 17.) s imilar  to that previously observed with ( - ) isoprena-  

l in e  ( f igure V I . 12 . ) .  Although the extent of cell  surface receptor 

loss was s ign i f ican t ly  greater than tota l receptor loss from 

1 0 ~^-3x l 0 ’ ^M(-)noradrenaline, maximal and half-maximal receptor loss 

occurred at around 3xlO'^M and 2xlO"^M(-)noradrenaline respectively,  

for  both processes.

V I . 4 .1 .9 .  Adrenaline-induced redistr ibut ion of g-adrenoceptors on in tact  

human p late le ts  in the presence and absence of a^-adrenoceptor blockade

Adrenaline treatment of in tact  human p late le ts  resulted in a 

sign if icant  decrease of approximately 25-30% in the number of 

I ( - )P IN  binding sites defined by luM(-)propranolol, and a much 

greater loss of binding (approximately 70%) defined by luM(±)CGP 12177 

when assayed at 4®C ( f igure V I . 18 . ) .  This g-adrenoceptor red is tr ibu 

t ion following (- )adrenal ine treatment was v i r tu a l l y  identical to that  

previously observed with ( - ) isoprenaline, and was not influenced by the 

presence of luM phentolamine to block any a^-adrenoceptor agonist 

a c t iv i ty  of adrenaline.
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Figure VI.17. Concentration-dependence of (-)noradrenaline induced 

internalisation and down-regulation of intact human 
platelet^-adrenoceptors

Intact human platelets were incubated with (treated cells) or without
(control cells) the indicated concentrations of (-)noradrenaline for

12530 minutes at 37®C, washed at 4®C and assayed for I(-)PIN binding at 
4°C. Specific binding was defined in the presence of luM (-)propranolol 
(o) to assess total^-adrenoceptor number and luM (-)CGP 12177 (•) to 
assess cell surface receptor number. Data points represent the mean of 
at least three separate experiments performed in duplicate; SEM's shown 
by vertical lines. Results were analysed using Student's 't' test for 
paired data.

*p<0.05 by one tailed paired 't' test ainalysis to control cells.
+p<0.05 by one tailed paired 't' test analysis to treated cells defined 
in the presence of luM (-)propranolol.
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Figure VI. 18. Adrenaline induced redistribution of-adrenoceptors 
on intact human platelets, in the presence and absence 
of the c*^-adrenoceotor antagonist phentolamine

Intact human platelets were incubated without (control cells).or with.
5uM (-)adrenaline in the presence or absence of luM phentolamine for 30

125minutes at 37°C, washed at 4®C and assayed for I(-)PIN binding at 4°C. 
Specific binding was defined in the presence of luM (-)propranolol (Q ) to 
assess total receptor number, and luM (-)CGP 12177 (D ) to assess cell 
surface receptor number. Data are shown relative to control (100%) and 
represent the mean of at least three separate experiments performed in 
duplicate; SEM's shown by error bars.

Results were analysed using Student's 't' test for paired data.
*p<0.05 by one tailed paired 't' test analysis to control cells.
Data obtained in the presence of adrenaline and phentolamine was not 
significantly different to that for adrenaline alone (p)0.1).
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V I . 4.2 . Discussion
, *

1 pc
In the present study, the antagonist radioligand I ( - )P IN  has been 

employed to examine agonist-mediated in ternal isat ion or sequestration 

and down-regulation of gg-^drenoceptors on intact human p la te le ts .  

Results of saturation binding experiments show that  preincubation of 

in tact  human plate le ts  with (- ) isoprenaline leads to a dramatic 

reduction in total g-adrenoceptor number and the redistr ibution or 

sequestration of a large fract ion of the remaining cell  surface 

receptors into a c e l lu la r  environment not accessible to the hydrophilic  

antagonist (±)CGP 12177. This selective loss of ce l l  surface receptors 

can only be detected when the agonist-induced state of the receptor is 

preserved by cooling during receptor determination. No detectable 

difference in cell  surface and tota l receptor number in treated cells  

is apparent when the receptor assay is performed at physiological  

temperature (37®C), probably due to rapid recycling of the 

' in ternal ised '  receptors to the surface during the assay incubation 

period as has been suggested by others (Hertel and Staehelin, 1983) and 

as indicated by the receptor recovery experiments in this study.

The results of competition binding experiments performed at 4®C and 

37*C in treated cells  with the antagonists (-)propranolol and (±)CGP 

12177, and the g agonist ( - ) isoprenal ine ,  support the observation made 

above. They show that i f  binding assays are performed at 37*C in 

treated c e l ls ,  a l l  the remaining receptors not only exhibit  the 

pharmacological characteristics of g-adrenoceptors but are also equally 

accessible to ( - )propranolo l , (±)CGP 12177 and ( - ) isoprenal ine .
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Conversely at 4°C, the receptors that remain following agonist

treatment are not equally accessible to these agents. (-)Propranolol

has access to a fa r  greater number of receptors than the hydrophilic

compounds (±)CGP 12177 and ( - ) isoprenal ine ,  which eyen at very high
12Sconcentrations can only displace I ( - )P IN  binding from cell  surface,  

and a proportion of the ' in te rn a l is e d ' ,  receptors. Although binding 

assays performed at 37*C in treated ce l ls  most probably allow recycling 

of receptors back to cell  surface, competition experiments performed at 

this temperature in the presence of the agonist (- ) isoprenaline would 

be expected to produce shallow displacement curves similar  to those 

previously demonstrated in control ce l ls  ( V I . 3 . 2 . ) .  However, in this  

study the ( - ) isoprenaline competition curve at 37*C was steep and 

v i r tu a l l y  identical to that of (-)propranolol and (±)CGP 12177. This 

may suggest that the recycled receptors behave d i f fe r e n t ly  during the 

second agonist challenge, par t icu lar ly  when the i n i t i a l  exposure was to 

a high agonist concentration. Conversely, the receptors t o t a l l y  lost  

from the cell  (approximately 25%) contribute s ign i f icant ly  to the 

appearance of the shallow agonist competition curve seen in control 

c e l ls .

The concentration-dependence for ( - ) isoprenaline induced in te r n a l is a t 

ion and down-regulation of 8-adrenoceptors on intact human p late le ts  

was similar  to that observed in other cell  types (Staehelin and Simons, 

1983) with ha l f  maximal receptor loss occurring at the same 

( -) isoprenaline concentration for both processes.

Isoprenaline induced changes in tota l  and ce l l  surface e-adrenoceptor
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numbers did not occur i f  agonist treatment was performed at 4°C, 

although agonist in teraction with the receptor was apparent. Thus, 

agonist induced redis tr ibut ion of e-adrenoceptors on human p late le ts  

appears to be a temperature dependent process. Furthermore, 

isoprenaline induced changes in receptor numbers were inhibited by the 

presence of the non-selective e-antagonist sota lo l .

Recent reports (Hertel et a l . ,  1983a; Toews et a l . ,  1986) have shown 

that ^^^I( - )PIN, whilst  able to label a l l  available receptors (surface 

and in t ra c e l lu la r )  at 37°C, exhibited l imited access ib i l i ty  to 

internalised receptors at 4°C. Other studies have thus assumed that
1 nc

I ( - )P IN  labels both surface and in t ra c e l lu la r  receptors at 37°C and 

only surface receptors at 4°C (Linden et a l . ,  1984). However, 

preliminary findings from the present study ( V I . 3 .2 . )  suggest that  

1^^I(- )PIN is not restr icted to the immediate cell  surface at 4°C in 

in tact  human p la te le ts .  I t  has been suggested that this temperature
1 pc

dependent d i f fe r e n t ia l  permeability of I ( - )P IN  varies with length of 

assay incubations, since careful examination of the Kinetics of 

^^^I( -)PIN binding at 4°C in agonist-treated human astrocytoma cel ls  

has shown substantia l ly  less ligand bound following 1 hour incubation 

compared with control ,  but v i r tu a l ly  identical binding a f te r  5 hours 

(Toews et a l . ,  1986). When similar Kinetic experiments were performed 

in the present study, the results showed that I ( - )P IN  binding to 

control intact human p late le ts  at 4®C was not the same a f te r  5 hours as 

that to treated ce l ls  whether defined in the presence of 

luM(-)propranolol or luM(±)CGP 12177. Extending the incubation period 

at this  temperature beyond 5 hours made no difference, thus supporting
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125the proposal made e a r l i e r  that  I ( - )P IN  is not restr icted to the cell 

surface in intact  human p la te le ts .

Isoprenaline induced in ternal isat ion of the g-adrenoceptors on intact  

human p late le ts  was found to be rapid and reversible. The time course 

for  reappearance of g-adrenoceptors defined by (±)CGP 12177 was however 

biphasic. A possible explanation for th is  is that the internalised  

receptors are recycling to the cell surface from two compartments. The 

i n i t i a l ,  more rapid phase may represent reappearance from a compartment 

that is s t i l l  associated with the plasma membrane but not accessible to 

(±)CGP 12177, whilst the slower second phase represents a reappearance 

of in t ra c e l lu la r  receptors. Support for this  hypothesis comes from the 

sucrose density gradient fractionation study. For instance,  

(- ) isoprenaline treatment of intact human plate le ts  results (as 

previously described) in a 25% loss of tota l  receptors, a 70% loss of 

receptors accessible to (±)CGP 12177, and thus (the difference between 

them) an in ternal isat ion of 45% of the receptors, which suggests that  

only 30% of the receptors remain on the cell  surface. However, when 

in tact  human p late le ts  were lysed and fractionated on sucrose density 

gradients, agonist treatment resulted in only a 40-45% decrease of 

receptors measured in the plasma membrane f rac t ion ,  i . e .  55-60% of the 

receptors remained associated with the plasma membrane. Further 

experiments are required to c la r i f y  this  issue which at present is 

purely speculative.

Isoprenaline induced down-regulation of g-adrenoceptor number was also 

rapid (<30 minutes), but apparently not reversible despite prolonged
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incubation in agonist free medium. As no change in the apparent Kd of 
125

I ( - )P IN  was observed following agonist treatment, i t  is unlikely

that the decrease in ^^^I(- )PIN binding observed at both 37°C and 4®C

in treated cells  is due to interference by high a f f i n i t y  binding of

(- ) isoprenaline retained during the washing procedure. To establish

whether retained ( - ) isoprenaline actually  explained the decreased 
125

I ( - )P IN  binding, membranes from control and agonist-treated ce l ls

were examined. When conditions designed to decrease the a f f i n i t y  of

( - ) isoprenaline (addition of Gpp(NH)p/Na+) were employed, no change in

the maximal binding capacity or the apparent equilibrium dissociation 

125constant of I ( - )P IN  was observed in membranes prepared from treated

c e l ls .  These results support the hypothesis that the reduction in 

125to ta l  I ( - )P IN  binding sites observed following ( - ) isoprenaline  

treatment represents true down-regulation and is not a consequence of 

retained agonist.

The exact fate  of down-regulated receptors is not known. As mentioned 

previously ( V I . 1 . ) ,  receptor down-regulation in certain experimental 

systems has been shown to involve enzymatic breakdown through 

lysosomes, and new receptor synthesis is required for  the reversal of 

this process. In other systems the number of receptors can return to 

control levels in the absence of protein synthesis. I t  is therefore  

possible that p la te le t  g-adrenoceptor down-regulation observed in this  

study occurs as a result of proteolyt ic  degradation of the receptors in 

lysosomes, and the ir revers ib le  nature of this process is due to the 

fact that  new receptor synthesis probably does not take place in this  

anucleate c e l l .  I t  is also possible that these ' lo s t '  receptors are
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simply modified in some way so that they are no longer able to bind

I ( - )P IN  e.g . phosphorylation, which for  some reason is not

reversible in these c e l ls .  A l te rnat ive ly ,  as previously shown in 
125appendix 8, I ( - )P IN  binding varies with assay pH and specific

binding is dramatically reduced outside the optimal 7 .5 -8 .5  range.

Lysosomal pH is reported to be around 4.6 (Tycke and Maxfield, 1982).
1 25At th is  low pH, I ( - )P IN  may well undergo a rapid dissociation from

1 pc
the receptor, thus reducing measurable I ( - )P IN  binding and rendering 

a proportion of the receptors as ' lo s t '  to the method of detection 

employed.

Treatment of intact human plate le ts  with adrenaline and noradrenaline 

resulted in a similar  redistr ibution of g-adrenoceptors to that  

previously observed with isoprenaline, although re la t iv e ly  higher 

noradrenaline concentrations were required. Adrenaline-induced effects  

were not influenced by the presence of an a-adrenoceptor antagonist, 

suggesting that ap- gg- interactions do not influence g-adrenoceptor 

regulation in these c e l ls .

The study described in th is  chapter demonstrates agonist regulation of 

gg-adrenoceptors on human platelets and thus provides new information 

on the receptor changes that  occur following agonist in teraction with 

g-adrenoceptors on intact human c e l ls .  The relevance of these 

f indings, and how they re la te  to current concepts of adrenoceptor 

regulation in human and other cell  types, is discussed in chapter V I I .
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CHAPTER V II

Concluding Discussion



The main objective of th is study was to examine agonist regulation 

of a human g-adrenoceptor, i . e .  the human p la te le t  g-adrenoceptor. 

The human p la te le t  was selected as the model system to be employed 

for  several reasons. F i r s t ly ,  the p la te le t  provides an easily  

accessible source of human tissue that  is avai lable for repet i t ive  

sampling. Secondly, previous studies had concluded that g-adreno- 

ceptors were present on human p late le ts  (see I . 2 . 3 . 2 . ) .  Such 

conclusions were based on an antiaggregatory or inhib itory isopre

naline or adrenaline induced effect  on p la te le t  aggregation, and 

an isoprenaline or adrenaline stimulated adenylate cyclase a c t iv 

i t y  in p la te le t  lysates and whole c e l ls .  Taken together, these 

studies suggested that  the human p la te le t  exhibited readily  

definable functional and biochemical responses to g-agonists and 

was thus ideal for exploring a l l  aspects of g-adrenoceptor regula

t ions.  Thirdly , as mentioned previously (1 .3 . )  the presence of  

Gg-adrenoceptors on human plate le ts  that are negatively coupled to 

adenylate cyclase provides a potential experimental system for  

examining agonist modulation of this receptor and for studying the 

interre la t ionships between Og- and g-adrenoceptors in a single 

cell  system.

Previous studies had however given conf l ic t ing  results as regards 

the number and subtype(s) of g-adrenoceptors present on the human 

p la te le t  ( I . 2 . 3 . 2 . ) .  Furthermore, i t  was unclear as to why 

functional and biochemical responses were only seen in the 

presence of isoprenaline or adrenaline with other g-agonists 

proving ine f fe c t iv e .  The i n i t i a l  aim of th is  study was therefore

220



to perform a precise characterisation of the p la te le t  g-adrenocep-

to r  and evaluate i ts  coupling to adenylate cyclase. Binding of
125the antagonist radioligand I ( - )P IN  to human p la te le t  g-adreno- 

ceptors was examined. The results demonstrate the presence of a 

high a f f i n i t y ,  low capacity binding s i te  on human p la te le t  

membranes (Chapter I I I )  and intact human plate le ts  (Chapter VI)  

with the pharmacological characterist ics of the gg-adrenoceptor.

Agonist interactions with this binding s i te  were examined (on 

p la te le t  membranes) in the presence and absence of Mg**, Gpp(NH)p 

and Na  ̂ (Chapter I I I ) .  In competition experiments, addition of 

Mg** or Gpp(NH)p had no ef fect  on a l te r ing  the a f f i n i t y  of 

isoprenaline to displace ^^^I(-)PIN binding in the p la te le t .  

Parallel experiments performed with mammalian lung 

gg-adrenoceptors exhibited the characteris tic  's h i f t  to the r igh t '  

of the agonist displacement curve in the presence of the guanine 

nucleotide. I f  the extent of guanine nucleotide ef fect  re f lects  

the degree of coupling between the receptor and enzyme c a ta ly t ic  

un it ,  these results suggest that the g^-adrenoceptor present on 

the human p la te le t  is not coupled to adenylate cyclase. Na*, in 

contrast to Mg** and Gpp(NH)p, produced a character is t ic  para l le l  

s h i f t  to the right of the agonist competition curve, which 

suggests that the Na  ̂ s i te  is not associated with Mg** and guanine 

nucleotide s i tes ,  and may as has been hypothesised by others, be 

located on a d i f fe rent  membrane component. Further evaluation of 

the coupling of the p la te le t  g^-adrenoceptor to adenylate cyclase 

by means of cycl ic  AMP accumulation experiments (Chapter IV)
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fa i le d  to demonstrate any isoprenaline induced stimulation of 

adenylate cyclase, even in the presence of forskol in and thus 

supported the above hypothesis that p la te le t  gg-adrenoceptors are 

not coupled to adenylate cyclase. These results dif fered from 

those of previous studies which had observed very small (50% or 

less) g-agonist stimulated adenylate cyclase a c t iv i ty  in p la te le t  

lysates and whole c e l ls .  The major dif ference between these 

studies and the present study was found to be the method of 

p la te le t  preparation. Ear l ie r  studies employed only an i n i t i a l  

centr ifugation step to obtain p la te le t  rich plasma from whole 

blood, whereas in th is study an additional second centr ifugation  

step was found to be necessary to eliminate s ign if icant  white 

blood cell  contamination present in the p la te le t  rich plasma.

When cyclic  AMP accumulation experiments were performed in mono

nuclear leukocytes (MNL) and isoprenaline stimulated cycl ic AMP 

levels for  given values of MNL calculated, the data obtained 

revealed that  minimal contamination by well coupled g^-adrenoce- 

ptors on MNL could account for the reported g-agonist stimulated 

adenylate cyclase a c t iv i t y  in the human p la t e le t .  These results 

do not rule out the po ss ib i l i ty  that g-adrenoceptors on human 

plate le ts  are very weakly coupled to adenylate cyclase. I t  may be 

that the methods employed were not s u f f ic ie n t ly  sensitive to 

detect such coupling and in this respect adenylate cyclase studies 

may help c la r i f y  the s i tuat ion .  The results do however suggest 

that some ( i f  not a l l )  of the g-agonist stimulated adenylate 

cyclase a c t iv i ty  previously reported by others may be due to 

contamination of the p la te le t  preparation by other blood c e l ls .
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thus changes in cycl ic AMP levels following agonist occupancy of 

g-adrenoceptors in the human p la te le t  may ( i f  they occur) be below 

the detection l im i t  of currently  avai lable techniques. To summa

r ise ;  no evidence of a s ign if icant  coupling of human p la te le t  

g-adrenoceptors to adenylate cyclase was observed in this  study.

This finding implied that human p la te le t  g-adrenoceptors are 

either  non-functional or interact with some other p la te le t  

effector  system(s). Aggregation and secretion studies were 

performed (Chapter V) in an attempt to del ineate a possible 

functional role for these gg-adrenoceptors as modulators of 

p la te le t  responsiveness to stimulatory agonists. Data obtained 

revealed no reproducible e f fect  of g-adrenoceptor occupancy by 

g-agonist on the response of p latelets to other agonists. Thus, 

no readily  definable functional response to g-agonists was 

observed in the present study. Again these results do not rule 

out a functional role for gg-adrenoceptors on p la te le ts ,  

especially since an anti-aggregatory e f fec t  of isoprenaline has 

previously been reported. I t  is possible however tha t ,  as 

discussed previously (Chapter V) in terpretat ion of data may 

account for these differences since aggregation studies are mainly 

q u a l i ta t iv e  and at best only semi-quantitat ive.

During the course of th is  study i t  became apparent that agonist 

induced desensitisation of a biochemical or functional response to 

g-agonists could not be evaluated. The present study was 

therefore restr ic ted to examining agonist induced redistr ibut ion
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of human p la te le t  gg-^drenoceptors. Data obtained (Chapter VI) 

revealed that  g-agonist treatment of in tact  human plate le ts  

resulted in a rapid and reversible sequestration of 40-50% of 

gg-adrenoceptors present, away from the immediate cell  surface and 

a further  rapid (<30 minutes) i r revers ib le  down-regulation of 

approximately 25% of to ta l  receptor number.

The above agonist induced effects on receptor re d is t r ib u t io n , 

observed in the absence of g-adrenoceptor stimulation of cyclic  

AMP, are similar  to those previously found in cultured c e l ls .  

Studies employing S49 lymphoma cells  genetically  defic ient in 

certain coupling components of the g-adrenoceptor-adenylate 

cyclase system suggest that  loss and recovery of surface receptors 

does not require the a subunit of Gs, act ivat ion of adenylate 

cyclase, cycl ic AMP i t s e l f  or cyclic AMP dependent protein 

phosphorylation (Mahan et a l . ,  1985a). However, in contrast to 

the results obtained above in p la te le ts ,  agonist induced 

down-regulation of receptor number was e i ther  absent or blunted in 

cells  that exhibited an altered R-Gs in teract ion ,  e .g . eye” cells  

that lack the subunit of Gs, or UNC ce l ls  that exhibi t an 

impaired R-Gs interaction (Mahan et a l . ,  1985a). Such data may be 

interpreted to suggest that : g-adrenoceptor-Gs in teract ion,  

although not detectable in the present study, was su f f ic ien t  to 

cause down-regulation of human p la te le t  gg-adrenoceptor number : 

or, a l te rn a t iv e ly ,  may merely highlight the fact that c e l lu la r  

processes mediating changes in receptor expression are not 

identical in a l l  cell  types.
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In recent years much attention has been given to elucidating the 

mechanism(s) responsible for  altered tissue sens i t iv i ty  to catech

olamines in man. Much information has occurred on a lterat ions of  

g-adrenoceptor number in a wide array of physiological and 

pathophysiological states (see Nahorski and Barnett, 1982; Insel 

and Motulsky, 1987). For example, patients with phaeochromocytoma 

and high c irculat ing catecholamine levels have a low density of 

g-adrenoceptors (down-regulation of receptor number) (Greenacre 

and Connolly, 1978), whereas chronic g-adrenoceptor blockade is 

associated with an increased number of  g-adrenoceptors (up-regula-  

t ion of receptor number) (Glaubiger and Lefkowitz, 1977). 

Furthermore, changes in receptor number apparently correlate with 

desensitisation of catecholamine induced responses in vivo. For 

instance, chronic g-agonist treatment of normal and asthmatic 

subjects has been reported to result in decreased bronchodilata

t ion ,  diminished generation of leukocyte cycl ic  AMP in response to 

catecholamines and a reduction in tota l  g-adrenoceptor concentrat

ions on these cel ls  (Hoigate et a l . ,  1977; Galant et a l . ,  1978; 

Kalisker et a l . ,  1977). Manipulations designed to increase 

circulat ing catecholamine levels such as excercise, a low sodium 

diet  or postural changes however, have given confl ic t ing results .  

Certain studies have reported a decrease in g-adrenoceptor number 

following these manipulations while others report no change 

(Fraser et a l . ,  1981; DeBlasi et a l . ,  1986). Some of these d iscr 

epancies most probably re late  to differences in the methods 

employed for assessing such changes and to the fact  that in vivo
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studies o f fe r  l i t t l e  opportunity to control the many variables 

which may regulate adrenoceptor function. Considered as a whole, 

information avai lable as regards in vivo human g-adrenoceptor 

regulation is conf l ic t ing  and somewhat confusing at present. In 

v i t ro  studies of human g-adrenoceptor regulation may help c la r i f y  

the s i tuat ion .  The results of the present study have demonstrated 

a redis tr ibut ion of gg-adrenoceptors on the human p la te le t  

following agonist treatment in v i t ro .  Similar results have 

recently been obtained with mononuclear leukocytes (MNL). These 

ce l ls  possess a homogenous population of gg-adrenoceptors that are 

strongly coupled to adenylate cyclase and which undergo a rapid 

desensitisation of cyclic  AMP accumulation when incubated with 

agonist in v i t ro  (Krall  et a l . ,  1980; DeBlasi et a l . ,  1985; 

Motulsky et a l . ,  1986). This desensitisation is not associated 

with a change in tota l  receptor number i f  measured with re la t iv e ly
3 IOC

l ip o p h i l ic  agents such as H-DHA and I-CYP, but is accompanied 

by a redis tr ibut ion of a proportion of receptors into a c e l lu la r  

environment not accessible to the hydrophilic compounds CGP-12177 

and isoprenaline (DeBlasi et a l . ,  1985; Motulski et a l . ,  1986). 

Desensitisation in MNL cannot however be attr ibuted to sequestra

tion alone but involves an uncoupling of the receptor from 

adenylate cyclase. This was demonstrated by the observation that 

zin terol (hydrophobic agonist) and isoprenaline stimualtion of 

cyclic AMP accumulation in desensitised ce l ls  was identical  

(DeBlasi et a l . ,  1985), and by the fact that phenylarsine oxide 

inhib its  the agonist induced reduction in CGP-12177 accessible 

receptors but not agonist induced desensitisation of the receptor
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(Feldman et a l . ,  1986). Down-regulation of receptor number on 

these ce l ls  has been reported, but occurs very slowly following 

long (hours or days) incubation in the presence of an agonist 

(Tohmeh and Cryer, 1980; Aarons et a l . ,  1983).

These l a t t e r  results, coupled with those from the present study, 

demonstrate that i f  agonist regulation of human g-adrenoceptors is 

examined in v i t r o ,  the regulatory mechanisms involved are not 

dissimi lar  to those previously described for  animal and cultured 

cell  l ines .  Figure V I I . 1. attempts to incorporate experimental 

data avai lable to date into a hypothetical model for  the c e l lu la r  

processing of g-adrenoceptors during catecholamine specific  

desensitisation. The complexity of the model ref lects  the fact  

th a t ,  despite intensive investigat ion,  the precise mechanism(s) 

and sequence of events responsible for  g-adrenoceptor regulation 

are not yet known with certa in ty .  In pa r t ic u la r ,  the importance 

of phosphorylation/dephosphorylation reactions is unclear. In 

order to simplify the description of the model these reactions 

(steps A-G) are discussed separately.

In general terms, agonist (H) interaction with g-adrenoceptors 

present on the plasma membrane (step 1) results in act ivat ion of 

adenylate cyclase and the formation of an uncoupled state of the 

receptor (Ru) (step 2) detectable by a decrease in enzyme 

a c t iv i t y ,  i . e .  desensitisation, and a decrease in high a f f i n i t y  

agonist binding. Continued presence of an agonist induces further  

processing of the receptors, i . e .  selective clustering into coated
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pRu r >

(I 1 -Ru R

1 y J

5 or 6

phosphorylation  

/  déphosphorylation

Figure VII.1. Hypothetical model for the cellular processing of
/^-adrenoceptors during catecholamine-specific desensitisation

For explanation see text
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pits (step 3) followed by In ternal isat ion into vesicular structu

res with the ligand binding s i te  facing inward (step 4 ) .  At this  

stage, receptor number defined by hydrophilic agents would be 

decreased whilst to ta l  receptor number would remain unchanged. I f  

agonist was removed, receptors would reappear on the cell  surface,  

desensitisation would reverse and normal function would be 

restored. I f  agonist presence persists, the internalised receptor 

containing vesicle may fuse with lysosomal structures (step 5) 

resulting in subsequent proteolytic degradation of the receptor 

protein. A lternat ively  the receptor protein may be processed 

(step 6 ) in such a way as to lose i ts  binding capacity but retain  

i ts  amino acid structure. At this stage, to ta l  receptor number is 

reduced i . e .  receptors have been down regulated. Recovery from 

this  stage is slow, i t  may involve processing of the receptors or 

the formation of new receptors by protein synthesis (step 7) both 

of which may be followed by externalisat ion (step 8 ) and insertion  

of the receptor into the plasma membrane (step 9) .

I f  phosphorylation/dephosphorylation reactions are involved, the 

sequence of events may be as follows : b r ie f ly  (see Chapter V I . 1. 

for more d e t a i l ) ,  agonist (H) in teraction with the g-adrenoceptor 

(R) (step A) results in phosphorylation (P) of the receptor (step 

B) which is apparent as a decreased a b i l i t y  of the receptor to 

couple with Gs (Rup). I f  agonist remains in the system, selective  

clustering (step C) of the receptors occurs which is followed by 

sequestration (step D). I f  agonist is removed, the receptor is 

reactivated by dephosphorylation (step E) and recycled to the cell
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s u r f a c e .  I f  agonist persists then the receptor is processed as 

previously described (steps 5 -9 ) .  Many aspects of this  l a t t e r  

involvement of phosphorylation/dephosphorylation reactions in 

g-adrenoceptor regulation is purely speculative. For instance, i t  

is not clear whether phosphorylation is responsible for uncoupling 

of the receptor (step B) or for tr iggering the sequestration of 

the receptor away from the cell  surface (steps F or G) or in fact  

whether i t  is a common feature of a l l  g-adrenoceptor adenylate 

cyclase systems.

Several observations suggest that the model depicted (f igure

V I I . 1.)  in the absence of phosphorylation/dephosphorylation 

reactions is not applicable in a l l  cell  types. For instance, the 

f indings of the present study may suggest that in terna l isat ion and 

down regulation of gg-adrenoceptors occurs in the absence of 

receptor coupling to adenylate cyclase and that  in the human 

pla te le t  the two processes occur concomitantly, not sequentially  

as shown in figure V I I . ! . .  Furthermore, in cells  where 

g-adrenoceptors are coupled to adenylate cyclase, the question of 

whether uncoupling occurs prior to ,  or as a consequence of ,  

sequestration remains controversial. Despite these inconsisten

cies, models such as that shown in figure V I I . 1. have proved 

invaluable when attempting to define the common mechanisms that  

may be involved from data obtained using a variety  of techniques 

in d i f fe ren t  cell  types.

At present the physiological and pathophysiological significance
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of desensitisation and the various mechanisms shown to occur in 

v i t ro  such as uncoupling, in ternal isat ion and down regulation 

remain largely  unknown. A recent study employing the human 

p la te le t  as a model to study g-adrenoceptor regulation in vivo has 

suggested that the mechanisms involved may well resemble those 

observed in v i t ro  in the present study. Thus, oral administration  

of propranolol or pindolol for  one week resulted in up-regulation  

and down-regulation of g-adrenoceptor density respectively  

(Beckeringh et a l . ,  1986). Precisely how up-regulation can occur 

in the human p la te le t  is however somewhat of a mystery. In 

contrast,  studies employing MNL to study g-adrenoceptor regulation 

have shown that receptor changes observed in v i t ro  were not 

apparent in vivo (DeBlasi et a l . ,  1986). Further investigations 

are required to c l a r i f y  this s i tuat ion.

Throughout this study, attempts to delineate a possible 

in ternalisat ionship between the a^- and gg-adrenoceptors present 

on human plate le ts  revealed no hint of any interaction between 

these receptors. Thus, when various responses, e.g. cycl ic  AMP 

accumulation, adrenaline induced receptor redis tr ibut ion e t c . ,  

were examined, the results obtained were indistinguishable in the 

presence and absence of the a-antagonist phentolamine at a concen

tra t ion  known to occupy a l l  the ag-adrenoceptors. These results 

d i f f e r  from those of e a r l i e r  studies in which g-adrenoceptor 

stimulated biochemical and functional responses were only observed 

in the presence of ag-adrenoceptor blockade. However, for  reasons 

that have previously been discussed, such responses were not
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observed in this study. I t  has been suggested that certain  

g-adrenoceptor responses may actually  involve interaction with Gi . 

For example, puri f ied turkey erythrocyte g-adrenoceptors 

apparently stimulate puri f ied rabbit l i v e r  Gi GTPase a c t iv i ty  in 

reconstituted vesicles (Asano et a l . ,  1984). I t  is also possible 

that certain g-adrenoceptors may function via e ffector  mechanisms 

that involve neither Gi nor Gs, this remains to be seen. Such a 

situation would explain the results of the present study in view 

of the fact that functional coupling proteins (Gi and Gs) have 

been shown not to be required or involved in homologous regulation 

of g-adrenoceptors on lymphoma cells  (Clark et a l . ,  1986); that  

is ,  in this  study, responses expected to result from functional  

g-adrenoceptor Gs interactions were absent, whereas g-adrenoceptor 

redistr ibut ion following g-agonist treatment, i . e .  homologous 

regulation, was observed. The possible in terre la t ionship between 

catecholamine receptors requires further  investigation. The human 

p la te le t  may not however be the best model for such studies, in 

view of the fact that the preliminary finding of an apparent lack 

of interaction between a^- and gg-adrenoceptors in this  study 

might be due to the uncoupled state of the g-adrenoceptors on th is  

cel 1 .

In conclusion, the present study provides new information about 

the receptor changes that occur following agonist interaction with 

g-adrenoceptors on intact human cells  and furthermore suggests 

the p la te le t  to be a useful model for evaluating human g-adreno- 

ceptor regulation in future in v i t ro  and in vivo studies.
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APPENDICES



Appendix 1

Chemicals : All chemicals were of analytical reagent grade. 

Drugs and other substances

(Sigma)

(Sigma)

(Sigma)

(Sigma)

(Sigma)

(Sandoz)

(Sandoz)

( IC I )

( IC I )

( - )  Isoprenaline 

(+) Isoprenaline 

( - )  Adrenaline 

( - )  Noradrenaline

5-Hydroxytryptamine 

(- ) -P indolo l  

(t)-Cyanopindolol  

( - )  Propranolol 

(+) Propranolol

ICI 118,551 (erythro-DL-l- (7-methylindan-4-  

yloxy)-3-isopropyl amino-butan-2 

-ol ).
(±) Betaxolol

CGP 20712A ( l- [2-((3-carbamoyl-4-hydroxy)

phenoxy)ethylami no]-3-[4-(1-methyl  

-4 - t r i f lu rom ethy l -2 - im idazo ly l ) 

phenoxy]-2 -propranol

methanesulfonate). (Ciba-Geigy)

( 4 - ( 3 - t e r t i  ary-butylami no-2 -  

hydroxypropoxy)-benzimidazol - 2 -  

one hydrochloride). (Ciba-Geigy)

( IC I )

(Synthelabo)

(±) CGP 12177

234



(±) Practolol

Guanyl- 5 ' - y l - imidodiphosphate (Gpp(NH)p) (Boehringer Mannheim)

PGE} (Sigma)

Vasopressin (Sigma)

Human thrombin (Sigma)

Forskolin (Sigma)

Phentolamine (Ciba-Geigy)

RO 20-1724 (Roche)

Cyclic AMP (Boehringer Mannheim)

Adenosine diphosphate (Sigma)

Adenosine triphosphate (Sigma)

Bovine Serum Albumin (Sigma)

Pyruvate Kinase (Sigma)

Phosphoenol pyruvate (Sigma)

ATP monitoring reagent (LKB)

Norit GSX charcoal (Hopkins and Williams

Coulter D i f f3  system stain pack and f ix a t iv e (Coulter Electronics)

0KT3 (Ortho-mune monoclonal antibody) (Ortho Diagnostic Sysi

ANSI (DAKO)

FITC labelled goat anti mouse Ig (Tago)

Fisofluor s c in t i l l a t io n  cocktail (Fisons Ltd)

Lymphocyte separating medium (Flow Laboratories)

ICI)
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Radiochemical s

o
( - )p ro p y l -2 -3 -  H-dihydroalprenolol, 102 Ci/mmol

(New England Nuclear)

5 ' -8-^H-cycl ic  AMP, 40-60 Ci/mmol (Amersham In ternat ional,

England)

1 pc
Na I ( c a r r i e r - f r e e )  (Amersham In ternat ional ,

England)

(-) -^H-CGP-12177(-) -4-(3-t -Butylamino- (Amersham In ternat iona l ,
p

2-hydroxypropoxy)-[5,7- H]benzimidazol-2 -  England)

one), 44Ci/mmol
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Appendix 2

Protein Determination in radioligand binding experiments

Protein was determined by the method of Lowry et a l . ,  (1951), which 

re l ies  on the formation of a peptide complex with proteins in 

alka l ine  solution and the reduction of the phosphomolybdic-phosphotung- 

st ic  reagent by the tyrosine and tryptophan present in the treated  

protein . Standards of samples were prepared in water. Standard curves 

for  bovine serum albumin (0-300 ug/ml) were prepared and following 

reactions with Lowry reagents (see below), the absorbance was measured 

at a wavelength of 750nM on a Pye-Unicam SP6-500 U.V. spectrophoto

meter. Sample values of protein concentration were determined from 

regression l ines calculated from the standard curve.

Reagents for  protein assay

A. 2% NagCOg in O.IN NaOH

B. 1% CuSO .̂ SHgO

C. 2% Potassium sodium ta r t r a te

D. Freshly prepared 100ml solution A

1ml solution B 

1ml solution C.

E. Folin-Ciocalteau reagent diluted 1:3 with
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F. Protein Standard = Bovine serum albumin 10%.
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Appendix 3

Analysis of radioligand binding data

a) Saturation data

For a simple bimolecular reversible reaction obeying mass action law at 

equilibrium

R + RL [1 ]

where R = concentration of free receptors 

L = concentration of free ligand 

RL = concentration of bound receptors

And the equil ibrium dissociation constant (Kd) is defined as •

Kd = RJ_ [2 ]

RL

Since tota l  receptor density (Bmax) = R + RL [3]

Then [2 ]  + [3 ]  gives RL.Kd = Bmax.L -  RL.L

and then RL = Bmax.L [4 ]

Kd+L
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This equation describes a rectangular hyperbola and when L=Kd 

RL = Bmax.L = 1/2 Bmax 

L + L

Therefore Kd is equal to the concentration of L which occupies ha lf  of 

the tota l  receptors.

I f  RL = B (bound receptor) 

and L = F ( free ligand concentration)

then [4 ]  becomes

B(F+Kd) = Bmax.F 

B.F + B.Kd = Bmax.F

by rearrangement

B Kd = (Bmax-B)F

B = (Bmax-B) [5 ]

F Kd

Equation [5 ]  is the Scatchard equation (Scatchard, 1949). I t  allows 

l inear  transformation of data such that when a single ligand is 

interacting reversibly with a single population of receptors possessing 

a single a f f i n i t y  for the ligand, a plot of B/F versus B is a straight  

l ine  and possesses a slope of -1/Kd. The x intercept is an estimate of
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B max. A l te rnat ive ly ,  a plot of B versus B/F (an inverse Scatchard or 

Hofstee plot) yields a negative slope equal to Kd, and the y intercept  

is an estimate of B max. Deviations from a straight l ine  Scatchard 

plot may indicate that the ligand used is labe l l ing  a heterogenous 

population of sites for which i t  has d i f fe re n t  a f f i n i t i e s ,  or that 

there is co-operative behaviour between s i te s ,  or may be due to the 

introduction of one or more technical artefacts that should rea l ly  be 

minimized before obtaining the raw data. Such as, binding is measured 

when the system has not reached equil ibrium; the separation of bound 

and free is incomplete, or the separation procedure is too slow so that 

ligand dissociates from the receptor; metabolism of ligand by tissue 

enzymes; inaccurate determination of specific and free ligand 

concentration.

Deviations from law mass action behaviour may also be assessed by 

another l inear  transformation of saturation data called the H i l l  p lo t .

For n receptor sites per molecule of l igand, a generalised form of 

equation [4]  i s : -

B = Bmax (L)"

Kd + (L)"

B.Kd + B.(L)" = Bmax(L)"

B.Kd = (Bmax-B) (L)"

B = (L)" ,

(Bmax-B) Kd

taking the log of both sides gives the H i l l  equation ( H i l l ,  1910).
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log B = n log (L) -  log Kd [ 6 ]

(Bmax-B)

A plot of log B versus log (L) gives 

(Bmax-B)

a slope of the H i l l  p lo t ,  n, usually referred to as the H i l l  c o e f f i 

cient and denoted nH. The abscissa value where log  B

(Bmax-B)

= 0 is the Kd (actually  -  log Kd).

When nH = 1.0: ligand is binding to a single receptor type and obeying 

the law mass action. I f  multiple sites are present they are 

non-interacting and possess an identical a f f i n i t y  for  the l igand.

Where nH>1.0 : positive co-operativ ity

Where nH<1.0 : negative co -opera t iv i ty ; mult ip le  non-interacting  

binding sites for the l igand; or mult iple  

in terconvert ib le a f f in i t y  states.

Since H i l l  plots deviate markedly from l in e a r i t y  at the extremes, only 

data between 20-80% occupancy of Bmax was considered in determining the 

slope (nH) by regression analysis.

b) Kinetic data
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From equation [1 ]  the binding reaction may be writ ten as

R+L RL [7 ]

Ko

where K̂  = second-order association rate constant. 

Kg = f i r s t -o r d e r  dissociation rate constant.

The rate of reaction may be expressed as the rate of change of the 

concentration of the complex (RL) with time

d(RL) = K̂  (L) (R) -  Kg (RL) [ 8 ]

dt

The reaction continues unti l  equilibrium is reached and the rate of 

formation of RL equals the rate of dissociation of the (RL) complex

i . e .  d (RL) — 0

dt

Since the concentration of radioligand added (L) is much higher than 

the concentration of to ta l  receptors present in most radioligand 

binding assays, the concentration of free radioligand (L) is assumed 

not to change during the incubation. Hence for  practical purposes, (L) 

is constant and the rate of association can be said to be "pseudo
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f i rs t -o rd e r"  where ' = pseudo f i r s t - o r d e r  association rate constant =

Substitution of K '̂ into equation [ 8 ]  gives

d(RL) = Kj' (R) -  Kg(RL) 

dt

I f  the reaction is allowed to reach equi l ibrium, the s p e c i f ic a l ly  bound 

radioligand (B) at any pr ior  time is related to the specific  

radioligand binding at equilibrium (Beq) by

In Beq = (K^'+Kg)t [9]

(Beq-B)

then a plot of In (Beq/Beq-B) versus time yields a l inear  

transformation with a slope of Kobs:

i f  Kg is known then K̂  can be calculated from

K̂  -  Kobs-Kg

To determine the dissociation rate constant Kg, the association of 

radioligand (L) with receptor (R) is made negl ig ible  by addition of an 

excess of unlabelled competitive l igand, and so equation [ 8 ] reduces to
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d(RL) = Kg(RL) 

dt

a simple f i rs t -o r d e r  equation.

and i f  Beq = specific radioligand binding at equil ibrium

and B = specific radioligand binding at any time

then a plot of In (B/Beq) versus time yields a l inear  transformation

with a slope of -Kg*

units of = min“  ̂ M‘  ̂

Kg = min“ ^

thus Kd = J<g = Molar

When binding of radioligand to receptor represents radioligand binding 

to a single class of receptors in a reversible fashion with fixed 

a f f i n i t y ,  then the Kd determined for  the receptor from equilibrium 

saturation data should be equivalent to the Kd calculated from Kinetic 

data.

c) Competition data

For a binding reaction governed by law of mass action

R + L + 1?=̂  RL + RI
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where I = concentration of unlabelled competing agent 

and RI = concentration of receptor bound to this compound.

The potency of drugs in competing for  the receptor is quantitated by 

determining the concentration of competing agent that e f fe c t iv e ly  

competes for 50% of the specific radioligand binding (the IC^q) .

ICgQ values may be determined from a H i l l  plot similar  to that pre

viously discussed for saturation data in appendix 3a. For competition 

curves however, the data must be expressed as % inhib it ion of specific  

binding (%I).

A plot of log %I versus log molar concentration 

100%-%I

yields a l inear  transformation with a slope equivalent to a pseudo-Hill 

coeff ic ient  (or slope factor)  and an x intercept of - log ICgg. A true 

H i l l  slope cannot be obtained from applying the H i l l  equation to compe

t i t i o n  binding data since multiple rate constants are involved in the 

incubation ;

^3
L + R LR and I + R IR

l<2 K,

Therefore the slope factors calculated are referred to as pseudo-Hill 

coeff ic ients .
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IC50  values and slope factors may also be obtained from All f i t  

analysis. A l l f i t  is a computer assisted, non-linear, least  squares 

curve f i t t i n g  programme based on a four parameter log is t ic  equation, 

mathematically analogous to the H il l  equation : -

Y = A-D + D 

1+(X/C)®

where Y = concentration of radioligand bound

X = concentration of competing ligand bound 

A = response at dose=0 ( i . e .  =100% specific binding or 0% 

inh ib it ion of specific binding).

B = slope factor  

C = ICgQ of competing ligand

D = response at dose=infinity ( i . e .  = 0% specific binding or 

1 0 0% inhib i t ion  of specific binding).

All f i t  arrives at an estimate of best f i t  parameters for competition 

data by minimisation of the sum of squares i . e .  parameters are adjusted 

in the model so that the sum of squares of differences between estima

ted values and actual data points are as small as possible.

Competition curves may be examined indiv idual ly  or simultaneously as a 

group. Following each curve f i t t i n g  procedure, the programme gives 

estimates of model parameters and an approximate standard error for  

each estimate. This index of accuracy is fur ther  complimented by two 

other internal s ta t is t ic s  : the residual variance test  which compares a
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curve to a group of curves examined simultaneously ; and the runs test

which examines the randomness of data point d istr ibut ion for  each

curve. Each of these internal s ta t is t ic s  enable the investigator to 

gauge which models are an inaccurate f i t  of the experimental data. The 

"goodness of f i t "  test  is an external s ta t is t ic a l  test  that evaluates 

which model gives a s ign i f ican t ly  better  f i t  of the data e .g .  in the 

present study this test  was employed to determine whether or not 

competition curves were s ign if icant ly  d i f fe re n t  from unity . I t  is a

part ia l  F-test (De Lean et a l . ,  1978) calculated as

F=[(S$l-SS2)/(dFl-dF2)]/(SS2-dF2)

where SSI and SS2 = sum of squares for model 1 and model 2.

dFl and dF2 = degrees of freedom for  model 1 and model 2.

(dF = number of data points - number of parameters estimated).

At dFl-dF2 and dF2 degrees of freedom, the F-test  was taken to indicate  

a better  f i t  for  the more highly parameterised ( i . e .  two-s i te)  model

when the F value returned a probabil i ty  of <0.05.

Pseudo H i l l  coeff ic ients obtained from e i ther  H i l l  or A l l f i t  analysis 

describe the shape of the competition curve. A slope factor  of 1.0 is 

consistent with l igand-receptor interactions occuring via a simple 

bimolecular reaction governed by law of mass action. A slope factor  of 

s ig n i f ic a n t ly  less than 1.0 may indicate negative co-operat iv i ty ,  

receptor heterogeneity, or multiple receptor a f f i n i t y  states. Such 

curves are often described as being 'shallow',  of 'low slope' or may
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even be biphasic. However, since A l l f i t  cannot resolve these complex 

binding phenomena, multiple s i te  analysis in the present study was 

performed by means of a d i f fe rent  i t e r a t iv e  curve f i t t i n g  computer 

programme (NAG Library. E04FBF, NAG Ltd, Oxford, 1977). This 

programme also arrives at the best f i t  parameters by minimisation of 

the sum of squares, and goodness of f i t  was determined by the error sum 

of squares.

The mathematical model for  binding to a two-s i te ,  non-interacting  

system was

B = Bmax  ̂ [ I ]  + BmaXg [ I ]

[ I ]  + IC5 Q  ̂ [ I ]  + ICgQ 2

where B = % specific binding displaced

I = concentration of competing ligand

BmaXpBmaXg = proportion of each s i te  (%)

IC50  2 * IC5Q 2 “ concentration of competing ligand displacing 50%

specific binding to each s i te .
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APPENDIX 4

lodination of radioligands

a) lodination of ( - )  pindolol

( -)Pindolol (PIN) was iodinated according to the method of Barovsky and 

Brooker (1980). 5ul of 10mM(-)PIN was placed in an eppendorf microcen

t r i fuge  tube (1.5ml) and evaporated to dryness under a stream of 

nitrogen. ImCi Na^^^I was then added, followed by 40ul of 0.3M potas

sium phosphate buffer  pH7.5 and 5ul of aqueous chloramine-T solution 

(0.17mg/ml). The tube was vortexed b r ie f ly  and the iodination allowed 

to proceed for  three minutes at room temperature. The reaction was 

stopped by addition of 500ul of sodium metabisulphite (Img/ml) in IM 

acetic acid, and the pH of the reaction mixture adjusted to 10.0 with 

2N NaOH. The iodinated product was extracted f ive  times with 300ul 

ethyl acetate, and the extracted volume (a,1.5ml) reduced under a stream 

of nitrogen to ^300ul before being spotted onto a s tr ip  of Whatman 3MM 

paper and chromatographed in a descending manner at room temperature 

with IM ammonium formate (pH 8 .5 ) :  methanol, 10:1 (v :v ) .  The chroma

tography paper was removed when the solvent front was approximately

2.5cm from the end and cut into 1cm s t r ip s ,  which were then eluted in
1 pc

5.0ml ethyl acetate containing 2% diethylamine (v :v ) .  I ( - )P IN  was 

located (in two or three fract ions) as a single peak with an Rf of 0.29

-  0.36, placed into glass vials and stored at -20°C for  use.
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b) lodination of (±)cyanopindo1 o1

(±)Cyanopindolol (CYP) was iodinated according to the method of Engel 

et a l . ,  (1981). lOul of 13.5mM HCl containing 20ug CYP, 2Oui 0.3M
I O C

potassium phosphate buffer  pH 7.6, 2mCi Na I and 20ul aqueous

solution of chloramine T(0.34 mg/ml) were combined in that order in an

eppendorf microcentrifuge tube (1.5ml),  vortexed b r ie f ly  and allowed to 

stand at room temperature for  f ive  minutes. The reaction was stopped 

by addition of 300ul aqueous sodium thiosulphate solution (Img/ml),  

followed by addition of lOul IM NaOH. The iodinated product was 

extracted four times with 300ul ethyl acetate containing 0.01% phenol. 

The extracted volume (^ s l.2m l) was spotted onto a s t r ip  of Whatman 3MM 

paper and chromatographed in a descending manner at 4®C with O.IM 

ammonium formate pH8.5, 0.01% phenol. The chromatography paper was 

removed when the solvent front was approximately 2.5cm from the end, 

and cut into 1cm s t r ip s ,  which were then eluted in 5 .Omis methanol. 

^^^I(±)CYP was located as a single peak with an Rf of 0.09 - 0.10,

placed into glass v ia ls  and stored at -20°C.
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APPENDIX 5

Buffers

1. Phosphate Buffered Saline (PBS)

purchased as concentrate from Mercia Diagnostics.

2. Tris Buffered Saline (TBS)

9/1

Solution A :

Glucose 1.0

CaCl2.2HgO 0.0074

MgClg 0.1992

KCl 0.4026

Tris 17.565

Dissolve in 950mls d i s t i l l e d  water and adjust to pH 7.6 with IN HCl 

Make up volume to 1 l i t r e .

Solution B :

NaCl 8.19
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Mix 1 volume solution A with 9 volumes of solution B

3. Modified Krebs Henseleit Buffer

( fo r  cyclic  AMP accumulation experiments - chapter IV) .

9/1

NaCl 6.92

KCl 0.35

G1ucose 2 . 1

NaHCOg 2 . 1

KH2 PO4 0.16

MgSO .̂THgO 0.29

Na metabisulphite 0.038

Make up fresh and aerate with 95% Og, 5% COg at 37°C for 30 minutes 

before immediate use.
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APPENDIX 6

Wright's stain for  l ig h t  microscopy

"Cytospin" slides were prepared (see I I . 3 .2 .4 ) ,  f ixed in Diff350  

f i x a t iv e  reagent for  three minutes, a i r  dried and stained immediately 

with Wright's stain (Coulter D i f f  3 system stain pack) in an Ames 

Hema-Tek Slide sta iner.

Reagents

Fixative Reagent : Polyvinyl pyrrolidinone

(in absolute Methanol) 2 0 g/l

Stain Reagent : Wright's stain in absolute

methanol

S ta b i l ize r

3.0mg/l 

3% (v /v)

Buffer Reagent : NagHPÔ ./HgO 

KHg PO4

Surfactant 

Preservati ve

9mmol/l 

58mmol/I 

1% (v /v )  

2 % (v/v )

Rinse Reagent : KHgPÔ

NagHP0 .̂7Hg0 

Deionized water 

Absolute methanol

1.78mmol/I 

0.45mmol/I 

6 6 % (v /v )  

33% (v /v )
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Surfactant 1% (v/v)

Staining Procedure :

Soak for  two minutes in Wright's s ta in ,  and then in buffer  

reagent for  one minute. Rinse well in rinse reagent and 

a i r  dry. Apply one drop of DPX mountant to slide and appose 

coverslip.
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APPENDIX 7

A. Preparation of adrenal binding protein

Bovine adrenals were obtained from a local abatto ir  and trimmed of fa t  

and medullary t issue. The remaining cortices were homogenised in a 

Waring blender in 1.5 volumes L i t t l e f i e ld s  medium containing 2-mercap- 

toethanol and theophyll ine. The homogenate was centrifuged at 2000g 

for f ive  minutes at 4*C, the cell  debris discarded and the supernatant 

recentrifuged at 5000g for  f i f teen  minutes at 4°C. The resulting  

supernatant was divided into 0.5ml aliquots and stored unti l  required 

at -20°C.

Before routine use in cycl ic AMP assays, the binding of radiolabelled  

cyclic AMP was examined with respect to protein d i lu t io n .  Various 

protein di lutions were employed, and the d i lu t ion  giving 30-40% binding 

of tota l  added ^H-cyclic AMP was selected for routine use in subsequent 

assays. This degree of binding gives an assayable range of 0.25 - 15.0 

pmols cycl ic AMP.

L i t t l e f ie ld s  Medium

Sucrose 250 mM

T r is -HCl 50 mM

KCl 25 mM

MgClg.e HgO 5 mM

2-Mercaptoethanol 6 mM
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Theophylline hydrate 8 mM

Adjust to pH 7.4 with IN HCl.

B. Measurement of cyclic  AMP

Cyclic AMP was measured using the protein binding method of Brown et
o

a l . ,  (1971) that re l ies  on competition between H-cyclic AMP and cyclic  

AMP for  binding to a cycl ic AMP dependent protein kinase, derived from 

bovine adrenals.

All reagents and protein were diluted in assay buffer (50mM Tris HCl, 

4mM EDTA, pH 7 .4 ) .  Each assay tube contained lOOul blank, sample, 

cyclic  AMP standard or 8uM cyclic AMP (for  NSB); lOOul ^H-cyclic AMP 

(approximately 25,000 cpm), and buffer  to a volume of 300ul. The 

reaction was started by the addition of lOOul adrenal binding protein 

and incubated overnight at 4®C. The incubation was terminated by the 

addition of 250ul of 0.5% Norit GSX charcoal/0.26% bovine serum albumin 

in assay buffer .  Tubes were kept at 4°C for  25 minutes pr ior  to 

centr ifugat ion at 2500g for 25 minutes at 4°C. The supernatant was 

decanted into 4.5mls of Fisofluor 1 s c in t i l l a t io n  f lu id  (Fisons Ltd) 

and the radioact iv i ty  counted in an LKB-Wallac l iquid  s c in t i l l a t io n  

counter at 40% counting ef f ic iency .

Cyclic AMP values were calculated using a general,  non-l inear, least  

squares curve f i t t i n g  programme based on the same lo g is t ic  function as 

that  employed in the All f i t  programme (appendix 3c).
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Appendix 8

IOC
Evaluation of optimal conditions for I ( - )P IN  binding to human p la te le t  

membranes

Preliminary experiments were performed to determine the most 

appropriate incubation conditions to be adopted to optimise the 

specific radioligand binding. Experiments were performed as described 

( I I I . 2 . 1 . )  with the appropriate modifications.

Assay buffer  : Id ea l ly ,  incubations should be performed under near

physiological conditions. However, the presence of metal ions was to

be avoided in view of th e i r  modulatory e f fec t  on agonist binding,

discussed previously ( I I I . l . ) .  To ensure that performing the assay

incubation in the absence of sodium chloride did not result in

inact ivat ion of g-adrenoceptors during the incubation period, as has

1 25been reported for I(±)CYP binding to certain g-adrenoceptors 

(Bojanic, 1984), a b r ie f  comparison of ^^^I( - )P IN binding in hypotonic 

(50mM Tris HCl, 0.2mM Na metabisulphite, pH 7.8) and isotonic (addition  

of lOOmM NaCl to hypotonic buffer) assay buffer was performed. In 

para l le l  saturation experiments (n=3) the binding parameters for  

^^^I( - )PIN were not s ign i f icant ly  d i f fe rent  (p>0.05) in the two 

buffers: Bmax = 4.16±0.25 and 4.05±0.34 (fmol mg~  ̂ pro te in ) ,  Kd = 

20.6±1.18 and 23.17±1.56 (pM) for hypotonic and isotonic buffer  

respectively. Thus sodium chloride inclusion in the assay buffer was 

not considered necessary.
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Separation of bound and free radioligand : choice of an appropriate 

separation technique is governed by the receptor under study. For 

part icula te  preparations, as used in th is  study, - methods avai lable are 

centr ifugation, equilibrium d ia lys is ,  or f i l t r a t i o n .  Centrifugation 

often provides inadequate separation of bound and free radioligand,  

which results in re la t iv e ly  high non-specific binding. Equilibrium 

dialysis is cumbersome to perform and slow, thus allowing time for  

dissociation of radioligand from receptor. Vacuum f i l t r a t i o n  however 

is easy to perform, provides a rapid separation of bound from free  

radioligand and was considered the method of choice for the present 

study. Dissociation of radioligand from receptor during the time taken 

to separate bound/free ligand under 18-20psi negative pressure was 

negl ig ible  in the present study. Ligand dissociation was minimized by 

the use of ice-cold washing buffer,  and generally 3 x 10ml rapid washes 

of the f i l t e r s  was su f f ic ien t  to minimize non-specific binding without 

reducing specific binding. Addition of sodium chloride (lOOmM) to the 

washing buffer employed in I I I . 2.1. did not reduce non-specific binding 

or change the amount of specific binding. In saturation experiments 

(n=3) performed as described in I I 1 . 2.1. the Bmax (fmol mg"  ̂ protein) 

for  125i ( . )p iN  was 4.02±0.19 and 4.37+0.13, with a Kd(pM) of 21.97+1.42 

and 25.11±2.05 i f  f i l t e r s  were washed in the absence or presence of 

sodium chloride respectively. Thus, sodium chloride was not present in 

the washing buffer adopted for routine use.

Assay pH. The e ffect  of pH on ^^^I(-)PIN binding to human p la te le t  

membranes was examined. Experiments were performed in the presence of 

lOOpM 125i( - )piN  as previously described I I I . 2 .1 . with assay buffer

259



adjusted to cover a pH range of 7 -  9. Non-specific binding defined in 

the presence of 200uM (-) isoprenaline was unaffected by changes in pH. 

Specific binding remained constant between a pH range of 7.5 -  8.5 but 

was s ign if icant ly  reduced outside this range (f igure 8 .1 ) .  In view of 

the suscept ib i l i ty  of catecholamines to oxidation above pH 8, binding 

assays were performed at pH 7.8 in the presence of an antioxidant.  

Sodium metabisulphite (0.2mM) employed as antioxidant did not a l te r  

agonist a f f in i t y  in competing for I ( - )P IN  binding. Isoprenaline 

competition experiments were performed in assay buffer with and without 

antioxidant. Mean curves (n=3) were superimposable, with IC^q values 

of 0.326uM and 0.348uM in the absence and presence of Na metabisulphite 

respectively (data not shown).

Determination of non-specific binding : specific binding defined as

total minus non-specific binding (in the presence of 200uM(-)isopre-

naline) was generally 70-80% of to ta l  binding at the concentration of 
1 25 I ( - )P IN  (30-40 pM) used in competition experiments. The concentra

tion of ( - ) isoprenaline employed for  defining non-specific binding was 

carefu l ly  determined from competition experiments as previously 

described for  rat lung membranes (f igure H . 4 . ) .

125Protein l in e a r i ty  : specific I ( - )P IN  binding to human p la te le t  

membranes increased l inear ly  with protein concentration over the range 

15-360ug protein (using lOOpM^^^I(-)PIN, f igure 8 . 2 . ) ,  as would be 

expected for a membrane preparation possessing a f i n i t e  number of 

g-adrenoceptors. Receptor concentrations employed in binding 

experiments were well within this l inear  range and bound <10% of total
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radioligand added.
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125Figure 8.1. Specific I(-)PIN binding to human platelet membranes as 
a function of pH

Membrane preparations were diluted in assay buffer of varying pH values,
125and equilibrium experiments performed in the presence of lOOpM I(-)PIN 

as previously described (III.2.1.). Specific binding defined as total 
minus non-specific binding (in the presence of 200uM (-)isoprenaline) 
was determined and plotted against assay pH. The values shown represent 
the mean of two separate experiments performed in triplicate at each pH 
value.
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125Figure 8.2. Specific I(-)PIN binding to human platelet membranes as 
a function of tissue protein concentration

Platelet membranes (15-360ug protein) were incubated to equilibrium in 
125the presence of I(-)PIN (lOOpM). Specific binding determined in the 

presence of 200uM (-)isoprenaline was calculated sind plotted as a function 
of protein concentration. Data shown are from a single representative 
experiment performed in triplicate.
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Appendix 9

Measurement of to ta l  and released adenine nucleotides

Total and released ATP and ADR were determined by a bioluminescent 

technique that employs a stabil ised f i r e f l y  lu c i fe r in - lu c i fe ra s e  

reagent (ATP monitoring reagent, LKB) and an LKB luminometer.

The technique is based upon the quantitat ive measurement of a 

stable level of l ig h t  produced as a result of an enzyme reaction 

catalysed by f i r e f l y  luci ferase.  The formula for the l ig h t  

producing reaction is as fo l lows:-  

1uciferase

ATP + lu c i fe r in  + 0^ v  oxylucifer in + AMP + PPi + COg + LIGHT

Reagents:

1) ATP monitoring k i t  (LKB) (a) ATP monitoring reagent

i ) f i r e f l y  luciferase

i i ) D-Luciferin

i i i ) Bovine serum albumin

iv) Magnesium acetate

V) Inorganic pyrophosphate

(b) ATP standard

i )  ATP, O.lumol

i i )  Magnesium sulphate, 2.0umol
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2) Tris-EDTA

12.1g Tris (O.IM) + 0.744g NagEDTA (2mM) are dissolved in 900ml of  

d i s t i l l e d  water. pH is adjusted to 7.75 with 50% acetic acid and 

volume made up to 1 l i t r e .

3) Tris-EDTA-BSA

Img albumin per ml of Tris-EDTA.

4) Triton-Tris-EDTA

Prepare Tris-EDTA as above with 4mM EDTA and add 0.2% t r i t o n  

X-100.

5) Pyruvate Kinase (PK)

Stock PK (see Appendix 1) is diluted 1:10 in Tris-EDTA-BSA.

6) Phosphoenol pyruvate mix (PEP-Mix)

0.2ml lOOmM PEP

0.8ml HgO

5.0ml l.OM magnesium acetate 

3.0ml 2.0M potassium acetate

Method

Total or released nucleotide extracts were prepared and frozen 

away as described in V.2 .3 .
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For each ex trac t ,  two assay tubes were prepared (except for ADP 

induced secretion studies, see V .2 . 3 . ) ,  one for the determination 

of ATP content alone, the other for  the determination of ATP + ADP 

content.

Thus, a) ATP determination :

lOul of extract was added to 400ul Tris-EDTA, 40ul PEP 

Mix + lOOul monitoring reagent and the signal recorded in 

mV. lOul ATP standard was then added and the signal 

recorded again.

b) ATP + ADP determination :

lOul of extract was added to 400ul Tris-EDTA, 40ul PEP 

Mix and lOul PK. The mixture was incubated at room 

temperature for  15 minutes to allow conversion of 

ADP->ATP, lOOul of monitoring reagent was then added and

the signal recorded in mV.lOul ATP standard was added and

the signal recorded again.

Concentrations of ATP and ADP were calculated by using the mV 

measured upon addition of the internal standard. Corrections for  

background l igh t  emission were made whenever blanks (=no test  

sample added) produced signif icant amounts of l i g h t .

To calculate ATP concentrations :

ATP (umol) = sample (mV) - blank (mV) x amount of ATP

standard (mV) standard added (umol)
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For ADP = (Total ATP + ADP) -  ADP.

The f i r e f l y  luciferase and lu c i fe r in  contained in the ATP 

monitoring reagent are formulated to provide a l inear  signal up to 

a concentration of 10"^M ATP, the lower l im i t  of detection being 

Within this range, duplicate assays showed less than 5% 

variat ion as has previously been reported by others (Summerfield 

et a l . ,  1981).
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