VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

ADRENOCEPTOR STATUS IN BRONCHIAL ASTHMA

Thesis subnitted for the
Degree of
DOCTOR OF PHILGSOPHY

by
Saad Jaber Titinchi
Departinent of Pathological Biochemistry
Western Infimary

University of Glasgow

August 1685



ProQuest Number: 10991875

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10991875

Published by ProQuest LLO (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



ACKNOWLEDGEMENTS

I wish to express my thanks and appreciation to Dr B Qark for his
supervision, advice and encouragement throughout this study.

I also wish to thank Professor R M S Smellie, Dr R W Logan and
Professor I W Percy-Robb for the opportunity to work in their
gepartments, and to all the staff for their help.

I am particularly indebted to Professor I W Percy-Robb for his
helpful discussion and comments, and to Dr R W Logan and Professor
R M S Smellie far their support.

The patients involved in the two studies were under the care of Dr
KR Patel and Dr J W Kerr whose help is greatly appreciated.

liy thanks to Miss Linda Cant who patiently typed this thesis.

Last, but not least, I wish to thank my parents, sister and brother

for their financial support and encouragement during my study.

11



Lublications

Trope, G.E., Clark, B, and Titinchi, S J.S. (1982) Identification
of beta-adrenergic receptors in the pigmented mammalian iris- -
ciliary body diaphragm.

Exp. Eye Res., 34, 153 - 157.

Kerr, J.W., Patel, K.R, Titinchi, S,, Al-Shamma, M. and Clark, B
Diwnal rhythm in affinity and numbers of beta adrenoreceptors in
lymphocytes of asthmatic patients.

XI Intermational Congress of Allergology and Clinical Immunology.
London 17 - 22 October 1982.

Titinchi, S, Al-Shamma, M,, Patel, K.R., Kerr, J.W. and Clark, B
Circadian variation in number and affinity of beta, adrenoceptors
in lymphocytes of asthmatic patients.
Winter meeting of the British Thoracic Society, Birmingham, 8 - 9
December 1983 (Tharax, 33, 231, 1984).

Titinchi, S,, Al-Shamma, M., Patel, K.R.,, Kerr, J.W, and Clark, B.
(1984) Circadian variation in number and affinity of betay-
adrenoceptors in lymphocytes of astimatic patients.

Clin, Sci., 66, 323 - 328.

Titinchi, S, and Clark, B (1984) Alpha§-adrenoceptor's in human
lymphocytes: Direct characterisation by [“Hlyohimbine binding.
Biochem, Biophys. Res. Commun., 121, 1 - 7.

Clark, B., Kelman, AW., Trope, G.E. and Titinchi, SJ. (1984)
RECFIT: A microcomputer-based nonlinear regression curve-fitting
package for the quantitative resolution of beta-adrenoceptor
subtypes and estimation of nonspecific binding.

Canp. Biamed. Res., 17, 248 - 257,

Clark, B., Trope, G.E. and Titinchi, S.J.S. (1985) Beta-adrenergic

receptor subtypes iris-ciliary of rabbits.
Graefes Arch, Qin., Exp. Ophthalmal., 223, 53.

III



CONTENTS

Title

Acknowledgement s

Publications

Contents

List of figures

List of tables

Sumary

ALntroduction

1.

2.

5.

Definition of adrenoceptors

Phamacological classification of adrenoceptars
2.1. Beta-adrenoceptor subtypes
2.2, Alpha-adrenoceptar subtypes

Historical perspective of radioligand binding studies
3.1. Beta-adrenoceptars
3.1.1. Radioligand studies using beta-adrenoceptor
antagonists
3.1.2. Radioligand studies using beta-adrenoceptor
agonists
3.2. Alpha-adrenoceptors

Adrenoceptor function

Regulation of adrenoceptors
5.1. Hamologous regulation
5.1.1. Down regulation
5.1.2. Up regulation
5.2. Heterologous regul ation

IV

II

III

Iv

VIII

XII

23

25

27
28
29
30
31



()
.

Jetnodological approach to radioligand binding studies

of adrenoceptors

[ox
.

L]
~N OV =W -
L]

oy O O O OV O
-

General considerations

Radiol igand

Tissue preparations

Fethods of assaying specific radioligand binding
Incubation conditions

Hon-specific binding

Validity of ip vitro estimations of adenylate
cyclase coupled beta-adrenoceptors

T. Adrenoceptors in disease

7010

7.2
Te3e
7.4

General considerations
Szentivanyi hypothesis

Al pha-adrenoceptors in astima
Bronchial asthma

8. Circadian rhythm (Diurnal variation)

8.1.
8.2.
8.3.

9. Lymphocytes as a toal for receptar studies in asthmatics

General considerations
Diwrnal variation in asthma

Circadian rhythm of alphae- and beta-adrenoceptors

10, The thesis

11, Aims of this thesis

Haterials and methods

1. Rat lwng studies

T.1.
1.2.

- b s
Ul =W

Preparation of rat-lung

Saturation studies with [3HIIHA

Equilibrium binding time

Dissociation of [3HIIHA froi lwng membranes
Competitive binding studies

33

33
34
38
39
41
41
42

44
44
44
46
46

55

56

58

58
58
59
59
60



2.

3.

5.

Lymphocyte studies
2.1. Lymphocyte isolation
2.2, Lymphocyte counting and viability
2.2.1. Viable cell count
2.2.2. Coulter conter settings far white blood
cell counting
2.2.3. White blood cell cownting
2.3. Lymphocyte beta-adrenoceptors
2.3.1. Saturation analysis
2.3.2. Kinetic analysis of (1851 JHYP binding
2.3.3. Competitive binding studies
2.4, Lymphocyte alphay-adrenoceptars
2.4.1, Saturation amalysis
2.4.2, Kinetic analysis of [3Hlyohimbine binding
2.4,3. Competitive binding studies

Clinical studies

3.1, Study I

3.2, Study II

3.3. Determination of FEVy and FVC

Techniques of receptor analysis

4.1, Theory of ligand - receptor interactions

.1.1. Law of mass action

2. Scatchard analysis

3. Campetitive binding studies

4, Competitive binding studies with multiple
binding sites

4.1.5. Computer modelling

y

4.
4.
I

— amd b

Statistical methods

Developnent of methods

1.

Initial receptor familiarisation studies

1.1. Rat=lung cell membrane receptars

1.2. Kiretic analysis of [3HIDHA binding

1.3. Saturability of (3HIHA binding

1.4, Discussion of kinetic studies

1.5, Canpetition for [3H)IHA binding sites by
adrenergic compownds

Develomment of lymphocyte isalation
2.1, Aims

2.2, Existing methods

2.3. Develomment of the present method

VI

60
60
61
61
61

62
63
63
63
64
65
65

66

67
67
68
68

69
69
69
71
75

78

79

81
81
82
85
85
88

88
88
92
92



3.

Development of ligand binding technigues

3.1. [3HIDHA binding assay

3.2. ['25IIHYP binding assay conditions
3.2.1. Assay tubes
3.2.2. Minimising non-specific binding
3.2.3. Intact cells vs cell membranes

Characterisation of the lymphocyte beta-adrenoceptor

properties

4.1. Kiretic analysis of [ '25IJHYP binding

4.2, Saturability of [1DIJHYP binding

4,3, Discussion of kinetic studies

4.4, Canpetition for [12SI]HYP binding sites by
adrenergic compounds

5. Cnharacterisation of the lymphocyte alpha-adrenoceptor
properties
5.1. Kiretic amalysis of [3H]yonimbine binding
5.2. Saturability of [3H]yohjmbine binding
5.3. Discussion of kinetic studies
5.4, Canpetition for [3H]yohimbine binding sites by
adrenergic compownds
Discussion
Appendix A
1. Chemicals and assay kits
2. Consumnables and disposables
3. Radiochemicals
4, Drugs
5. Instruments
lReferences
Appendix B
Appendix C See enclosed within rear pocket
Addendum

VII

95
95
96
96
96
99
102

102
104
108
108

111
112

115
115

115

122

143

157

157

158

159

159

160

164

1B

3B

5B



9.

10.

1.

12.

13.

14.

15.

LIST OF FIGURES
LNTRODUCTION

Classification of autonomic responses
Autonomic nervous system
Adrenergic responses of a snooth muscle cell

Structures of sane beta-adrenergic agonists and
antagonists

Structures of some alpha-adrenergic agonists and
antagonists

Structures of radicactively labelled beta-adrenergic
antagonists

Structures of radicactively labelled beta-adrenergic
agonists

Computer-modelled competition curve

Structures of radicactively labelled alpha-adrenergic
antagonists

MATERIALS AND METHODS

Plot of the relationship of receptors occupied by
ligand to the concentrations of the ligand

Scatchard plot
DEVELOPMENT OF METHODS
Time course of [3HIDHA binding to rat-lung membranes

Time course for dissociation of [3H)JMHA binding to
rat-lung membranes

Specific binding of [3HIDHA to rat-lung menbranes

Scatchard analysis of [SH]MHA binding

VIII

11

16

19

21

26

72

73

83

84

86

87



16.

17.

18.

19.

20,

21,

22.

23,

2u.

25.

31.

32.

Stereoselectivity of [ 3HIDHA binding sites in
rat-lung membranes

Competition for [3HIDHA binding sites by adrenergic
drugs in rat-1ung membrarnes

Time course of [ 125I]HYP binding to human lymphocytes

Time course for dissociation of [122IIHYP binding to
hunan lymphocy tes

Specific binding of [1251]HYP to human lymphocy tes
Scatchard analysis of [125IHYP binding

Competition for [1251)HyP binding sites by adrenergic
drugs in human lymphocytes

Time course of [3H]yohimbine binding to human
lymphocytes

Time course for dissociation of [3H]yohimbine binding
to hunan lymphocytes

Specific binding of (31 yohimbine to human lymphocytes

Canpetition for {3H]yohimbi ne binding sites by
adrenergic agonists in human lymphocytes

Campetition for [3Hlyohimbine binding sites by
adrerergic antagonists in human lymphocytes

RESULTS OF THE CLINTCAL STUDIES

[1251]HYP binding to lymphocytes 6f a control subject
while on the salbutanal therapy

[ 1251 HyP binding to lymphocytes of an asthmatic
patient while on the salbutamol therapy

Scatchard analysis of ( ¥251]HYP binding to
lymphocytes of a control subject

Scatchard analysis of [1251)HyP binding to
lymphocytes of an astlmatic patient

Plot of lymphocyte protein vs. lymphocyte number

IX

89

91

103

105

106

107

109

113

114

116

119

120

124

125

126

127

128



1.

Te

9.

10.

11.

12,

13.

LIST OF TABLES
LNTRODUCTION
List of commonly used agonists and antagonists
DEVELOPMENT OF METHODS

The dissociation constants of drugs determined by
canpetition for [3HJIHA binding

Isolztion of human lymphocytes using different mediums
Minimising non-specific binding

Bpay @nd Kq values for binding of [125I1HYP to
intact and disrupted lymphocytes

The dissociation constants of drugs determined by
campetition for {1251 1HYP binding

The dissociation constants of drugs determined by
canpetition for [3Hlyohimbine binding

RESULTS OF THE CLINICAL STUDIES

Beta-adrenoceptar number in nomals and
asthmatic patients (Study I)

Beta-adrenoceptor affinity in nomals and
asthmatic patients (Study I)

FEV1/FVC ratio in nomals and astlmatic
patients (Study I)

Cortisol concentrations in nomals and
asthmatic patients (Study I)

Al phay-adrenoceptor number in normals
and asthmatic patients (Study II)

Al phay-adrenoceptor affinity in nomals
and asthmatic patients (Study II)

35

90

93

97

101

110

118

123

130

131

133

134

135



4.

16.

7.

18.

Beta-adrenoceptor number in nomals and
astimatic patients (Study II)

Beta~adrenoceptor affinity in nomals and
astimatic patients (Study II)

AlphaZ:betaZ ratio in nomnals and
astimatic patients (Study II)

FEV1/FVC ratio in nomals and astlmatic
patients (Study II)

Cortisol concentrations in nomals and
astimatic patients (Study II)

XI

137

138

140

141

142



SUMMARY

The aim of this thesis was to investigate a long-standing
hypothesis (Szentivanyi, 1968) that the underlying aetiology of
atopic diseases (particularly bronchial asthma) may have a
component related to beta-adrenoceptor defects. Later
(Szentivanyi, 1979) this hypothesis was modified to include a
possible imbalance of the alpha:beta adrenoceptor ratio

Patients with asthma have marked circadian variation in
bronchomotor tone, often demonstrated as the "marning dip" in FEVy,
In temms of the above hypothesis, this could result from changes in
adrenoceptor kinetics. Equally, the "dip" might be related to
other humoral circadian rhythms

Owing to problems in obtaining human lung tissve this study, in
accord with many others, used human lymphocytes as the target
tissue for adrenoceptor investigations, Betajs-adrenoceptor
kinetics were studied using radioligand binding techniques in both
normals and asthmatic patients (extrinsic) at 0800 h and 1800 h
In addition, the effects of orally administered salbutamol were
followed at similar times. Any disparity in the adrenoceptor
kinetics of the control/asthmatic groups would support
Szentivanyi's hypothesis

A significant circadian variation in betay-adrenoceptor number
was observed in both groups, The expected down-regulation of the
receptors occurred in both groups on administration of saltutamal,
but the circadian rhythm persisted although its magnitude was

reduced Both groups appeared to compensate the down-regulation ty

XII



increasing receptor affinity. At no point in the study were the
results for the two groups statistically significantly different.

In a second study, both betay,- and al phay-adrenoceptor kinetics
were studied under similar conditions to the first study. In |
addition, the ratio of alphaj:beta, adrenoceptors was fallowed to
see if any shifts occurred, particularly in the asthmatic group.
The betay resultswere statistically similar to the first study.
The kinetics of the alphaj-adrenoceptors remained constant
throughout the study, i.e. they did not show a circadian variation
and were not affected by salbutamol administration, Although there
was a significant difference in the alphay:beta, ratio at 0800 h
and 1800 h, this related solely to the circadian variation and/or
down-regulation of the betaz-adrenoceptors.

In conclusion, this study produces no evidence to support
Szentivanyi's hypothesis. Receptor function in the asthmatic
groups was remarkably similar to that of the control group.
Neither was there any evidence for a beta to alpha shift in

asthmatic patients,
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INTRODUCTION



1. DEFINITION OF ADRENOCEPTORS

The autonomic nervous system is the part of the nervous system
concerned with the regulation of visceral activities and is
comprised of the nerve cells and fibres that are distributed to
smooth muscle, cardiac muscle, and glandss The efferent autonomic
nervous system is divided, on the basis of the anatomy of the
outflow of nerves from the central nervous system, into two
portions designated sympathetic and parasympathetic (Fig, 1).

The term " sympathetic "™ is an anatomical temm referring to the
newal pathways that originate from neurons with their cell bodies
in the thoracolumbar segments of the spinal cord. The
parasympathetic pathways originate from neurons that have their
cell bodies in the midbrain, the medulla, o the sacral portion of
the spinal cord

The sympathetic pathways consist of three major components -
preganglionic neurons, postganglionic neurons and responsive
tissues. The preganglionic neurons, which originate in the spimal
cord, synapse with the postganglionic neurons in the sympathetic
trunk ganglia or in specialised collateral ganglia. The
postganglionic neurons then terminate at nerve endings on the
responsive organs (Fig. 2).

Most, but not all, postganglionic sympathetic fibres release
catecholamines fram their endings on the responsive organs and are
designated as adrenergic neurons

Thus, the term "adrenergic" refers to the neurons that release
a particular type of transmitter. The end organ receptors for
adrenergic transmitters have been termed Madrenoceptors®", and the
responses elicited by stimulation of adrenergic nerves are temmed

Madrenergic responses"



FIG. 1

Classification of autonomic responses, The division between
parasypathetic and sympathetic responses is based on the
anatomical location of the nerve cell bodies. Adrenergic and
cholirergic responses are distinguished by the chemical nature of
the neurotransmitter released at the end organ., Beta and alpha
responses are distinguished by the phammacological specificity of
the responses (Williams and Lefkowitz, 1978a).
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FIG, 2
Autonomic nervous system, Pre, preganglionic neuron; Post,
postganglionic neuron (Ganong, 1981).
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Ip vivo, these responses can be elicited by:

(a) Catecholamine transmitters (especially noradrenaline)
released at the nerve ending as a result of adrenergic nerve
stimulation,

(b) Catecholamines, especially adrenaline, released into the
circulation from the adrenal medulla

(c) Parenterally administered catecholamines or related
adrenergic agents.

Ib vitro, adrenergic responses can be elicited by exogenous
catecholamines in denervated or in innervated preparations, thereby
indicating that the nerve ending per se is not required for the
response, ‘The specialised part of the effector cell through which
adrenergic compounds act to evoke a characteristic response is

defined as the adrenoceptor.

2. PHARMACOLOGICAL, CLASSIFICATION OF ADRENOCEPTORS
The biclogical effects of catechalamines are among the most diverse
and important of any known class of chemical agents, Thus it is
not surprising that over the past several decades much research
has been directed towards the goal of a better understanding of the
physiqlogical and biochemical basis for their actions,

An important concept that has helped direct a great deal of
this effort was first put forward by Ahlquist (1948) who proposed,
on the basis of a series of physiclogical experiments, that there
were two distinct types of receptars for catechclamines, He called
these alpha- and beta-adrenoceptors, These receptors were defined
in temms of the relative potency series for several catechal amines
and related drugs for stimulating a variety of physiological

responses.



Al pha-adrenoceptors, such as those that mediate smooth muscle
contraction and platelet aggregation, were characterised by the
potency series adrenaline > noradrenaline > isoprenaline. In
contrast for the beta-adrenoceptor responses, which include smooth
muscle relaxation, the positive inotropic and chronotropic cardiac
responses, and metabolic responses such as lipolysis, an almost
opposite relative potency series was found with isoprenaline >
adrenaline > noradrenaline (Fig. 3).

Al though very few adrerergic antagonists were available at the
time that Ahlquist did his original studies, he did find that the
naturally occurring ergot alkaloids were capable of blocking the
alpha-adrenergic responses whereas the beta-adrenergic responses
were unaffected. Similarly, haloalkylamines such as
phenoxybenzamine could block alpha- but not beta-adrenergic
responses. This classification scheme was not well accepted until
some years later when specific beta-adrenergic antagonists, such as
propranolal, were developed

As more was learred about the adrenoceptors from physiclogical
studies, it became clear that although the original classification
remained useful, it required further refinement. In particular,
there\ appeared to be subtypes of both alpha- and beta-
adrenoceptors, Two major subtypes of each of the adrenoceptors

have been described so far,

2.1. BETA-ADRENOCEPTOR SUBTYPES

In 1967, Lands and co-workers identified two subtypes of beta=
adrenoceptors which were designated "betay" and "betaz". These
subtypes were defined by comparing the potency of adrenaline and

noradrenaline at various beta-adrenoceptors, In the first subtype,



FIG. 3
Adreneryic responses of a smooth muscle cell, Alpha- and beta-
adrenoceptors are indicated by the indentation on the outer surface
of the cell. Adr=adrenaline; NAdr=noradrenaline; Isozisoprenaline

(Lefkowitz, 1979).
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beta;, the catecholamines adrenaline and noradrenaline are
approximately equipotent in eliciting a response, whereas in the
second subtype, beta,, adrenaline is considerably more potent than
noradrenaline. Thus, the potency series for beta;-adrenoceptors is .
isoprenaline > adrenaline = noradrenaline; whereas for the beta,-
adrenoceptors it is isoprenaline > adrenalire > noradrenaline, The
group of betay responses includes the positive inotropic effect on
the heart, the lipolytic response of adipose tissue and the
inhibition of intestimal motility. Typical beta, responses include
bronchodilation, glycogenolysis in skeletal muscle, and relaxation
of the uterus. Although several beta-adrenoceptor blocking drugs
(e.g., propranolol, practolol and dihydroalprenolol) have been
developed over the years which may have slightly greater affinity
for one or the other subtype, such as practolol that have a
somewhat greater affinity for beta1-adrenooeptors than for betaz-
adrenoceptors, highly selective beta-adrenergic antagonists have
not yet been developed (Fig. 4).

2.2, ALPHA-ADRENOCEPTOR SUBTYPES

More recently, subtypes of alpha-adrenoceptors have been described
as we;ll. The initial development of this concept occurred in the
early 1970's (Langer, 1974) and was based on the observation that
noradrenaline and other catecholamine agonists were capable of
mediating feed back inhibition of noradrenaline release from
sympathetic nerve terminals, This feed back mechanism appeared to
be an alpha-adrenoceptor - mediated process and was blocked by
typical alpha-adrenergic antagonists, However, as additional work
was done, it became clear that the detailed pharmacological

properties of these so-called "presynaptic® alpha-adrenoceptors was



FIG. 4
Structures of sane beto-adrenergic agonists and antagonists.
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somewhat different from that of the typical "postsynaptic" alpha-
adrenoceptors mediating the usual physiological effects of
catechalamines (Langer, 1974, 1976; Borowski ¢f al, 1977; Starke,
1977; Westfall, 1977).

A wide variety of drugs have been found to have selectively
greater potency at either presynaptic or postsynaptic alpha-
adrenoceptors, in much the same way that some beta-adrenergically
active compounds have selectively greater potency at either
betay- or be tay-adrenoceptors,

A further evolution of this scheme has occurred in the past few
years as it has become increasingly clear that alpha-adrenoceptors
possessing many of the characteristics of the "presynaptic"
receptors can also be found in "postsynaptic® locations. Thus,
typical "presynaptic" receptors have been demonstrated on human
platelets (Hoffman et al, 1979), in several cultured cell lines
(Sabol and Nirenberg, 1979), and in frog skin (Pettinger, 1977).
Thus, the terminology of "postsynaptic and presynaptic" should be
replaced by the designations "alpha1"- and "alphay"-adrenoceptors,
respectively (Berthelsen and Pettinger, 1977).

Alpha1-adrenoceptors include typical postsynaptic alpha-
adrengceptors mediating smooth-muscle contraction, Alphay-
adrenoceptors include not only all knowWwn presynaptic autoregul atory
al pha~adrenoceptors but also some less typical postsynaptic
receptors existing on, for example, human platelets (Hoffman et al,
1979; Wood et al, 1979). Thus far, no succinct definition of
alpha1- and alphay-adrenoceptors analogous to that used in defining
beta- and betay-adrenoceptor subtypes has emerged

Many drugs have appeared to be putatively alphay or alphaj

selective in a number of isolated tissues from various animals.



However, in many cases generalities about the selectivity of a drug
are not possible because of the great variability of responses to
it from one tissue to another, For agonists it has been suggested
that methoxamine and phenylephrine are alpha; selective, that
clonidine is alpha, selective, and that adrenaline and
noradrenaline, having approximately equal potency at alphaq- and
alphas-adrenoceptors, are nonselective (Berthelsen and Pettinger,
1977). Among alpha-adrenergic antagonists, prazosin (Cambridge et
al, 1977; Cavero ef al, 1977; Doxey et al, 1977) and
phenoxybenzamine (Doxey et al, 1977) are considered alpha,
selective, yohimbine (a plant alkaloid) alpha, selective (Doxey ef
al, 1977), and phentolamine nonselective (Cavero et al, 1977),
(Fig, 5). These designations of alphay and alphay selectivity have
generally been determined in experiments in which effects on
alphaj-adrenoceptors were determined in terms of smooth - muscle
contraction and effects on alpha,-adrenoceptors determined through
assessment of noradrenaline release from nerve terminals,

At present, one of the most useful and widely applied criteria
for distinguishing pharmacologically between alpha;- and alphay-
adrenoceptors is the relative potencies of the alpha antagonists
prazosin and yohimbine. Prazosin is much more potent than
yohimbine at alphaj-adrenoceptors, whereas yohimbine is generally

somewhat more potent at alphay-adrenoceptors (Hoffman et al, 1979).

3. HISTORICAL PERSPECTIVE OF RADIOLIGAND BINDING STUDIES
The first receptors studied by radicligand binding techniques were

the polypeptide hormone and nicotinic chalinergic receptors, Prior
to the use of radioactive ligands, the approach to the study of

hormone and newotransmitter receptors was to infer characteristics

10



FIG. 5
Structures of sane al pha-adrenergic agonists and antagonists.
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of the receptors from an examination of the physialogical response
to the active agents, The specificity of the hormone - receptor
interaction was delineated by measuring the biclogical response to
structural analogs of the hormone, Alterations of the biological
responses to hormones induced by pathalogical or pharmacological
manipulations were often attributed to changes in the number or
function of receptors, but these changes could never be documented
Hence the interpretation of many early physiological studies of
hormone receptors was limited by the necessity of making
observations of the biological response, a response that is several
steps distal to the actual interaction of hormone with receptor.
It was not until 1969 that the interaction of a hormone with its
receptor was studied directly. In that year two groups, using
[12511adrenocortico'crophic hormone (ACTH) and [125I)angiotensin,
respectively, demonstrated that radiocactively labelled harmones
could be used to study directly the interaction of hormones with
specific membrane binding sites (Lefkowitz et al, 1970; Lin and
Goodfriend, 1970). In the next few years the approach was extended
to the study of a variety of peptide hormone and nicotinic
cholinergic receptors as reviewed elsewhere (Kahn, 1975; Lefkowitz
g_t.al,\ 1976a; Karlin, 1974).

3.1. BETA-ADRENOCEPTORS
Al though extensive pharmacological studies of adrenoceptors had

been performed for three decades, direct binding studies of
adrenoceptors lagged behind those of polypeptide and chalinergic
receptors. During the 1950's and 1960's, a wealth of
pharmacological data on adrenergic responses appeared. Studies

such as those of Ariens (1967) documented in detail the structure -
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activity relationships responsible for eliciting adrenergic
responses. The apparently competitive nature of the antagonism of
beta-adrenergic responses by antagonists such as
dichlorisoprenaline and propranclol was also demonstrated.

The studies of Ahlquist (1948) had demonstrated the existence
of at least two distinct types of adrenoceptors. Despite these
advances in the understanding of adrenergic phammacology, by the
late 1960's the limitations of classic pharmacological methods were
becoming apparent, as was the fact that further information about
the receptors could only be obtained by new techniques, such as
radialigand binding studies,

Ore of the earliest attempts at using a radicactive compound to
study beta-adrenoceptors was that of Potter (1967). It was found
that the radicactive antagonist [3H]propranolol bound to pieces of
atrial muscle ip vitro and to subcellular fragments derived from
such tissue. However, under the conditions utilized, the binding
appeared to be nonsaturable and did not have the characteristics
one would expect of binding to beta-adrenoceptors (see section 6).
Subsequently a number of investigators attempted to use
[3Hlpropranolol and (V3c)propranclol to perform binding studies on
fractions derived from brain (De Robertis and Fiszer de Plazas,
1969); heart (Vatner and Lefkowitz, 1974), bronchial tissue
(Furchgott et al, 1973), and other tissues (Huunan-Seppala, 1972).
In nons or these studies were sites labelled that had the
appropriate characteristics of beta-adremceptors (see section 6).
With hindsight, it is now clear that the specific radicactivity of
[mclpropranolol was much too low to have permitted accurate

identification of the small number of beta-adrenoceptors present in

most tissues.
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During the same period (1967 - 1974) several groups began to
explore the possibility of using radiolabelled beta- adrenergic
agonists such as tritiated isoprenaline, adrenaline, and
noradrenaline to identify the receptors. The binding of these
radiocactively labelled catecholamines was studied in membrane
fractions éerived from liver (Tomasi et al, 1970; Marinetti et al,
1969), heart (Lefkowitz and Haber, 1971), adipose tissue (Jarett et
al, 1974), erythrocytes (Bilezikian and Aurbach, 1973) and other
tissues (Fiszer de Plazas and De Robertis, 1972).

The binding sites labelled in these studies also failed to
demonstrate the binding characteristics expected of beta-
adrenoceptorss The binding did not demonstrate stereospecificity,
and the competitive beta-adrenergic antagonist propranolol
inhibited binding only at very high, non-physiological
concentrations, In addition, compounds such as catechol, which are
devoid of beta-adrenergic biological activity, significantly
inhibited the binding, Thus it became increasingly apparent that
in these studies the sites labelled by catecholamines were not
beta-adrenoceptors.

It was proposed that this catecholamine binding was to the
catechol - O - methyl transferase system (Cuatrecasas et al, 1974)
or to a catechalamine oxidizing system, However, the exact mature
of these "nonreceptor" binding sites remains wunknown. Some
evidence exists for the covalent binding of the labelled
catecholamines to the receptor sites as a result of an oxidative
process (Maguire et al, 1974; Wolfe et al, 1974). Such binding
cannot be used to characterise beta-adrenoceptors Thus by 1974,
there had been no reports of successful identification of beta-

adrenoceptors using radiocactive ligands. In that year, three
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groups independently developed methods that appeared to permit the
direct study of beta-adrenoceptorss In each case the radioligand
used was a potent beta-adrenergic antagonist. Levitzki et al (1974)
used [3H)propr‘anolol, Lefkowitz et al (1974) used (=)
[3H]dihydroalprenolol ([3H]DHA), and Aurbach et al (1974) used
[1251]hydrowbenzylpindolol (125I]HYP), (Fig. 6). Latterly other
groups have worked with beta-adrenoceptor agonists and for

cornvenience, the differing approaches will be discussed separately.

3.1.1.

During the following two years the technique using radioactively
labelled beta-adrenergic antagonists was applied to a variety of
catechalamine-sensitive systems (Williams et al, 1976a,b; Mukherjee
&t al, 1975a; Alexander et al, 1975a,b; Zatz et al, 1976; Maguire
et al, 1976a; Bylund and Snyder, 1976) and also proved useful in
studying solubilization of the receptor (Caron and Lefkowitz,
1976), site - site interactions among receptors (Limbird and
Lefkowitz, 1976), alterations of receptor number caused by a
variety of physiological manipulations (Mukherjee et al, 1975b;
Mickey, et al, 1975; Mukherjee, et al, 1976; Mukherjee and
Lefkogitz, 1976a; Kebabian et al, 1975; Harden et al, 1976;
Williams et al 1977a; Shear ef al, 1976), alteration of the
receptor affinity caused by nucleotides (Lefkowitz et al, 1976b),
the identification of ectopic beta-adrenoceptors (Williams et al,
1977b), and the genetic regulation of receptors in various cell
clones (Maguire et al, 1976a). The success of studies using
radicactively labelled antagonists to identify beta-adrenoceptors
can be attributed to a variety of factors, including the

availability of high-affinity antagonists labelled to high specific
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FIG., 6
Structures of racdicactively lzbelled beta~adrenergic antagonists.
Sites of specific radiocactive labelling are indicated by an
asterisk.



_CH,

H
OCH CH —CH,—N— C
H\
CH
[ ] Propranolol

H
OCH; CH ~CH,-N- cr1(cn13)2

3

*cHCHC
3 H2 H2

[3'{, Dihydroalprenolol

CH,
OCH CH CHy NHC~ CH,
H CH

125 %

OH
125
I: IJ lodohydroxybenzylpindolol

CH
H2 CH-CH; NHC CH,
H Q 1258 CH3

[ I:] lodocyanopindotol

16



radioactivity and an increased awareness of the appropriate
technical conditions for detection of beta-adrenoceptars.

From 1974 to 1976 the technical aspects of measuring binding
were improved to such an extent that the assays could be routinely
performed using a wide variety of tissues. Hence by 1976 the use
of radiocactively labelled antagonists had become well established
as a valuable tool for the direct study of beta-adrenoceptors

Two antagonist ligands have been widely used, namely, (=)
[3HIDHA and (+)[ '25I]HYP. Both ligands have been validated in
diff erent tissues and appear to give fairly comparable results
(Insel and Stoolman, 1978). (~)[3HIDHA has the advantages of being
a pure (-) isomer compownd, having a very long physical half-life
(12 years) and is not readily susceptible to radioactive
decomposition, Its binding has a high specificity which leads to a
low non-specific binding, Its specific radicactivity however is not
very high (90 - 120 Ci/mmol) and it is necessary to use large
amounts of membrane proteins bearing the beta-adrenoceptors to get
measurable results

In contrast, [ 125IHYP has the advantage of higher specific
radicactivity of about 2200 Ci/mmol and higher affinity for beta-
adrenoceptors than its [3H] conterparts, These properties allow
the use of much smaller amounts of protein in binding studies,
However, as a consequence of the phenethylamine side chain (Fig
6), [12°I]HYP binds to alpha-adrenoceptars (Aggerbeck et al, 1979)
and 5-HT (5-hydroxytryptamine) receptors (Dickinson et al, 1981).
Furthemare, depending on the reaction conditions, the iodination
procedure for hydroxybenzylpindolol leads to the formation of 2
different iodination products (Bearer ef al, 1980), moreover

[1251]HYP is a racemic compound
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Neither compound discriminates between the beta1- and betay-
adrenoceptors; i.e.,, in a membrane or cell suspension containing
both betay- and betaz-adrenoceptor sites these ligands would be
expected to label both with equal affinity (Hancock et al, 1979;
Minneman et al, 1979).

Recently, an altermative ligand [125I]cyanopindolol ([ 1251]CYP)
has been used to study beta-adrenoceptors (Engel, 1980; Davies and
Lefkowitz, 1983). [1251]CYP has the advantage of higher
specificity for beta-adrenoceptors due to alack of affinity for
alpha-adrenoceptors and 5-HT receptors as compared with [125I]HYP
(Engel, 1980). Unfortunately ['25I]CYP was unavailable

commercially at the commencement of this study.

3.1.2. Radioligand studies using beta-adrenoceptor aganists

At the same time, two beta-adrenergic agonists have been used as
radioligands, i.e. [3H]hydroxybenzyli soprenaline (Lefkowitz and
Williams, 1977) and [3Hladrenaline (WPrichard et al, 1978), (Fig
T. (+)[3H] hydroxybenzylisoprenaline has a higher affinity for
betay- than betaj-adrenoceptors (Lefkowitz and Williams, 1977;
Williams and Lefkowitz, 1977c). It is approximately equipotent with
isoprgnal ine at beta-l—adrenoceptors and generally about 10 times
more potent than isoprenaline at betay-adrenoceptors
Interpretation of agonist binding to adrenoceptors, however, is
much more complicated than interpretation of antagonist binding.
Several points need to be developed in order to provide a clear
picture of the significance of agonist binding. It now appears
that a fundamental property of agonists acting at adenylate cyclase
- coupled beta-adrenoceptors is the ability to induce or stabilise
ahigh affinity form of the beta-adrenoceptor (Kent gt al, 1980).
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FIG. 7
Structures of radiocactively labelled beta-adrenergic agonists,
Sites of specific radicactive labelling are indicated by an
asterisk.
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This form of the receptor does not display preferential affinity
for antagonistic drugs., Thus, in the presence of a beta-adrenergic
agonist, the beta-adrenoceptors will exist in two affinity states,
one of higher and one of lower affinity, It has been shown that
the ability to form the high affinity state is directly correlated
with the intrinsic activity ar efficacy of the beta-adrenergic drug
(Kent et al, 1980). Guanine nucleotides such as guanosine
triphosphate (GTP) which are virtually required for catecholamine
stimulation of adenylate cyclase (Williams and Lefkowitz, 1977c)
appear to mediate a transition of the high affinity state of the
receptor to its low affinity state (Kent et al, 1980; Lefkowitz et
al, 1976b; Maguire et al, 1976b; Malbon et al, 1978). Thus, in
the presence of guanine nucleotides, all of the beta-adrenoceptors
in the presence of agonist will be in the lower of the two affinity
forms, This can be demonstrated experimentally as a nucleotide =
promoted rightward shift in an agonist displacement curve of a
radicligand such as [3HJIHA (Fig. 8) or ['2IHYP. In addition to
shifting to the right, the competition curve steepens since now,
rather than two affinity states of the receptor, in the presence of
nucleotide there is only the one of lower affinity. Antagonist
displacement curves are not shifted by nucleotides since they label
only a single affinity state of homogeneous affinity (Kent et al,
1980) in the presence or absence of nucleotides. In general, for
full agonists the affinity of the higher affinity state is 50 to
100 times higher than that of the lower affinity state (Kent et al,
1980). Thus, when an agonist ligand such as
(3H]hydroxybenzylisoprenaline is used, there is preferential, if
not exclusive, labelling of only the high affinity state of the

receptor, The low affinity state, in general, cannot be directly
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FIG, 8

Computer-modelled coripetition curve for inhibition of [3HIDHA
binding by (-)isoprenaline in the presence and absence of guanosine
tripnosphate (GTP). Frog erythrocyte membranes were incubated with
2.1miaol/1 [3HIDHA in competition with increasing concentrations of
the beta-adrenergic agonist (-)isoprenaline, in both the absence
and presence of 0.1mmol/1GTP. Ky and K| denote the dissociation
constants for binding of the drug to the high-affinity and low-
affinity forms of the receptor, respectively, and Ry and Ry the
proportions of the receptor in each form (Kent et al, 1980).
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determined with a ligand such as [3H]hydroxybenzylisoprenaline.
It should be stressed that since only the high affinity form of the
receptors can be directly labelled with low concentrations of an
agonist such as [3H]YUdrombemylisoprenaline, the total number
of binding sites observed with an agonist such as
[3H]mdrowbenzylisoprenaline may be fewer than that observed with
an antagonist ligand such as [3HIDHA Moreover, the relationship of
these two values will depend critically on variables such as, for
example, the concentration of endogenous guanine nucleotides
contaminating a membrane preparation, Thus, the greater the amount
of nucleotides present, the greater the extent to which high
affinity state receptors will be converted to low affinity
receptors, and the greater the discrepancy will become between the
number of beta-adrenoceptors labelled with (3H]
hydroxyberzylisoprenaline as opposed to an antagonist ligand (Kent
et al, 1980). Thus, with beta-adrenergic agonist ligands such as
[3Hlhydroxyberzylisoprenaline ar [3H)adrenaline, it must be borne
in mind that only a fraction of the total beta-adrenoceptor pool
may be labelled. Theoretically, thelower affinity state of the
beta~adrenoceptors could be labelled with high concentrations of
[3Hlhydroxybenzylisoprenaline, but in practice this is not
possible to carry out experimentally because of problems with non-
specific binding at very high concentrations of [3H]
hy droxy benzyli soprenaline.

In purified plasma membranes from frog erythrocytes, in which
endogenous guanine nucleotide contamination is presumably quite
low, up to 90 to 95% of the betay-adrenoceptors that can be
labelled with ([3HIDHA are also labelled with

[ 3H)hydroxybenzylisoprenaline (Kent et al, 1980). However, in
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less purified preparations only 60 to 65% of the sites are labelled
with the agonist (Kent et al, 1980).

3.2. ALPHA-ADRENOCEPTORS

Prior to 1976 there had been no reports of the successful

identification of alpha-adrenoceptors by radioligand binding

studies, A number of early studies had demonstrated the binding of

alpha-adrenergic radioligands to high - capacity low - affinity

sites that did not have the specificity of alpha- adrenoceptors

(Moran et al, 1967; Yong and Nickerson, 1973; Terner et al, 1971;

Fiszer de Plazas and De Robertis, 1972). In retrospect, these

studies were probably unsuccessful for several reasons:

1. In gereral, these attempts used radicactively labelled ligands
of relatively low specific radicactivity (25 to 50 mCi/mmol)
in comparison with those currently available (30 - 90
Ci/mmol), Thus in order to identify the very small number of
true receptors, high concentrations of ligand were required
At these high concentrations, non-specific binding of ligands
to high-capacity low-affinity nonreceptor sites presumably
obscured binding to the small number of physiological high -
qffinity receptors

2. In early attempts to identify alpha-adrenoceptors by
radioligand binding, intact strips of tissue were used as a
source of receptors (Moran gt al, 1967; Yong and Nickerson,
1973). The use of membrane preparations probably allows the
attainment of higher receptor site concentrations and may also
eliminate some of the drug and hormone uptake processes that
occur in intact tissue.

The first reported successful identification of alpha-adrenoceptors
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by radioligand binding techniques was in 1976 (Williams and
Lefkowitz, 1976; Williams et al, 1976c; Williams and Lefkowitz,
1977a,b). In these studies, [3H)dihydroergocryptine, a tritiated
alpha-adrenergic antagonist with a high specific radicactivity (23
Ci/mmol), was used to label binding sites in membrane preparations
from rabbit uterus, a tissue that contracts on alpha-adrenergic
stimulation. This ligand was subsejuently used to identify alpha-
adrenoceptors in the rat parotid gland (Strittmatter et al, 1977)
and in human platelets (Newman et al, 1978). By contrast,
[3H]dihydroergocryptine - binding to rat brain preparations did not
have the specificity characteristics expected of binding to alpha-
adrenoceptors (Strittmatter et al, 1977). Other ligands have been
useful in studying alpha- adrenoceptors in the central nervous
system, U'Prichard and Snyder (1977) have reported the use of an
al pha-adrenergic antagonist, [3H]HBII101, and the alpha-adrenergic
agonists [3H]clonid1ne, [3H]adrenaline. and [3H)noradrenalire to
directly identify alpha-adrenoceptors in brain membranes. Another
ligand, [3H]dihydroazapetine, was also used in an attempt to label
alpha-adrenergic binding sites, although the sites that were
labelled did not appear to have an affinity for alpha-adrenergic
agonists (Ruffolo et al, 1976).

In analogy with the beta-adrenoceptors di scussed above, some of
the al pha-adrenoceptors are al so ~capable of existing in high and
low affinity states (Hoffman et al, 1980a). The high affinity
state is uniquely promoted by agonists and is convertible to the
lower affinity state by guanine nucleotides (Hoffman et al, 1980a;
Tsal and Lefkowitz, 1979). However, only the alpha,-adrenoceptars
and not the alpha1-adrenocept,ors di splay such heterogeneity of

binding modulated by guanire nucleotides (Hoffman et al, 1980a).
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Al pha-adrenoceptors can now be directly identified using
antagonist radioligands, such as [3H)dihydroergocryptine ([3HIIHE)
which labels both alphaj- and alphas-adrenoceptors (Williams and
Lefkowitz, 1976), [3H]prazosin which selectively labels alphaq-
adrenoceptors (Barnes ef al, 1979), and [3H]yohimbine which
selectively labels alphay-adrenoceptors (Motulsky et al, 1980;
Hoffman et al, 1981; Daiguji et al, 1981), (Fig. 9).

4, ADRENOCEPTOR FUNCTION
The binding of harmones, catecholamines or drugs to adrenoceptors
brings about a variety of biological responses such as a change in
the rate or strength of cardiac beating or change in the tone of
vascular smooth muscle,

In case of beta-adrenoceptors, the harmone-receptor interaction
results in activation of the membrane - bound enzyme adenylate
cyclase. It is suggested that binding of hormonal agonists to
adrenoceptors changes the fluidity of the cell membrane so that the
hormone -~ receptor complex diffuses laterally along the membrane
surface until it couples with and thereby activates adenylate
cyclase (Hirata et al, 1979). A second protein appears to be
involved in the activation of adenylate cyclase that results from
the h&mone - receptor imteraction., This protein, which has been
called guanine nucleotide regulatory protein (N) (Ross et al, 1978;
Rodbell, 1980; Limbird, 1981; Spiegel and Downs, 1981) interacts
with both the receptor and the cyclase, Interaction of the hormone
with the receptor affects N in such a way that it binds GTP, the N-
GTP then apparently activates the cyclase (Pfeuffer, 1977).
Aderylate cyclase, after its activation by the harmone - receptor
complex, stimulates conversion of adenosine triphosphate (ATP) to
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FIG., 9
Structures of radicactively labelled alpha-adrenergic antagonists.,
Sites of specific radicactive labelling are indicated by an
asterisk.
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adenosine 3'-5'-monophosphate (cyclic AMP), which serves as the
"second messenger" for the hormmone (Sutherland and Rall, 1960) and
activates intracellular protein kinases (Nimmo and Cohen, 1977;
Greengard, 1978). These in turn cause phosphorylation of enzymes
that lead to the characteristic cellular response, such as
relaxation of smocth muscle cells,

In case of alpha-adrenoceptors, one popular hypothesis is that
the homone - receptor interaction activates the membrane - bound
enzyme guanylate cyclase and possibly thereby increases cellular
levels of guanosine 3'-5'-monophosphate (cyclic GMP) by comverting
guanosine triphosphate (GTP) to cyclic GMP (Goldberg and Haddox,
1977), which serves as the "second messenger" for the hormone
(Lees, 1981). The cyclic GMP generated by the cyclase is then
thought to activate the cyclic GMP - dependent protein kinases
(Lefkowitz, 1976; Baxter and Funder, 1979) and ultimately produce
the observed biological effect of the hormone, However, it was
observed that alpha-adrenoceptors (Tsai and Lefkowitz, 1979; Sabol
and Nirenberg, 1979) but not al phaj-adrenoceptors are coupled to
adenylate cyclase, and it appear that alpha,-adrenoceptors inhibit
adenylate cyclase activity and therefore reduce cyclic AMP levels
(Hoffman and Lefkowitz, 1980b). Alphaj-adrenoceptors do not affect
the adenylate cyclase system and probably have a direct effect on
calcium ion flux across the cell membrane (Butcher, 1978).

5. REGULATION OF ADRENOCEPTORS
Measurements of both receptor number and affinity by direct
radialigand binding methods have greatly advanced the understanding
of various factors that regul ate adrenoceptorss It is now apparent

that a wide variety of hormones, drugs and physiological and
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pathological conditions may change adrenoceptor number and
therefore sensitivity of tissues to catecholamines (Lefkowitz,
1979). Many of these findings have important clinical
implications.

Regul ation of adrenoceptors has been classified as "™omal ogous"
and "heterclogous". Homologous regulation is the regulation of the
adrenoceptors by the hormones or agonists that normally interact
with those adrenoceptors. By contrast, heterologous regulation
refers to all other influences that regulate the adrenoceptors,
such as other types of hormones or drugs that do not normally
interact directly with the adrenoceptor (Lefkowitz, 1979).

Two additional terms are commonly used to describe adrenoceptor
regul ation, The terms "down regulation" and "up regulation® refer
to directional changes in the number of adrenoceptors under a
particular set of physiological or pathophysiological
circunstances. Thus an intervention that leads to a reduction in
the number of adrenoceptors on cells would be said to "down
regulate" the adrenoceptors, whereas an increase in adrenoceptors

would be referred to as "p regulation"” (Lefkowitz, 1979).

5.1. HOMOLOGOUS REGULATION
Homolc;gous regul ation is regulation of -the receptors ty harmones or
drugs that normally interact with those receptors

It became apparent that a wide variety of hormones and drugs
have the ability to regulate the concentration of their own
receptors in tissues. In general, the pattern that has been
observed is of an inverse relation between the ambient

concentration of the biclogically active malecule and the number of
its receptors (Tell et al, 1978). Thus, high concentrations of
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hormone or drug seem to "down regulate" their corresponding
receptor number. In contrast, when hormone concentrations are
lowered, their corresponding receptor concentrations may increase
("up regulation").

With adrenocertors, these hamone- and drug- related changes in
adrenoceptor concentration apbear to mediate real changes in tissue

sensitivity or responsiveness to catecholamines (Lefkowitz, 1979).

5.1.1. Down regulatiop

Continued exposure to increased concentrations of catechol amine
hormores or agonists often reduces adrenoceptar numbers, leading to
a fall in tissue responsiveness to that agonist (Wood, 1980). Such
dimini shed responsiveness occurring as a result of chronic exposure
to a high level of the agonist is often referred to as
tachyphylaxis, desensitisation, refractoriness or tolerance
(Lefkowitz, 1980; Motulsky and Insel, 1982a).

Several different cellular mechanisms are involved in these
processes, All have in common that they are promoted by agonists
but not antagonists and ultimately lead to the translocation of the
surface receptors to an intracellular location (Lefkowitz and
Michel, 1983). In some cases the intracellular transport is
accom;;lished ty special endocytotic vesicles that arise at the cell
surface (Goldstein et al, 1979). Once within the cell the
receptors may be degraded, processed, o recycled back to the cell
surface, Agonist - promoted internalisation of receptars may serve
a number of very distinct functions. In some cases it serves to
attenuate cellular sensitivity to further hormonal or agonist
stimulation. This may be accomplished by reduction of the number

of functional receptors at the cell surface and by their
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sequestration within the cell in compartments physically removed
from the normal effector units, This is one of a number of
mechanisms responsible for tachyphylaxis or desensitisation to drug
and hormone actions, Alternatively, internalisation of the hormone
- receptor complex may serve as an essential pathway in the

activation of the bialogical response (Lefkowitz and Michel, 1983).

5.1.2. Up _regulation
By contrast experimental sympathetic denervation (either surgically
or pharmacologically with guanethidine or 6-hydroxydopamine)
removes the tonic releasé of neurotransmitter noradrenaline,
leaving adrenoceptors unocéupied. This results in an increase in
adrenoceptor number leading to increased adrenergic responsiveness
or denervation hypersensitivity (Sporn et al, 1976; Glaubiger et
al, 1978). Similarly, chronic blockade of adrenoceptors by
specific antagonists causes an inocrease in receptor number, In an
animal model, chronic treatment with the adrenoceptor antagonist
propranolol leads to an increase in beta-adrenoceptor number
(Glaubiger and Lefkowitz, 1977). In healthy volunteers,
administration of 160 mg of propranoclol daily for seven days
increased lymphocyte beta-adrenoceptor mmber by 30 to 50% (Aarons
et al, 1980), After withdrawal of propranclol, the number of beta-
adrenoceptors decreased to normal over four days, but no
propranolol was detectable in the plasma after the first day; thus,
for several days these subjects had an increased number of
receptars in the absence of the beta-adrenoceptor blocking drug
People with hypertension of ten have abnormal sympathetic-
nervous-system responses, which resemble a hyperadrenergic state,

yet is associated with only slightly increased concentrations of
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plasma catecholamines (Galdstein, 1981); imvestigators have looked
for possible changes inadrenoceptors., Studies inanimals using
radioligand binding techniques have supported the notion that
adrenoceptors are altered in experimental hypertension (Woodcock et
al, 1978; Woodcock and Johnston, 1980; Yamada et al, 1980; Limas
and Limas, 1978,1979; Pettinger et al, 1982). In humans, Kafka et
al (1979) fownd no difference in [3HIIHA binding to lymphocytes of
hy pertensive subjects, and reported that the number of alpha-
adrenoceptors (using the radioligand (3H]JDHE) on the platelet
membranes of men (but not women) with hypertension was normal.
Motulsky et al (1983), using the alphay-selective radioligand
[3H]yohimbi re, performed a study on normal and hypertensive men and
found no difference between hypertensive subjects and normals in
the number of al phay-adrenoceptorson intact plateletsor inthe
affinity (dissociation constant) of these sites for [3H]yohimbine
ar adrenalire, Furthermare, anti-hypertensive treatment with the
alphay-agonist guanaberz or the beta-antagonist propranalal did not
change the number or affinity of platelet alphas-adrenoceptors

52, HETEROLOGOQUS REGULATION

Not only do the catecholamines themselves regul ate their recejtors,
but vérious hormones and cther influences al so control receptor
nunibers and properties, One of the more interesting examples is
thyroid horrioness, Clinicians have thought that many of the
symptoms of clinical hyperthyroidism are similar to what would be
expected for a "hyper-beta-adrenergic" state. These include such
manif estations as tachycardia, hyperdymamic circulation, increased
pul se pressure, hyperhidrosis, anxiety and tremor. This impression
has been strengthened by the finding that propranolol, a beta-
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adrenoceptor antagonist, provides relief in many patients with
symptomatic hyperthyroidism (Lefkowitz, 1979). Nonetheless, clear-
cut evidence of increased sensitivity to beta-adrenoceptor
catechalamines in patients with hyperthyroidism has been difficult
to document (Levey, 1971). It seems clear that tissue and serum
levels of catecholamines are not elevated in patients with
hy perthyroidism (Christensen, 1972). The possibility that thyroid
hormones might alter the concentration of beta-adrenoceptorsin
tissues has been explored 1in rats rendered hyperthyroid by
injection of thyroxine or triiodothyronine. Therewasa highly
statistically significant increase in the number of beta-
adrenoceptors in the hearts of these hyperthyroid animals without
ary change in the affinity of binding of the antagonist [3HIIHA to
these receptors (Williams et al, 1977a). Conversely, Bamerjee and
Kung (1977) have shown that the number of beta-adrenoceptors is

decreased in the hearts of hypothyroid rats.
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6. METHODOLOGICAL APPROACH TO RADIOLIGAND
BINDING STUDIES OF ADRENOCEPTORS

6.1, GENERAL CONSIDERATIONS
The goal of radioligand binding experiments is to study the
physicochemical interaction between radicactively labelled ligands
and adfenoceptors. The basic technical requirements for
adrenoceptor studies are a radioactively labelled, biologically
active adrenergic ligand (agonist or antagonist), a tissue
preparation containing adrenoceptors, and a valid method for
separation of bound and free ligand However, merely demonstrating
the presence of bound ligand is not sufficient to prove that the
observed binding is in fact to a receptor site. In order to
establish that the binding measurements truly reflect the
interaction of ligand with physiologically relevant receptors,
several criteria must be satisfied:

1« The radioligand must be physiologically active and chemically
pure. The presence of even a small percent of radiocactive
impurity might compl icate the interpretation of binding data.

2. Since there should only be a finite number of receptor sites,
the binding of radioligand to receptor preparations must
demonstrate saturability at the receptors

3. The concentration range over which the ligand occupies the
receptors should be comparable to the concentration range over
which it elicits a bialogical response,

4, The binding sites labelled by the radicligand must exhibit the
specificity and stereospecificity of the adrenergic response.
The order of potency of agonists in eliciting the bialogical
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response should be reflected in their order of potency in
competing for the binding sites, The biologically active (=)
stereoisomers of adrenergic agonists should be more potent in
competing for the binding sites than the less active (+)
stereoisomers., Specific antagonists that inhibit the
biological adrenergic response should block the binding of
radiol igand.

5. The kinetics of binding should reflect the Kinetics of the
adrenerglic ligand in eliciting or antagonising a biological
response,

In general, if these criteria are satisfied, it is likely that the

measured binding of radioligand represents binding to

adrenoceptors in the tissue preparations wnder investigation

6.2. RADIOLIGAND

During the last two decades hundreds of compounds have been
synthesised that interact as either agonists or antagonists with
adrenoceptors (Table 1). The large number of these compounds and
the wealth of pharmacological data on their actions have provided a
virtually limitless source of ligands that can potentially be
radicactively labelled. For specific studies the choice of
radiol igand depends on several considerations, including whether an
agonist or antagonist is desirable and whether a tritiated or
iodinated ligand is most suitable, However, there are a number of
characteristics that any currently available or new adrenergic
radialigand should have

1. The radioligand should have demonstrable biclogical activity

as an agonist or antagonist

2 Since the absolute number of adrenocgptor' sites in most
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Al pha~adrenoceptor
agonists

Beta-adrenoceptor
agonists

Al pha~-adrenoce ptor
antagonists

Beta-~adrenoceptor
antagonists

KRadiolabelled alpha-
adrenoceptor antagonists

Radiolabelled beta-
adrenoceptor antagonists

TABLE 1

List of comonly used agonists and antagonists, with radialabelled derivatives used in binding studies

Non-selective action

Adrenaline, Noradrenaline
Adrenal ine, Isoprenaline
Ditydroergocryptine,

Phentolamine

Al prenoclal, Dihydrcalprenoclol,
Pindalol, Propranalel, Timalol

[ wEEE‘ roergocryptine
( 3H]Dity droal prenolal,

(13513 Hy droxy benzyl pindol ol,
['251]cyanopindol al

EEN._

Methoxamine, Phenylephrine

Phenoxyberzanine, Prazosin,
WB 4101

[3HlPrazosin, [3H]WB 4101

Clonidine

B.me

Rauval scine, Yohimbine

[ 3H]Yohimbine

wmﬁ.:

Noradrenal ine

Atenolal, Betaxolal,
Metopralol, Practalol

Beta,

Salbutamal, Terbutaline

Butoxamine, ICI 118,551,
IPS-339
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tissues is small, the radioligand should have a high specific
radicactivity, In most cases it is very difficult to work with
radioligands having a specific radicactivity of less than 5 or
10 Ci/mmol.

3. The radioligand should have a high affinity for the receptor
sites, thus permitting the use of the radioligand at low
concentrations and reducing the 1ikelihood of binding to non-
specific sites. In addition, the rate of dissociation of the
radioligand from the receptor sites should be sufficiently
slow to allow separation of bowund and free radiocligand using
currently available techniques,

4, The radioligand should be chemically stable under the assay
conditions employed

5. Ideally the radioligand should specifically interact with only
one type of receptor site under the assay conditions used,
Thus the use of 1ligands (e.g [3H]phenoxybenzanine) with the
potential to bind to several receptor types would give a
complex binding pattern that would be difficult to interpret.

Both tritiated and iodinated 1ligands have been used for binding

studies of adrenoceptors, Each type of isotopic labelling has its

advantages. Tritiated ligands offer the advantages of a long
radicactive half-1life and no significant alteration of the chemical
structure of the ligand because of the presence of the isotope.

The principle advantage of iodinated ligands is the high specific

radicactivity, for example, the incorporation of one atom 1251 per

molecule of ligand would give > 2000 Ci/mmol. The disadvantages of
using iodinated ligands for binding studies are the relatively
short half-life (60 days for 125I) and the potential alteration of

biological activity caused by jodination, However, for studies of
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systems in which the amount of biological material is very limited,
the use of high specific activity iodinated ligands may
significantly enhance their feasibility,

Currently available radioligands have been used primarily in
three types of experiments: kinetic studies, saturation assays and
competitive binding experiments

Kiretic experiments determine how rapidly a radialigand binds
to a receptor and dissociates from it; these studies yield the rate
constants characterising the radioligand-receptor interaction,
Kinetic experiments also give practical information: how long it
takes for the binding reaction to reach equilibrium and how much
radioligand dissociates from the receptars during the time required
to separate bound from unbound radicligand

Saturation assays quantitate the concentration of receptars and
the affinity of these receptors far the radioligand and have been
the principal type of experiment to study adrenoceptars in human
tissues, These assays are performed by incubating a constant
concentration of tissue adrenoceptors with various concentrations
of the radioligand, Radialigands typically bind to adrenoceptors
in a saturable manner, The specific binding approaches a maximum

(B,..,) that represents the total quantity of adrenoceptors present.

max

The concentration of radioligand that binds to half this number of
adrenoceptors is the dissociation constant (K,) and is a measure of
the affinity of the adrenoceptors for the radioligand A simple
rearrangement of the specific binding data into a Scatchard (1949)
plot (B/F vs. B, whereB and F refer to the amounts of bound and
free ligand respectively), a transformation that usually yields
straight lines for radioligand binding to adrenoceptors and is

commonly used to display and analyse the results,
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Competitive binding experiments determine the ability of
various compounds fo compete with the radioligand in binding to
adrenoceptors. These are carried out by incubating a constant
concentration of tissue adrenoceptors and radioligand with various
concentrations of the competing compownd, As the concentration of
the competitor increases, more adrenoceptors are occupied by it,
and fewer are occupied by the radioligand, The affinity of the
adrenoceptors for the competitor (expressed as the dissociation

constant K4) is determired from the competitive binding curve.

6.3. TISSUE PREPARATIONS

Since many organs are responsive to alpha- or beta- adrenergic
stimulation, or both, there are many potential sources of tissue
for adrerergic binding studies, In the ideal situation, the tissue
studied would consist of a single cell type, since interpretation
of binding data is complicated if the cell type responsible far the
observed binding is wnknown In addition it would be advantageous
to use a tissue that is highly enriched in adrenoceptors, by
analogy with the electroplax (electric argan of the electric eel)
tissue that has been extremely useful far the study of chalirergic
receptors, Unfortunately to date no human tissue have been found
that :;.s particularly enriched with alpha~ or beta-adrenoceptors
Tissues can be processed in a variety of ways in preparation for
binding studies. Binding of adrenergic ligands has been measured
in isolated intact cells (Brown et al, 1976; Mukherjee and
Lefkowitz, 1976b; Insel et al, 1977), in particulate membrane
fractions (Levitzki et al, 1974; Lefkowitz et al, 1974; Aurbach et
al, 1974; Alexander et al, 19753, b; Williamset al, 1976a,b; Zatz
et al, 1976; Maguire et al, 1976a; Bylund and Sryder, 1976), and in

38



soluble preparations (Caron and Lefkowitz, 1976). The measurement
of specific binding in intact microscopic pieces of tissue is
difficult because of the low density of adrenoceptors and the high
non-specific retention of ligand in the tissue. Performing
binding studies using isolated intact cells, in contrast with
studies on membrane preparations or solubilised tissue, offers the
Obvious advantage of maintaining a structural and metabolic state
closer to that present ip vivo. However, the preparation of
membrane fractions often allows a partial purification and
concentration of the specific type of membrane material (usually
plasna menbrane) containing the greatest density of receptors

In general, receptor binding sites are somewhat labile as can
be observed by the partial loss of binding activity when the
preparations are stored (unfrozen) for several hours. However, the
lability of the binding sites is in most cases not nearly as great
as that of the adenylate cyclase catalytic activity. In general
quick freezing of membrane preparations permits preservation of
both binding and adenylate cyclase activities, However in some
systems freezing and subsequent thawing of tissue cause a slight

increase in the level of non-specific binding of radioligand

6.4. METHODS OF ASSAYING SPECIFIC RADIOLIGAND BINDING

A variety of methods have been used to quantify specific
radiol igand binding. In general these methods require a total or
partial physical separation of bowund and free ligand, They include
filtration and centrifugation.

Filtratiop

The most rapid and widely used technique far separating bound and

free ligand has been filtration. 1In this method a membrane
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preparation is incubuted with radiql igand far an appropriate length
of time. Then this incubation solution or a portion of it is
rapidly filtered under suction through a horizontal 2.4 cm filter
composed of paper or other appropriate matrix, and the amount of
particulate bound radicactivity retained on the filter is measured
If a small volune is used for the incubation, it is advantageous to
rapidly dilute the incubation in buffer to a volume that can
homogeneously cover the filter to minimize sample loss on transfer
of the tube contents. After filtration, the filters are washed
rapidly with buffer (5 to 30 ml) to remove non-specifically trapped
ligand. The optimum volume of washing should be the amount that
gives the maximal reduction in non-specific binding without
reducing the level of specific binding, The most important
principle involved in this assay procedure is that the amount of
measured binding should reflect the amount of binding in the
incubation just prior to separation of bound and free ligand.
Hence the separation method must be sufficiently rapid that an
appreciable amount of association or dissociation of ligand does
not occur during the assay procedure
Centrifugati
In the centrifugation method, a membrane preparation is incubated
with \radioligand for an appropriate length of time, After
centrifugation, the amount of particulate bound radicactivity is
determined by simply measuring the radiocactivity in the pellet.
The speed in the centrifugation method is achieved by the use of
"table top" centrifuges, which allow rapid pelleting of small
aliquots (100 to 200 pl).

The main disadvantage in the centrifugation technique, is that

the backgrownd level of non-specific binding (possibly because of
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the trapping of free ligand in the pellet) is higher than with

other methods.

6.5. INCUBATION CONDITIONS

The incubation of radicligand and receptor preparation should be at
a physiological pH, temperature, and ionic composition. Within the
broad constraints of these conditions, there are very few absolute
requirements that must be met in the incubation conditions.
Several types of buffer systems, including Hepes, phosphate and
Tris-HCL, have been used in adrenergic radioligand binding studies,
which are usually carried out at pH 74 - 76. The concentration
of radioligand in the incubation mixture is obviously an important
variable, since the fraction of total binding of ligand that is
non-specific and non-saturable is highest at high radioligand
concentrations, it is a technical advantage if assays can be

performed at relatively low concentrations of radioligand,

6.6. NON-SPECIFIC BINDING

Radioactively labelled 1ligands, like many other compounds, non-
specifically adsorb to glass, paper, cellular membranes, and other
substances, Thus when measuring the amount of radicactivity bound
to a receptor preparation, it is important to subtract the amount
of radioactive "background" that represents non receptor binding
In practice, ™on-specific® binding is defined as the amount of
measured radioactivity not displaced by adrenergic agonists and
antagonists. The levels of non-specific binding depend on a
variety of factors including the tissue preparation, the assay
method, and the radioligand used. The nature of non-specific

binding is unknown. It is usually non-saturable and generally
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occurs instantaneously, A portion of non-specific binding may

represent pnysical trapping of radioligand

6.7. VALIDITY OF IN VITRO ESTIMATIONS OF ADENYLATE CYCLASE COUPLED

BETA- ADRENOCEPTORS
Sutherland and his colleagues developed the now widely accepted
theory that the link between receptor occupancy and biological
response is often in the form of so-called "second messengers" such
as cyclic 3', 5'- adenosine monophosphate (cAMP) and other cyclic
nucleotides (Sutherland and Rall, 1960). They were the first to
denonstrate that stimulation of myocardial and hepatic adenylate
cyclase by catechalamines in broken cell preparations was mediated
by a beta-adrenoceptor. The order of potency of agonists for
erzyme stimulation was isoprenaline > adrenaline > noradrenaline;
and stimulation was antagonised by the beta-adrenergic antagonist
dichlorisoprenaline (Murad gt al, 1962).

Subsequently, a number of imwestigatars have studied, in some
detail, the pharmacological characteristics of the adenylate
cyclase coupled beta-adrenoceptors.  In all respects the
specificity of the receptor/cyclase complex determined ip viftro is
identical to the specificity of the complex as determined by
pharmacological techniques on intact tissues (Rosen et al, 1970;
Mayer, 1972; Grunfeld et al, 1974; Kaumann and Birnbaumer, 1974;
Lefkowitz, 1975; Mukherjee et al, 1975a).

A nuaber of characteristics of adenylate cyclase stimulation by
catecholamines provide evidence that the beta-adrenoceptor is
mediating these effects. When studied ip vitro, catecholamine
stimul ation of the receptor/cyclase complex is competitively

antagonised by beta-adrenergic antagonists; effects of agonists and
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antagonists on the complex display the same marked
stereospecificity that is apparent for their physiological actions
on intact tissues, i.e. (~) isomers are considerably more potent
than (+) isomers (Mukherjee et al, 1975a; Tell and Cuatrecasas,
197W); the ability of beta- adrenergic agents to stimulate or
competitively antagonise stimulation of the adenylate cyclase
enzyme directly parallels their efficacy at physiological beta-
adrenoceptors. Moreover, the differences among beta-adrenoceptors
in intact tissues (e.g. betaq, betay) are closely mirrored by the
specificity of the adenylate cyclase - coupled beta-adrenoceptors
(Lefkowitz, 1975). Studies of adenylate cyclase activation in
broken cell preparations have demonstrated that the beta-
adrenoceptors of heart and adipose tissue are betaq (Mayer, 1972;
Kaumann and Birnbaumer, 1974; Lefkowitz, 1975), whereas those of
liver, skeletal muscle and lung are betay (Mayer, 1972; Lefkowitz,
1975; Burges and Blackburn, 1972). These findings support the
contention that both beta; and beta, adrenoceptors coupled to
adenylate cyclase are the physiologically relevant beta=-
adrenoceptors; agonist occupancy of these receptors stimul ates
adenylate cyclase thereby incréasing cellular levels of adenosine
3', 5' monophosphate (cyclic AMP).

Récently it has been observed that alphay-adrenoceptors (Tsai
and Lefkowitz, 1979; Sabol and Nirenberg, 1979), but not alpha
receptors are coupled to adenylate cyclase, they inhibit aderylate

cyclase activity and in turn decrease cellular cyclic AMP levels.
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7. ADRENOCEPTORS IN DISEASE
7.1. GENERAL CONSIDERATIONS
There is a growing awareness of the need to study disease
mechanisms at a cellular level, Work with isolated organs or
tissue slices represent moves in that direction, though many
artifacts are inherent in their preparation, and their application
to wan is very limited Cellular elements of peripheral blood have
therefore a great heuristic appeal since they possess receptors
specific to a number of endogenous compounds, and they can be
isalated repeatedly and with relative ease, even during periods of
severe illnesss They therefore provide a useful tool far studying
a number of cellular mechanisms., Following the discovery of
adenylate cyclase in sonicated leucocytes (Scott, 1970) and the
presence of beta-adrenoceptors in peripheral blood leucocytes
(Smith and Parker, 1970), it has been found that these cells
possess histamine receptors (Bourne ef al, 1971) and prostaglandin
Eq receptors (Bourne and Melmon, 1971). Insulin (Gavin et a1,
1972; Gavin et al, 1974) and growth hormone receptors (Archer et
al, 1973) have also been described

Since the section on regulation of adrenoceptors (see section
5) has described various adrenoceptor disorders in diseases, the
present discussion will concentrate on adrenoceptor dysfunction in

bronchial asthma, which is the subject of this thesis

7.2, SZENTIVANYI HYPOTHESID
Szentivaryi (1968) postulated that the atopic state and bronchial

hy per-reactivity in asthma results from a reduced beta-
adrenoceptor function and a relative increase in alpha- adrenergic

activity. This contention was based on observations of reduced
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beta, metabolic responses such as hyperglycaemia and peripheral
vasodilation in asthmatic patients following administration of beta
agonists as compared to these responses in non-atopic normal
subjects (Cookson and Reed, 1963; Middleton and Finke, 1968).

Other workers showed that beta adrenergic blockade enhances
bronchial reactivity to inhaled allergens (Quellette and Reed,
1967) or to methacholine (McGeady et al, 1968) in patients with
seasonal allergic rhinitis without a previous history of bronchial
asthma By progressively increasing doses of the beta blocker, an
acute airway obstruction could be produced which seemed to reach an
intensity that may be found in patients with bronchial asthma
(McGeady ef al, 1968). Administration of beta blockers has also
been reported (McNeill, 1964) to aggravate already existent
asthmatic conditions and to cause precipitous and prolonged falls
in Forced Expiratory Volume in 1 second (FEV4). Blockade of beta-
adrenoceptors was found to increase significantly the bronchial
sensitivity of asthmatic subjects to methachaline, whereas no such
effect was detectable in normal human subjects as judged by the
change in FEVy (Zaid and Beall, 1%6).

This hypothesis has therefore attracted considerable attention
and provoked a great deal of research, Several groups (Logsdon et
al, 1972; Parker and Smith, 1973; Alston et al, 1974) have studied
asthmatic patients using leucocyte beta-adrenoceptors, They have
reported depressed beta-adrenoceptor function, at least during the
active pnases of the disease and have interpreted these data as
supporting Szentivaryi's hypothesis, However, other workers (Grieco
et al, 1968; Zaid et al, 1968; Gillespie et al, 1974) were unable
to find a significant difference between nomal subjects and most

asthmatic patients. Conolly (1980), rejected Szentivanyi's
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hy pothesis believing that the depressed beta-adrenoceptor activity
fond in such patients can better be explained as a consequence of
prolonged exposure to high levels of exogenous ar endogenous beta-

adrenergic agonists (Greenacre and Conolly, 1978).

7.3. ALPHA-ADRENOCEPTORS IN ASTHMA

Increased alpha-adrenergic responsiveness has been described in
astimatic patients (Henderson et al, 1979) although little is known
about the role of alpha-adrenoceptors in human asthma, alpha
receptor antagonists have been shown to modify exercise and
allergen-induced asthma (Patel and Kerr, 1975; Patel et al,1976).
In an animal model of chronic asthma a small decrease in pulmonary
beta-adrenoceptor numbers accompanied by a pronowmnced increase in
al pha-adrenoceptor numbers has been shown (Barnes et al, 1980a).
In hunan lung there is some evidence for increased alpha-
adrenoceptors in lungs from patients with airways obstruction
(Barres et al, 1980b). Previous studies using [3HIDHE were able to
identify alpha-adrenoceptors in human lymphocytes (Sano et al,
1981a,b), but the subtype was not defined, and the preliminary
evidence has indicated that the lymphocytes of patients with asthma
have elevated numbers of [3H]DHE-binding sites, which are presumed

to indicate increased nunbers of alpha-adrenoceptors

7.4. BRONCHIAL ASTHMA

Bronchial asthma is a condition characterised by episodic and
variable breathlessnesss This breathlessness results from wide -
spread narrowing of intrapulmonary airways and varies in severity
over short periods of time, either spontaneously or with treatment,

Variable narrowing of the peripheral alrways is due to one or all

46



of the following:

1. Contraction of bronchial smooth muscle (bronchoconstriction)
2, Oedema of the mucous membrane

3. Mucus within the lumen

Bronchoconstriction may be related to exposure to environmental
factors, especially inhaled substances in concentrations that do
not affect the majority of persons, or may occur without apparent
external cause, Detectable factors include specific antigen-
antibody (IgE) reactions, usually to inhaled antigens, hyper=-
reactivity of the airways to physical and chemical stimuli, and
exercise.

Resting bronchial 'tone' can be demonstrated in bronchial
musculature by a decrease in airway resistance after administration
of bronchodilator drugs.

In the last fifteen years it has been recognized that the
airways in normal subjects are under the contral of the autonomic
rervous system and constrict reflexly following marny chemical and
mechanical stimuli, although this narrowing usually does not
produce symptoms or signs. The domimant symptom in bronchial asthma
is breathlessness - an unpleasant awareness of difficulty in
breathing which may be sensed not only in expiration but also in
inspi;ation especially when there is marked hyper-inflation.
Tightness in the chest is then also a component of the dyspnoea,
Whneezing usually accompanies both inspiration and expiration unless
the asthma is so severe that the reduced air flow is unable to
create the sound. The pattern of wheezy breathing varies
considerably, it may be episodic in which the episodes are shart or
long or it may persist for very long periods,

There is now a wide choice of tests for assessing airway
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function. Tests based on the forced expiratory mancewre are
repeatable and for many purposes measurement of peak expiratory
flow (PEF) or forced expiratory volume in one second (FEV¢) is
adequate. Pulmonary function tests in asthma have three main uses;
first, to make the diagnosis; second, to assist in the assessment
of the severity of an asthmatic attack; third, to monitor the
course and its modification by treatment.

Some regard this bronchial hyper-reactivity as the central
abnormality in the asthmatic subjects. The precise causes are
uncertain, The amount of muscle in the bronchi of asthmatic
subjects is increased, but it has not been shown to be more
reactive jip vitro. Both nervous and humoral factors have been
postulated in the pathogenesis of bronchial reactivity. There is
dispute as to whether a stimulus causes an abnormal acute response
(increased release of humoral mediators or abnormal firing of a
nervous reflex) or whether the enhanced reactivity is due to a
normal acute response superimposed on increased resting bronchial
tone, Abnormal release of mediators has not been demonstrated but
temporary hyper-reactivity develops in normal subjects with viral
infections, possibly due to abnormal stimulation of irritant
receptors in the bronchial mucosa There is no doubt that clinical
and fﬁnctional evidence of hyper-reactivity is greatly enhanced
when there is pre-existing airway narrowing. There are at least
three reasons for this effect of airway marrowing First, a given
absolute change in airway diameter will produce a larger increase
in airflow resistance if initial diameter is reduced; second,
increases in bronchial tone may potentiate the stimulation of
irritant receptors and the initiation of reflex

bronchoconstriction; third, increases in tone potentiate the
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effects of bronchoconstrictor drugs.

Asthma is broadly divisible into two groups: extrinsic and
intrinsic.
Extrinsi topi .
This re.fers to the large group in whom asthma is due to IgE-
mediated hypersensitivity reactions to innhaled antigens commonly
present in the air, Many of them also have seasonal or perennial
allergic rhinitis, Most of them start having wheezy breathlessness
early inlife, in some after infantile eczema. In some the early
episodes are prolonged, and masquerade initially as attacks of
bronchitis and bouts of coughing, The special liability which
these patients show to develop IgE antibodies as a result of minor
exposure to common environmental antigens has been estimated to
affect about 10% of people and is presumably genetic, It has been
called atopy. In the name used for this sort of asthma,
'extrinsic' implies that asthma is precipitated by contact with
environmental antigens and ‘'atopic' refers to the sort of
hypersensitivity reaction that is concerred
Intrinsi i
With intrinsic asthma on the other hand wheezy breathlessness
although episodic at first tends to be much more persistent. The
illness wsually starts later in life, often in the late 20s or 30s,
but no age is exempt. A frank allergic backgrownd is not found but
perennizl rhinitis is not uncommon. Aspirin sensitivity is
sometimes a feature and nasal polyps not an infrequent finding.
The onset of intrinsic asthma is often related to an acute

respiratory infection and persistence of infectionis a serious

natter,
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Bronchodilators

Bronchodilator drugs are defined as drugs which relax bronchial
srocn tiuscle and decrease bronchial tone,  In animals, the effect
may be dewonstrated on isolated bronchial smooth muscle and in
intact animal preparations, by inhibiting bronchoconstriction
incduced by histamine and acetylcholine administration. 1In man,
the effect may be demonstrated by the relief of 'spontaneous!
bronchospasin or that induced by exercise or other challenge.

At present, bronchodilator drugs, as defined above, are either
anti-chal irergics, adrenergics or xénthine derivatives, In addition
to relaxing the smooth muscle of the bronchus, they have other
actions which may be of importance in relieving airways
obstruction, They are known to influence small blood vessel
function and so may reduce oedema and in addition can exert a
prophylactic effect by inhibiting mediator release from the lung
mast cellss They can be used far the relief of the acute attack or
they may be taken continuwously, where they exert a 'prophylactic'
effects Presumably, their effectiveness when given chronically is
partly due to inhibition of mediator release but may also be due to
suppressing the bronchoconstrictor effect of the released mediators
on the bronchial smooth muscle.

Adrenergic drugs are extremely useful in the management of
asthma, whereas anticholinergics have alimitedrole, It may be
that despite the poor innervation there are numerous beta-
adrenoceptors which can respond to circulating adrenaline or to
adrenergic drugs used in therapy. Stimulation of adrenoceptors
produces bronchodilatationin animals and a decrease in airways
resistance in man. Recently, evidence has accumul ated to suggest

that there are alpha-adrenoceptors in the bronchi and these could,
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when stimulated under certain circumstances, produce
bronchoconstriction, Normally, however, the beta-adrenoceptors
(bronchial relaxant) are the predominant adrenoceptors in airways
smooth muscle, Adrenergic bronchodilator drugs must therefore
stimulate beta-adrenoceptors,

Classification of bronchodilator drugs is based on the
autonomic pharmacology of bronchial smooth muscle.
Bronchodilatation is produced by beta-adrenoceptor stimulation and
bronchoconstriction, by stimulation of cholinergic receptors and
possibly too, alpha-adrenoceptors, The available drugs can be
classified as:

1. Antichalirergic drugs, eg atropine
2.  Sympathomimetic (adrenergic) drugs

a) with alpha and beta effects, eg adrenaline, epnedrine

b) with betay and betay effects but no alpha effects, eg.

isoprenaline

c) with selective beta, effects, eg salbutamoal, terbutaline
3. Others, methylxanthines, e.g aminophylline and choline

theophyllinate,

Glucocorticoids

These should be reserved for more severe or profracted asthma that
does not respond to the proper use of bronchodilators. Their mode
of action in the relief of the airway obstruction is unknown.
However, the effects are not immediate, and as much as 6 hours may
be needed before any benefit can be demonstrated Consequently, in
acute situations, vigorous bronchodilator therapy should be
continued while steroids are being administered. In addition,
there is some suggestion that glucocorticoids can restore beta-

adrenergic responsiveness in both normal and asthmatic subjects
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(Ellul-ticallef and Fenech, 1975; Holgate et al, 1977; Shenfield et
al, 1975).

8. CIRCADIAN RHYTHM (DIURNAL VARIATION)

8.1. GENERAL CONSIDERATIONS

Al though research in the field of human 24 - hour rhythms has a

history of about 150 years, it is only during the last 15 years

that rezl progress has been made towards a better wnderstanding of
the mechanisms involved. A few generalisations can now be made

(Aschoff and Wever, 1976):

1. Nearly all structures and functions seem to undergo regular
changes from day to night. These diverse rhythms keep
distinct phase relationships to each other under normal
conditions, representing temporal order within the arganism

2. In subjects kept in isolation and deprived of periodic (24-
how) inputs from the enviromment, the rhytlms continue with
periods slightly different from 24 hours, i.e, the rhythms are
"free-running", like autonomous self-sustained oscillations,
and hence belong to the class of circadian rhythms

3., The human circadian system consists of a multiplicity of
oscillators that are usually coupled to each other but may
change their phase relationship depending on conditions, and
may even become desynchronized, free-running with different

frequencies.

8.2. DIURNAL VARIATION IN ASTHMA

It is well known that certain features of asthma show a marked
diurnal variation. Large diurnal swings in peak expiratory flow

rate (PEFR) and early morning wheezing are commonly seen in asthma

52



patients and may be related to the high incidence of sudden astima
deaths in hospital in the early morning (Cochrane and Clark, 1975)
as some have been known to have marked diurnal swings in peak
expiratory flow before their death, Also patients with airways
obstruction coummonly complain that their wheeze varies in severity
from time to time, of ten consistently at certain times of the 24
hourss This was first documented in 1960 (Lewinsohn et al, 190),
but little is known of the prevalence and nature of such variation
in asthmatics and in other patients with airways obstruction
(Turrer-Warwick, 1977).

Corticosteroid drugs do not reduce diurnal variation in PEFR
(Soutar et al, 1975), although they may well produce better
subsequent control of the attack., The best pharmacological
solution to the problem appears to be to ensure that adequate
therapeutic levels of sympathomimetic drugs are maintained

throughout the night, although they reduce diurnal variation but do

not abolish them,

Recently, it was shown that there is a diurnal variation in the
number of specific beta-adrenergic binding sites in rat pineal
gland\(Romer'o_e_t,_al, 1975), with the h-ighest number at 1800 h and
the lowest at 0600 h. Also circadian rhythms in the numbers of
alpha- and beta-adrenoceptors exist in the rat forebrain and
hypothalanus (Kafka et al, 1981). It has also been reported that
in asthmatic subjects, plasma cyclic AMP showed a significant
circadian variation with peak values at 1600 h and trough values at
0400 h (Barnes et al, 1982). In normals, plasma cyclic AMP

concentrations also demonstrated a circadianvariationwith the
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maximun concentration at 1400 h and the minimum at 0200 h (Mikuni

et al, 1979).

There are difficulties that hinder direct imvestigation of cellular
mechanisns in human lung A simple solution to this problem, first
suggested by Smith and Parker (1970), has been to use peripheral
blood leucocytes, which themselves possess beta-adrenoceptors,
This approach presupposes a pharmacological identity between the
lung and leucocyte receptors. There has been considerable
enthusiasm for the use of leucocytes, either as a mixed population
of cells or as purified lymphocytes.

Several studies (Logsdon et al, 1972; Parker and Smith, 1973;
Alston et al, 1974; Gillespie ef 2l, 1974) have been reported.
These authors have all assumed that the beta-adrenoceptor of the
leucocyte is identical with that in the lung. Conolly and
Greenacre (1977), showed that the lymphocyte beta-adrenoceptor is
readily blocked by (&) propranclol, but appears to be far less
sensitive to the effect of practolol. The same pattern of
susceptibility to the different beta-blockers is seen in lung
tissue. Both propranolol and practolol have been shown in other
t.issués to exert only a simple competitive antagonism, and studies
with another beta blocking drug, alprenolol, in human lymphocytes
(Williams et al, 1976b) indicate that beta blockade is a reversible
competitive antagonism in this cell model. Salbutamol stimul ated
the lymphocyte beta-adrenoceptor, being about ’one tenth as active
as isoprenaline.

On the basis of these studies the lymphocyte adrenoceptor may

according to Land's classification (Lands et al, 1967) be
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categorised as beta, and in this respect isvalid as a model for
studying beta-adrenoceptor function in astima

In sunmary, the fallowing workers have used lymphocytes in the
search for adrenoceptor disorders in astima: Conolly and Greenacre,
1976; Kariman and Lefkowitz, 1977; Greenacre et al, 1978; Brooks et
al, 1979; Szentivanyi et al, 1979; Sano et al, 1981b; Meurs et al,
1982; Tashkin et al, 1982; Van den Berg ef al, 1982.

10. IHE THESIS

Szentivanyi's (1968) hypothesis that an inherent defect of beta-
adrenoceptors night wunderlie a range of atopic diseases, including
bronchial asthma has stimulated a great deal of research, Several
reports (Haddock et al, 1975; Kariman and Lefkowitz, 1977; Brooks
et al, 1979) appeared to support this idea, however, others (Zaid
et al, 1968; Gillespie et al, 1974) failed to confirm these
findings. It has also been suggested by others (Conolly and
Greenacre, 1976; Galant et al, 1980) that the receptor abnormality
is drug induced

Patients with asthma have marked variations in breathing over
24 h which is not seen in non~asthmatic subjects, This variation
is thought to be due to changes in contral of the bronchial muscle
tone ;nd mediated via the receptars in -the bronchial smooth muscle,
for the sympathetic nervous system,

This circadian variation in the bronchomotor tone, often
demonstrated as the morning dip in FEV, could be due to changes in
the nunbers and/or the sensitivity of beta-adrenoceptors or related
to humoral circadian rhythms,

Blood lymphocytes have similar beta-adrenoceptors (bet.az) and

this study uses these lymphocyte receptors as a model of events
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taking place in the bronchial smooth muscle over a 24 h period.
The limitation of previous work were:
1. No indication of sample time,
2, No attempt to investigate receptor number and receptor
sensitivity at different times of the day,.
These criteria are important because in asthmatic patients lung
function is only impaired at a certain time during the day, and

obviously the time for collecting blood sample is very important,

11. AIMS OF THIS THESIS

1. Validation of previous beta-adrenoceptor methodology in human
lymphocytes.

2. To investigate beta-adrenoceptor function in normals and
asthmatic patients at different times of the day and night
Many asthmatic patients have nocturnal asthma around mid-
night and a morning dip in FEVy. These changes in ventilation
may be a consequence of a diurnal rhythm in the number and/or
the sensitivity of the beta-adrenoceptors

3. To assess the effect of orally administered beta-agonist
(salbutamol) on beta-adrenoceptor function and to see
whether, in accordance with the hypothesis of Szentivanyi
\there was some apparent receptor dysfunction in extrinsic
asthmatics and if exposure to a betaj-agonist induced
tachy phylaxis.

b, To establish an assay for estimating lymphocyte alphas-
adrenoceptors.

5. To compare the alphasbeta adrenoceptor ratio. Alpha-
adrenoceptors have recently been identified in human

lymphocytes and preliminary evidence indicate increased
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number of alpha-adrenoceptors in lymphocytes of asthmatic
patients. Therefore comparing the alphasbeta receptor ratio

in both normals and asthmatic patients may be important.
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MATERIALS

Listing of all reagents and consunables used in this thesis can be

fownd in Appendix A,

METHODS

1. BAT LUNG STUDIES

1.1. PREPARATION OF RAT-LUNG

Male Sprague-Dawley rats (200-250 g) were killed by cervical
dislocation. Lungs were homogenised using an ultra-turrax (6 x 10
sec) in 20 volumes of 0.25 mal/l sucrose containing 50 mmol/l Tris,
1 mmol/1 MgCly, pH 7.4, followed by 10 strokes using a motor driven
teflon-pestle; the homogenate was filtered through three layers of
gauze, After centrifugation (1000g, 10 min, 4C) the crude nuclear
pellet was discarded The supermatant was centrifuged (10000g, 20
min, 4C) and the crude mitochondrial pellet discarded. The
supernatant was recentrifuged (70000g, 60 min, 4C) to obtain the
microsomzl pellet which was resuspended in assay buffer (50 mmol/l
Tris, 5 mmol/1l MgCl, pH 7.8). The microsomal pellet (stored on

ice) was used in all experiments.

1.2. SATURATION STUDIES WITH [3HIDHA

In the saturation assay, membrane suspension (0.3-0.35 mg protein)
was incubated at 30C with [SHIDHA (1-12 mmal/l), and non-specific
binding was determined in the presence of 10 ymol/1 (-) propranalal
ina final volume of 250 pl. After 20 min, 2,5 ml ice-cold assay
buffer was added to each tube and filtered wnder reduced pressure
through Whatman GFC glass microfibre filters (pre-wetted in assay

buffer), then the filters were washed twice with 8 ml ice-cold
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assay buffer (filtering and washing took less than 15 sec). The
filters were dried at room temperature, then shake.. with 10 ml
toluene : Triton X-100(2: 1) scintillator and the radicactivity
determined (efficiency 50%). The total binding at each point was
determined by measuring the radicactivity obtained when incubations
werz perforied in the absence of the antagonist (-) propranolol.
the specifiic binding at each point was defined as the difference
between totel and non-specific binding., Saturation assays were
carried out in polystyrene tubes (12 x 75 mm)., Protein
concentration was estimated using the commercially available Bio-
Rad kit based on dye-binding assay (Coomassie Brilliant Blue G-250)

as described by Bradford (1976).

1.3. EQUILIBRIUM BINDING TIME

Tubes with lung membrane suspension (0.3-0.35 mg protein) in assay
buffer were set up on ice, At different time intervals starting
from zero time, [3HIDHA (4 nmol/1) was added to the tubes, Non-
specific binding was determined in the presence of 10 umol/1 (-)
propranolol for each time; the fimal volume was 250 pl. The tubes
were incubated at 30C for various intervals (15 sec, 30 sec, 1 min,
2 min, 4 min, eeeeeses 60 min). Then 2.5 ml of ice-cold assay
buffer was added to each tube, filtering and drying as before,
Total and non-specific binding were determined in parallel
duplicate samples and at each time interval. Assays were carried

out in polystyrene tubes (12 x 75 mm),

1.4. DISSOCIATION OF [3HIDHA FROM LUNG MEMBRANFES

Dissociation of specifically bound [3HIDHA from receptor sites was

evaluated by incubating membrane suspension (0.3-0.35 mg protein)
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at 30C with [3HIDHA (4 mmal/1) to equilibrium. Tnen 10 pmal/l (=)
propranolol was added, and specific binding was estimated at
varying time intervals (10 sec, 20 sec, 30 sec, 45 sec, 1 min, 2

MinNy eeessees 10 min),

1.5. COMPETITIVE BINDING STUDIES

Mernibrane suspension (0.3-0.35 mg protein) in assay buffer was
incubated at 30C with [3H]DHA (4 nmmol/1) and varying concentrations
of (+) or (-) propranolol in a final volume of 250 pl.  After 20
min the sanples were filtered and dried as before, Total binding
was determined by measuring the amount of [3H]DHA bound when
incubations were performed in the absence of (+) or (=)
propranolol. Other drug displacement curves were obtained

similarly by substituting the appropriate drug for propranclol.

2. LYMPHOCYTE STUDIES

2.1. LYMPHOCYTE ISOLATION
Lymphocytes were prepared from heparinised blood by a modification

of the technique of Harris and Ukaejiofo (1970), which produced a
cell population of approximately 90-9%% lymphocytes, the remainder
of the cells were monocytes, and recoveries of 90-94%.

Bl\ood (50 ml) was collected into Evans heparinised bottles, 8
ml/bottle, gently mixed to distribute heparin and centrifuged
(250g, 20 min, 15C). The platelet-rich plasma was aspirated and
discarded. The pellet was diluted 1 : 3 (V/V) with buffer A
Buffer A was prepared by adding 0.1% calf serum and 20 mmol/1l Hepes
to Earle's Balanced Salt Solution (without sodium bicarbonate)
adjusted to pH 7.6, 8 ml portions of this suspension of

erythrocytes and leucocytes were carefully layered onto 12 ml of
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lymphocyte separation medium, density 1.077 + 0.001 g ml=1, in 30
il unlversel containers and centrifuged (250g, 25 min, 15C). The
milky layer of lymphocytes was harvested from the interface using a
pasteur pipette, washed by diluting 1:3 with buffer A, centrifuged
(&50g, 15 wmin, 15C) and the Supernatant discarded The pellet was
resuspended in 20 rl of buffer A and gently disaggregated,

The addition of 0.1% calf serum to the medium reduced
lymphocyte aggregation and ensured an adequate yield (90-94%) of
cells, Cellswere countedina Coulter Cell Counter; final cell
concentrations were usually in the range of 2.5-3.0 x 106
lymphocytes/ml, Cell viability was assessed by trypan blue
exclusion and was found to be greater than 95% during all the

procedures described above,

2.2. LYMPHOCYTE COUNTING AND VIABILITY
2.2.1. YMiable cell count

The use of trypan blue stain is based on the ability of viable
cells to exclude the dye (Merchant et al, 1960).

Ol ml of 0.4% trypan blue (0.4 g trypan blue in BSS) were
added to 05 ml of lymphocyte suspension in a polystyrene tube (12
x 75 mm). The contents weremixed and allowed to stand for 5 min,
Cells ;uere counted using an "improved Neubauer" counting chamber at
a magnification of 40 to give the total lymphocyte count and
percentage of unstained lymphocytes; unstained cells are assumed to

be viable, Results are expressed as % viable lymphocytes

22.2. Coulter counter settings for white blood cell counting

The instrument was set up with a 100 pym orifice, 0.5 ml manometer

volune and the attenuation sWwitch (which sets the sensitivity of
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the Coul ter Counter amplifier) to position 0,707. The aperture
current switch (which controls the amount of current flowing
between the two electrodes) was set to position 16. The threshald
control (which determines the size level above which the Model ZF
conts; the instrument will count all of the pulse tips which reach
or exceed the given threshold value, but none below) was set to
position 10. These were standard settings currently in use in the

Haematology Dept. for lymphocyte counting

2.2.3. MWhite blood cell counting

40 pl of lymphocyte suspension were diluted with 20 ml ISOTON IL
To obtain white blood cell counts the use of a stromatolysing agent
was necessary., 6 dropsof ZAPONIN (a fast actinglytic agent for
the complete lysis of red cells) was added and after mixing by
inversion the red cells lysed immediately as confirmed by
microscopy. The Coulter Counter was set up as described (2.2.2.)
and the cells counted as follows: thevial containing the white
cell dilution was placed on the beaker platform, making sure that
the orifice wafer and external electrode were fully immersed The
contral tap was opened to zero the counter mechanism, and activate
the two electrodes, The control tap was then closed and the white
cell ;ount read directly from the display as cell count per
microlitre of solution. The number of white blood cells in the
blood and in the sample were estimated each time, and the
percentage of lymphocytes was estimated by preparing a blood film
stained with Romanowsky stains. ‘These stains vary in complexity

but depend for their effects on the interaction of a basic dye

(methylene blue) and an acidic dye (eosin).
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2.3. LYMPHOCYTE BETA- ADRENOCEPTORS
2.3.1. Saturation analysis
The ligand [1251]hydroxybenzylpindolol ([ 1ZSI]HYF’), which has a
high affinity for beta-adrenoceptors (Aurbach et al, 1974) was
used.

The saturation assays were done in polypropylene tubes (12 x 75
mm) in a final volune of 500 pl comprising for the total binding,
lymphocyte suspension (250-350 pg protein) and [125I]HYP in a range
of concentrations (50-800 pmol/l) in buffer A, Tubes used to
determine non-specific binding contained (=) propranolol (0.3
pmol/1l). Totals and non-specific binding were estimated in
duplicate at each [125I]HYP concentration, The tubes were set up
on ice and [125IJHYP added to start the reaction followed by
incubation at 30C in the dark (to minimise photolysis of the
[125I1HYP) for 45 min. The reaction was stopped by the addition of
2,5 ml buffer B (50 mmol/1 Tris (pH 7.6), 0.9% sodium chloride and
0.1 mmol/1l (1) propranolal at 37C)s The samples were then allowed
to stand for 45 sec before filtering through Whatman GFC glass
microfibre filters (presocaked for 60 min in buffer B) by applying a
vacuum of 3-4 psi, and the filters wererinsed with 3 x 10 ml of 50
mmol/l Tris (pH 7.6) and 0.9% sodium chloride at 37C Filtering
and rinsing were complete within 12 -sec. The filters were air
dried, shaken with 10 ml of emulsifier scintillator 299 and the
radicactivity was determined (30% efficiency).

Protein concentration was estimated using the commercially

available Bio-Rad kit

2.3.2. Kinetic analysis of [125I1HYP binding

Tubes with lymphocyte suspension (250-350 pg protein) in buffer A
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were set up on ice, At different time intervals starting from zero
time, [12511HYP at appropriate concentration (0.4 nmol/l) was added
to the tubes; and non-specific binding was determined in the
presence of 0.3 pnol/1 (=) propranolal in a final volume of 500 Pl
The tubes were incubated at 30C for various intervals (1 min, 2
rin, 4 min, 6 Min, ceeeeeeees 60 win), then 2.5 ml of buffer B was
added to each tube, filtering and drying as before. Total and non-
specific binding were estimated in parallel duplicates at each
time interval,

Dissociation of specifically bownd [1251]HYP was evaluated by
incubating lymphocyte suspension (250-350 pg protein) in buffer A
at 30C with ["25IIHYP (04 mucl/1) for 45 min to allow equilibrium,
then 0.3 pmol/1 (-) propranclal was added, and specific binding was
estimated at varying time intervals (1 min, 2 min, 4 min, 10 min,
20 MiN, eeseesseses 60 min), as above, Assays were performed in

poly propylene tubes (12 x 75mm).

2.3.3. Competitive binding studies

To demonstrate stereospecificity of the beta-adrenoceptors,
lymphocyte suspension (250-350 pg protein) in buffer A was
incubated at 30C with a fixed concentration of [125I]HYP (0.4
nmol/i) in the presence of varying concentrations of the (+) or (=)
stereoisomers of propranolol (10 pmol/l to 1 mmol/1) in a final
volume of 500 pl. After 45 min, the samples were filtered and
dried as before. Total binding was determined by measuring the
amount of [125IJHYP bownd when incubations were performed in the
absence of (+) or (=) propranclol. The stereospecific assays were
performed in duplicate in polypropylene tubes. Other drug

di spl acement curves were obtained similarly by substituting the
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appropriate drug for propranoclol.

2.4 . LYMPHOCYTE ALPHA,-ADRENOCEPTORS
2.4.1. Saturation analvsis

The ligand [3H]yohimbine, a potent and selective pharmacol ogical
antagonist wita nigh affinity for al phay-adrenoceptars (Motulsky et
al, 1960; Daiguji et al, 1981) was used

The saturation assays were done in polypropylene tubes (12 x
75mm) in a final volume of 500 pl comprising for the total binding,
lympnocyte suspension (250-350 pg protein) and [3H]yohimbine in a
range of concentrations (1-20 nmol/1) in buffer A, In tubes used
to determine non-specific binding, phentol amine (10 pmol/1) was
also added. Total and non-specific binding were estimated in
duplicate at each [3H]yohimbine concentration

The assay mixtures were prepared on ice and then incubated for
25 iin at 25C The reaction was stopped by the addition of 25 ml
of buffer C (50 mmol/1l Tris and 0.9% sodium chloride, pH 7.6) at
25C. The samples were then filtered through Whatman GFC glass
microfibre filters (pre-wetted in buffer C) by applying a vacuum of
3-4 psi, and the filterswere rinsed with 2 x 10 ml of buffer Cat
25C. Filtering and rinsing were complete within 12 sec. The
filtérs were air dried, shaken with 10 ml of emulsifier
scintillator 299 and the radiocactivity was determined (50%
efficiency). Protein concentration was estimated using the

commercially available Bio-Rad kit

242, Kipetic analysis of [3Hlvohimbine binding
Tubes with lymphocyte suspension (250-350 pg protein) in buffer A

were set up on ice. At different time intervals starting from zero
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time, [3H]yohimbine (5 nmol/1) was added to the tubes; and non-
specific binding was determined in the presence of 10 pmol/l
phentolamine in a final volume of 500 pl. The tubes were incubated
at 25C for various intervals (0.25, 05, 1.0, 2.0, 4.0y ceeeees
30.0 min), then 2.5 ml of buffer C was added to each tube,
filtering and drying as before, Total and non-specific binding
were estimated in duplicate at each time interval,

Dissociation of specifically bowd [3H]yohimbine was evaluated
by incubating lymphocyte suspension (250-350 pg protein) in buffer
A at 25C with [3Hlyohimbine (5 nmol/l1) for 25 min to allow
equilibrium, then 10 pmol/l phentolanine was added, and specifiec
binding was estimated at varying time intervals (0.5, 1.0, 2.0,

4.0, 100y eeeeeess 60,0 min) same as above, Assays were done in

poly propylene tubes (12 x 75mm),

2.4.3. Competitive binding studies

To demonstrate stereospecificity of the alphay-adrenoceptor sites,
lymphocyte suspension (250-350 pg protein) in buffer A was
incubated at 25C with [3Hlyohimbire (5 mmol/1) in the presence of
vary ing concentrations of (+) or (=) stereoisomers of adrenaline
(10 pmol/l to 1 mmol/l) with the addition of 0.8 mmol/l ascorbic
acid (;co inhibit oxidation of the catecholamine), in a fimal volume
of 500 pl. After 25 min, the samples were filtered and dried as
before, Total binding was determined by measuring the amownt of
[3H]yo‘nimbine bownd when incubations were performed in the absence
of (+) or (-) adrenaline., Total and non-specific binding were
estimated in duplicate using polypropylene tubes, Other drug

displ acement curves were perfarmed similarly by substituting the

appropriate drug for adrenaline

66



3. CLINICAL STUDIES
3.1, STUDY I

Subjects

Five patients with extrinsic asthma and five normal volunteers were
studied. The asthmatic patients were in remission and were all
known to have reversible airflow obstruction, All sy mpathomimetic
drugs incluaing salbutamol and theophylline compounds were stopped
and the patients mairtained on ipratropium bromide as necessary for
seven days before commencing the study, so that the beta-
adrenoceptors will have recovered from any beta-agonist induced
desensitisation. None of the patients was on inhaled or oral

steroid therapy. The patients gave infarmed consent and the study
was approved by the Medical Ethics Committee of the hospital.

Lrotocol
Studies were performed in the respiratory wit and the asthmatic

patients were admitted at least 2 days before the study was
commmenced so as to become accustomed to the surroundings. Both
groups were familiar with having blood samples taken

The following sequence of tests was perfarmed on each patient
or voliunteer'. On day 1, 50 ml of blood was withdrawn at 1800 h for
estimation of plasma cortisol and isolation of lymphocytes for
beta-adrenoceptor estimation. On day 2, 50 ml of blood was
withdrawn as above at 0800 h and then 4 mg of salbutamol was
aduinistered orally at 4 h intervals. At 1800 h, a further blood
sainple was taken and the dosage of salbutamol continued. On day 3
(0800 h), 50 ml of blood was withdrawn as above, the salbutamol

stopped and previous therapy resumed FEVq and FVC were determined
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after taking each blood sample,

3.2. STUDY II

Subjects

Four patients with extrinsic asthma and five normal volunteers were
studied. The asthmatic patients were in remission and were all
known to have reversible airflow obstruction, They were taken off
gll inhaled and oral sympathomimetic drugs and maintained on
inhaled ipratropium bromide as required for seven days before
commencing the study. None of the patients was on inhaled or oral
steroid therapy. The patients gave informed consent and the study
was approved by the hospital Medical Ethical Committee

Protocol

Studies were performed in the respiratory wit and the asthmatic
patients were admitted at least 2 days before the study was
commenced, Both groups were familiar with having blood samples
taken. The subjects were treated according to the protocol
described above with the addition of alphaz-adrenoceptor
estimation,

In both studies, plasma cortisol was estimated using Cortisol

(12517 Radioimmuncassay kit in the MRC-Blood Pressure Unit, Western

Infimary.

3.3. DETERMINATION OfF FEV; AND FVC

Forced Expiratory Volume in one second (FEV4) and Forced Vital
Capacity (FVC) were measured using a Vitalograph dry wedge
spirometer (Cotes, 1975). The best of three attempts was used for

analysis and volume corrected to body temperature and pressure
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saturated (BTPS).

4. TECHNTQUES OF RECEPTOR ANALYSIS
4.1, THEORY OF LIGAND - RECEPTOR INTERACTIONS

Al though the exact physicochemical nature of the interaction of
adrenergic agents with receptor sites is unknown, the use of
thermodynziiic principles allows the derivation of simpl e equations
that appear to describe the behaviowr of adrenergic drug - receptor
systems, These calculations can be applied to the analysis of
binding data from studies using radiocactive adrenergic ligands,
Most of the concepts presented here are derived from the mass
action law (Hill, 1909), from the pharmacological theory of A.J.
Clark (1933), and from the classic Michaelis - Menton analysis of
enzyme substrate kinetics, The analysis presented here depends on
a number of stated assumptions, and outlines the specific
experimental conditions required if the analysis is to be applied

to radiadligand binding studies

4.1.1. Law of mass actiop

The simplest mechanistic assumption that can be made about the
interaction of a radicactive ligand, L, with a receptor, R, is that
a2 single molecule of L reacts reversibly with a single receptor

molecule, R, to form a complex RL, as shown in Eq. (1):

L, + R ————] H.- 00-0(1)

FEach molecular interaction is assumed to be independent of other

interactions. Then at equilibrium, a direct consequence of the law

of mass action is
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(R][L]

= K, =
[RL] d 1/Ka 0000(2)

where [R], [L], and [RL] represent the concentrations of free
receptor sites, unbound ligand, and ligand-receptor complex
respectively. K9 and K_q are the kinetic constants for
associlation and dissociation (rate constants) and Kq and K, are the
equilibrium dissocialion and association constants, The equilibrium
and Kinetic constants are related, such that:
Kg = Ka/Kyg

Then the total concentration of receptor sites [R¢] is equal to [R]
+ [RL] and

[(Rt)'( RL)ILL]
{RL]

1000(3)

n
~
Q.

which can be rearranged to

[(RL] (L]
a—— = ha— ....(4)

The ratio [RL]/[R.] represents the fraction of total receptors
occupied by ligand. At half maximal occupancy of the receptor,
[RLI/[Ry] = 1/2 and Ky = [L]. Hence the concentration of L
required for half - maximal occupancy of the receptor is equal to

K¢ An additional rearrangement of Eq. (4) gives:

[RyJL]
Kq + [L]

[RL] = ....(5)

Equation (5) is the familiar hyperbolic function in which [RL] =0
when ([L] = 0, and [RL] approaches [Ry] when [L] is very large.
The derivation of this equation is completely analogous to that for
the classic Michaelis - Menton equation and is mathematically
similar to the derivation of the adsorption isotherm originally

derived by Langmuir for the adsorption of gases to a surface.
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Equation (5) is particularly useful in binding studies in deriving
the K4 and the number of binding sites Ri» Experimentally the
radicligand is added over a range of concentrations to a fixed
concentration of receptors. The level of binding approached
asymptotically at nigh ligand concentrations is R¢y and the
concentration of free ligand that elicits a level of binding equal
to [Ry1/2 represents the Ky (Fig. 10).

The assuaptions that have been made for this analysis are that
the reaction is a simple bimolecular reaction Eq. (1) and that the
measurements of binding are made at equilibrium. It should be
enphasised that inEq. (5) andin Fig. (10) the concentrations of
ligand [L] refer to the concentrations of "free" L. If only a
small fraction of L is bound, then the concentration of total L can
be used to approximate the concentration of free L. This condition
is usuelly wmet when the total binding site concentration is

consideravly lower than the Ky of L for the specific sites

4.1.2. Scatchard analysis
A useful rearrangement of Eq. (3) is

{RL]

—— = [(RY = (R] Ky eees(6)

(L]
which is the form of the equation dérived by Scatchard (1949),
Thus a plot of the ratio of bomd' to free ligand, [RL1/[L], versus
the concentration of bound ligand, [RL], gives a straight line
with a slope of Kd'1 and an intercept with the abscissa of [Ry]
(Fig 11). The main advantage of Scatchard amalysis (Fig. 11) over
the analysis using Eq. (5) (Fig. 10) is that the Scatchard plot

linearises the data, something particularly valuable in binding

systems that have a high level of non-specific binding, In these
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FIG. 10
Flot of the relationship of (RL)/(R¢) to (L). (RL), concentration
of ligand-receptor complex; (Ry), concentration of total receptor
sites; (L), concentration of free ligand; Kg the equilibrium
dissociation constant.
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FIG. 11
Scatchard plot, (Ry) refers to the concentration of the total
nui.ber of binding sites; (RL), concentration of ligand-receptor
coplex; (L), concentration of free ligand. The slope of the line
is the negative reciprocal of the equilibrium dissociation constant



(RL)/(L)

(RL)
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systeums, measurements of binding are difficult at high

concentrations of radioligand because the relative contribution of

nonsaturable, non-specific "backgrowd" binding is highest at high

ligand concentrations, thus making the estimation of Rt (and hence

Kq) difficult using Eq. (5) and Fig.(10). By contrast, using

Scatchard analysis data can be collected at 1ow or intermediate

concentrations of L and the linear plot can be extrapolated to

estimate Ry and Kg
Artifactual intér'pretation (Williams and Lefkowitz, 1978a) of

Scatchard plots will occur when:

1. The values used for [RL] and [L] are not true measures for
specifically bound and free hormone, respectively.

2. The measurements are made when the system is not at a true
state of equilibrium for all concentrations of ligand tested
In order to demonstrate that a system is at true equilibrium,
it is necessary to show that the final concentrations of R, L,
end RL in the eguilibriunm R + L &= R. can be reached from
either direction, i.e, by starting either from excess RL or
from excess R + L. It should be noted that a system at steady
state level of binding (i.e. the amount of binding does not
change with time) is not necessarily at equilibrium.

3. Thé receptor-containing preparation is contaminated by
enzymes that inactivate the ligand.

4, The separation of bound and free homone is not conplete,

5. Binding to low-affinity sites dissociates during the
separation of bound and free hormores

6, There is a difference in affinity or kiretic constants between
native ligand and its labelled analog

If the above methodological complications can be avoided, the shape
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of the Scatchard plot can provide useful information about
receptor - ligand interaction, For example a curved Scatchard plot,
can be indicative of co-operative interactions among receptors and

can be also obtaired if the ligand is binding to two or more sites

with different affinities,

4.1.3. Competitive binding studies
In irvestigations of the specificity of receptor binding sites, the
ability of an wlabelled adrerergic agent, I, to compete with the
radioligand, L, for the binding site is often measured, If the
competing agent, I, is assumed to be a competitive irhibitor of the
binding of L, then the receptorisin equilibrium with bothL and
I:

I + R==RI

L + Rs=R
From these equilibria, two simultaneous equations of the form of

Eq. (2) can be written and solved for RL to give:

[LI[R,]

e 0000(7)
Kq (1 + I/Kp) + [L]

[RL] =

where [I] is the concentration of free unlabelled competing ligand,
and Ky is the equilibrium dissociation constant far the interaction

of I with the receptor:

(RI[I]

T [RL]
when there is no competing ligand present [(I) = 0], then the
amount of binding [RL]y which is the concentration of the drug-
receptor conplex just prior to dilution or addition of a competing

ligand is given by:
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[LI[R.]
[RL]O - ———__.t 0000(8)
Kd + [L]
which 1s &s expected from Eq, (5). When the competing ligand is
added at @ concentration [150] at which the value of binding

[RL]SO is reduced to 50% of the binding in the absence of competing

ligand, then tq. (7) can be written as
(LI[R]

[RL]BO = .oon(g)
Kg (1 + L;o/Kp) + [L]

Since when I = Igg, [RLIgg = [RL]p/2, Eqs. (8) and (9) give

2[LJ[R,] [LI[R¢]
= 0000(10)
Kd (1 + I5O/KI) + [L] Kd + [L]
which simpl ifies to
0
KI = IS -000(11)

1 + [LI/Ky4
Thus using Eq. (11) the equilibrium dissociation constant of an
unlabelled competing ligand, I, can be determined by measuring the
concentration [150] of I which half-maximally inhibits the binding
of the radioligand present at the concentration [L]. The
derivation of this equation is after that of Cheng and Prusoff
(1973)\for competitive inhibitors of enzymes. Again, it should be
emphasised that the concentrations of I andL inthese equations
refer to the concentrations of free I and L at equilibrium.
Experimentally the concentration of free I may be difficult to
ascertain and can be approximated by the value for the
concentration of total I if the amownt of I bownd is low compared
to Ky. This condition is usually satisfied if Ry << Ky. If Ry >

Kr, the value of Ky from Eq. (11) will be an overestimate of the
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true value of KI'

4.1.4. Competitive binding studies with multiple binding sites

Until recently, it has been believed that individual tissues
contain only one of the beta-adrenoceptor subtypes. However,
pharmacological studies by Carlsson et al, (1972) demonstrated a
mixture of beta; and beta, adrenoceptors in kitten, but not rat
heart, Similar plysiological techniques have indicated that frog
myocardiun might contain a small beta; component in addition to a
predowinant population of beta2 adrenoceptors (Stene-Larsen and
Helle, 1978). Using radiclabelled ligand techniques, Barrett et al,
(1978) demonstrated a mixture of 25% betay and 75% betap
adrenoceptors in rat lung, but rat heart studies demonstrated only
one class of sites (betaq). Nahorski et al, (1979) found in rat
spleen membranes, the co-existence of both betaj- and beta,-
adrenoceptor sites (30-35% betaq; 65-70% betag). Minneman et al
(1979b) examined rat heart, lung and five regions of brain, and
found that each of these tissues contain both beta;- and betap-
adrenoceptors in differing ratios

There are two basic approaches that have been developed using
the binding assays to quantitate receptor subtypes

Tr;e first approach uses a radioligand that is selective for one
receptor subtype. If one has a radicligand that is 100% selective
(i.e, it binds to only one subtype) then it is only necessary to
characterise the binding of the ligand to this receptor to define
the properties of the receptor subtype. However, typically
radioligands will bind to more than one subtype., Therefore, it is
usually necessary to use a more involved mathematical amalysis to

deterinine the properties and densities of the receptor subtypes
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present in & tissue. For a partially selective radioligand a
saturation curve is determined and the data is then usually
transformed by the method of Scatchard (1949), Scatchard amalysis
of the binding of a partially selective radioligand will yield a
curvilinear plot in the presence of receptor subtypes.

A second approach to studying receptor subtypes involves the
use of a selective competing ligand., A displacement curve for a
selective competing drug is generated and the data analysed by the
method of Eadie (1952) and Hofstee (1952), again generating
curvilinear plots in tne presence of receptor subtypes

Larly work by Barnett et gl (1978) had used a manual graphical
method derived from the classical Scatchard (Scatchard, 1949) data
analy sis (pseudo-Scatchard) to assess the relative proportions of
receptor subtypes. Hancock et al (1979) have shown that this
method provides less accurate predictions than a non-linear

computer model, and have given an analysis of the errors involved

4.1.5. Computer modelling

For the competitive reaction between the free concentrations of a
receptor R, the radiolabelled ligand L. and a2 beta-adrenoceptor
blocking agent B, the fallowing equations are valid as described by

Wenke (1971) for a competitive reaction scheme:

R + L=—=R

-« —
+ Kp
B
I
RB

Ky and Kz represent the dissociation constants of L and B,

Under steady state conditions, assuming a constant number of beta-
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adrenoceptors RT

1?T=R+RB+RL

the concentration of bownd radioligand is

RL = RT/1 +.K%(1 +%) ceee(12)

It two types of beta-adrenoceptors are present in the membrane
fraction and each component obeys the simple mass action law

without cry interference, then eguation (12) can be generalised to

Rens
RL = Tl ---0(13)
Z Ky B

i=1 1+ 1+
1 ( KBi)

L
where i =1, 2 or 3 classes of binding sites.

In equation (13) it is further assumed that the radioligandL
binds with equal affinity to betaj- and betay-adrenoceptors,
whereas B possesses a different affinity to each receptor subclass.

Existing packages SCATFIT (Rodbard, 1973), SAAM 26 (Engel,
1980) and LIGAND (lfunson and Rodbard, 1980) provide the necessary
algorithims for the least squares analysis of receptor subtypes. In
addition Clark developed a non-linear regression based curve
fitting package (RECFIT), (Clark et al, 1984) for quantitative
analy sis of beta-adrenoceptor subtypes which has the additional

feature of simul taneous estimation of non-specific binding,

5. STATISTICAL METHODS

Statistical analysis was done with paired Student's t-tests
(comparisons on the same subject group) and two-sample t-tests
(comparison between patient and volunteer groups) as appropriate on

an ICL-2976 computer using the package MINITAB (Ryan et al, 1976).
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Computer assisted analysis of alpha- and beta-adrenoceptor
saturation assays was carried out by Scatchard analysis (see
section 4.1.2., Clark et al, 1983),

Analysis of beta-adrenoceptor sub-populations was perfoarmed
using & least squares curve-fitting package (RECFIT), (Clark et al,
1984). Because of the current limitations of RECFIT when using
selective radioligands, alphay-adrenoceptor sub-populations were
analy sed by the method of Cheng and Prusoff (1973), see section
(4.1.3.).

All data shown are the mean % standard deviation where

indicated.
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DEVELOPMENT OF METHODS



1. INITIAL RECEPTOR FAMILIARISATION STUDIES
The initial eim of the project was to become familiar with the
tecnniques for isolating and characteri sing beta-adrenoceptors,
prior to commencing a study of the changes in beta-adrenoceptors in
asthma, where the target tissue for study would be the lymphocy te,
The initial familiarisation studies were perfarmed on the rat
lung, with the advantage that not only has the rat lung beta-
adrenoceptor been characterised by other workers (Barnett et al,
1977, 1978; Minneman et al, 1979a,b) but the tissue was easily

obtaired and relatively inexpensive,

1.1. BAT-LUNG CELL MEMBRANE RECEPTORS

Rat-lung cell membranes were prepared as described (Materials and
MHethods, 1.1.)s The first part of the work showed that
approximately 95% of cell receptors in the crude homogenate were
recovered in the various fractions (i.e. nuclear:5-10%,
mitochondrial:18-20% and microsomal :67-70%) and the maximum yield
was in the microsomal fractionwith a9 + 2 fold purification of
the beta-adrenoceptors indicating that the receptors were membrane
bownd. Therefore the microsomal fraction was routinely used in the
work. The receptors were not soluble since none could be detected
in the: 70000g supernatant.

Whatman GFC glass microfibre filters gave the highest
recoveries (95%) of beta-adrenoceptors based on a comparison with
estimating beta-adrenoceptors in the crude homogenate, Whatman GFB
glass microfibre filters were inferior in this respect, giving only
86% recovery, and greater scatter in the experimental results,
possibly the much lower rate of filtration allowed the binding

equilibrium to be disturbed. 0.45 pm Millipore filters as
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routinely used for Radioimmuncassay and competitive protein binding
assays were not suitable; they clog too easily, with an adverse
effect on the results similar to the GFB filters

Freezing both the crude homogenate and microsomal fraction at
-20C for 24 i resultec in a decrease of approximately 50% in beta-
adrenoceptor number. Because of this adverse effect all

preparations were assayed immediately,

1.2, KINETIC ANALYSIS OF [3HIDHA BINDING

The next stage was to characterise the lung beta-adrenoceptor,
When characterising receptors it is essential to demonstrate that
the binding of the chosen radiocactive ligand is specific,
saturable, stereoselective and reversible

Kinetic analyses were performed and repeated twice as described
(Materials and Methods, 1.3. and 1.4.). Binding of [3HIDHA to rat
lung membranes at 30C was a rapid process, with half-maximal
specific binding (tq,5) of 0.4-0.5 min (Fig., 12), reaching
equilibrium within 18-20 min, Binding remained stable for 60 min
at 30C. An incubation time of 20 min was chosen to represent
equilibriun binding in subsequent experiments,

The initial rate constant (K,,) for the association reaction
obtai;led from the slope (Fig. 12, inset) was 0.748 min~! for 4
nmol/1 [3HIDHA Dissociation of bound [3HIDHA at 30C was determined
by incubating rat lung membranes to equilibrium, and then adding 10
pmol/1 (<) propranolol (final concentration) at time zero and
measuring residual specific binding at subsequent time intervals
(Fig. 13). Dissociationwasrapidwith a ty,, of 5-6 min, and the

dissociation rate constant (K2) was 0.126 + 0.011 min~! (Fig.

13,B).
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FIG. 12

Time course oi [SHIDHA binding to rat-lung membranes. Rat-lung
rniebranes in assay buffer were incubated with [3HIDHA (4rmal/1) in
the absence and presence of 10umol/l (=) propranolol. At the
indicated times, the samples were diluted with ice-cold assay
buffer and filtered. Specific binding was determined in duplicate
&t each time interval. (Inset) the regressionline (r = 0.99) was
deterimined by the plot of ln [Beq/(Beq - B;)] vs time, where Beq =
vinding at equilibrium and By = binding at time t. Kop is equal to
the slope of the line
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FIG. 13

Time course for dissociation of [SHIJDHA binding to rat-lung
membranes. Rat-lung meanbrares in assay buffer were incubated with
[3H]DHA (4nmol/1) for 20 min to allow eguilibrium At zero time,
10pmol/1 (=) propranolol (final concentration) was added to the
samples and specific binding was determined at various time
intervals. 100% binding refers to the specific binding just priar
to the addition of (-) propranolol. B, First-order rate plot of
dissociation of [SHIDHA binding K, is equal to the slope of the
line,
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The association rate constant (Kq) of [ 3HIDHA binding was then
calculated from the equation (Bennett, 1978): K1 = (Kop -
K5)/[CHAJ, where [DHA] is equal to the concentration of [3HIDHA in
the assay (4 nmol/1), Kq was 1,555 x 108 + 0,027 x 108 MY min-t.

The equilibrium dissociztion constant (Kd), determined from the

ratio K,/Kq, was 0.71 £ 0.1 nmol/ 1,

1.3. SATURABILITY OF [3H1DHA BINDING
The studies were carried out as described (Materials and Methods,
1.2.). The binding characteristics of [3H]DHA to rat-lung
wembranes is shown in Fig. (14). Specific binding of [3HIDHA (the
binding that coulc be displaced by 10 pmal/l (-) propranolol) was
clearly saturable and of high affinity. Apparent saturation of
binding sites seemed to occur at [3H]DHA concentrations of 4-6
nnol/l, with half maximal binding occuring at about 0.4-0.5 nmol/l.
Scatchard analysis (Fig. 15) of the saturation data yielded a
straight line, indicating that [3HIDHA bownd to a single class of
high affinity receptors. The total number of binding sites (B,,)
was 120 £ 19 fmoVmg protein, and the dissociation constant (Ky) of

the binding was 0.53 £ 0.07 nmal/1l (10 experiments).

1.4, DISCUSSION OF KINETIC STUDIES
These results demonstrated that the binding of [3HIDHA was rapid

and reversible at 30C. The specific binding of [3HIHA represented
80-85% of the total binding and was clearly saturable with a
dissociation constant (Kg) of 0.53 + 0.07 mmol/lL This is similar
to that observed by other workers (Barnett et al, 1977). ThisKj
(0.53 + 0.07 nmol/1), which was established fram eguilibrium data

was also similer to the Ky of 0.71 % 0.1 nmol/1l determined by
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FIG. 14
Specific binding of [3H)HA to rat-lung membrares as a function of
concentration of [3SHIDHA Rat-lung membranes in assay buffer were
ir.cubated with various concentrations of [3H]DHA in the presence
and absence of 10pmol/1 (-) propranolol, Specific binding was
determined at each concentration of [3H)DHA.
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FIG. 15
Scatchard analysis of the binding data (Fig. 14) yielding a Ky of
0.49 nmol/l and the total number of binding sites was 117 fmol/mg
protein,
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kinetic methods (Le ratio of association and dissociation rate

constants).

1.5. COMPETITION FOR [3HIDHA BINDING SITES BY ADRENERGIC COMPOUNDS

Competition studies were performed and repeated twice as described
(Materiels and Methods, 1.5.). Beta-adrenoceptors typically
exhibit stereoselectivity in the expression of pharmacological
activity., As Fig (16) shows, (-) propranolol is approximately 100
times more potent in inhibiting binding of [3HJDHA than (+)
propranolol  (Table 2)., Moreover, the relative potencies of a
nunber of drugs (Table 2) suggests that the beta~adrenoceptors in
rat-lung are predominantly of the betas subtype. For example,
H35/25 (1-(4-methylphenyl)-2-isopropyl amino-propranolol), a non-
specific beta-antagonist and salbutamol, a relatively specific
beta, agonist, more potently inhibited (3HIDHA binding than (&)
practolol, betay antagonist, with K, values of 0.38, 1.10 and 12.6
pmol/1 for H35/25, salbutamal and practalal respectively (Fig. 1D
Table 2 summarises the results which are in accord with those of
Barnett el al (1977).

The preliminary work has shown that the results for the lung
beta-adrenoceptor satisfy the requirements laid down for verifying
the e;cistence of a receptor and indicate that the majority of

receptors detected were betaz-adrenoee ptors,

2. DEVELOPMENT OF LYMPHOCYTE ISOLATION
2.1, AIMS

Sinece it was intended to perform multiple lymphocyte receptor
studies on patients and volunteers, the aims of this work were to

develop a technique which gives a high yield and purity of
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FIG. 16
Stereoselectivity of [3HIDHA binding sites in rat-lung membranes.
Various concentrations of (=) propranolol @ and (+) propranolol
@) were incubated with rat-lung membranes and [3HIDHA (4nmol/ 1)
tor 20 min The samples were then ciluted and filtered Specific
binding was detennired in duplicate at each drug concentration.
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TABLE 2

The dissociation constants (Kq) of drugs determined by competition
for [SHIDHA binding

Drug Dissociation Constant (Ky)
(-)Propranolol 4,07 + 1.09 x 10-10
(+)Propranolol 3.983 + 0.96 x 10"8
H 35/25 3.82 £ 0.33 x 107
Sal butamol 1.10 £ 0.15 x 1070
Practol ol 1.26 + 0.23 x 1072

The dissociation constant (Kj) was calculated using a least squares
curve-fitting package (RECFIT), (Clark et al, 1984). Results are
expressed as the Mean x SD (3 experiments).,

90



FIG. 17
Competition for [3H]1}1A binding sites by adrenergic drugs in rat-
lung meanbranes, Various concentrations of H 35/25 (O), salbutamol
(4) and practolol @) were incubated with rat-lung membranes and
[ 3HIDHA (4nmol/1) for 20 min, The samples were then diluted and
filtered. Specific binding was determined in duplicate at each
drug concentration.
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lymphocytes as well as a high cell viability while using the least

possible blood volune,

2.2. EXISTING METHODS

Initially using the recommended methods (Conolly and Greenacre,
1976; Williams gt al, 1976b) problems were encountered with poor
recoveries (30-40%) of lymphocytes and aggregation of cells was
frequently observed.

By a process of elimination it transpired that the type of
buffer, the presence of sodiun bicarbonate (NaHCOB), the presence
of added protein, the dilution of cells prior to density
centrifugation, the gravitational force (g) used to harvest washed
cells, and the buffer pil were all critical factors, Details of

these studies are set out below,

2.3. DEVELOPMENT OF THE PRESENT METHOD
Earle's Balanced Salt Solution (without NaHCO3) with the
suppl ements outlined in Table 3 gave best results, particularly
when the recommended phosphate buffered saline (PBS) was replaced
by Earle's medium (without NaHC03). The presence of NaHCO3 in the
buffers, gassed with 95% air and 5% CO, resulted in unstable pH
valueg (pH 7.2-7.8) in the open test tubes leading to a fall in
viability. Hepes buffer at pH 76 was optimal for good viability.
I-IaHCO3 itself seemed to have a deleterious effect; with 0.22%
HaHCOg (recoumended concentration) in the presence of Hepes at pH
7.6, recoveries fell to 30% (Table 3).

Initial studies were performed using a 10% calf serum
supplement as widely reported in the literature (Harris and

Ukaejiofo, 1970; Conolly and Greenacre, 1977) but the results were
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TABLE 3
Isolation of human lymphocytes using different mediums

Yiability after 60 min at 30 C
Isolation medium Washing buffer Recovery Viability after resuspension |No additions With (-) propranolol With (+) propranclol
1. Hanks medium (with zwmQuwv PBS Lug %% 92% 88% 90%
2. Hanks medium (without NaHCO3) PBS 50% 90% 807 80% 802
3. Earle's mediun (with NaH003) PBS 30% 9% 92% . 90% 90%
4. Earle's medium (without NaHCO3) PBS T70% 95% 93% 927 922
Earle's medium 9u% 98% 9% ¥4 96%
w)

The isolation of lymphocytes was done as described (Materials and Methods, 2.1.). All the above mediums were at pH 7.6 supplemented with 20 mmal/l
Hepes and 0.1% calf serum.
PBS = phosphate buffered saline.
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markedly inferior to those listed above, with recoveries as low as
30-40% accompanied by marked aggregation of the lymphocytes. 0.1%
calf serun added to the medium was optimal in reducing lymphocyte
aggregation and essential to ensure an adequate yield of cells.
Aggregation during isolation of lymphocytes was further reduced by
ranoving the platelet-rich plasma from the initial centrifugation
of whole blood and replacing it with Earle's medium, simul taneously
diluting tne packed cells to three times the original blood volume,

The ratio of diluted blood (suspension of erythrocytes and
leucocytes) to the lymphocyte separation medium was also critical,
8 nl diluted blood to 12 ml separation medium in a 30 rl contairer
gave winimal clumping; increasing the blood:medium ratio led to
increased aggregation., After harvesting the lymphocytes it was
necessary to wasn them free of the viscous separation medium. Use
of phosphate buffered saline or Tris buffer gave rise to
aggregation and Hepes buffer was chosen in preference. It was also
necessary to harvest the cells at 250g and not 1000g as
recommended, to further reduce aggregation

Since beta-adrenoceptor estimations were to be perfarmed at 30C
in the presence of various drugs, the effects of extended exposure
to (+) or (-) propranolol on lymphocyte viability were also
invest:igated for each of the culture media detailed in Table 3. In
suamary, Earle's medium (without NaH(D3) which gave best yield and
viability during lymphocyte isolation, also gave the highest
viability during a 60 min incubation at 30C., The presence of (+)

or (-) propranolol had no deleterious effects on lymphocyte

viability (Table 3).
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3. DEVELOPMENT OF LIGAND BINDING TECHNIQUES

3.1. [3HIDHA BINDING ASSAY

[3HIDHA has been used as a radioligand for beta-adrenoceptor
binding studies in lymphocytes and polymorphonuclear cells
(Willians ¢t al, 1976b; Kariman and Lefkowitz, 1977; Brooks et al,
1979; Blsnopric et al, 1980; Galant et al, 1980). However, in this
study saturation amalysis in hunan lympnocytes using [3HIDHA was
very difficult to perform because very low specifically bound
conts were acnieved and marked scatter was observed on Scatchard
analysis. Of more concern is the fact that some of the above
workers (Brooks ¢t al, 1979; Galant ef al, 1980) were using very
high concentrations of [3HJDHA (30 mnmol/l, 48 nmol/l or 60 nmol/l)
in their assays but during the course of this study, it has been
found with tissues from rat lung is that at concentrations of
[3H]DHA above 20 nmol/1, this ligand appears either to solubilise
in the cell membrane or to partition into membrane micelles (i.e
cannot be displaced by the degree of washing used here). This
mechanism appears to be blocked by the propranalol used in the non-
specific binding tubes and so the trapped ligand does not appear as
non-specific binding (CQark ef al, 1985).

The major disadvantage of using [3H]DHA invalves sensitivity.
The s;;ecific activity of preparations is usually in the range of
30-70 Ci/mmol, therefore in typical membrane fractions that contain
receptor binding activity at 100 fmol/mg protein, 1 mg protein
would be required to obtain 2,500 cpm bound when the ligand is
present at a concentration equal to its K4 (dissociation constant).

Maguire et al (1977) using [125IJHYP have shown that two orders
of magnitude less protein are required to obtain the same

specifically bound counts as compared with [3H)DHA, It has also
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been confirmed that using [125I]HYP in binding studies for both
pranulocytes and mononuclear cells offer the advantage of requiring
fewer cells end therefore smaller quantities of blood (Motulsky and
Insel, 1982a). Therefore for the studies in this thesis, [ 1251 Hyp

offer a positive advantage when repeated estimations are to be made

on a given subject.

3.2. L12511HYP BINDING ASSAY CONDITIONS

32.1. Assay tubes

The ligand [12511HYP adsorbs to both glass and polystyrene tubes
and variability of binding fram tube to tube was particularly high
with the latter type., In addition, polystyrene is soluble in ethyl
acetate, the solvent in which [125IJHYP is stored (Maguire ef al,
1977). Polypropylene tubes seem to be the best alternative as
these retain the lowest counts of all tubes tested (glass,

poly styrene and polypropylene).

322. Minimising non-specific binding
One of the problems of using [12511HYP was the lack of

reproducibility and poor coefficients of variation on quadruplicate
samples (Table 4, option 1)s This was traced to adsorption of
[1251]\HYP to the filters and to variability in the amount of non-
specifically bowd [122IIHYP lost on filtering

To overcome this the following approach was used. The addition
of 0.1 mmol/l (+) propranolol to buffer B encourages the non-
specifically bound [12511JHYP to leave the membrane while not
significantly affecting specifically bound ligand (Maguire et al,
1976a) and al so to eliminate non-specific retention of counts on

the filters and thus to equalise samples incubated with ligand
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TABLE 4

Miniinising non~specific binding

Pre-soaked Buffer B Pre-rinse Filtering Total NSB
filter papers witn propranolol filter papers pressure (psi) cpm + SD Cv. cpm £ SD Cv.

1. Y il N 3-4 4u92 + 448 10.0% 2534 i+ 362 14.3%
2. Y 1 N 3-4 4313 + 749 17.0% 2622 + 128 5.0%
3. I Y il 3-4 2152 £ 240 11.0% 932 + 14 15.3%
4, Y T I 3-4 1919 + 26 1.3% 827 + 45 5.U4%
5. Y Y Y 3-4 2089 £ 203 9.74 899 + 83 9.2%
0. b Y H . 20 1905 + 111 5.8 955 £ 79 8.2%

Pro-soaled refers to presoaking the filter papers with buffer B for 60 min prior to start the assay,
buitTer 8 refers to wactiner or not the buffer used to terminate the reactions contained (&) propranoloil,
pre-rinse indicates if tiie r'ilter papers were wetted witnn the wasning buffer before filtering the
sauples, Y= yes, Il = no, {iSB = non-specific binding, cpm = count per min, SD = standard deviation,

CV = ceeft'lcienc or variation,
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alone or radioligand plus competitors of binding (Insel and

Stoolman, 1978).

Since [125I1HYP also binds to the filters, these are pre-soaked
for 60 win in buffer B; the (+) propranolol blocks non-specific
binding of radicactivity to the filters (Galant and Allred, 1981).
Also leaving the samples to stand for 45 sec before filtering
allowed non-specifically bound or occluded ligand to dissociate
(Sporn and Molinoff, 1976).

The results in Table 4 were obtaired by setting up [125I]HYP
binding assays inquadruplicate to represent "total" binding and
"on-specific" binding (NSB) with 0.3 pmal/l (~) propranolcl. The
concentration of [125I1HYP was (0.4 nmol/1). The assays were
terminated under permutations of the following:

1 Pre-scaked filters

2o Buffer B contains propranalol.

3. Filter papers wetted just before filtering to see if
accidentally wetting the filters interfered with the
reproducibility of the assays

The questions to be answered were:

Te Is pre-scaking filter papers with propranclal beneficial.

2, Is propranolol in buffer B benficial.

3. I‘s a combination better.

4, Does wetting the pre-soaked filter papers with rinsing buf fer
(which does not contain propranclol) have an adverse effect.

5. Is filtering at 3-4 psi better than 20 psi.
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The criterie used for this crucial experiment were:

1« A low coefficient of variation for the quadruplicate

observations.
2. The lowest non-specific binding (NSB).
Option#4 in Table 4, (Y, Y, N), was chosen as satisfying the above
criteria, giving optimum reproducibility coupled with a good
Total :NSB difference.

Other workers performed their assays in the presence of
phentolanine (Pochet ef al, 1979; Totmeh and Cryer, 1980; Aarons et
al, 1980) or in the presence of catechol and phentol amine (Galant
ef al, 1978a; Galant and Allred, 1981) to reduce non-specific
binding without affecting specific binding, But at least in one
case, rat hypothalamus membranes, phentolamine was found to
displace [12511HYP from beta-adrenoceptors (Sporn and Mol inoff,
1976). It was also noted that phentalamine, at the concentration
range of 10 pmol/1l to 0.1 mmol/1, can block the isoprenaline-
dependent adenylate cyclase activation in neuroblastoma-glyoma
hybrids (Atlas et al, 1979).

The use of phentolamine or catechol and phentolamine in the
present assay system had no significant effect on the results.
This is in agreement with Pochet et al (1979), who also fowund that
the addition of phentolamine to intact' lymphocyte binding assays
was not crucial, as did Atlas et al (1979) who found that the
effect of phentolamine is marginal and so phentolamine can be

omitted from the assay.

32.3. Intact cells vs cell membranes |
Some investigators (Williams et al, 1976b; Brooks et al, 1979;

Aarons et al, 1980; Galant et al, 1980; Tohmeh and Cryer, 1980)
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studied beta-adrenoceptors in lymphocyte fragments (membranes),
while others (Conolly and Greenacre, 1976; Insel and Stoolman,
1978; Pocnet et al, 1979; Galant and Allred, 1981; Hui et al, 1981)
used intact lymphocytes.,

A comparison of intact cells with cell membranes Wwas made., A
preparation of lymphocytes was halved and cell membranes were
prepared using a mini-bomb cell disruption chamber. 15 ml of
intact lymphocyte suspension were placed inside the disruption
chamber (which was precooled by immersion in an ice bath) and
exposed to 500 psi nitrogen for 45 min, During this time nitrogen
is taken irto individual cells, The pressure was slowly released
and as the pressurised suspension was exposed to atmospheric
pressure the gas expands and ruptures the cells, This adiabatic
expansion was sufficient to lyse greater than 90% of the
lympnocytes, The suspension was centrifuged (400g, 10 min, 4C) to
remove intact cells and nuclei, and then the cell membranes were
harvested from the supernatant (78000g, 30 min, 4C) and B, and
Ky estimated as described (Materials and Methods, 2.3.1.) for both
the membranes and the origimal irntact lymphocytes, The results are
sunmarised in Table 5. These results show no significant
difference between the number (B ,,) and affinity (Kg) of beta-
adrenc;ceptors for intact and disrupted lymphocytes (p>0.1).
However, Insel and Stoolman (1978) found that the disruption of S49
lymphoma cells decreases the response of adenylate cyclase to
isoprenaline and other hormones, also the coupling between
receptors and cyclase appears to be altered Another disadvantage,
is that ions and nucleotides (e.g GIP) are important modul ators of
receptor function, but they are largely washed away when

"ianbranes" are prepared (Motulsky and Insel, 1982a).
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TABLE 5

Bpay and Ky values for binding of [125IJHYP to intact and disrupted

lymphocy tes
Bmax Kd
(fmol/107 lymphocytes) (rmol/1)
Intact lymphocytes 6.25 + 0.53 0.36 + 0.05
Disrupted lymphocytes 6.03 + 0.64 0.29 + 0.06

Bnax = total number of binding sites.
Kq = dissociation constant.

Data represent Mean + SD (5 experiments).
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Finally, the intact cell model may permit a better appreciation
of the mechanisi of altered beta-adrenoceptor function in several
clinical entities in man than has been possible with plasma
uembrane preparations, which lack a comparable physiological

coiponent (Galant and Allred, 1981). Therefore intact lymphocytes

were chesen for subsequent studies.

Lymphocytes were prepared as described (Materials and Methods,
2.1.) using Earle's Balanced Salt Solution (without sodium
bicarbonate) supplemented with 0.1% calf serum and 20 mmol/1l Hepes
at pH 76 which gave best yield

Final cell concentrations were usually 2.5-3.0 x 106
lymphocytes/ml with cell populations of approximately 90-95%
lymphocytes, the remainder being monocytes. Cell viability
remained greater than 95% during all the described procedures as

determined by trypan blue exclusion

4.1, KINETIC ANALYSIS OF ['2I1HYP BINDING
The interaction of beta-adrenergic agents with beta-adrenoceptors
is a relatively rapid and reversible process. Accordingly, a
reasor\xable expectation is that the-binding interaction of a
radiqlabelled adrenergic ligand with beta-adrenoceptors will be
similarly rapid and reversible

Kinetics of binding were performed as described (Materials and
Methods, 2.3.2.). Specific binding of [12511HYP to human
lymphocytes at 30C achieved equil ipbrium within 30-40 min, with
hal f~-maximel specific binding (tqyp) of 3-4 min (Fig 18). Binding

remained stable for 60 min at 30C. A 45 min incubation time was
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FIG. 18

Time course of [125IJHYP binding to intact human lymphocytes.
Lymphocytes in buffer A were incubated with (12511HYP (0.4rmol/ 1)
in the absence and presence of 0.3umol/1 (-) propranolol. At the
indicated tiuies, the samples were diluted with buffer B and
r'iltered. Specific binding was determined in duplicate at each
time interval. (Inset) the regression line (r = 0.98) was
deternined by the plot of 1n [Beq/(Beq - Bt)] vs time, where Beq =
binding at equilibrium and By = binding at time t. K,, is equal to
the slope of the line
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routinely used to represent equilibrium in subsequent binding

experiments,

The initial rate constant (Kob) for the association reaction
obtained from the slope (Fig. 18, inset) was 0.14 min~1 for 0.4
nmol/l [ 125IJHYP., Dissociation of bound ['25IJHYP at 30C was
determined by incubating lymphocyte suspension to equilibrium, then
adding 0.3 umol/1 (-) propranolol (final concentration) at time
zero and measuring residual specific binding at subsequent time
intervals (Fig. 19). Dissociation was rapid with a (tq/2) of 8-10
min, and the dissociation rate constant (Ky) was 0.077 + 0.0085
min=! (Fig. 19, inset).

The association rate constant (Kq) of [ 12511HYP binding was
then calculated from the equation: Ky = (K, - Kp)/[IHYP], where
[IHYP] is equal to the concentration of ['2SI]HYP in the assay (0.4
nmol/1), Ky was 1.566 x 108 £ 0.21 x 108 ¥=1 min=1, The
equilibrium dissociation constant (K;), determined from the ratio

Ko/Kq, was 047 £ 0,11 nmol/1 (2 experiments).

42, SATURABILITY OF ['°5I1HYP BINDING
Saturation studies were carried out as described (Materials and
Methods, 2.3.1.). With increasing concentrations of [1251]HYP,
specit:ic binding (the binding that could be displaced by 0.3 pmol/1
(-) propranolol) reached saturation at 500-600 pmol/1l (Fig. 20),
with half maximal binding occuring at about 150-250 pmol/1.
Scatchard analysis (Fig., 21) of the saturation data yieldeda
straight line, indicating that [125I]HYP bownd to a single class of
high affinity receptors in intact lymphocytes, The total number of
binding sites (Bpgy) Was 6.42 & 0.88 fmol/107 lymphocytes, and the

dissociation constant (Kj) of the binding was 0.33 £ 0.07 nmal/1l (8
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FIG. 19

Time course for dissociation of [12SI]HYP binding to intact human
lymphocytes, Lymphocytes in buffer A were incubated with [125I]HYP
(04nmol/l) for 45 min to allow egquilibrium. At zero time,
0.3pmol/1 (=) propranolol (final concentration) was added to the
samples and specific binding was determined at various time
intervals, 100% binding refers to the specific binding just prior
to the addition of (=) propranolol. (Inset) first-order rate plot
of dissociation of [125I]HYP binding K, is equal to the slope of
the line,
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FIG, 20
Specific binding of {¥5I1HYP to intact human lymphocytes as a
function of concentration of [ 125I1HYP. Lymphocytes in buffer A
were incubated with various concentrations of [12511HYP in the
presence and absence of 0.3umol/1l (=) propranolol. Specific
binding was determined at each concentration of [125I]HYP.
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FIG, 21
Scatchard analysis of the binding data (Fig. 20) yielding a K4 of
0.27nmol/1 and the total rumber of beta-adrenoceptors was 7.3
fmol/ 107 lymphocytes.



Bound/Free

['251] HYP Bound (fmot/ 107 lymphocytes)

107



experiments).

4.3. DISCUSSION OF KINETIC STUDIES

The results indicated that the specific binding of [ "®2IJHYP, which
represented 70-75% of the total binding, to intact human
lymphocytes was consistant with the criteria expected of ligand
interaction at a bete-adrenoceptor. [125I]HYP binding was rapid,
reversible and saturable with a Ky estimated from equilibrium, of
0.33 £ 0.07 nmcl/1 which was compatible with those of other workers
(Paietta ef al, 1982) using [12511HYP as binding ligand and also in
agreement with the Kq of 0.47 £ 0.11 nmol/l calculated from kinetic

data,

4.4 COMPETITION FOR ['2J1HYP BINDING SITES BY ADRENERGIC
COMPQUNDS

Competition of beta-adrenergic compounds with [125I]HYP were
performed and repeated three times as described (Materials and
Methods, 2.3.3.). These studies indicated both stereoselectivity
(Fig. 22), where the (~) isomer of propranolol was two orders of
magnitude more potent in irhibiting [125I]HYP binding than the (+)
isomer, and a rank order of competitors typical of betap-
adrenéceptors. Beta, specificity was -shown by rank order potency
of [125I]HYP ivhibition by salbutamol, a relatively specific betay-
adrenergic agonist, which was about 25-fold more potent than
practolol, a betaj-adrenergic antagonist (Fig. 22, Table 6). The
dissociation constants (Ky) for the irhibition of [125I]HYP binding
for the various competing drugs were calculated using a non-linear
least squares curve fitting package (RECFIT, Clark et al, 1084),

The results indicated only a one site fit (i.e, betap), for both
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FIG, 22
Couwpetition for (125110YP bincing sites by adrenergic drugs in
intact human lymphocytes. Various concentrations of (=)
propranolol @, (+) propranolol (&), salbutamol @ and practolol
(O) were incubated with lymphocytes and [12511HYP (O.4nmal/1) for
45 min, The samples were then diluted and filtered. Specific
binding was determined in duplicate at each drug concentration,
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TABLE 6

The dissociation constants (K4) of drugs determined by competition
for [V25IHYP binding

Drug Dissociation Constant (Kj)
(-)Proprancl ol 5.5 + 1.66 x 10710
(+)Propranolol 6.68 + 1.84 x 10-8
Salbutanol 5.68 + 1.69 x 1070
Practolol 1.42 1+ 0.22 x 10-%

The dissociation constant (Ky) was calculated using a least squares
curve-fitting package (RECFIT), (Clark et al, 1984). Results are
expressed as the Mean i SD (4 experiments).
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salbutamol and practolol, with no detectable contamination from

betaq-adrenoceptors. The derivation of this confirmation is

expleained elsewhere (Clark gt al, 1984).

5CHARACTERISATION OF THE LYMPHOCYTE
ALPHA- ADRENOCEPTOR PROPERTIES

Radioligands have been successfully used to label alpha-
adrenoceptors in different tissues (Williams and Lefkowitz, 1978b;
Begin-Heick ¢t al, 1579; Holck et al, 1979; Tsai and Lefkowitz,
1979; Carmai~Krzan, 1980). In the last few years it become clear
that there are two subtypes of alpha-adrenoceptors, termed alpha1
and alpha, receptors (Berthelsen and Pettinger,1977).

Using radioligand binding techniques, two diff erent approaches
have been applied to characterise the presence of alphay and alpha
receptors. The first involves the use of a non-selective
radicligand such as [3H)dihydroergocryptine ([3HIDHE) to label the
entire alpha receptor population, then distinguishing between the
alpha receptor subtypes by constructing competition curves using
antaponist canpounds which have selectively greater potency for one
or the other alpha subtype (Miach et al, 1978; Hoffman et al, 1979;
Hoffiman and Lefkowitz, 1980a; Hoffman et al, 1980a,b).

Tk;e second, the more useful and widely applied criterion for
distinguishing between alpha receptor subtypes, is by using
radioligands which themselves selectively label €l ther alpha1 or
alpha, receptors (Barnes et al, 1979; Greengrass and Bremner, 1979;
Karliner et al, 1979; Daiguji et al, 1981; Motulsky and Insel,
1982b; Hoffman et al, 1981; Tharp et al, 1981; Mukherjee, 1981;
Motul sky et al, 1980; Engfeldt et al, 1983). [3Hlprazosin is

selective for alphaj receptors whereas (3Hlyohimbine is selective
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tor alpha2 receptors. Because no other worker have characterised

al phap-adrenoceptors on hunan lymphocytes, the following methods

were developed

5.1. KINETIC ANALYSIS OF [3H]YOHIMBINE BINDING

Kinetics of binding were performed as described (Materials and
Methods, 2.4.2.,). Binding of [3H]yohimbine to human lymphocy tes
at 25C was rapid, with half-maximal specific binding (tq/p) of 1.5-
2.0 min (Fig, 23), reaching equilibrium within 16-20 min

Bind:_ing, remained stable for 30 min at 25GC An incubation time
of 25 min was chosen to represent equilibrium binding in subsequent
experiments.  The initial rate constant (K,,) for the association
reaction obtained from the slope (Fig. 23, inset) was 0.32 min=1
for 5 nmol/1 [3H]yohimbine. Dissociation of bownd [3H]yohimbine
at 25C was determined by incubating lymphocytes to equilibrium and
then adding 10 pmol/1 phentolamine (final concentration) at time
zero and measuring residual specific binding at subsequent time
intervals (Fig. 24). Dissociationwas rapidwith a ty,p of 5.0-
6.0 min (Fig. 24) and the dissociation rate constant (K5) was 0.127
£0.016 min~' (Fig. 24, inset).

The association rate constant (K4) was then calculated from the
equation: Ky = (Kop = K2)/[yohimbine], where [yohimbine] is
equal to the concentration of [3H]lyohimbine in the assay (5
mnol/1), Ky was 0.386 x 108 £ 0,027 x 108 ! min~l.  Tne
equilibrium dissociation constant (Kj), determired from the ratio

of Ky/Kq, was 3.49 + 0,39 nmol/1 (3 experiments).
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FIG. 23

Time course of [3H]yohimbine binding to intact human lymphocytes,
Lymphocytes in buffer A were incubated with [3Hlyohimbine (5rmol/1)
in the absence and presence of 10pmol/l phentolamine, At the
incicated times, the samples were diluted with buffer C and
filtered, Specific binding was determined in duplicate at each
time interval. (Inset) the regression line (r = 0.99) was
determined by the plot of 1ln [Beq/(Beq - By)] vs time, where Beq =
binding at equilibrium and By = binding at time t K, is equal to
the slope of the line.
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FIG. 24

Time course for dissociation of [3H]yohimbine binding to intact
human lymphocytes. Lymphocytes in buffer Awere incubatedwith
[3H]yohimbine (5nmol/1) for 25 min to allow equilibrium, At zero
time, 10pmol/1 phnentolamine (final concentration) was added to the
samples and specific binding was determined at various time
intervals, 100% binding refers to the specific binding just priar
to the addition of phentalamine. (Inset) first-order rate plot of
dissociation of [3H]yo‘nimbine binding K> is equal to the slope of
the line,
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5.2. SATURABILITY OF [3H1YOHIMBINE BINDING

Saturation studies were carried out as described (Materials and
Methods, 2.4.1.). T‘ne\binding characteristics of [3H]yohimbine to
intact hunan lymphocytes is shown in Fig. 25. Specific binding of
[3Hlyohimbine (the binding that could be displaced by 10 pmol/1
pnentolamine) was clearly saturable and of high affinity.

Apparent saturation of binding sites seemed to occur at
{3H]yohimbi ne concentration of 14-16 nmol/1, with half-maximal
binding ocecuring at about 2-3 nmol/1. Scatchard analysis (Fig.
25, 1inset) of the saturation data yielded a straight line,
indicating that [3H]yohimbine bownd to a single class of receptors
The dissociation constant (K4) of binding was 3.7 £ 0.86 nmol/1 (8
experiments) and the total number of binding siteswas 19.9 + 5.3

fmol/ 107 lymphocytes.

5.3. DISCUSSION OF KINETIC STUDIES

The results indicated that the specific binding of [3H]ychimbine,
which represented 70-80% of the total binding, was rapid,
reversible and saturable, The dissociation constant of
[3Hlyohimbine (3.7 + 0.86 nmol/1) established at equilibrium was in
agreement with the Ky of 3.49 £+ 0.39 nmol/1 determined from kiretic
data (\i.e. ratio of association and dissociation rate constants).
Similar dissocietion constants have been observed for human
platelets (Motulsky et al, 1980) and for human adipocyte membranes

(Tharp et al, 1981).
5.4 COMPETITION FOR [3H1YOUIMBINE BINDING SITES BY ADRENERGIC

COMPOUNDS

Competition studies of adrenergic compounds with [3Hlychimbine were
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FIG. 25

Specific binding of [3H]yohimbine to intact human lymphocytes as a
function of concentration of [3H]yohimbine. Lymphocytes in buffer
A were incubated with various concentrations of [3H]yohimbine in
the presence and absence of 10umol/1 phentolamine, Specific
tinding was determined at each concentration of [3H]yohimbine.
(Inset) Scatchard analysis of the binding data yielding a Kd of
4,24nmol/1 and the total number of receptors was 24.8 fmol/ 107
lymphocy tes,
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performed and repeated three times as described (Materials and
Methods, 2.4.3.).

Binding of [3Hlychimbine was stereospecifically inhibited by
adrenaline (Table 7); the (-) isomer was more potent than the (+)
stereoisomer, Adrenergic agonists competed for [ 3H] yohimbine
binding sites with a potency order of clonidine > (-) adrenaline >
(<) noradrenaline > (+) adrenaline »> (-) isoprenaline, with Kg
values of 0.28, 1.50, 6.74 and 16.00 pmol/l for clonidine, (-)
adrenaline, (=) noradrenzline and (+) adrenaline respectively (Fig
26 and Table 7). The beta-adrenergic agonist, (-) isoprenaline,
was a very weak inhibitor of [3H]yohimbine binding (K4 = 126.00
pmol/l, Fig., 26 and Table 7).

The alpha-adrenergic antagonists phentolamine, yohimbine and
prazosin competed for [3H]yohimbine binding sites with a potency
order of yochimbine > phentolamine > prazosin (Fig, 27 and Table 7).
Yohimbine, an alphay-adrenergic antagonist competed for the binding
sites with a K4 of 0.01 pmol/1l.  Phentolamine, a non-selective
alpha-adrenergic antagonist competed with a Ky of 0.03 pmol/l.
Prazosin, a specific alpha.,-adrener'gic antagonist, competed with a
K4 of 2.00 pmol/l.

The dissociation constants (Kj) for the interaction of these
varioué competing unlabelled adrenergic agents with [3H]yohimbine
binding sites were calculated from the concentration of these
agents required to inhibit 50% of the specific [3H)yohimbine
binding based on the equation of Cheng and Prusoff (1973), taking
intc account the concentration of the ligand [3Hlyohimbine in the
assay and the dissociation constant of [ 3Hlyohimbine determined
from binding experiments, Moreover, the dissociation constants

for these adrenergic compounds (Table 7) were in accord with data
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TABLE 7

The dissociation constants (Kq) of drugs determined by competition
for [3H] yohilmbine binding

Df‘ug Dissociation Constant (Ky, pmol/1)

Clonidire 0.28 £+ 0.027

(-)Adrenaline 1.51 £ 0.15

(+)Adrenaline 16.20 £ 1.3

(~)Noradrenaline 6.74 + 0.65

(=)Isoprenaline 126.00 + 12.0

Yohimbine 0.01 £ 0.0011

Phentolamine 0.03 £ 0.0028

Prazosin 2.10 £ 0.2

The dissociation constant (Kd) was calculated according to the
aquation of Cheng and Prusoff (1973). Results are expressed as the
Mean + SD (4 experiments).
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FIG., 26
Coupetition for [3H]yohimbine binding sites by adrenergic agonists
in intact human lymphocytes. Various concentrations of clonidine
@&, (=) adrenaline (@), (-) noradrenaline (&) and (-) isoprenaline
(@ were incubated with lymphocytes and [3H]yohimbine (5nmol/1) for
25 min. The samples were then diluted and filtered. Specific
binding was determined in duplicate at each drug concentration.
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FIG. 27
Competition for [3H]yohimbine binding sites by adrenergic
antagonists in intact human lymphocytes. Various concentrations of
yonimbine (A), phentolanine (O) and prazosin (@) were incubated
with lymphocytes and [3H]yohimbine (5nmol/1) for 25 min., The
samiples were then diluted and filtered. Specific binding was
determined in duplicate at each drug concentration.
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reported by Motulsky et al (1980) for hunan platelets
Therefore these observations indicate the presence of putative

al phay-adrenoceptors on human lymphocytes.
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RESULTS OF THE (LINICAL STUDIES



STUDY I
Beta-adrenoceptor number (By,,)

Botn normal and asthmatic groups not on salbutamol showed a marked

circadianvariation in the number (B ) of betay-adrenoceptors

max
found on lymphocytes (p<0,05, Table 8) with the bigest number of
receptors at 1600 h, This circadian variation is not abalished on
exposure to salbutamol., Representative saturation curves for a
normal subject and an asthmatic patient, both on salbutamol, are
shown in Figs 28 and 29 with the corresponding Scatchard analyses
in Figs 30 and 31.

In both groups, the number of receptors at 0800 h on salbutamal
is significantly less than found when salbutamol was not being
taken (p<0.05) showing that "down regul ation" of the receptorsis
induced by salbutamol. This "down regulation" is not observed for
the 1800 h samples

For comparable regimens (i.e, off or on salbutamol/time
combinations), no significant diff erence in receptor number was
observed between asthmatic patients and normals

Betay-adrenoceptor number (Bmax) has been expressed in temms of
fmol/ 107 lymphocytes instead of fmol/mg protein, where although
there was a correlation (corr = -35.9%, p<0.05, Fig. 32) between
the arﬁount of protein in lymphocytes compared with lymphocyte
numbers in pooled data from all observations, there was a large
degree of scatter which is not acceptable when evaluating
individual results. This emphasises the importance of expressing

results in terms of cell numbers rather than cell proteinasis

of ten done.
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TABLE 3

Mean values (+ SD) of beta-adrenoceptor number (Bp,y) in five
control and five asthmatic subjects

Time B

ma X
(h) (fmol/ 107 lymphocy tes)
Control (5) 1800 9.02 + 2.21 \
Not on salbutamol 0800 5.40 + 1.16
On salbutamol 1800 7.18 + 2.01
*%
0800 2.01 £ 1.74
Asthmatic (5) 1800 6.86 £ 2.72 "
Not on salbutamol 0800 3.40 + 1.50
On salbutanol 1800 5.12 £ 1.48 -
0800 1.28 + 0.41
* p<0.05
#% p<0,01

In addition, the comparison of controls with asthmatic patients
with and without oral salbutamol did not reveal any significant

difference.
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FIG. 28
(1951IHYP binding to intact lymphocytes of a contral subject while
on the salbutamol regimen at 1800 h (day 2,8 and 0800 h (day 3,4).
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FIG. 29
[12517HYP bi nding to intact lymphocytes of an asthmatic patient

while on the salbutamol regimen at 1800 h (day 2,@) and 0800 h
(day 3,4).
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FIG. 30
Scatchard analysis of the saturation data from Fig. 28: 1800 h (day
2,@) and 0800 h (day 3,4).
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FIG. 31
Scatchard analysis of the saturation data from Fig. 29: 1800 h (day
2,@® and 0800 h (day 3,4).



Bound/Free

1001

—

T T
2 3

[1251] HYP Bound (fmoi 107 lymphocytes)

127

Oy =



FIG, 32
Plot of lymphocyte protein vs. lymphocyte number.
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Beta-adrenoceptor affinity (Kd)

In normals, there was no significant difference in the receptor
affinity (K4) between 1800 h and 0800 h while off salbutamol, but
on salbutamol a circadian variation appeared with the Kqg
significantly lower (p<0.05, Fig. 30) (i.e. the receptor is more
sensitive) at 0800 h. Receptor affinity at 1800 h was not
significantly affected by the administration of salbutamol.

In asthmatic patients, a circadian variation in K4 was present
both off and on salbutamol (p<0.05). The administration of
salbutamol neither significantly altered receptor affinity at 0800h
nor at 1800 h nor abolishes the existing circadian variation

With the exception of K, estimation at 0800 h off salbutamal,
where the Ky for asthmatic patients was significantly lower
(p<0.01, Table 9) than normals, the Kj's of both groups at

comparable times were not significantly different.

FEV4/FVC ratio

In the normal group no circadian variation in FEV1/FVC ratiowas
observed, (Table 10) either off or on salbutamol therapy.
Asthmatic patients not receiving salbutamol showed the expected
circadian variation in FEV1/FVC ratio, giving rise to the "marning-
dip" in FEV4/FVC ratio (p<0.05) which was abolished on giving
salbutamal therapy.

For comparable regimens, there was no significant difference in
FEV,/FVC ratios between the two groups except at 0800 h off
salbutamol when the FEV1/FVC ratio for asthmatic patients was
significantly lower than the normals (p<0.001), this corresponding

to the "morning-dip" in the asthmatic patients
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TABLE 9

iflean values (& SD) of beta-adrenoceptor affinity (Kg) in five
control and five asthmzatic subjects
Time Kd
(h) (nmol/1)
Control (5) 1800 0.49 £+ 0.23
n. S.
Not on salbutanol 0800 0.35 + 0.1
On salbutaniol 1800 0.46 + 0.14
*
0800 0.21 £ 0.19
Asthmatic (5) 1800 0.31 + 0.04
*%
ot on salbutanol 0800 0.14 + 0.06
On salbutamol 1800 0.42 + 0.15
*
0800 0.23 £ 0.11

# p<0.05
#¥ p<0.01
n.s., not significant

The comparison of controls with asthmatic patients with and without
oral salbutanol did not reveal any significant difference except at

0800 h off salbutamol.
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TABLE 10

llean values (£ SD) of FEV4/FVC (%) in five control and five
asthmatic subjects

Tine FEV4/FVC (%)
(h)
Control (5) 1800 83.2 £+ 7.2
n. s.
Not on salbutamol 0800 8.9 £ 7.9
On salbutamcl 1800 86.2 + 6.8
Ne S.
0800 83.9 £ 5.8
Asthmatic (5) 1800 69.8 + 14.1
*
Not on salbutamol 0800 51.9 £ 10.3
On salbutamol 1800 71.8 £ 14.4
n. s.
0800 67.5 + 19.4

¥ p<0.05

n.s., not significant

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal ary significant difference except at
0800 h off salbutamol,
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Plasma cortisal concentrations
Plasma cortisol concentrations showed the expected circadian
variation in both normals and asthmatic patients (p<0.05, Table 11)
off and on salbutamol, Administration of salbutamol did not
significantly affect plasma cortisol concentrations in either
group.

For comparable regimens there was no significant difference in
plasma cortisol concentrations between the normal and asthmatic

groups.

STUDY_ I

Al phay-adrenoceptar number (By,,)
No circadian variation in alphay-adrenoceptor number was observed
in either normals or asthmatic patients whether off or on
salbutamal therapy (Table 12). Administration of saltutamol did
not significantly affect the number of alphay-adrenoceptors in
either group

For comparable regimens (i.e, off or on salbutamol/time
combinations) there was no significant difference in alphay-

adrenoceptor number between normals and asthmatic patients,

Alphaé-adrenoceptw affinity (Kg)
In both normals and asthmatic patients, there was no significant
difference in the alphay-adrenoceptor affinity between 1800 h and
0800 h while off or on salbutamol (Table 13), and again
administration of salbutamol did not significantly alter receptor
affinity at either times,

For comparable regimens, no significant difference was observed

in alphaz-adr'enoceptor affinity between normals and asthmatic
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TABLE 11

Mean values (+ SD) of cortisol concentrations in five contral and
five asthmatic subjects

Time Cortisol
(h) (pg/dl)
Control (5) 1800 8.3 £1.7
Not on salbutamol 0800 15.1 x 3.3 )
On salbutamol 1800 9.8 £ 3.3
*
0800 18.1 £ 2.7
Asthmatic (5) 1800 1.8 £ 5.7
Not on salbutamol 0800 21.0 £ 8.2 N
On salbutamol 1800 9.4 £ 5.9
0800 22.1 £ 9.0 '
* p<0.05
£ 5<0,01

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal ary significant difference,
Similarly salbutamol did not have any significant effect on plasma
cortisol concentrations at the respective times.
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TABLE 12

Mean values (x SD) of alphap-adrenoceptor number (Bp,y) in five
control and four asthmatic supjects

Time Bhax

(h) (fricl/ 107 lymphocy tes)

Control (5) 1800 20,91 + 0.91
Not on salbutanol 0800 20,26 1 4.22 e

On salbutamol 1800 22.30 + 3.33
0800 22.25 + 1.56 e

Asthmatic (4) 1800 21.73 + 1.83
Not on salbutamol 0800 21.70 + 4.07 -

On salbutamol 1800 22.61 + 2.33
0800 20.15 + 2.84 e

n.s., not significant
The comparison of controls with asthmatic patients with and without
oral salbutanol did not reveal any significant difference,
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TABLE 13

Mean values (+ SD) of alphay-adrenoceptor affinity (Ky) in five
control and four asthmatic subjects

(h) (runal/ 1)

Control (5) 1800 4,23 + 0.47
n. s.

Not on salbutamol 0800 3.97 £ 0.77

On salbutamol 1800 4,21 £ 0.58
Ne S.

0800 4,42 + 1.02

Asthmatic (4) 1800 4,32 + 0,32
n. S.

Not on salbutanol 0800 4,38 + 0.10

On salbutamol 1800 4,29 4+ 0.41
N, S.

0800 4,23 £ 1.07

n.s., not significant
The comparison of controls with asthmatic patients with and without
oral salbutanol did not reveal any significant difference.
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patients.

Beta-adrenoceptor number (Bpay)
Both normal and asthmatic groups showed a significant circadian

variation in the number of beta,-adrenoceptors (B ) with the

max
bigest number of receptorsat 1800 h(p<0.05, Table 14) which was
not abolished on treatment with salbutamol. On salbutamol, "down-
regulation" of beta-adrenoceptor number occurred in both groups in
the 0800 h samples (p<0.05) and no evidence for "down-regulation"
was fownd in the 1800 h samples,

No significant difference in beta-adrenoceptor number was

observed either at 0800h or 1800h between the normal and asthmatic

groups whether off or on salbutamal.

Beta-adrenoceptor affinity (Kg)
No significant difference in the receptor affinity (Kj) was
observed between 1800 h and 0800 h in normal subjects while off
salbutamol, but on salbutamcl a circadian variation appeared in Kd
with lower values at 0800 h (p<0.05). Asthmatic patients had a
circadian variation in Ky both off and on salbutamal (p<005), with
the lower K4 at 0800 h

Fc;r comparable regimens, no significant difference in the

receptor affinity between normal and asthmatic subjects was

observed except at 0800 h off salbutamal (p<0.05, Table 15).

Alpha, : beta, receptor ratio
Both normal and asthmatic groups showed a significant difference in
the alpha, : betayp ratio between 1800 h and 0800 h off and on

salbutamal with the ratio significantly higher at 0800 h (p<0.05,
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TABLE 14

Mean values (& SD) of beta-adrenoceptor number (Byay) in five
control and four asthmatic subjects

Time Bhax
(h) ( fmol/ 107 lymphocy tes)
Control (5) 1800 B.87 & 145
Not on salbutanol 0800 5.41 £ 0.83
On salbutamol 1800 7.31 £ 1.76 o
0800 2.79 £ 0.85
Asthmatic (4) 1800 6.94 + 1.82 \
Not on salbutamol 0800 3.91 £ 1.06
On salbutamol 1800 5.11 = 1.71 \
0800 1.93 £ 0.21
¥ p<0.05
¥ p<0.01

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal any significant difference.
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TABLE 15

Mean values (+ SD) of beta-adrenoceptor affinity (Kg) in five

control and four asthmatic subjects

Time Kq
(h) (nmol/1)
Control (5) 1800 0.50 + 0.12
Not on salbutamol 0800 0.40 + 0,12 o
On salbutanmol 1800 0.39 + 0.08
*
0800 0.22 £+ 0.08
Asthmatic (4) 1800 0.33 + 0,07 .
Not on salbutamol 0800 0.16 + 0.04
On salbutamol , 1800 0.41 £ 0.06 \
0800 0.24 £+ 0.07

¥ p<0.05

n.s., not significant

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal any significant difference except at
0800 h off salbutamcl.
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Table 16). In normals and asthmatic patients, the administration
of salbutamol significantly increased the ratio in the 0800 h
samples (p<0.05), while no significant difference was observed in
the ratio for the 1800 h samples,

For comparable regimens, there was no significant difference in

the alpha, : beta, ratio between the normal and astimatic groups.

FEV4/FVC ratio
Asthmatic patients not receiving salbutamol showed the expected
circadian variation in FEV4/FVC ratio, giving rise to the "morning
dip" (p<0.05, Table 17). This was abolished on giving salbutamol
therapy. In normal subjects, no circadian variation in FEV-,/FVC
ratio was observed either off ar on salbutamal,

There was no significant difference between the two groups
except at 0800 h off salbutamol when the FEV4/FVC ratio for
asthmatic patients was significantly lower than the normals

(p<0.002) .

Plasma cortisol concentrations

Plasma cortisol concentrations showed the expected circadian

variation in both normals and asthmatic patients (p<0.05, Table

18), o;“f and on salbutamol; the concentrations in neither group

were significantly affected by the administration of salbutamol
No significant difference in plasma cortisol concentrations was

observed between the normal and asthmatic groups.
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TABLE 16

[fean values (+ SD) of alphay:betay, adrenoceptor ratio in five
control and four asthmatic subjects

Time Alpnay:beta, ratio
(h)

Control (5) 1800 2.4 £ 0.35
llot on sal butamol 0800 3.7 + 0,48 '
On salbutaiiol 1800 3.2 £ 1.12

%
0800 8.7 + 3.65

Asthmatic (4) 1800 3.0 £ 0.73 .
Not on salbutamcl 0800 5.3 £ 1.50
On salbutamol 1800 5.1 + 1.84

*¥%
0800 10.6 + 0.71
* p<0.05
*#* p<0.01

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal any significant difference,
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TABLE 17

lMean values (x SD) of FEV4/FVC (%) in five control and four
asthmatic subjects

Time FEV1/FVC (%)
(h)

Control (5) 1800 83.9 + 6.9
n. S.

lNot on salbutanol 0800 8.3 + 3.8

On salbutamol 1800 8.6 + 4.1
n. s.

0800 4.5 + 2.2

Astrmatic (4) 1800 73.2 + 8.3

*

Not on salbutanol 0800 5.0 £+ 6,0

On salbutamol 1800 78.7 £ 4.9
n. s.

0800 79.7T £ 5.5

* p<0.05

n.s., not significant

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal arny significant difference except at
0800 h off salbutamol.
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TABLE 18

Mean values (+ SD) of cortisol concentrations in five contral and
four asthimatic subjects

Time Cortisol
(h) (pg/dl)
Control (5) 1800 8.5 + 2.08 ,
*
ot on salbutancl 0800 16.0 + 0.81
On salbutamol 1800 9.2 x 2.21 )
0800 17.7 x+ 3.68
Asthmatic (4) 1800 7.0 £ 1.41 .
Not on salbutamol 0800 19.0 £ 6.37
On salioutamol 1800 9.7 = 3.20 \
0800 22.2 + 8.50
¥ 5<0,05
#% 5<0,01

The comparison of controls with asthmatic patients with and without
oral salbutamol did not reveal amy significant difference.
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DISQUSSION



The aim of the studies described in this thesis was to irmwvestigate
if there is an irherent defect in beta-adrenoceptors that might be
involved in the development of bronchial asthma The target tissue
of choice for studying these adrenoceptors is the lung, but there
are obvious constraints that hinder the investigation of beta-
adrenoceptors in human lung, particularly the difficulty of
obtaining isalated healthly lung tissues if repeated studies within
an individual subject or patient are required For these reasons,
alternative tissues have been examined by several authars (Parker
and Smith, 1973; Conolly and Greenacre, 1976, 1977; Kariman and
Lefkowitz, 1977; Greenacre et al, 1978; Brooks et al, 1979;
Szentivanyi et al, 1979; Sano et al, 1979; Meurs et al, 1982;
Tashkin et al, 1982; Van den Berg et al, 1982) and in particular
the peripheral blood lymphocytes, as a readily accessible source of
beta-adrenoceptors, has received special attention. Before such a
model could be accepted, it was necessary to compare and contrast
as extensively as possible the lymphocyte and lung beta-
adrenoceptors.

Earlier studies on human lymphocytes (Conolly and Greemacre,
1977) showed that the lymphocyte beta-adrenoceptor was readily
blocked by propranolol (non-selective) but appear to be far less
sensit';ive to the effect of practolol (beta; selective); the same
pattern of susceptibility to the different beta-blockers was seen
in lung tissue. Also the pA, values for both propranolol and
practolol as derived by Conolly and Greemacre (1977) corresponded
closely to those obtained by other workers (Hedges and Turner,
1971; Barrett et al, 1973) and conform to the pattern which would
be predicted for a tissue possessing a betap-adrenoceptor.

Moreover, salbutamol stimulated the lymphocyte beta-adrenoceptor,
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being about one tenth as active as isoprenaline and these findings
corresponded closely to those of Cullum et gl (1969) who reported a
10:1 potency ratio between isoprenaline and salbutamol on guinea-
pig tracheal chain, Therefore, on the basis of those findings
Conolly and Greenacre (1977) stated that the lymphocyte
adrenoceptor may be categorised as beta, supporting the validity of
using lymphocytes as a model to study beta-adrenoceptor function in
bronchial asthma,

Recently, Davis ef al (1980) have compared the cyclic AMP
response to different beta-agonists and antagonists in lymphocytes
and in human lung parenchyma with the results of some beta-agonists
that cause 50% inhibition (relaxation) in human bronchial muscle
They concluded that the beta-adrenoceptors of the lymphocyte,
bronchial smooth muscle and lung parenchyma have beta, selectivity
although they differ somewhat quantitatively from each other,

Another potential obstacle to the use of lymphocytes has been
the presence of subpopul ations of lymphocytes (B and T cells), as
diff erences in adrenoceptar number or cyclic AMP responsiveness of
lymphocytes from patients with specific diseases might be
attributable to differences in the relative numbers of B and T
lymphocytes. Therefore Bishopric gt al (1980) carried out a study
to co;rxpare B and T cells obtained from the same population of
peripheral blood lymphocytes for direct beta-adrenoceptor binding
characteristics as well as their biological response to beta-
adrenoceptor agonists., They found that the number of beta-
adrenoceptors of B cells did not differ significantly from the
number found in T cells, Similarly, there was no significant
difference in their dissociation constants, Inaddition, assays

performed on mixed unseparated lymphocytes revealed no significant
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differences in number or affinity from the purified B and T
popul ations. Also they found that B and T lymphocytes had
comparable stimulation of cyclic AMP accumulation by isoprenaline,
Bishopric ¢t al (1980) suggest that variations in adrenoceptor
content found among whole lymphocyte populations in different
disease states could not be attributable to variations in the
proportion of B and T subpopulations and would therefore reflect
changes intrinsic to the disease state,

Consequently, along with many other workers, the use of
ly mphocyte beta-adrenoceptor as a model for the lung beta-
adrenoceptor seems justified.

Other potential problems with lymphocytes might conceivably
arise from the use of calf serum in the isalation of lymphocytes.
The presence of thymic factors in the calf serum may well affect
the results of the assays, since these thymic factors may induce
the conversion of ™iull" cells to T-lymphocytes (Byrom ef al,
1978). However this assay used calf serum at a concentration of
only 0.1%, in contrast to the concentration of 10% used by other
workers (Harris and Ukaejicofo, 1970; Conolly and Greemqre, 197D
Furthermore, the calf serum all came from the same batch y‘\so it was
reasonable to assume that, were arny thymic factars interacting with
the receptors, these should be constant in their effects, Work by
Thomson et al (1978) and Saraclar et al (1977) has shown that
foetal calf serum has no apparent effect on B- and T- lymphocyte
cell counts in astlmatic patients or on their response to doses of
concanavalin A or phytohaemagglutinin, Therefore, to improve
lymphocyte recoveries, the use of calf serum seems justified
particularly since its concentration is so low and the valume of

blood samples available was limited
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STUDY I

This study was undertaken to investigate the number (B,,) and
sensitivity (Ky) of the lymphocyte beta,-adrenoceptor with a view
to explaining the 'morning dip' observed in patients with extrinsic
astlma, Each patient or volunteer sample was characterised using
T-9 concentrations of the radialigand so that the Bphax and the Ky
could be determined from Scatchard analysis (Scatchard, 1949),
rather than from just 1 o 2 concentrations (Kariman and Lefkowitz,
1977; Van cden Berg et al, 1982). Characterisation of cell
adrenoceptors at only one or two ligand concentrations provides
little information about the status of the adrenoceptors and does
not detect a change in adrenoceptor affinity for binding ligands.
Al so there is no real assurance that an accurate Bmax is being
obtained. It is interesting to note that Lefkowitz has recently
reversed his opinions on the use of a single standard (Lefkowitz
and Michel, 1983) and changed to using full characterisation in
agreement with the findings of this thesis,

The asthmatic patients were in remission and were all known to
have reversible airflow obstruction. All sympathomimetic drugs
including theophylline compounds were stopped for at least 7 days
befor;e commencing the study to- allow recovery of any
desensitisation which may have occurred It should be realised, of
course, that asthma is a variable disease and some patients do
require bronchodilator therapy for relief of acute symptoms,
Patients were allowed to use the anticholinergic agent ipratropium
bromide given as an aerosol (80 mgm) as required, It is generally
accepted by clinicians (Dr Patel, personal communication) that

ipratropiun bromide, unlike sympathomimetic agents has no direct
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effect on the alpha- or beta-adrenoceptors, although no real
documentary evidence to this effect ocould be found.

This is the first time that such an extensive study of the
effects of circadian variation on adrenoceptor kinetics has been
wndertaken in the human lymphocyte, Since the lymphocyte is used
by mary workers as a model for the lung beta,-adrenoceptor (Brooks
£t al, 1979; Kariman, 1980; Sano et al, 1981b; Meurs et al, 1982)
this study is of particular value, as many workers neglect to
mention the time of sampling, One limitation of this present work
is the fact that samples were only determined at 0800 h and 1800 h
Sampling times were affected by several external constraints such
as the reed far sequential studies which restricted the amount of
blood which could be withdrawn from each subject and the time
required to amalyse the samples to avoid undue delay in processing
the blood samples, The chosen times were the most practical.

A significant circadian variation was demonstrated in the
nunber of beta,-adrenoceptors (Bmax) in both nomals and astimatic
patients, with the lesser number of adrenoceptors in the early
(0800 h) sample, Thisvariation persisted when both groups were
given salbutamol though 'down-regulation' of adrenoceptor numbers
occurred in both groups in the 0800 h sample., This accords with
the findings of others (Galant et al, 1978b; Tashkin et al, 1982),
assuming that their samples were taken in the marning, No evidence
for 'down-regulation' was found in the late (1800 h) sample and as
yet no explanation for this can be offered This could be further
investigated.

No significant difference in adrenoceptor numbers was observed
either at 0800 h or 1800 h between the normal and astlmatic groups

whether off or on salbutamol and this contrasts with other reported
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results (Kariman and Lefkowitz, 1977; Brooks et al, 1979; Sano et
al, 1979) that asthmatic patients generally have significantly less
beta-adrenoceptors than normals. However, most of these workers
either do not mention the time of sampling or else only used one ar
two concentrations of radioligand to obtain the Bj,,. It may well

be that the results in this thesis differ because the B data

max
reported here were derived from full saturation analysis and not a
single estimation. It would be expected that the former would give
the more reliable results

With regard to the observed circadian variations, it has also
been found that plasma cAMP concentrations in normals show a
circadian variation with the maximum concentration at 1400 h and
the minimum at 0200 h (Mikuni et al, 1978). In asthmatic patients,
plasma cAMP also showed a circadian variation similar to that in
normals with trough values at 0400 h, which are significantly
(p<0.01) lower than the peak values recorded at 1600 h (Barnes gt
al, 1980¢, 1982).

Gererally, other workers appear to have accepted (Galant et al,
1980; Meurs et al, 1982) that there is no difference in
adrenoceptor affinity (Kd) between normals and asthmatic patients.
In this study it is reported that in fact asthmatic patients do
seem to have a significantly lower Ky (p<0.01) than normals at 0800
h, when they are not taking salbutamol. In support of these
results, the Kd's measured here are compatible with those of other
workers using [12511HYP as a binding ligand (Sano et 31, 1981b;
Paietta et al, 1982). Also, in normal subjects on salbutamol a
circadian variation appears in K4 with lower values (i.e
increased sensitivity) at 0800 h appearing with the lower

adrenoceptor numbers, This would almost seem to be some fom of
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compensatory mechanism with the increased sensitivity compensating
for the reduced adrenoceptor number, It would be expected that low
cAMP levels would correlate with reduced receptor activity. Since
Bpax 1S decreased, it might be reasonable to expect that less cAMP
would be produced. If the shift in Kd was compensatory then
possibly circulating concentrations of cAMP should not be affected,
HoWwever, it must be remembered that circulating catechalamines are
alsolowest in themorning and so stimulation of the receptor is
probably submaximal. However, other workers (Mikuni et al, 1978)
have shown that plasma cAMP levels are loWwest in the marning, and
so this observation cannot satisfactorily be explained, but may
serve to minimise the fall in cAMP in asthmatic patients

To investigate the cause of the modulation of beta-adrenoceptor
nuubers, plasma cortisol concentrations were assayed in the frozen
plasma samples, Several workers have found that administration of
exogenous cortisol leads to an increase in beta-adrenoceptor
nunbers both in humans (Sano et al, 1980) and rodents (Mano gt al,
1979; Handslip ef al, 1981). Other work with polymorphonucl ear
leucocytes (PMN) has shown that asthmatic patients on long-term
steroid therapy have a normal number of beta-adrenoceptars (Galant
et al, 1980). 1In this study, the number of adrenoceptors vary
invers\ely with plasma cortisal; the receptor number is lower in the
morning when plasma cortisol is higher. Also, Davies and Lefkowitz
(1980) have shown that administration of cortisone acetate
modul ates both receptor number (Bp.,) and affinity (Kj) in both PMN
and mononuclear leucocytes, This is in agreement with the results
in this thesis, where Bmax appears to vary inversely with
endogenous plasma cortiscl concentrations in both groupss The rale

of cortisol in the regulation of beta-adrenoceptor function needs
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further investigation.

Fraser et al (1981a) concluded that there is a reciprocal
correlation between circulating plasma adrenaline concentrations
and lymphocyte beta-adrenoceptor density. This study did not
estimate plasma adrenaline concentrations but the results would
appear to contradict those of Fraser et al (1981a), as the receptor
density observed was lower in the moarning when plasma adrenaline is
low. However, the conclusions reached by Fraser et al (1981a) are
true only if adrenaline is the sole controlling factor; the
observation that two biclogical rhythms correlate with each other
chronoclogically is not sufficienmt proof that one causes the other
(Clark and Hetzel, 1980). The inter-relationships of circulating
catecholamine and lymphocyte beta-adrenoceptor density are

presently not well resolved and require further investigation

STUDY I

In the last few years, there has been some evidence for alpha=-
adrenoceptor dysfunction in asthma. Henderson et al (1979)
demonstrated abnormal alpha-adrenergic sensitivity of the pupillary
dilator and vasoconstrictor muscles in subjects with asthma.
Others have shown that there may be an increased number of alpha-
adrenoceptors in the lungs (Szentivaryi, 1979) and the lymphocytes
(Szentivaryi, 1979; Sano et al, 1981a,b) of asthmatic patients

Al phay-adrenoceptors appear to be intrinsically linked to the
aderylate cyclase system, whereas alpha-‘-adrenooeptors appear to be
coupled to processes that regulate cellular calcium=ion fluxes
(Lefkowitz et al, 1984). Alphay-adrenoceptors were studied as
these seemed to be the next logical candidates to antagonise beta-

adrenoceptor function and to be imvolved in ary alpha~adrenoceptor
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dysfunction in asthma Also a high specific radicactivity alphay

ligand ([3H]yohimbine, 70-90 Ci/mmol) was readily available whereas

the ligands which are either non-selective or alphaj selective were

of low specific radioactivity ([3H]dihydroergocryptine, 20-50

Ci/mmal; [3H]prazosin, 10-30 Ci/mmal respectively). Consequently,

for the initial studies, investigation of alphay-adrenoceptor

function was chosen,

Having successfully developed a method for al phay-adrenoceptor
estimation in lymphocytes (Titinchi and Clark, 1984), the next
phase of the study could now be proceeded with,

This study was carried out for 2 reasons
1) To see if the circadian variation in beta,-adrenoceptor

observed in "Study I" could actually be re-observed in a

repeat study.

2) To investigate the number (Bp.,) and sensitivity (K4) of the
lymphocy te alpha,-adrenoceptor to see if there is a circadian
variation in alphay-adrenoceptor similar to that found in
beta,-adrenoceptor and mareover to see whether, in accordance
with the finding of other workers (Szentivanyi et al, 1979;
Szentivarnyi, 1980) there is a shift in the relative numbers of
adrenoceptors from beta to alpha in lymphocytes of asthmatic
patients. It would also be vital to compare the ratio of
alpha:beta, adrenoceptors in normals and asthmatic: patients
to verify results produced by other workers who looked at the
gereral alpha-adrenoceptor population,

Again each patient or volunteer sample was characterised using
7-9 concentrations of the radioligand for both alpha2 and beta,
adrenceptor estimations and the respective B,, and the Kj's were

determined from Scatchard analysis (Scatchard, 1949). One
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limitation of this study was that the samples were only determined
at 0800 h and 1800 h as sampling times were again affected by
several external constraints including the amount of blood which
could be withdrawn from each subject and the time required to
analyse the samples,

The results observed for the betas-adrenoceptors in this second
study were extremely interesting, because for comparable
combinations of time and drug therapy there was no significant

difference between the B and Ky results observed for "Study IV

max
and "Study II" either for the normal or the asthmatic groups. Thus
the discussion of the beta-adrenoceptor results wunder "Study I" is
equally applicable to "Study II" and no further insight would be
gained by repeating this discussion here,

The fact that these two independent studies give similar
results is a valuable observation and strengthens the argument that
a genuine phenomenon (i.e, the circadian variation in receptor
function) is being observed which is not based on artefacts arising
from the methodology.

Since the completion of the practical aspects of this study an
extremely important observation has been published by 2 groups of
workers (Bertouch et al, 1983; Ritchie et al, 1983). They have
obser\;ed diurnal variation in the total number of lymphocytes.
This is reflected in a diurnal variation in lymphocyte subsets
(both B and T cells). At first sight these results appear to have
important implications for the interpretation of the adrenoceptor
function results discussed for "Studies I and II"

However, it should be remembered that quite fortuitously
adrenoceptor kinetics have been expressed with reference to 107

lymphocytes. This means that the results are independent of the
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number of circulating lymphocytes. Secondly, it has been
repeatedly shown that the beta-adrenoceptor function is essentially
identical on lymphocyte subsets (i.e. B and T cells) so that even
if theratio of B to T cells changes during the day (which has not
been suggested either by Bertouch et 3l, 1983 or Ritchie et al,
1983) then this would not significantly affect the results reported
here. Asa corollary to this, a significant correlation (p<0.05)
was found between lymphocyte numbers and lymphocyte protein
estimations in this study, but as can be seen from Fig 32, there is
a large degree of scatter. From the above, workers in this field
would therefore be well advised to express their adrenoceptor
kinetic results in terms of fmol/107 lymphocy tes rather than
fmol/mg protein Such results then have much more relevance to the
patient studies as several variables are essentially eliminated

No significant difference was observed in the number of alphay-

adrenoceptors (B, .,) between 1800 h and 0800 h in both narmals and

max
asthmatic patients while off salbutamol. Administration of
salbutamol did not significantly affect alphas-adrenoceptor number
at 1800 h or 0800 h in either group Other studies have also fouwnd
that the number of alpha,-adrenoceptors ([ 3H]yohimbi ne-binding
sites) on human platelets is not subject to "down-regulation™
Karliner et al (1982) found that incubation of platelets with
adrenaline ip vitro did not decrease the number of [3H]yohimbine
binding sitess Furthermare, Snavely et al (1982) and Pfeifer et al
(1982) fownd normal number of alphay-adrenoceptors on the platelets
of patients with catechol amine-secreting pheochromocytoma, the
clinical setting in which "down-regulation" would be most evident.

No significant difference in alphay-adrenoceptor number was

observed at 0800 h or 1800 h between the normal and asthmatic
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groups whether off or on salbutamol, This contrasts with other
reported results (Szentivaryi et al, 1979; Sano et al, 1981b) that
asthmatic patients generally have significantly more alpha-
adrenoceptors than normals, However, some of these workers only
used one concentration of the radialigand to obtain the Bpax and,

as discussed earlier, the B

max calculated from full saturation

analysis would give more reliable results than a single estimation.

Concerning the alphay-adrenoceptor affinity (Ky), there was no
significant difference between 1500 h and 0800 h in both normals
and astimatic patients whether off o on salbutamol. At the same
time, no significant difference was observed between the two groups
at either times whether off or on salbutamol. This is in accord
with Sano gt al (1981b) who also found that there was no
significant change in K4y between normals and astimatic patients

Davis and Lieberman (1982) found that platelet alpha,-
adrenergic cAMP responses were normal in subjects with asthma,
They studied alphay-adrenergic responses in platelets from normal
subjects and patients with asthma who had taken no medication prior
to the study, alphay-adrenergic inhibition of prostaglandin Eq-
stimulated cAMP accunulation was normal in platelets fram subjects
with asthma, The time course of inhibition, the extent of
inhibition, and the dose-response relationship did not differ
between the groups. Also, Barnes ef al (1980a) found that there
was no difference in the K4y values of (3Hlprazosin (al phay
selective) in lung membrane homogenates of an animal model (guinea=-
pig) of chronic asthma and those from contrals.

Regarding the alphasibeta, ratio, there was a significant
difference in the ratio between 1800 h and 0800 h off salbutamol in

both normals and asthmatic patients with the higher ratio at 0800h.
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This significant Jifference is not due to a shift in the number
of betaj-adrenoceptors to alphas-adrenoceptors, but is in fact
related to the circadian variation in the number of betas=
adrenoceptors between 1800 h and 0800 h in both groups while of f
salbutanol with the lesser number of betay-adrenoceptors at 0800 h
This significant difference in the alphay:beta, ratio between 1800
h and 0800 h persisted even when both groups were given salbutamol
and again this was due to persistence of the circadian variation in
betay-adrenoceptor number in both normals and asthmatic patients on
salbutamol therapy.

In both groups, the alphay:beta, ratio at 0800 h on salbutamol
was significantly higher than at 0800 h not on salbutamal and this
is due to the "down-regulation" of betay-adrenoceptors induced by
salbutamol. The ratioat 1800 hwas not significantly different
off or on salbutamol in either normals or asthmatic patients

No significart differences in the ratio were observed between
normals and asthmatic patients, and this contrast with other
reported results (Sano et al, 1981b) that astlmatic patients have
significantly higher alpkla:bej:a ratio than normals,

At present, the mechanism of the observed circadian variation
in beta-adrenoceptor numbers in either groups has not been
inveséigatem In both studies, the observation that beta-
adrenoceptors are reciprocally correlated to plasma cortisol levels
are in agreement with Davies and Lefkowitz (1980), but apparent
contradictions exist in the l1iterature where other workers have
fownd that steroids increase lymphocyte beta-adrenoceptor number
(Sano gt al, 1980). The role of cortisol remains to be imvestigated
in much more detail. The lowest number of beta-adrenoceptors

corresponds to the observation of 'morning dip' in asthmatic
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patients, and this diminishing of receptor number may well be a
predisposing factor to the fall in FEV1/FVC ratio, The 'defect!
may in fact be external to the beta-adrenoceptor as one report
(Fraser et al, 1981b) has suggested that circulating auto-
antibodies may interfere with the functional binding of
catecholamines to the beta-adrenoceptor in some patients with
asthma, It is possible therefore, that there is no intrinsic bete~
adrenoceptor defect. Certainly the results reported in this thesis
contain no evidence that the beta-adrenoceptors of asthmatic
patients are functionally different from those of normal subjects;
both display a circadian variation in receptor number, both are
down-regul ated by salbutamol administration and the number of
receptars does not differ significantly between the two groups
Neither do the results contain any evidence for alphaj-
adrenoceptor dysfunction in asthmatic patients., The circadian
variation in alphaa:betae ratio is related only to the circadian
variation in betay-adrenoceptors. This does not preclude al pha-
adrenoceptors having a functional role in asthma The increase in
al phay:beta, ratio in the marning may well be a predisposing factor
to the fall in FEV4/FVC ratio (marning dip) in asthmatic patients.
In conclusion, the results reported here would seem to be in
agreer;)ent with other work published during the course of this
thesis: that Szentivanyi's hypothsis should once and for all be
rejected (Conolly, 1980). That is, there is no intrinsic defect
either in the beta-adrenoceptors or the alpha-adrenoceptors of
patients with extrinsic asthma, and no apparent shift from beta- to
alpha-adrenoceptors occur. The cause of dyspnoea in extrinsic

asthma patients must therefore be looked for elsewhere,
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APPERDIX A



General Materials
The components of materials marked '#' will be found at the end of

the Appendi x.

1. CHEMICALS AND ASSAY KITS

Aseptic calf serum

Catechol (O-dihydroxybenzene)
Dul becco's Pnosphate Buff ered
Saline (IX) (PBS) %

Earle's Balanced Salt Solution
(10X) without Sodium Bicarbonate
(EBSS) #*

Earle's Balanced Salt Solution
(IX) (EBSS) *

Emul sifier scintillator 299
Cat. No. 6013079 *

Hank's Balanced Salt Salution
(10X) without Sodium Bicarbonate
(HBSS) *

Hank'!s Balanced Salt Solution
(IX) (HBSS) *

Hepes buffer powder
(4=(2-tydroxyethyl)-1-
piperazineethanesulphonic acid)

(=) Isoprenaline bitartrate
(Fig. 4)
Isoton II

Lymphocyte separation medium *
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Gibco Bio-Cult Ltd.
Paisley, Scotland

BIH Chemicals Ltd.
Poole, England

Gibco Bio-Cult Ltd.
Paisley, Scotland

Gibco Bio-Cult Ltd
Paisley, Scotland
Gibco Bio-Cult Ltd.

Paisley, Scotland

Packard Instruments Ltd.
Berks, England

Gibco Bio-Cult Ltd.
Paisley, Scotland
Gibco Bio-Cul t Ltd.
Paisley, Scotland

Flow Laboratories Ltd
Ayrshire, Scotland
Signa Chemical Co. Ltd.

Poale, England

Coul ter Electronics Ltd.
Luton, Beds., England

Flow Laboratories Ltd.
Ayrshire, Scotland



Magnesiun chloride
(=) Noradrenaline bitartrate
(Fig. 5)

Munifluor ¥
Cat. No. NEF=906

Sodiun chloride 'AnalaR!

Sucrose 'AnalaR!

Toluene 'AnalaR!

Triton X-=100

Trizma base

(2-anino~2-hy droxymethy 1-
propane-1,3-diol)

Trypan blue stain, 0,4%
Yohimbine hydrochloride
(Fig. 5)

Zaponin

Bio-Rad protein assay kit

Cat. No. 500-0001

1D PHASETM (12517 Cortisal
Radi oimmunoassay kit

Sigma Chemical Co., Ltd.
Poole, England

Sigma Chemical Co. Ltd.
Poole, England

New England Nuclear
Massachusetts, USA

BDH Chemicals Ltd.
Poole, England

BIH Chemicals Ltd.
Poole, England

BDH Chemicals Ltd.
Poole, England

BIH Chemicals Ltd.
Poole, England

Signa Chemical Co, Ltd.
Poole, England

Gibco Bio-Cult Ltd,
Paisley, Scotland

Signa Chemical Co. Ltd.
Poole, England

Coulter Electronics Ltd.
Luton, Beds., England

Bio-Rad Laboratories
Watford, England

Corning Medical and
Scientific, Essex,
England

2. CONSUMABLES AND DISPOSABLES

Evans heparinised bottles
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Evans Medical Ltd.
Liverpool, England



Glass microfibre filters
grade (GFC), size (2.5 am)

Glass uwicrofibre filters
grade (GFB), size (2.5 am)

Polypropylene tubes
(12 x 75 ) Cat., No., 526

Poly styrene tubes
(12 x 75 rm)

Soda glass tubes
(12 x 75 nm)

Universal containers (30 ml)

Whatman LabSales
Maidstone, England

Whatman LabSales
Maidstone, England

Sarstedt Ltd.
Leicester, England

MacFarlane Robson Ltd.
Glasgow, Scotland

MacFarlane Robson Ltd.
Glasgow, Scotland

Sterilin Ltd.
Middlesex, England

3. RADIOCHEMICALS

l-[propyl-2,3-3H]
dihydroal prenolol
Specific Radicactivity
30 - 60 Ci/mmol (Fig. 6)

(12517 iodohydroxy-
benzylpindolol, Specific
Radioactivity 2200 Ci/mmol
(Fige 6)

[ methy 1-3 H}-yohimbine
Specific Radicactivity
70-90Ci/mmol (Fig. 9)

4. DRUGS

Clonidine hydrochloride

(Catapres ampoules, 0.15mg/ml)

(Fig. 5)

Ipratropium bramide (Atrovent

inhaler)

Phentol anine mesylate

(Rogitine ampoules, 10mg/ml)

(Fig. 5)
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The Radiochemical
Centre, Amersham,
Engl and

New England Nuclear
Dreieich, W, Gemany

New England Nuclear
Dreieich, W. Germany

Boehringer Ingelheim
Berks., England

Boehringer Ingelheim
Berks., England

Ciba Laboratories
West Sussex, England



Sal butamal-as sul phate
(Ventolin tablets, 2mg)
(Fig. 4)

The following drugs were kindly

indicated:

(+) Adrenaline bitartrate
(Fig. 4)

(=) Adrenaline B.P.
H 35/25

Practolol (Fig. L)

Prazosin hydrochloride
(Fig. 5)

(+) Propranolol
hydrochloride B.P. (Fig. 4)

(=) Propranolol hydrochloride
(+) Propranclal lydrochloride

5. m
Autanatic Tri-Carb Liquid
Scintillation Spectrameter

Model 3330

Coul ter cownter
odel ZF

Millipore filtration
apparatus
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Allen & Hanburys Ltd.
Middlesex, England

donated by the sources

Kodak Ltd.

Industrial and Research
Chemical Sales, Liverpool
England

Smith and Nephew
Phamaceuticals, England

Hassle
Molndal, Sweden

Imperial Chemical
Industries (ICI) Ltd.
Phamaceuticals Division
Cheshire

Pfizer Ltd., England

ICI

ICl

Packard Instrument Ltd.
Berks, England

Coul ter Electronics Ltd.
Herts., England

Millipore (U.K.) Ltd.
Millipore House
Middl esex, England



Mini-bamb cell disruption Kontes Glass Co.

chanber, cat. Mo, K-881455 Vineland, N.J., USA

MSE Mistral 4L MSE Scientific

refrigerated centrifuge Instruments, England

Ul tracentrifuge Beckman Instruments INC.

Model L5-65 California, USA

Ul tra-Turrax Janke and Kunkel

Type TP 18/10 IKA-Products, Belmont,
Surrey

Vitalograph dry wedge Vitalograph Ltd.

spiraneter Buckingham, England

161



Couiponents

fuor anic s&lts

cmcwm mmWO

Hall0q

2

[as T
STt .n:. oy
.;Lr\.rr.w (O \w(

Ul ot CUaponie it s

;J
g LUCC ke

1

Pacnch ey

Dul beccos Phosphate

pufrered 3aline

r.rc,\ 1

3000.00

200.00

110.00

200.00

100.00

EFarles Bal anced

Salt Soluticn

AEHEQ%WWEQJV
:_C\.b.

6300 .00
400,00
200.00
158,00
264,00

1000 .30

15,00

tarles s3alenced
Selt Solution

6800 .00
400.00
200,00
156 .00
204,00

2200.0C

1000 .0V

tianks Bal anced

Salt Solution

(without :&:6wv
—..C\H

$000.00
400.00

100.00

100 .00

100C .00

Hanks bal anced

Salt Solution

Z«.w\ 1

8000.00

400.00

100.00

106.00

1060.00

10,00
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Lymphocyte sepaeration medium is an agqueous solution of a high
density sucrose-epichlorohydrin polymer (Ficoll 400) and sodiuwa

alatrizoate,

Oanifivor is a precisely-blended scintillator powder composed of

YUi: PPO (2,5-diphenyloxazole) and 2% bis-HSE (1,4=Di-(2-methy 1~

styryl)-benzeie).

Emulsitier scintillator 299 is a xylene based, coniplete liquid

scintillation cocktail for agueous and non-ajueous sanples.

OMPON BU
Buiter A - pH 7.6
Earies Balanced Salt Solution (without sodium bicarbonate)
20 umol/1 Hepes
0.1 calf seru
Bulter B - pli 7.6
50 mmol/1 Tris
0.9% sodiun crioride

0.1 mmol/1 (1)propranolol

Buffer C - pi 7.6

50 tmiol/1 Tris

0.9% sodiun chloride
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Summary

1. To determine whether circadian variation in
adrenoceptor function might underlie the ‘morn-
ing dip’ in peak expiratory flow (PEF) rate and its
abolition by salbutamol we measured indices of
p-adrenoceptor function (Bpax. and Kg), the ratio
FEV,/FVC, and plasma cortisol at 08.00 and
18.00 hours on and off salbutamol (4 mg given
orally every 4h) in five extrinsic asthmatic
patients and five normal volunteers.

2. There was a significant circadian variation in
receptor numbers (B,ay ) in both the control and
asthmatic groups which was not abolished on
treatment with salbutamol.

3. Both groups appeared to compensate for
loss of receptor number induced by salbutamol
administration by increasing receptor affinity.

4. For comparable combinations of drug/time,
there was no significant difference between the
control and asthmatic groups.

5. We conclude that the ‘morning dip’ observed
in asthmatic patients cannot simply be explained
by changes in cell receptor number or affinity, as
our results suggest that both groups have intact
B-adrenoceptor  function.  Nevertheless, our
observations of the normal circadian rhythm has
important implications for future studies of §-
adrenoceptors in asthmatic patients.

Key words: B-adrenoceptors, circadian variation,
extrinsic asthma, lymphocytes.

Abbreviations: FEV|, forced expiratory volume in
1s;FVC, forced vital capacity; HYP, iodohydroxy-
benzylpindolol; PEF, peak expiratory flow.

Correspondence: Dr Barry Clark, Department
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Glasgow G11 6NT, Scotland, U K.

Introduction

Bronchial hyper-reactivity is now recognized as a
major factor in the development of bronchial
asthma and in atopic disease. Szentivanyi [1] has
postulated a defect in the f-adrenoceptors. Several
reports [2-5] seem to support this hypothesis;
however, others [6-8] were unable to find a
significant  difference between normal and
asthmatic subjects. It has also been suggested by
others [9] that the receptor abnormality is drug
induced. Patients with asthma have marked
variations in bronchomotor tone over 24 h which
contrasts with the lack of variability in normals.
This circadian variation in the bronchomotor tone,
often demonstrated as the ‘morning dip’ [10] in
FEV,, could be due to changes in the numbers
and/or the affinity of S-adrenoceptors or related
to humoral circadian rhythms.

The aim of this study was to investigate (-
adrenoceptor function in normal and asthmatic
subjects at different times, to assess the effect of
orally administered $,-agonist (salbutamol) and to
see whether, in accordance with the hypothesis
of Szentivanyi, there was some apparent receptor
dysfunction in extrinsic asthmatic patients and
finally if exposure to a f,-agonist produced tachy-
phylaxis.

In this study, lymphocyte f-adrenoceptors
(B,) were used as a model of events taking place in
the bronchial smooth muscle over a 24 h period

[11].
Methods

Subjects

Five patients with extrinsic asthma and five
normal volunteers were studied. The asthmatic
patients were in remission and were all known to
have reversible airflow obstruction. All sympatho-
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mimetic drugs, including salbutamol and theo-
phylline compounds, were stopped and the
patients maintained on ipratropium bromide as
necessary for 7 days before commencing the
study, so that the p-adrenoceptors will have
recovered from any f-agonist induced desensitiza-
tion. None of the patients was on inhaled or oral
steroid therapy. The subjects gave informed
consent and the study was approved by the
Medical Ethics Committee of the hospital.

Protocol

Studies were performed in the respiratory unit
and the asthmatic patients were admitted at least
2 days before the study was commenced so as to
become accustomed to the surroundings. Both
groups were familiar with having blood samples
taken.

The following sequence of tests was performed
on each patient or volunteer, On day 1, 50 ml of
blood was withdrawn at 18.00 hours for estima-
tion of plasma cortisol and isolation of lympho-
cytes for B-adrenoceptor estimation. On day 2,
50 ml of blood was withdrawn as above at 08.00
hours and then 4 mg of salbutamol was orally
administered to the patient or volunteer at 4
hourly intervals. At 18.00 hours, a further blood
sample was taken and the dosage of salbutamol
continued. On day 3 (08.00 hours), 50 ml of
blood was withdrawn as above, the salbutamol
stopped and previous therapy resumed. FEV,/FVC
ratio was determined after taking each blood
sample.

Isolation of lymphocytes

Lymphocytes were prepared from heparinized
blood by our modification of the technique of
Harris & Ukaejiofo [12], which produced cell
populations of approximately 90-95% lympho-
cytes with the remainder as monocytes and re-
coveries of 90-94%. Blood (50 ml) was collected
into Evans heparinized bottles and centrifuged
(250 gmax., 20min, 15°C). The platelet-rich
plasma was aspirated and stored frozen at —20°C
for subsequent plasma cortisol estimations. The
pellet was diluted 1:3 (v/v) with Earle’s Balanced
Salt Solution (Gibco Bio-Cult Ltd, Paisley, Scot-
land) minus sodium bicarbonate and supplemented
with 0.1% calf serum and 20 mmol/l Hepes (Flow
Laboratories Ltd, Ayrshire, Scotland), adjusted
to pH7.6 (buffer A). Portions (8 ml) of the
dilution were layered on 12 ml of Lymphocyte
Separation Medium (Flow Laboratories Ltd)
and centrifuged (250 gmax., 250 min, 15°C). The
milky layer of lymphocytes was harvested from
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the interface, washed by diluting 1:3 with buffer
A, centrifuged (250 gmax., 15 min, 15°C) and the
supernatant discarded. The pellet was resuspen.
ded in 20 ml of buffer A and gently disaggregated,
The addition of calf serum reduced lymphocyte
clumping and ensured an adequate yield of cells.
Cells were counted in a Coulter Cell Counter:
final cell concentrations were usually 2.5-3.0x
10° lymphocytes/l. Cell viability remained greater
than 95% during all the described procedures as
determined by trypan blue exclusion.

Receptor saturation analysis

The saturation assays were done in poly-
propylene tubes (Sarsted, 12 mmx 75 mm) in a
final volume of 500 ul, comprising, for the total
binding, lymphocyte suspension (250-350 ug of
protein) and ['*IJiodohydroxybenzylpindolol
("*I-HYP, New England Nuclear, West Germany)
at appropriate concentrations (50-800 pmol/l) in
buffer A. In tubes used to determine non-specific
binding, (—)propranelol (3 x 107" mol/l) was also
added. Total and non-specific binding was esti-
mated in duplicate at each '>I-HYP concentra-
tion. The tubes were incubated at 30°C in the dark
(to minimize photolysis of the !*I.HYP) for
45 min. The reaction was stopped by the addition
of a ‘stopping solution’ of 2.5 ml of 50 mmol/l
Tris (pH 7.6), 0.9% sodium chloride and 0.1
mmol/l (+)propranolol at 37°C. The samples were
allowed to stand for 45s before being filtered
through Whatman GFC fibre-glass filters (pre-
soaked for 60 min in ‘stopping solution’), by
applying a vacuum of 3-4 psi, and the filters were
rinsed with 3 x 10 ml of 50 mmol/l Tris (pH 7.6)
and 0.9% sodium chloride at 37°C. Filtering and
rinsing were complete within 12s. The filters
were air dried, shaken with 10 ml of Scintillator
299 (Packard) and the radioactivity was de-
termined. Reproducibility of the assay was as
follows for five determinations: Bpay., 6.05%
0.64 fmol/107 lymphocytes; Kq, 0.36+0.05
nmol/l.

Other estimations

Plasma cortisol was estimated by using Cortisol
(***I) Radioimmunoassay Kit (Corning). The
FEV,/FVC ratio was measured with a standard
Vitalograph.

Statistical methods

Statistical analysis was done with paired
Student’s f-tests (comparisons on the same subject
group) and two-sample f-tests (comparison
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between patient and volunteer groups) as appropri-
ate on an ICL-2976 computer using the package
MINITAB (Ryan, Joiner & Ryan, Pennsylvania
State University).

Results
FEV,/FVC ratio

In the normal group no circadian variation in
FEV,/FVC ratio was observed (Table 1), either on
or off salbutamol therapy. Asthmatic patients not
receiving  sulbutamol showed the expected
circadian variation in FEV,/FVC ratio, giving rise
to the ‘morning dip’ (P<0.05), which was
abolished on giving salbutamol therapy.

For comparable regimens (i.c. salbutamol/time
combinations), there was no significance between
the two groups except at 08.00 hours off salbuta-
mol, when the FEV,/FVC ratio for asthmatic
patients was significantly lower than that for the
normals (P<0.001), this corresponding to the
‘morning dip’ in the asthmatic group.

Plasma cortisol concentrations

Plasma cortisol concentrations showed the
expected circadian variation in both normal and
asthmatic subjects (P <0.05, Table 1), on and off
salbutamol and administration of salbutamol did
not significantly affect plasma cortisol concentra-
tions in either group. For comparable regimens
there was no significant difference in plasma
cortisol concentrations between the normal and
asthmatic groups.
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B-Adrenoceptor kinetics

Receptor number (B, ). Both normal and
asthmatic groups not on salbutamol show a
marked circadian variation in the number (Bpayx )
of B,-adrenoceptors found on the lymphocyte
(P<0.05, Table 1) with the greater number of
receptors at 18.00 hours. This circadian variation
is not abolished on exposure to salbutamol. Rep-
resentative saturation curves for a normal subject
on salbutamol are shown in Fig. 1 with the corre-
sponding Scatchard analyses in Fig. 2.

In both groups, the number of receptors at
08.00 hours on salbutamol is also significantly less
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FiG. 1. I-HYP binding to lymphocytes of a

typical control subject while on the salbutamol
regimen at 18.00 hours (day 2, ®) and 08.00 hours
(day 3,4),

TABLE 1. Mean values (* SD) of Byax., Kg, cortisol concentrations and FEVy/FVC (%) in five control and
five asthmatic subjects

*P<0.05; **P<0.0l. ns.,

not significant, In addition, the comparison of controls with asthmatic

patients with and without oral salbutamol did not reveal any significant difference. Similarly salbutamol
did not have any significant effect on plasma cortisol concentrations at the respective times,

Time Bmax. Kq Cortisol FEV,/FVC
(hours) (fmol/107 lymphocytes (nmol/l) (ug/dl) %)
Control 18.00 9.02+2.21 0.49:0.23 8.3+1.7 83.2+7.2
(S) « n.s. * n.s.
Not on salbutamol 08.00 5.40+1.16 0.35x0.11 15.1£3.3 829179
On salbutamol 18.00 7.18+2.01 0.46 +0.14 9.8+3.3 86.2+6.8
* ¥ * * n.s.
08.00 2.01+1.74 0.21+0.19 18.12.,7 83.915.8
Asthmatic 18.00 6.862.72 0.31+0.04 11.8+5.7 69.8+14.1
) * % *% *k *
Not on salburamol 08.00 3.40:1.50 0.1410.06 21.0+8.2 51.9:10.3
On salbutamol 18.00 5.12+1.48 0.42+0.15 94+59 71.8+14.4
* %k * * n.s.
08.00 1.28+0.41 0.23+0.11 22.1:9.0 67.5+19.4
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125I.HYP bound (fmol/mg of protein)
FIG. 2. Scatchard analysis of the saturation data

from Fig. 1: 18.00 hours (day 2, ®) and 08.00
hours (day 3, 4).

than at 08.00 hours not on salbutamol (P < 0.05),
showing that ‘down regulation’ of the receptors
is induced by salbutamol. This ‘down regulation’
is not observed for the 18.00 hour samples.

For comparable regimens no significant dif-
ference in receptor number was observed between
asthmatic and normal groups.

Receptor affinity (Kq). In normals there is no
significant difference in the receptor affinity
(K4) between 18.00 hours and 08.00 hours while
off salbutamol, but on salbutamol a circadian
variation appears, with the Ky significantly lower
(P<0.05, Fig. 2) (ie. the receptor is more
sensitive) at 08.00 hours. This compares with
receptor affinity at 18.00 hours, which is not
significantly different on or off salbutamol.

In asthmatic patients, a circadian variation in
K4 is present both on and off salbutamol (P <
0.05) but the administration of salbutamol does
not significantly alter receptor affinity at either
08.00 or 18.00 hours.

No significant differences in receptor affinity
between normal and asthmatic subjects were
observed except at 08.00 hours off salbutamol
(P<0.01, Table 1).

Discussion

The problems of using the lymphocyte ,-adreno-
ceptor as a model for the lung f-adrenoceptor has
not been extensively discussed. However, Davis
et al. [13] have stated that the B-adrenoceptors of
the lymphocyte, bronchial smooth muscle and
lung parenchyma have g, selectivity, although
they differ quantitatively from each other.
Bishopric et al. [14] have shown that B-adreno-
ceptor function on B- and T-lymphocytes does

not differ significantly. Consequently we, along
with many others, feel justified in using the
lymphocyte f-adrenoceptor as a model for the
lung.

This study was undertaken to investigate the
number (Bnax, ) and sensitivity (Kgq) of the
lymphocyte f,-adrenoceptors with a view to
explaining the ‘morning dip’ observed in patients
with extrinsic asthma. Each patient sample was
characterized with seven to nine standards, so that
the Bmax. and the Ky could be determined from
Scatchard analysis [15], rather than from just one
or two standards [5, 16]. To our knowledge, this
is the first time that such an extensive study of the
effects of carcadian variation on adrenoceptor
kinetics has been undertaken in the human
lymphocyte. Since the lymphocyte is used by
many workers as a model for the lung f,-adreno-
ceptor [17-20], this study is of particular value,
since many workers neglect to mention the time of
sampling. One limitation of this present work is
the fact that samples were only determined at
08.00 and 18.00 hours. However, the need for
sequential studies restricted the amount of blood
which could be withdrawn. Measurement of cell
adrenoceptor numbers at only one or two ligand
concentrations [5, 16] is not adequate to allow
adrenoceptor characterization, particularly since
adrenoceptor sensitivity might also be a factor in
explaining the ‘morning dip’ observed in asthmatic
subjects.

A significant circadian variation was demon-
strated in the number of f,-adrenoceptors (Bmax.)
in both normal and asthmatic subjects, with the
lesser number of adrenoceptors in the early
(08.00 hours) sample. This variation persisted
when both groups were given salbutamol, though
‘down-regulation’ of adrenoceptor numbers
occurred in both groups in the 08.00 hours
sample. This accords with the findings of others
[21, 22], assuming that their samples were taken
in the morning. Interestingly, no evidence for
‘down-regulation’ was found in the late (18.00
hours) sample and as yet we can offer no explana-
tion for this.

No significant difference in adrenoceptor
numbers was observed either at 08.00 or 18.00
hours between the normal and asthmatic groups
whether on or off salbutamol, and this contrasts
with other reported results [5, 17, 23] that
asthmatic patients generally have significantly less
B-adrenoceptors than normal subjects. However,
most of these workers either do not mention the
time of sampling or else used only one or two
concentrations of radioligand to obtain the Byay.-
It may well be that our results differ because the
Bpax. data reported here were derived from full
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saturation analysis and not a single estimation. It
would be expected that the former would give the
more reliable results.

With regard to the observed circadian variations,
it has also been found that plasma cAMP concen-
trations in normal subjects demonstrated a cir-
cadian variation with the maximum concentration
at 14.00 and the minimum at 02.00 hours [24].
In asthmatic patients, plasma cAMP also showed a
circadian variation similar to that in normals with
trough values at 04.00 hours, significantly (P <
0.01) lower than the peak values recorded at
16.00 hours [25, 26].

Generally, other workers appear to have
accepted [20, 27] that there was no difference in
adrenoceptor affinity (K4) between normal and
asthmatic subjects. In this study it is reported that
in fact asthmatic patients do seem to have a signifi-
cantly lower Ky (P <0.01) than normals at 08.00
hours, not on salbutamol. In support of these
results, the Ky values measured in our assay are
compatible with those of other workers with
ZSL.HYP used as binding ligand [19, 28]. Also, in
normal subjects on salbutamol a circadian varia-
tion appears in Ky, with lower values at 08.00
hours appearing with the lower adrenoceptor
numbers. This would almost seem to be some form
of compensatory mechanism with the increased
sensitivity compensating for the reduced adreno-
ceptor number. However, other workers [24] have
shown that plasma cAMP levels are lowest in the
morning, and so this observation cannot satis-
factorily be explained. Asthmatic patients have a
circadian variation in K4 both on and off salbuta-
mol, with the lower K4 in the morning, but again,
as pointed out by others [25, 26] the plasma
cAMP is also lower in the morning.

To investigate the cause of the modulation of
f-adrenoceptor numbers, plasma cortisol concen-
trations were assayed. Several workers have found
that administration of exogenous cortisol leads to
an increase in f-adrenoceptor numbers, both in
humans {29] and rodents [30, 31]. Other work
with polymorphonuclear leucocytes has shown
that asthmatic patients on long-term steroid
therapy have a normal number of §-adrenoceptors

"[27). In our study, the number of adrenoceptors
appears to vary inversely with plasma cortisol; the
receptor number is lower in the morning when
plasma cortisol is higher. Our results fall short of
significance and so cortisol is unlikely to be the
mediator of this effect. However, Davies & Lef-
kowitz [32] have also shown that administration
of cortisone acetate modulates both receptor
Bpax, and K4 in both polymorphonuclear and
mononuclear leucocytes. This is in agreement
with our results, and so the role of cortisol in the

regulation of p-adrenoceptor function needs
further investigation.

It has been shown [33] that there is a reciprocal
correlation between circulating plasma adrenaline
concentrations and lymphocyte f-adrenoceptor
density. Our study did not estimate plasma
adrenaline concentrations but our results would
appear to contradict those results [33] as the
receptor density was lower in the morning when
plasma adrenaline is low. However, the conclusions
reached [33] are true only if adrenaline is the sole
controlling factor; the observation that two
biological rhythms correlate with each other in
time is not sufficient proof that one causes the
other [34]. Adrenaline infusion has no effect on
lymphocyte f-adrenoceptors [35] and so the inter-
relationships are presently unclear.

At present, we have no explanation for the
observed circadian variation in g-adrenoceptor
numbers in either group. The lowest number of
B-adrenoceptors corresponds to the observation of
‘morning dip’ in asthmatic patients, and this
diminishing of receptor number may well be a
predisposing factor to the fall in FEV,/FVC ratio.
One report {36] has suggested that circulating
auto-antibodies may interfere with the functional
binding of catecholamines to the -adrenoceptor in
some patients with asthma. This is a more likely
explanation of the p-adrenoceptor defect in
asthmatic patients as our data contain no evidence
that their p-adrenoceptors are functionally
different from those of normal subjects; both
display a circadian variation in receptor number,
both are down-regulated by salbutamol admini-
stration and the number of receptors does not
differ significantly between the two groups.
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A dedicated nonlinear regression based curve-fitting packages has been developed for
quantitative analysis of 8-adrenoceptor subtypes. A feature of this package is the provision
to obtain initial parameter estimates using a conversational graphical technique where the
user is prompted for parameter estimates, and the resulting curve is displayed over the data.
Data are then fitted to a one- or two-binding site model with user-selected weighting and
constraints on the parameters. A novel feature is the provision to estimate the nonspecific
binding component in the assays as a parameter in the model. The printout for each model
consists of the parameters and their standard deviations, estimates of the goodness of fit, an
analysis of residuals, and a graph of the data points overlayed with the fitted curve. The
nonlinear regression algorithm is based on that of Gauss-Newton. When unweighted, the
values determined by RECFIT are essentially the same as those found using the BMDPAR
programs on an ICL 2976 mainframe computer. The implementation is reasonably efficient;
a typical run for a two-site fit, using nine data points and estimating nonspecific binding, took
a total time of about 8 min, excluding data entry and derivation of initial estimates, 4 min for
the fitting, 30 sec for graph generation, and 2-3 min for printing of the graph and data.

INTRODUCTION

When developing receptor assays in new tissues, it is essential to have ana-
lytical tools which will allow detection of receptor subtypes if such are present.
Recently, Trope and Clark (/, 2) have developed a system for the detection of
B-adrenergic receptors in pigmented ciliary processes; the latter are thought to
be implicated in the development of glaucoma, a serious eye condition affecting
many people (3). Some empirical evidence (4) suggested that the main recep-
tors present were B,-adrenergic receptors; difficulties in the dissection proce-
dures for obtaining ciliary processes might lead to some contamination with
blood vessels, whose receptors are type ;. A sensitive technique for quantify-
ing receptor subtypes was thus essential. Additionally, Titinchi and Clark (5)
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have recently characterized lymphocyte alpha receptors using similar tech-
niques with tritiated ligands with identical requirements for analysis. Early
work by Barnett er al. (6) had used a graphical method derived from the
classical Scatchard (7) data analysis (‘‘pseudo Scatchard’’) to assess the rela-
tive proportions of receptor subtypes. Hancock ez al. (8) have shown that this
method provides less accurate predictions than a nonlinear computer model,
and have given an analysis of the errors involved.

Existing packages (SCATFIT (8) and SAAM26 (9)) provide the necessary
algorithms for the least squares analysis of receptor subtypes but the former is
written in PL/1 and both are only available on certain mini- or mainframe
computers. The initial approach adopted was to provide suitable model equa-
tions as subroutines to one of the general nonlinear regression curve-fitting
packages available on the Glasgow University ICL 2976 mainframe computer
(BMDPAR (10)) interfaced to a custom-written graphics program based on the
GHOST (/1) graphical output routines but this approach had several limita-
tions; users were required to be familiar with the complex ICL operating sys-
tem and text editor, and access to the system was only by means of a (slow)
remote 300-baud line. The printer and plotter were also a considerable distance
from the Department, making the whole procedure exceptionally tedious.

One of the problems associated with cell-receptor studies is the assessment
of ligand which is bound nonspecifically (nonspecific binding, NSB) to the
tissue under analysis. The classic way of estimating this is to add sufficient
unlabeled drug to saturate all the specific receptors and then determine how
much labeled ligand is still bound to the tissue membrane. Since the equations
used to describe the ligand—receptor interactions are dependent on how much
ligand is specifically bound the data obtained from the assays must be trans-
formed (specific = total — NSB) as only total binding and nonspecific binding
can be directly determined in the assays. Estimation of NSB is therefore vitally
important and it was decided to fit this component as an additional parameter in
the model equations. Consequently, a nonlinear least squares algorithm which
allows multiple parameters to be fitted simultaneously was essential. NSB can
now be estimated as a parameter in the fit, providing verification of the data
obtained experimentally and giving greater confidence in the results.

The advent on an Apple II microcomputer into the department lead to the
development of a package specifically tailored to receptor analysis utilizing the
inbuilt graphics capability to display the results of the fit.

This paper describes a comprehensive menu-driven program package for
cell-receptor analysis; it is called RECFIT, and runs on an Apple Il Europlus
microcomputer.

Methods
Computer Software

Most of the package is written in compiled Microsoft FORTRAN 66. This
language was chosen because, unlike Apple FORTRAN 77, it supports double-
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precision variables, thus increasing the accuracy of the matrix operations. It
also has the advantage of compiling directly to fast Z-80 machine code whereas
FORTRAN 77 is run by a relatively slow p-code interpreter under the Apple
PASCAL operating system. Double-precision variables are used sparingly, be-
cause they substantially slow the curve-fitting procedures. The lack of text
handling in FORTRAN 66 was compensated for by use of ‘‘the STRING 80
bit”* (Keybits Inc., P.O. Box 592293, Miami, Fla.) routines. These routines also
give direct program access to the CP/M operating system. This allows, for
example, the disk directory to be retrieved and listed or the presence of a file or
disk to be verified before attempts are made to access it. The graphics programs
are written in Microsoft BASIC 80, as FORTRAN 66 does not support high-
resolution graphics. These interpretative programs are compiled using Micro-
soft’'s BASCOM compiler so that both languages run in a common environment
(CP/M “*COM"’ files).

The Package

(a) The model. The equations fitted by the program are those described by
Wenke (/3) for the competitive reaction between the free concentrations of a
receptor R, the radiolabeled ligand ['*IJHYP (['**I]hydroxybenzylpindolol)
and a B-adrenoceptor blocking agent B.

R + ["IlHYP =R - ['®IIHYP
+ Ka
B

Il Kp
RB

K, and Kjp represent the dissociation constants of ['*IJHYP and B.
Under steady state conditions, assuming a constant number of 8-adrenocep-
tors Rt

Rr =R + RB + R - ['IIHYP,

the concentration of bound radioligand is

R-[‘35I]HYP=RT/[1 +[—12511]<+YP(1 +K£B)] (1]

This equation [1] deals with specifically bound drug (R - ['*IJHYP). To avoid
transformation of the observed data (total drug bound) by subtraction of an
estimated amount of nonspecifically bound drug (NSB) we can modify the left-
hand side of Eq. [1]:

, Ka B‘]
. [128 _ = _ -
R - '"“I]HYPw — NSB = R; / [1 + TP (1 + KB/) 2]

NSB thus becomes a parameter to the equation. If two types of 8-adrenocep-
tors are present in the tissue under analysis and if each component obeys
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simple mass action law without any interference, then Eq. [2] can be further
generalized to

2 Ry,
. 125 _ - !
R [®1IHYPow — NSB 21 1 + (K4/['"“LIHYP)(1 + B/Kj,) 3]

In Eq. [3] it is further assumed that the radioligand ['**IJHYP binds with equal
affinity to B;- and B,-adrenoceptors, whereas B possesses a different affinity for
each receptor subclass. The validity of these assumptions has been discussed
by Engel (14) for ['*IICYP (['®I]cyanopindolol) and applies equally to
['*IJHYP. We have used both ligands in our studies.

Two constants, the concentration of ['*IJHYP (['>I]CYP) in the assay and
K, (the affinity of the radioligand for the receptor population under study) are
required by Eq. [3]. The former is obtained by counting the standard used in the
assay, the latter is obtained in a separate experiment, using saturation analysis
and the data-reduction method of Scatchard (7). To simplify the latter proce-
dure a set of programs written in Applesoft BASIC is used. The computer is
equipped with a light pen for interactive editing of the regression line and
details have been published elsewhere by Clark et al. (15) in a simplified form
for similar analyses on steroid receptors.

The data from each measurement of the displacement curve are repeatedly
fitted according to Eq. [3], using the model of i = one or two classes of binding
sites using an algorithm based on the Gauss—Newton method (/6) which sup-
ports simultaneous estimation of up to 10 parameters. If NSB has been esti-
mated separately in the assay as a measurement it can either be subtracted from
the total counts at each point and the data fitted with and without attempting to
solve for NSB as a parameter, or the observed value for NSB can be supplied
simply as an initial starting value without transforming the data. Using either
method, the observed NSB can be compared with the theoretical NSB for the
assay.

For the unknown parameters the program provides the best estimates to-
gether with their standard deviations and the sum of squares of the residuals.
The goodness of fit is estimated using the general linear test (2/) since the
models for one- and two-site fit can be considered to form an hierarchical
series. By F-test analysis the goodness of fit between the models can be com-
pared and the most appropriate model selected.

(b) Program structure. The package is also designed to provide all the neces-
sary facilities for file and data handling, so that it is not just another isolated
nonlinear least squares regression program. The options available from the
main menu are detailed below.

(1) Input raw counts. The results of the receptor assays are in the form of
cpm (counts per minute) from a gamma counter, along with the concentration
of membrane protein in the assay. This program takes the data and converts
them into moles of drug bound/milligrams protein. If using '>’I-labeled drugs,
correction is made for the age of the isotope. At this stage, NSB may be
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subtracted from the data if required. The results are output to a workfile—
WORK .DAT—which is used by all the other programs in the package.

(2) Manual input. Data available from earlier experiments in the form of drug
concentration and corresponding amount of '>’I ligand bound may be entered
into the workfile using this program.

(3) Edit/review. Data in the workfile may be listed out on the screen for
verification or sets or data (drug concentration and '’ bound) may be added or
deleted. Before modifying the data set, the user should use option 7 to take a
copy of the initial workfile.

(4) Initial estimates. The algorithm used for the nonlinear least squares re-
quires that reasonable initial estimates are given for the fitting parameters. This
can be done by various means such as serendipity or based on experience. The
method chosen here is to use a graphical technique where the user is shown a
graph of the data points and then asked if a one- or two-site fit is required. The
program then prompts for estimates of the various parameters and then
sketches in the curve corresponding to the supplied parameters. A typical
session is shown in Fig. 1 where the user is obtaining initial estimates for a two-
site fit of the IPS-339 data shown in Table 1. Before leaving the program a
summary of the final estimates is given on the screen in confirmation.

(5) Fit to I or 2 Sites. Once initial estimates have been obtained the user may
proceed to the nonlinear curve fitting. Again, data entry is conversational and
the assay constants and initial estimates required by the program are entered.
The user is then prompted for the constraints to be imposed on the parameters
and the program then proceeds to fit the data, printing out the final estimates,
their standard deviations, and estimates of the goodness of fit and an analysis of
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Fi1G. 1. Photograph of Apple screen whiie obtaining initial estimates for a two-site fit on the IPS-
339 data in Table 1. The number in the top right-hand corner of the screen is the maximum
estimated number of receptors (fmole/mg protein) and remains there at all times to prompt the user.
The user then enters estimates for the number of receptors (BMAX. corresponds to Ry, in Eq. [3])
and receptor affinity (KD, corresponds to Ky, in Eq. [3]) for each site and the program then draws
the estimated line through the data points. Note that the sum of the two BMAXs approximates to
the estimated figure of 726. In this example the estimates are reasonable enough to proceed to the
curve-fitting option.
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TABLE I

SAMPLE DATA FOR IPS-339 WITH THE ASSAY
CONSTANTS AND INITIAL ESTIMATES AND CONSTRAINTS
USED FOR THE FITTING PROCEDURE

Concentration of IPS-339 ['"*I]CYP bound
(mole/liter) (fmole/mg protein)
0.0 460.5
1.0E-11 461.0
1.0E-10 442.2
3.0E-10 424.1
1.0E-09 371.5
3.0E-09 297.2
1.0E-08 182.5
3.0E-08 89.3
1.0E-07 38.2
1.0E-06 4.85

Assay constants
K, = 410 pmole/liter.
Concentration of ['*I]JCYP in assay = 710 pmole/liter.
Initial estimates and constraints
Site 1: RT, = 200 fmole/mg protein (50.0 to 300.0)
Kg = 2.0E-10 mole/liter (1.0E-11 to 1.0E-09)
Site 2: RT, = 500 fmole/mg protein (300.0 to 800.0)
K3, = 5.0E-09 mole/liter (1.0E-10 to 1.0E-08)
NSB: 2.0 (-20.0 to 20.0)
Weighting factor: 0 (unweighted fit)

Il

Note. The final parameters obtained after fitting this
data to a two-site fit are given in the results, with the
corresponding graphical display in Fig. 2.

residuals. If required the fit may then be repeated. The constraints may be
altered manually, or left unchanged. On completion, the final parameter esti-
mates are written out to disk. The progress of the fit is continuously updated on
the screen and the fitting process may be terminated at any time by simply
pressing any key on the keyboard; the current values of the parameters are then
printed out as above.

(6) Graphical display of fit. This program takes the final parameter estimates
from disk and the data in the workfile and produces a fully annotated plot as in
Fig. 2. This plot can also be output to the printer for hard copy. Should inspec-
tion of the plot reveal any obviously erroneous points, the corresponding data
set can be removed from the file using the EDIT option and the fitting process
repeated.

(7) Disc utilities. These provide the package with full file handling facilities
and is menu driven. The workfile may be copied to a named file or previous
data recovered. Saved files may be listed or deleted. Use of the powerful
STRING 80 BIT routines means that an alphabetically sorted disk directory
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Fi1G. 2. Photograph of Apple screen showing the graphical result of the two-site curve fitting. The
plot is fully annotated and can be output to the printer for hard copy. Note that goodness of fit (i.e.,
one- or two-site) is assessed only by use of the general linear test and not by visual inspection of
this plot.

can be held inside the program, so that attempts to recover a nonexistant file, or
to overwrite an already existing file, can be detected and the user alerted.

(8) General linear test. This option holds an F table at the 5% level (22) and
advises on whether a one- or two-site fit is more appropriate. Since the models
form a hierarchy of models, using the one-site model as a reduced (R) model,
and a two-site model as a full (F) model then:

Ca—a) - L)

is F distributed with dfg — dfr, dff degrees of freedom. This program prompts
the user for the residual sum of squares (SSQ) and the appropriate degrees of
freedom, evaluates the above equation, looks up the theoretical F value in its
table and informs the user which model gives the best fit.

(9) Return to CP/M. This option returns the user to the CP/M operating
system so that other programs may be run.

Cell receptor displacement curves. Cell receptors estimations were done as
previously described (/, 2, 5).

RESULTS AND DISCUSSION

Both real and contrived data were fit to one- and two-binding-site models.
Typical real data was obtained using the 8, drug IPS-339 (23) (a gift from Dr. G.
LeClerc) to displace ['*IJHYP from a preparation of ciliary process mem-
branes. Contrived data was generated using a short BASIC program fed with
theoretical parameters equipped with a random number generator to add errors
in a specified percentage range. When fitting the data without weighting,
RECFIT gave closely similar values to the mainframe package BMDPAR (/0).
The real data, from which the observed NSB had already been subtracted, fit
best to a two-site fit; site 1: Ry = 175.55 + 66.25 fmoles/mg protein, Kz, = 0.34
+ 0.18 nM; site 2: Rt>» = 541.31 = 65.33 fmoles/mg protein, Kg, = 3.68 = 0.67
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nM. The NSB evaluated to be —3.44 + 4.28 (i.e., essentially zero) showing that
the classical way of determining NSB (/7) was acceptable for IPS-339 in this
assay system; the expected value for NSB was 0. The graphical output of the
final fit is shown in Fig. 2; an exact facsimile of the computer screen may be
sent to the printer for future reference or to simplify the work of medical
illustration in producing diagrams for papers, theses, etc. The two-site fit with
estimation of NSB took 4 min for the fitting, 30 sec for the graph generation and
2-3 min to print the data and graph.

The results from this particular data set were of interest in that they dis-
played a biphasic displacement curve when only one phase would have been
expected. The cause of this was investigated as it may have meant that, for
example, this particular preparation was contaminated with 3 receptors or that
IPS-339 was displacing ['ZIJHYP off other receptors (e.g., alpha or histamine
(14)). Repeat experiments gave only one-site fits, so it was suspected that this
preparation of ciliary processes was faulty. Apart from routine data processing
therefore, this package has very real application as a research and diagnostic
tool.

The nonlinear regression algorithm used in this fitting is that of Gauss—
Newton (16) with the provision for setting constraints on the parameters and
appears to be very robust. The initial development lacked these constraints and
the program often failed on fitting difficult data sets due to arithmetic overflow
as the parameters were adjusted in the initial iterations.

The use of nonlinear regression algorithms on microcomputers is still a fairly
new area of development. General programs are available for the PET micro-
computer (/8), the Texas TI-59 programmable calculator (/9) and a more re-
stricted one by Duggleby (/2) but these lack full file handling and graphics
capability. Recently, Greco et al. (20) have produced a dedicated graphics
package (ROSFIT) for enzyme kinetics. Since RECFIT is intended to be used
by clinicians and clinical biochemists a dedicated approach is required for the
cell-receptor assays as many of these users are not familiar with computers.
Because of this it is important to help such users develop a ‘‘feel’” for their
data. To this end, the initial estimates for the regression are obtained graphi-
cally. Users have generally reported that this facility is indeed helpful, and
provides insight both into the curve-fitting process and also aids in understand-
ing the final printout. By adopting a dedicated approach, it is possible to pro-
vide comprehensive error checking on data input, and to annotate the graphs
with meaningful legends. The provision of full file-handling facilities means that
data files can be preserved and past results are available for instant recall and
reprocessing.

In summary, a comprehensive package to enable the quantification of cell
receptor subtypes has been implemented on an Apple 11 microcomputer. This
has considerable advantages over the mainframe approach; although the actual
fitting is slower, the microcomputer is available at bench level, 24 hr a day. The
package is dedicated and easy to use, with fully annotated graphical output.
Printout is available immediately without the need to go outside the depart-
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ment. This package has been successfully used with a»-receptor assays and,
indeed should be capable of use with any receptor system which needs quanti-
tative assessment of receptor subpopulations providing they meet with the
limitations and assumptions outlined for the beta-receptor system (/3, 14).

RECFIT has been designed to run on an Apple II microcomputer extended
by the addition of a 16K Apple Language card, Grappler Printer Card (Orange-
Micro, 3150 E. La Palma, Suite G, Anaheim, Calif.) to allow both text and
graphics to be output to a Paper Tiger 560 printer (2K graphics buffer, Integeral
Data Systems, Milford, N.H. 03055), a Z-80 CP/M card to give access to the
CP/M 2.22 56K operating system (Microsoft Consumer Products, 400 108th
Ave. NE, Suite 200, Bellevue, Wash. 98004), a 12:in. B/W monitor and 2 Apple
disk drives. Users interested in the software should contact the principal author
in the first instance.
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SUMMARY: [3H]yohimbine, a potent and selective alpha,-adrenergic antagonist
was psed to label alpha-adrenoceptors in intact human lymphocytes. Binding

of [“H]lyohimbine was rapid (t 1.5 -2.0 min) and readily reversed by 10uM
phentolamine (t;,, = 5 - 6 min) and of high affinity (Kq = 3.7 + 0. 86nM)_’
At saturation, t{e total number of binding sxjtes was 19 9 + 5.3 fmol/10

lymphocytes. Adrenergic agonists competed for [“H]yohimbine binding sites
with an order of potency: clonidine > (-) epinephrine > (-) norepinephrine >
(+) epinephrine >> (-) isoproterenol; adrenergic antagonists with a potency
order of yohimbine > phentolamine > prazosin. These results indicate the
presence of alphaz—adrenoceptors in human lymphocytes.

INTRODUCTION: Radioligands have been successfully used to label alpha-
adrenoceptors in different tissues (1-5). In the last few years it became
clear that there are two subtypes of alpha receptors, termed alpha, and
alpha, receptors (6). Alpha; receptors include typical postsynaptic alpha
receptors mediating smooth muscle contraction. alpha, receptors include not
only all known presynaptic autoregqulatory alpha receptors but also some less
typical postsynaptic receptors existing on, for example, human platelets.
Using radioligand binding techniques, two different approaches have been
applied to determine the presence of alpha1 and alpha2 receptors. The first
involves the use of a non-selective radioligand such as [3H]
dihydroergocryptine ([3H] DHE) to label the entire alpha receptor
population. The alpha receptor subtypes are distinguished by constructing
competition curves using antagonist compounds which have selectively greater
potency for one or the other alpha receptor subtype (7-11), for example, the
antagonists prazosin (alpha1 selective) and yohimbine (alpha2 selective).
The second, the most useful and widely applied criterion for distinguishing
between alpha receptor subtypes, is by using radioligands which themselves
selectively label either alpha, or alpha, receptors (12-21). [3H]prazosin
is selective for alpha, receptors whereas [ H]yohimbine is selective for
alpha, receptors. Previous studies using [ H] DHE were able to identify
alpha-adrenoceptors in human lymphocytes (22), but the subtype was not
defined.

The purpose of this study was to characterize the alpha adrenoceptor
subtypes in intact human lymphocytes.
MATERIALS AND METHODS: [3H]yohimbine (84.5 Ci/mmol) was obtained from New

England Nuclear, West Germany. The following drugs were kindly donated by
the sources indicated: prazosin hydrochloride (Pfizer, UK); (-) epinephrine
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BP (Smith and Nephew, UK); and (+) epinephrine bitartrate (Kodak, UK).
Other drugs and chemicals were obtained from commercial sources.
Lymphocytes were isclated as described elsewhere (23).

Alpha,-Adrenoceptor Assay - The saturation assays were done in polypropylene
tubes (Sarsted, 12 x 75mm) in a final volume of 500 ul, compriiing for the
total binding: lymphocyte suspension (250-350 ug protein) and [“H]lyohimbine
at appropriate concentrations (1-20 nM) in Buffer A (Earle's Balanced Salt
Solution minus sodium bicarbonate and supplemented with 0.1% calf serum and
20 mM Hepes at pH 7.6). 1In tubes used to determine non-specific binding, 10
uM phentolamine was also added. Total and non-specific binding were
estimated in duplicate at each [“H]yohimbine concentration. The tubes were
incubated at 25C for 25 minutes. The reaction was stopped by the addition
of 2.5 ml Buffer B (50 mM Tris and 0.9% sodium chloride, pH 7.6) at 25C.
The samples were then filtered through Whatman GFC fibre-glass filters (pre-
wetted in Buffer B) by applying a vacuum of 3-4 psi, and the filters were
rinsed with 2 x 10 ml of Buffer B at 25C. Filtering and rinsing were
complete within 12 s. The filters were air dried, shaken with 10 ml
scintillator 299 (Packard) and the radioactivity determined (50%
efficiency).

Data Analysis - All experiments were performed in duplicate and replicated
at least twice. The number (B ax) and sensitivity (K,) of the lymphocyte
alpha,-adrenoceptors were degermined from Scatcharg analysis (24). The
dissociation constant (K,) of various competing drugs for binding sites was
calculated from the equé%ion of Cheng and Prusoff (25).

All data shown are the mean + standard deviation where indicated.

RESULTS :
Kinetic Analysis of Binding - Binding of [3H]yohimbine to human lymphocytes

at 25C was rapid, with half - maximal specific binding (t1/2) of 1.5-2.0 min
(Fig.1), reaching equilibrium within 16-20 min. Binding remained stable for
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Fig.1. Time course of [3H]yohimbine binding to }ntact human lymphocytes.
Lymphocytes in buffer A were incubated with [“H]yohimbine (5nM) in the
absence and presence of 10uM phentolamine. At the indicated times, the
samples were diluted with buffer B and filtered. Specific binding was
determined in duplicate at each time interval. (Inset) the regression line
(r=0.99) was determined by the plot of 1ln [Be /(Be ~-B,)] vs. time, where
B_ = binding at equilibrium and B, = binding sl time t.tkob is equal to the
sf of the line.
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Fig.2. Time course for dissociation of [3H]yohimbine bindigg to intact human
lymphocytes. Lymphocytes in buffer A were incubated with [“H]yohimbine (5nM)
for 25 min to allow equilibrium. At zero time, 10uM phentolamine was added
to the samples and specific binding was determined at various time
intervals. 100% binding refers to the specific binding just prior to the
addition of phengolamine at zero time. (Inset) first-order rate plot of
dissociation of [“H]yohimbine binding. K, is equal to the slope of the line.

30 min at 25C. An incubation time of 25 min was chosen to represent
equilibrium binding in subsequent experiments.

The initial rate constant (Kob) for the association reaction obtained from
1 for 5nM [3H]yohimbine. The
dissociation of bound [3H]yohimbine at 25C was determined by incubating

the slope (Fig.1,inset) was 0.32 min~

lymphocytes to equilibrium and then adding 10uM phentolamine at time zero
and measuring residual specific binding at subsequent time intervals
(Fig.2). Dissociation was rapid with a t1/2 of 5.0-6.0 min (Fig.2) and the
first - order dissociation rate constant (Kz) was 0.138 mj.n'1 (Fig.2,

inset).

The second - order association rate constant (K1) was then calculated from
the equation (26): K, = (K b~ Kz)/[yohimbine], where [yohimbine] is equal
to the concentration of ["H]yohimbine in the assay (5nM), K, was 0.364 x
108 M~ min~'. The equilibrium dissociation constant (Kd), determined from

the ratio of K2/K1, was 3.79nM.

Saturability of Binding - The binding characteristics of [3H]yohimbine to
intact human lymphocytes is described in Fig.3. Specific binding of
[3H]yoimbine (the binding that could be displaced by 10uM phentolamine) was
clearly saturable and of high affinity. Apparent saturation of binding
sites seemed to occur at [3H] yohimbine concentration of 14-16nM, with half
maximal binding occuring at about 2-3nM. Scatchard analysis (Fig.3, inset)
of the saturation data yielded a straight line, indicating that
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Fig 3, specific binding of [3H]§ohimbine to intact human lymphocytes as a
function of concentration of ["H]yohimbine. Lymphocytes in buffer A were
incubated with various concentrations of [ H]yohimbine in the presence and
absence of 10uM phgntolamine. Speciric binding was determined at each
concentration of [“H]yohimbine. (Inset) Scatchard analysis of the binding
data yiflding a K4 of 4.24nM and the total number of receptors was 24.8
fmol/10° lymphocytes.

[3H]yohimbine bound to a single class of receptors. The dissociation
constant (K4) of binding was 3.7 + 0.86nM (8 experiments) and the total
number of binding sites was 19.9 + 5.3 fmol/10‘7 lymphocytes.

Inhibition of [3H]Yohimbine Binding by Competing Ligands - Binding of
[3H]yohimbine was stereospecifically inhibited by epinephrine (Table 1); the
(-) isomer was more potent than the (+) stereoisomer. Adrenergic agonists
competed for [3H]yohimbine binding sites with a potency order of clonidine >

Table 1
The dissociation constants (Kd) of drugs determined by competition for
{3H) yohimbine binding

Drug Dissociation Constant (Kd,uu)
Clonidine 0.28 + 0.027
(-)Epinephrine 1.51 + 0.15
(+)Epinephrine 16.20 + 1.3
(-)Norepinephrine 6.74 + 0.65
(-)Isoproterenol 126.00 + 12.0

Yohimbine 0.01 + 0.0011
Phentolamine 0.03 + 0.0028

Prazosin 2.10 + 0.2

The dissociation constant (K,) was calculated according to the
equation of Cheng and Prusoff (fS). Results are expressed as the Mean + SD
(4 expts).
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Fig.4. Competition for [3H]yohimbine binding sites by adrenergic agonists in
intact human lymphocytes. Various concentrations of clonidine (&), (-)
epinephrine (Q), (-)norepinephr}ne (A) and (-)isoproterenol (@) were
incubated with lymphocytes and [“H]lyohimbine (5nM) for 25 min. Then, the
samples were diluted and filtered. Specific binding was determined in
duplicate at each drug concentration.

(-) epinephrine > (-) norepinephrine > (+) epinephrine »>> (-) isoproterenol,
with K4y values of 0.28, 1.50, 6.74, and 16.00 uM for clonidine, (=)
epinephrine, (~) norepinephrine and (+) epinephrine respectively (Fig.4 and
Table 1). The beta-adrenergic agonist, (-) isoproterenol, was a very weak
inhibitor of [3H]yohimbine binding (K3 = 126.00 uM, Fig.4 and Table 1).

The alpha-adrenergic antagonists phentolamine, yohimbine and prazosin
competed for [3H]yohimbine binding sites with a potency order of yohimbine
> phentolamine > prazosin (Fig.5 and Table 1). Yohimbine, an alpha2
adrenergic antagonist competed for the binding sites with a Kq of 0.01 uM.
Phentolamine, a non-selective alpha~adrenergic antagonist competed with a K4
of 0.03 uM. Prazosin, a specific alpha1—adrenergic antagonist, competed
with a Ka of 2.00 uM.

DISCUSSION: Earlier studies by us (23) have indicated the presence of a
circadian variation in betaz-adrenoceptor number and affinity in lymphocytes
of both normals and asthmatic patients. To continue these studies it was
essential to investigate if there was'a similar variation in alphaz/beta2
receptor ratios in one or other (or both) of the groups as other workers
have described differences between the alpha/ beta ratios in normals and
asthmatic patients (22) but have not defined the receptor subtypes. These
workers used [3H] DHE to look at the general alpha receptor population.
Perhaps as a result of the low specific actjvity of commercially available
preparations of [3H]DHE we were unable to reproduce the method
satisfactorily, and so developed the method described here using the much
higher activity ligand [3H]yohimbine.
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Fig.5. Competition for [JH]yohimbine binding sites by adrenergic antagonists

in intact human lymphocytes. Various concentrations of yohimbine (4), .
p?entolamine (O) and prazosin (@) were incubated with lymphocytes and

[“H] yohimbine (5nM) for 25 min. Then, the samples were diluted and filtered.

Specific binding was determined in duplicate at each drug concentration.

[3H]yohimbine has been used to label alphaj,-adrenoceptors in a variety of
tissues (17-21). Other workers (15,16) using [3H]yohimbine to label alpha,
adrenoceptors in human platelets have shown that this radioligand appears to
have a number of advantages as compared to other radioligands, including
lower non-specific binding, higher specific activity and fewer cells
required. Accordingly, we have used [3H]yohimbine in our present study to
demonstrate the existence of binding sites for this ligand on intact human
lymphocytes. Our results indicate that [3H]yohimbine binding was rapid and
reversible. Specific binding was high (60-80%) and saturable with high
affinity.

The dissociation constant of [3H]yohimbine of 3.7 + 0.86 nM established at
equilibrium was very similar to that of 3.31 + 0.49 nM determined by kinetic
data (i.e., ratio of association and dissociation rate constants). Similar
dissociation constants have been observed for human platelets (15) and for

human adipocyte membranes (18).

The stereospecificity of the receptor was shown by (-) epinephrine
displacing [3H]yohimbine more potently than (+) epinephrine. Binding of
[3H]yohimbine was inhibited by adrenergic agonists with the potency order of
clonidine > (-) epinephrine > (-) norepinephrine »> (-) isoproterenol and by
adrenergic antagonists with a potency series of yohimbine > phentolamine >
prazosin. The dissociation constants for these adrenergic drugs (Table 1)
are in accord with data reported by Motulsky et al (15) for human platelets.

Therefore these observations indicate the presence of putative alpha,-

adrenoceptors on human lymphocytes.
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Finally to our knowledge, this is the first report to characterize alphaz—

adrenoceptors in intact human lymphocytes using the radioligand

(3H]yohimbine.
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LETTER TO THE EDITORS

Identification of Beta-Adrenergic Receptors in the
Pigmented Mammalian Iris—Ciliary Body Diaphragm

Beta-adrenergic receptors have been recently identified in the animal iris—ciliary body
diaphragm (Neufield and Page, 1977) and ciliary processes (Bromberg. Gregory and
Sears, 1980). The presence of melanin in non-albino animal ciliary bodies has
prevented us from applying these ligand binding techniques to the study of beta-
receptors and their potential role in intra-ocular pressure control, despite a recent
publication to the contrary (Bhargava, Makman and Katzman, 1980). As a result we
have developed a simple technique to identify these receptors in the pigmented
iris—ciliary body diaphragm. Iris ciliary bodies are isolated using an operating
microscope and beta-receptors in the melanin-free membranes are estimated using
1251-iodohydroxybenzylpindolol (1251-HYP) in a ligand binding assay (modified from
Insel and Stoolman, 1978).

Eves from freshly slaughtered rams were immediately enucleated and placed on ice.
The corneas were removed with a 6-8 mm rim of sclera under the operating
microscope. The iris—ciliary body diaphragm was then dissected off the underlying
vitreous under direct vision. Within 1 hr of death the iris—ciliary body diaphragm was
freed and placed into cold Hartman's solution at 4°C. Tissue from each eye was
homogenized separately in 3 ml of a buffer solution consisting of 50 mum-Tris (pH 7-5)
and 1 mM-ascorbic acid (Buffer A). Tissue was homogenized initially with an
Ultraturrax (75 9, full speed, 5 x 10 sec, 4°C) and then 20 strokes in a ground glass hand
homogenizer. One ampoule of Hyalase (1500 i.u.) was added to the pooled homogenate.
mixed and allowed to stand for I min. The mixture was then centrifuged (3000 g,
20 min, 4°C). The pellet was resuspended in 3 ml of buffer A and further homogenized
with the Ultraturrax (25 %, full speed, 2 x 10 sec, 4°C). The homogenate was loaded
onto a discontinuous sucrose gradient of 5°,:75%, and centrifuged (131000 g. 18 hr,
4°C) in a Beckman SW27 rotor. This process successfully removed all melanin to the
bottom of the tube and the left membrane particles at the interface. Electron
microscopy has confirmed the presence of melanin-free membrane at the 5°,:75°,,
interface (Fig. 1). The interface was collected, diluted in buffer A and then re-centrifuged
(131000 g, 3 hr, 4°C). The pellet was then resuspended by gentle hand homogenization
in a buffer containing 20 mm-Hepes (pH 7-6), Earles Balanced Salt Solution (Flow
Laboratories) and 0-3 mm-catechol (BDH) (Assay Buffer). All procedures were per-
formed at 4°C.

To detect the presence of beta-adrenergic receptors on the melanin-free membranes
the ligand 1251-HY P, which has a high affinity for these receptors (Brown, Aurbach,
Hauser and Trexler. 1976) was used. In these preliminary studies two fundamental
properties of such receptors, namely saturability and stereospecificity. were used to
study how the ligand binds to our membrane preparations.

When studyving the saturability of receptors it is essential to consider only the
specifically bound 1251-HY P since this ligand also binds non-specifically to the cell
membranes. To do this, total binding is estimated for a range of 125I-HYP
concentrations (see Fig. 2) and then repeated in the presence of 3 x 107® M-propranolol.
This concentration will displace 125I-HYP only from the beta-receptors (see

0014-4835/82/010153 + 05 $301.00/0 © 1982 Academic Press Inc. (London) Limited
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Fio. 1. Electron micrograph showing melanin free membrane particles isolated from the 5%;75%
sucrose density gradient interface. Magnification x 8000.

16
P
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Bound /free
° 100 200 300 400 500

[125]_hyp] pM

Fig. 2. Saturation binding curve and Scatchard analysis (inset).

Fig;. 3). Any 1251-HYP which remains bound is non-specific binding (NSB). Specific
ilinding = total binding —NSB.

The saturation assays were done in polypropylene tubes (Sarstedt, part no. 526,
12 x 75 mm) in a final volume 0f250 fi\ comprising (final concentrations in parenthesis)
for the total binding; membrane suspension (5-10/tg protein) and 1251-HYP (New
England Nuclear) at appropriate concentrations (0-500 pm). In tubes used to
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determine NSB (—) propranolol (3 x 107% M) was also added. Totals and NSB were
estimated in duplicate at each 1251-HYP concentration.

To demonstrate stereospecificity of the receptors, membrane suspensions are
incubated with a fixed concentration of 1251-HYP in the presence of increasing
amounts of the (+) and (—) stereoisomers of propranolol (1 x 1071 M to 1 x 1074 M,
see Fig. 3). If a functional receptor is present the relative potencies at displacing
1251-HYP from the receptor should be (—) > (+).

Displacement assays were done in duplicate in polypropylene tubes in a final volume
of 250 ! comprising membrane suspension (5-10 ug protein), 1251-HYP (150 pM) and
(+)or (—)propranolol (1 x 1071° M to 1 x 10~* M) as appropriate (Fig. 3). To determine
the total binding, propranolol was omitted from the assay.

For both experiments the assay mixtures were prepared on ice and incubation was
commenced by transfer of the tubes to a 36°C water bath, at 1 min intervals. When
transfer was completed, the bath was covered and the samples incubated in the dark
(to minimize photolysis of the 1251-HYP) for 45 min.

The reaction was stopped by adding 2:5 ml of a ‘stopping solution’ of 50 mm-Tris
(pH 7-6), 09 % sodium chloride and 0-1 mm ( +) propranolol at 37°C. The samples were
then allowed to stand for 45 sec before filtering through Whatman GFC fibreglass
filters by applying a vacuum of 3—4 psi. Membranes were retained on the filters and
were rinsed with 3 x 10 ml of 50 mm-Tris (pH 7-6), 0:9% sodium chloride at 37°C.
Filtering and rinsing was complete within 12 sec.

This ‘stopping procedure’ has several effects. Firstly the dilution minimizes sample
losson transfer of the tube contents to the filter. Secondly, the 1251-HY P concentrations
fall by a factor of 11 and since the kinetics of binding of the non-specifically bound
ligand, are much more rapid than those of specifically bound ligand (Maguire,
Wiklund, Anderson and Gilman, 1976), there is a tendency for the non-specifically
bound ligand to leave the membrane. Thirdly, this process is assisted by the use of
propranolol at 0-1 mm which, for similar reasons, encourages the non-specifically
bound 1251-HYP to leave the membrane while not significantly affecting specifically
bound ligand. Since 125I-HYP also binds avidly to GFC filters, these are pre-soaked
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(90 min) in “stopping solution ": the propranolol saturates the non-specific sites on the
filters.

All these measures and the 3 x 10 ml rinse. significantly reduce non-specifically
bound counts trapped on the filters (either directly or on the cell membranes) and
improve the reproducibility and sensitivity of the assay. NSB is usually 20-40°, of
the total binding.

The filters were air-dried overnight at room temperature and the associated
radioactivity was determined in a Packard Auto Gamma Scintillation Spectrometer.
Membrane protein concentration was estimated using the commercially available
Bio-Rad kit(Bio-Rad part no. 1401).

Figure 2 shows that 1251-HYP binding specifically to the membrane preparations
does saturate and as such is amenable to saturation analysis after the method of
Scatchard (1949). The inset to Fig. 2 shows such an analysis of the data. The
correlation coefficient of this line is 95°, with P < 0-05 indicating a single class of
receptor binding sites with no interference from non-specific binding. The Ka
of binding in this representative experiment is 50 pM with a B ,, of 1500 fmol/mg
protein.

Figure 3demonstratesthe stereospecificity of the beta-receptorsites, { — ) propranolol
being much more potent than (4 ) propranolol—Kd, the displacement constant, is
436x 1071 M (—) and 328 x 1078 M (4 propranolol)—by a factor of 75. This figure
is typical of a functional stereospecific beta-receptor. The Kd values are calculated
from the equation Kd = IC50/(1 +8/Ka) where 1('50 is the concentration of drug
which displaces 50 % of the total specific binding (specific = T-NSB, see Fig. 3) and S
is the concentration of 125I-HYP used in the displacement assays.

We conclude that the membrane fractions isolated by the above procedures
demonstrate the presence of putative beta-adrenergic receptors as classified by the
criterion of saturability of specific binding, a sensitive Ka (50 pM) and stereospecificity
towards (+) and (—) propranolol. This method of identifying beta-receptors in
pigmented eye tissue is of great value. In contrast to other workers (Bhargava et al.
1980) working with different species, we find that if beta-receptors are estimated in
crude preparations of sheep eyes, significant and variable amounts of the added
125I-HYP (30-609%,) will be bound to melanin, in contrast to the cell membrane
which binds approximately 1-2 %, thus significantly affecting the results of the assay.
not only by altering the final concentration of 125I-HYP in the assay, but also by
giving very high non-specifically bound counts on filtration, to the detriment of the
reproducibility and sensitivity of the assay.
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Beta-adrenergic receptor subtypes iris-ciliary body of rabbits
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* Department of Opthalmology, Toronto General Hospital, 101 College St. Ontario, Canada, M5G L7

Dear Sir, - We read the above article with interest. As
workers who have developed a technique for investigating
the presence of beta-adrenoceptor subtypes in pigmented
mammalian eyes [1] and published articles on the predomi-
nance of the beta-2 adrenoceptor subtypes in iris-ciliary
body diaphragms and ciliary processes [2-5], we are con-
cerned about several aspects of this study.

1) The use of [*H]-DHA is unusual in this kind of study
where the normal aims are for maximum sensitivity and
mimmum tissue requirements as discussed elsewhere [6].
The use of 500-800 ug membrane protein per assay tube
appears excessive; with intact lymphocytes we used only
200-300 pg protein per assay tube [7] and only 5-10 ug
membrane protein for eye work [1]. Our concern is that
other workers could have difficulty in extending this work
owing to the large number of animals (or amount of tissue)
required. It is currently preferable to use ['*°I-HYP or
['2°1]-CYP as the ligand. We estimate that the amount of
protein used here gave 7,000-8.000 cpm specifically bound
for the highest standard (100 nM) used; these counts could
have been achieved with only 10-20 pg protein if using
[("**1-HYP or [*?°I)-CYP.

2) A more serious concern relates to the Scatchard anal-
ysis of [’H]-DHA binding. No saturation curves are pre-
sented and no statistics as to assay repeatability are quoted.
It is usual to publish ‘B,,, and K,+SD (n experiments)’.

We are concernced too that ‘percentage specific bind-
ing’ is only quoted at 1 nM [*H]-DHA. What is it at
100 nM? Our experience with tissues from rat lung and
rat and guinea pig hearts is that at concentrations of [*H]-
DHA above 20 nM, this ligand appears either to solubilise
in the cell membrane or to partition into membrane micelles
(i.e. cannot be displaced by the degree of washing used
here). This mechanism appears to be blocked by the pro-
pranolol or alprenolol used in the non-specific binding
tubes and so the trapped ligand does not appear as non-
specific binding. Obviously this will seriously distort the
Scatchard analysis and, in the absence of any graphical
analysis, we are concerned that the observed binding may
not truly reflect adrenoceptor sites. In view of this, it would
have been valuable to see evidence that the stereospecificity
of the receptor had been preserved.

3) In the section on **Determination in atria and tra-
chea™, the equation incorporating EC50 and Bmax is nei-
ther described nor referred to. Further, fitting two parame-
ters by non-linear least squares empirically requires a mini-
mum of 8 data points for any valid statistical inferences

* Corresponding author

to be drawn. In our own work., we would be concerned
about conclusions drawn on only 3 points, preferring to
use 7-9.

4) The method of characterising receptor subtypes by
plotting PA2 vs pK; seems rather archaic, considering that
modern methods are available for quantifying receptor sub-
types using mathematical models. This approach has been
extensively discussed and validated [8] and also adapted
by us for use on a personal microcomputer [9]. The method
described here could not easily be used routinely on saumples
prepared from different sections of the eye and, in addition
to requiring large amounts of tissue, does not give a real
indication of the actual proportions of receptor subtypes
present. We have shown [2] that greater than 75% of the
beta-adrenoceptor subtypes in pigmented ctliary processes
are of type beta-2.

Would the authors care to comment?
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Healthy, non-atopic subjects (five men) with no history of asthma or
respiratory disease (medical and laboratory personnel) participated
in Study 1 as controls. Their ages were 29,31,35,31 and 35 years.
All subjects were drug free and non-smokers. The subjects gave informed
consent.

Brief clinical details of asthmatic patients involved in Study 1

FEV; and FVC are expressed as percentage of predicted given in brackets.

Subject 1 S.M. (F), age 26 years. This patient developed asthma when
she was 8 years old. Patient was on steroid but it was stopped 3 months
before the study.

FEVy, 2.53 (83%). FVC, 3.25 (93%).

Skin prick test: strong reaction to house dust mite, cat fur, feathers,
grass pollen.

RAST IgE test: very high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug t.i.d.), sodium cromoglycate (20mg-

q.i.d.) and occasional aminophylline suppositories.

Subject 2 K.L. (F), age 19 years. This patient developed asthma in
childhood.

FEVy, 1.74 (55%). FVC, 2.59 (67%)

Skin prick test: strong reaction to house dust mite, feathers, grass
pollen.

RAST. IgE test: high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug t.i.d.) and beclomethasone

dipropionate (100ug q.i.d.).

Subject 3 M.S. (F), age 58 years. This patient developed asthma when

she was 12 years old.
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FEVy, 0.77 (38%). FVC, 1.71 (57%5.

Skin prick test: strong reaction to dust, house dust mite, feathers.
RAST IgE test: moderate antibody titre to house dust mite, cat
epithelium, dog dander.

Therapy: inhaled salbutamol (200ug q.i.d.), inhaled betamethasone

valerate (100ug q.i.d.).

Subject 4 J.M. (M), age 34 years. This patient developed asthma when
he was 11 years old.

FEV{, 1.51 (37%Z). FVC, 3.38 (68%).

Skin prick test: strong reaction to dust, house dust mite, cat fur,
dog hair, feathers, grass pollen.

RAST IgE test: high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug t.i.d.) and beclomethasone

dipropionate (100ug q.i.d.).

Subject 5 J.S. (M), age 23 years. This patient developed asthma in
childhood.

FEVy, 1.57 (49%). FVC, 2.23 (54%).

Skin prick test: strong reaction to dust, house dust mite, feathers,
grass pollen.

RAST IgE test: moderate antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug t.i.d.) and beclomethasone

dipropionate (100ug q.i.d.).
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Healthy, non-atopic subjects (four men, one woman) with no history of
asthma or respiratory disease (medical and laboratory personnel)
participated in Study II as controls. Their ages were 30,32,35,30 and
32 years.
All subjects were drug free and non-smokers. The subjects gave informed
consent.

Brief clinical details of asthmatic patients involved in Study II.

FEV; and FVC are expressed as percentage of predicted given in brackets.

Subject 1 K.S. (F), age 18 years. This patient developed asthma when
she was 11 years old.

FEVy, 2.58 (94%Z). FVC, 3.31 (93%).

Skin prick test: strong reaction to dust, house dust mite, dog hair,
horses, grass pollen.

RAST IgE test: high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug t.i.d.) and inhaled ipratropium

bromide (80ug q.i.d.).

Subject 2 M.M. (F), age 44 years. This patient developed asthma when
she was 6 years old.

FEV,, 2.31 (84%). FVC, 3.65 (92%).

Skin prick test: strong reaction to dust, house dust mite, feathers.
RAST IgE test: high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug g.i.d.) and sodium cromoglycate

(20mg q.i.d.).
Subject 3 J.M. (M), age 35 years. This patient developed asthma in
childhood.

FEVy, 1.5 (39Z). FVC, 3.4 (73%).
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Skin prick test: strong reaction to dust, house dust mite, feathers,
grass pollen.

RAST IgE test: high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug q.i.d.) and beclomethasone

dipropionate (100ug q.i.d.).

Subject 4 R.M. (F), age 35 years. This patient developed asthma when
she was 5 years old.

FEV;, 2.1 (76%Z). FVC, 3.15 (95%).

Skin prick test: strong reaction to dust, house dust mite, dog hair,
cat fur, feathers, grass pollen.

RAST IgE test: very high antibody titre to house dust mite.

Therapy: inhaled salbutamol (200ug q.i.d.).
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ADDENDUM
Since the completion of writing this thesis, there has been progress, in

asthma and adrenoceptor research which is now reviewed.

BRONCHTAL ASTHMA

Autonomic regulation of the airways

Airways obstruction in asthma is due not only to an increase in tone and
bulk of airway smooth muscle, but may also be due to bronchial mucosal
edema (resulting from increased microvascular leakage) and from plugging
of airways by mucus secretions. These events may be brought about by
the release of inflammatory mediators such as histamine, leukotrienes
and prostaglandins derived from mast cells and other inflammatory cells
in the asthmatic airway (Nadel and Barnes, 1984).
The airways are innervated by a sympathetic, a parasympathetic and
a third (perhaps vasoactive intestinal peptide (VIP) releasing) nervous
system (Nadel and Barnes, 1984). These modulate smooth muscle tone and
submucosal gland secretion and possibly other cell systems in the airways.
It is therefore possible that autonomic nervous mechanisms may be
responsible for diurnal changes in bronchomotor tone (Barnes, 1984a).
Human airways are densely innervated by cholinergic nerves, which
upon activation produce bronchoconstriction. By contrast, the sympathetic
nerve supply to human airways is very sparse, with no direct innervation
of airway smooth muscle (Richardson, 1979). Few, if any, adrenergic
nerve fibres directly supply bronchial muscle (Sheppard et al, 1983) and
there is no evidence for functional adrenergic innervation (Zaagsma et al,

1983).

Circulating adrenaline

However, beta-adrenoceptor agonists potently relax human airway smooth

muscle in vivo and in vitro (Barnes et al, 1984) and autoradiographic
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studies in human lung (Carstairs et al, 1985) revealed that beta-
adrenoceptors were widely distributed, with dense labelling over airway
epithelium, alveolar walls and submucosal glands, and a lower density
over airway and vascular smooth muscle.
The beta-adrenoceptors of airway smooth muscle, airway epithelium and
vascular smooth muscle were of the beta) subtype. 1In bronchial
submucosal glands and alveolar walls, both beta; and beta, receptor
subtypes appeared to coexist.

Thus, in the absence of a functional sympathetic nervous system,
circulating catecholamines (particularly adrenaline) may be important
in the physiological regulation of airway tone (Barmes, 1983).

The normal fall in plasma adrenaline at night is closely related
to the timing of increased bronchoconstriction and is inversely related
to a rise in plasma histamine concentration (Barnes et al, 1980). Moreover,
an infusion of adrenaline in low concentration at the time of maximal
bronchoconstriction reduces the plasma histamine, suggesting that
circulating adrenaline might act indirectly on the airways by having a
stabilizing effect on airway mast cells. At night, the normal fall in
circulating adrenaline might then result in mediator release from
abnormal asthmatic mast cells.

Further evidence in support of this is that in some asthmatics
plasma histamine concentrations rose during an infusion of propranolol
(Ind et al, 1982). In vitro adrenaline has been shown to potently inhibit
the release of histamine by antigen in passively sensitised human lung
fragments (Butchers et al, 1980). In asthmatics who develop exercise-
induced -bronchoconstriction, plasma adrenaline fails to rise on exercise
(but there was a blunted rise in plasma noradrenaline which is sufficient
to cause bronchoconstriction) compared with a marked rise in matched normal
subjects (Warren et al, 1982). The responses to histamine infusion (Ind
et al, 1983) and to more severe exercise (Larsson et al, 1982) were normal.
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Recently Ind et al (1985) found that in acute severe asthma plasma
noradrenaline concentrations were increased while plasma adrenaline
concentrations failed to increase. These findings suggest that there
may be a defect in the release of catecholamine present in asthma,
although the mechanism remains uncertain, and this might contribute to
bronchial hyperreactivity.

Thus, endogenous catecholamines may play a protective role in asthma,
although they are unlikely to play a major role in pathogenesis, since
normal subjects do not develop bronchial hyperreactivity after beta-

adrenergic blockade or adrenalectomy (Barnes, 1984b).

Cholinergic mechanisms

Human airway smooth muscle is densely innervated by the vagus nerve, and
stimulation of the vagus causes bronchoconstriction that is mediated by
cholinergic receptors and can be blocked by atropine (Nadel and Barnes,
1984). Autoradiography confirmed a high density of muscarinic receptors

in smooth muscle of large airways (Barnes et al, 1983; Basbaum et al,

1983), but the density of these receptors decreases as the airways become
smaller. It is possible that vagal tone might increase at night, resulting
in bronchoconstriction. Inflammatory mediators such as histamine,

secreted at night might stimulate airway irritant receptors leading to
reflex bronchoconstriction (Barnes, 1985). In addition, gastroesophageal
reflux may initiate vagal reflex bronchoconstriction, and the fall in
plasma adrenaline level may lead to increased cholinergic neurotransmission.
It has not yet been possible to measure vagal tone in the airways at night,
but recordings of heart rate, which may reflect general vagal tone, have
demonstrated a fall in heart rate overnight (Clarke et al, 1976), the time
course of which is similar to that of peak flow (Barnes et al, 1982). There
is preliminary evidence that anticholinergic drugs may significantly reduce
nocturnal wheezing in some patients, implicating the involvement of

cholinergic mechanisms (Coe and Barnes, 1985).
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Coincidence of rhythms

It seems likely that nocturnal asthma is best understood in terms of
endogenous circadian rhythms, with an exaggeration of the normal 24-hour
change in airway tone.

Thus, the fall in circulating adrenaline level may occur at the same
time as an increase in vagal tone, and both may be regulated by a central
hypothalamic "clock" (Moore-Ede et al, 1983). In addition, the delayed
effects of the fall in plasma cortisol level (which precedes that of
adrenaline by some four hours) may all lead to bronchoconstriction at
night and in the early morning (Barnes, 1984a, 1985).

In normal subjects, these rhythms have only a small, clinically
insignificant, effect on airway function. In asthmatic patients,
however, these same changes produce pronounced bronchoconstriction,
because of bronchial hyperreactivity. The effect of these rhythms may
also be further amplified in asthmatics by mediator release from 'leaky"

mast cells (Barnes, 1985).

Nonadrenergic noncholinergic regulation

A third autonomic nervous system, which is nonadrenergic and noncholinergic,
is well described in the gastrointestinal tract, and more recently was
described in lung (Richardson, 1981). This nervous system is inhibitory
for airway smooth muscle and, therefore, defective function of this system
could contribute to bronchial hyperreactivity in asthma. In the absence
of functionalsympathetic innervation of airway smooth muscle, this
nonadrenergic inhibitory system is the only nerve-mediated means of
relaxation in human airway smooth muscle (Davis et al, 1982).

Nonadrenergic noncholinergic bronchodilatation has been demonstrated
in vivo in guinea pigs and in cats by stimulation of the vagus nerve in
the presence of muscarinic and beta-adrenergic blockade (Irvin et al, 1980;
Yip et al, 1981). Nonadrenergic noncholinergic nerves may also supply
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submucosal glands, since electrical stimulation in the presence of
muscarinic and adrenergic blockade produces secretion of mucus in
isolated ferret tracheal segments (Borson et al, 1982).

Studies of this system are hampered by the uncertainty about the
neurotransmitter and the lack of specific blockers. Although there is
some evidence in the gastrointestinal tract that one of the neurotransmitters
may be ATP or a related purine (Burnstock, 1981). A more likely candidate
for neurotransmitter is vasoactive intestinal peptide (VIP). In human
lung, VIP nerves are closely associated with airway smooth muscle,
submucosal glands, and pulmonary vessels, and are present in airway ganglia
(Dey et al, 1981). In animal and human airways, VIP relaxes airway smooth
muscle in vitro (Davis et al, 1982; Kitamura et al, 1980), and in animals
it protects against histamine-and prostaglandin-induced bronchoconstriction
in vivo (Said, 1982).

VIP acts through specific receptors that, like beta-adrenoceptors;
activate adenylate cyclase to increase intracellular cyclic AMP content
(Kitamura et al, 1980). Immunocytochemical studies show that VIP stimulates
cyclic AMP formation in tracheal epithelium and in submucosal glands
(Lazarus et al, 1983). Thus, VIP appears to be a promising candidate for
the neurotransmitter, although the case is not proven. Until a specific
antagonist becomes available, the role of the nonadrenergic noncholinergic
nervous system and VIP nerves in the regulation of airway function will

remain uncertain (Nadel and Barnes, 1984).

Axon reflexes

More recently, it was proposed that axon reflexes with release of potent
sensory neuropeptides may be involved in the pathophysiological features
of asthma (Barnes , 1986). In asthma, damage to airway epithelium,

possibly caused by eosinophil products such as major basic protein and
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eosinophil cationic protein, which are very toxic to airway epithelial
cells (Frigas et al, 1980) and are detectable in the sputum of
asthmatics (Gleich et al, 1985), exposes C-fibre afferent nerve endings.
Stimulation of these endings by inflammatory mediators such as bradykinin
may result in an axon (local) reflex with antidromic conduction down
afferent nerve collaterals and release of sensory neuropeptides such as
substance P (SP), SP has been found in human airways (Polak and Bloom,
1982), neurokinin A, which is also present in sensory nerves and even
more potent than SP (Karlsson et al, 1984), and calcitonin gene-related
peptide which has also been localised to nerves in airways of several
species including man (Palmer et al, 1985) and is probably co-localised
with SP in sensory nerves (Lundberg et al, 1985).

These peptides are potent inducers of airway smooth muscle contraction,
bronchial oedema, extravasation of plasma, mucus hypersecretion, and
possibly inflammatory cell infiltration and secretion. Thus, axon
reflexes could account for at least some of the pathophysiology of asthma

and this concept might lead to new strategies for treatment.

ADRENOCEPTORS

Recently developed methods permit the study of the structure of the
adrenergic and other plasma-membrane receptors. The two most useful
approaches are affinity chromatography (Cribnau et al, 1982) and
photoaffinity labelling (Guillory and Jeng, 1983).

In affinity chromatography a drug or hormone analogue that combines
with a receptor is covalently linked to a solid support such as Sepharose
beads, usually by a hydrocarbon side chain. When a detergent-solubilized
extract of the cell membrane is passed over such a column, the receptors
are adsorbed to the column by means of their binding interaction with the

immobilized drug. Other proteinspass through. After appropriate washing
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steps, the receptors can be biospecifically eluted in highly purified
form with specific drugs (agonist or antagonist ligands) with which they
bind. It is not uncommon for several thousand fold purification to be
achieved in a single such step (Lefkowitz and Caron, 1985).

Columns of the beta-antagonist alprenolol bound to Sepharose beads,
for example, have been useful in purifying the beta-adrenoceptors. When
coupled to other conventional methods of protein purification, such as
high-preformance liquid chromatography, these techniques can yield receptor
preparations purified essentially to homogeneity (Lefkowitz et al, 1983).

The other approach used to study aspects of membrane-receptor
structure is photoaffinity labelling. This is accomplished by synthesising
a drug or hormone analogue that contains a photoactivatable group in its
structure. The photoactivatable compound must retain high affinity for
binding specifically to the receptor. An example would be an azide moiety
(—N3), which upon ultraviolet irradiation breaks down to the very reactive
free radical nitrene (Lefkowitz and Caron, 1985). Such methods have been
successfully applied to both subtypes of beta-adrenoceptors (beta; and betaz)
(Lefkowitz et al, 1983) and alphaj-adrenoceptors (Leeb-Lundberg et al, 1984).
In each case a 125I—tagged high-affinity receptor antagonist was synthesised
that contained an arylazide group. After the drug is allowed to bind to the
receptors in ﬁembrane—bound or purified form, non-specific binding
interactions can be disrupted by washing, the preparation is subjected to
ultraviolet irradiation. The resulting formation of the chemically reactive
species (nitrene) leads to covalent incorporation of the drug into the
receptor macromolecule.

As in other types of approaches to ligand binding, validation of the
method is based on the specificity of the receptor. Thus, it is necessary
to document that a series of drugs block covalent incorporation of the
photoaffinity label into the receptor with potencies comparable to those
with which they occupy the receptors. In the case of the adrenoceptors,

it would be expected (for example) that (-) isomers of agonists and
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antagonists would be more effective than (+) isomers in blocking such
covalent incorporation into the receptors.

After incorporation, the covalently labelled receptor can be
visualised by sodium dodecyl sulfate-polyacrylamide-gel electrophoresis
(SDS-PAGE) followed by autoradiography. It appears that beta; and beta2
adrenoceptor subtypes consist of peptides of similar molecular mass
(Stiles et al, 1983). Alphaz—adrenoceptors also appear to have a mol
mass similar to that of the beta-adrenoceptors, i.e. 60-64 000 daltons
(Regan et al, 1984). In contrast, the alphaj-adrenoceptors have mol masses
of 80 000 (Leeb-Lundberg et al, 1984).

It is of interest that a variety of adenylate cyclase coupled receptors
have now been visualised by photoaffinity or photoaffinity crosslinking
experiments (Herberg et al, 1984; Coltrera et al, 1981; Landmann et al,
1983). All appear to have mol mass of 60 000-70 000 daltons. This
suggests that their structures may be similar indeed (Lefkowitz and Caron,
1985). These receptors all appear to be intrinsic membrane glycoproteins.
Beyond that, however, very little is known about the details of their
nolecular architecture. Another point worthy of emphasis is that the
receptors appear to consist of only a single peptide (Lefkowitz and Caron,
1985). This contrasts with the more complicated pattern observed for
example with the nicotinic cholinergic receptor (Noda et al, 1983) which
has multiple subunits, or for the insulin receptor which has two distinct

subunits (Ullrich et al, 1985).

Molecular mechanisms of adrenoceptors desensitisation

Desensitisation, the tendency of biological responses to wane over time
despite the continuous presence of a stimulus of constant intensity, is
observed in organisms as diverse as bacteria and mammals (Sibley and

Lefkowitz, 1985). Recently, new insights into the molecular mechanisms

underlying these phenomena have emerged from the study of the receptors
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coupled to the second messenger-generating system adenylate cyclase.

These mechanisms involve sequestration or down-regulation of the receptors
from the cell surface as well as functionally significant covalent
modifications of the receptors and/or guanine nucleactide regulatory
proteins.

Among the receptor-effector systems that mediate the effects of many
hormones and drugs in man and other animals is the adenylate cyclase
system, which synthesises the second messenger cyclic AMP. Persistent
stimulation of the system by catecholamines or by synthetic analogues
leades to rapid desensitisation of the cAMP response with consequent
blunting of physiological responses, for example, the bronchodilator
effect of adrenaline in the treatment of asthma or the inotropic effect
of adrenergic agents in the treatment of congestive heart failure.

Hormone-induced desensitisation has usually been divided into two
general categories referred to as agonist-specific or homologous
desensitisation and agonist-nonspecific or heterologous desensitisation.
The term "homologous" is used to designate that form of desensitisation
in which only the subsequent response to the desensitising hormone is
attenuated while the efficacy of other hormone activators is unimpaired.
Conversely, heterologous desensitisation indicates that incubation with
one agonist attenuates the response to multiple, different agonists

operating through distinct receptors (Sibley and Lefkowtiz, 1985).

Homologous desensitisation

Homologous desensitisation in cultured mammalian cells exhibits a
complex phenomenon consisting of multiple sequential events (Perkins,
1983; Harden, 1983; Hertel and Perkins, 1984). An initial step involves
a rapid 'uncoupling' of the receptors from the other components of the

adenylate cyclase system, which may involve sequestration of receptors
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from the cell surface. They may reside in endocytotic vesicles or they
may be in a compartment of membrane that remains contiguous with the
plasma membrane (Strader et al, 1984).

Stadel et al (1983) showed that the beta-adrenoceptors that were
located in the cytosolic fraction after desensitisation in frog erythrocytes
were sedimentable at 158 000g, indicating that these receptors were
located in light membrane particles or vesicles. These were devoid of
- adenylate cyclase activity and the guanine nucleotide regulatory protein.
Comparable findings have been obtained using the rat lung as an in vivo
model of homologous desensitisation (Strasser et al, 1984).

Others (Waldo et al, 1983; Toews et al, 1984) have also provided
results consistent with sequestration of receptors during homologous
desensitisation in astrocytoma cells. Sucrose-density gradient
centrifugation of control astrocytoma cell lysates resulted in a single
peak of beta-adrenoceptor binding activity located with enzyme markers
for plasma membranes including adenylate cyclase activity. In contrast,
after desensitisation to isoprenaline, the beta-adrenoceptors were present
not only in the plasma membrane peak, but also in a peak sedimenting at
light sucrose densities devoid of adenylate cyclase activity or other
plasma membrane or cell surface markers. Similar findings have been
reported using C6 glioma cells (Hertel et al, 1983a,b).

Strulovici et al (1983) have tested the functional activity of the
sequestered receptors that can be recovered in light membrane particles
in frog erythrocytes and were shown to be functionally active. Similar
conclusions have been reached by Clark et al (1985) in characterising
the sequestered receptors found in S49 cell light membrane fractions.
Nonetheless they are desensitised. Thus, the desensitisation appears to
be due to their sequestration away from their normal effector guanine
nucleotide regulatory protein and catalytic components rather than to
any inherent functional alteration in the receptors (Lefkowitz and

Caron, 1985). Recently it has been found that preincubation of intact
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human mononuclear leucocytes with isoprenaline reduced the number of
surface beta-adrenoceptors, measured by radioligand binding at 4C, by
about 70% without affecting receptor affinity (De Blasi et al, 1986).
This was caused not by receptor degradation but more likely by their
internalisation to a cellular compartment not accessible to the
radioligand. In fact, the same receptor number was found in control and
desensitised cells when binding was measured at 37C.

A subsequent event involves a down-regulation of receptor number
exhibited by a decrease in the ability to detect beta-adrenoceptors with
radiolabelled antagonists (Hertel et al, 1983a,b).

Down-regulation occurs more slowly than the initial sequestration process
in most cell types, and the exact fate of these beta-adrenoceptors is not
known with certainty. In some cases it seems clear that the receptors
are proteolytically degraded and new receptor synthesis is required to
regenerate them (Frederich et al, 1983). In others, the number of beta-
adrenoceptors can return to control levels even in the absence of new
protein synthesis (Doss et al, 1981). This suggests that these down-
regulated receptors can regain their binding activity with time. Although
beta-adrenoceptor-guanine nucleotide regulatory protein coupling seems to
be necessary for maximal down-regulation to occur, activation of adenylate
cyclase and the generation of cAMP is not required (Mahan et al, 1985).

Other workers (Snavely et al, 1985) found that infusion of adrenaline
or noradrenaline elevated plasma levels of each catecholamine 10- to 20-
fold and decreased rat renal cortical alphaj-adrenoceptor number about
50% without changing alphaj-receptor number. Isoprenaline infusion
raised plasma levels of this catecholamine, but had no effect on the
number of either alpha;- or alphajy-adrenoceptors. Renal cortical beta-
adrenoceptor number was decreased by infusion of all three catecholamines.

However, the betaj- and betaj-adrenoceptors were altered selectively by
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the different agonists. Infusion of noradrenaline decreased both betaj- !
and betaj-receptor number, but was more effective for the betaj-receptors. f
The decrease in beta-receptor number due to adrenaline infusion was largely

due to loss of the renal cortical betaj-receptors. Infusion of isoprenaline i

decreased the number of both beta;- and betaj-receptors (69% and 75%
respectively).
These results indicate that adrenoceptor subtypes are differentially down-

regulated by elevated levels of circulating catecholamines and that this

differential loss of receptors depends on the nature of the receptor
subtype, the agonist, and perhaps also whether catecholamines are infused
rather than increased by pheochromocytoma.

It has concluded by others (Brodde et al, 1985) that glucocorticoids |
as well as ketotifen, an antianaphylactic drug, can accelerate recovery
of density and responsiveness of lymphocyte betaj-adrenoceptors desensitised
by long-term treatment with betaj-agonists. Such an effect may have
clinical implications for preventing tachyphylaxis of asthmatic patients
against therapy with beta-agonists.

These processes seem to occur in all normal cells that exhibit
homologous desensitisation, although their kinetics can vary considerably.
Homologous desensitisation is thus associated with alterations occurring
at the receptor level of the adenylate cyclase system (Sibley and Lefkowitz,
1985). It has also been demonstrated that acute desensitisation of alphaj,-
adrenoceptors on human platelets occur after short term and long term
exposure to catecholamines, which is not mediated through mechanisms of
receptor internalisation and reductions in receptor number (Jones et al,
1985, 1986). The present findings suggest that the coupling of the
platelet alphaj-adrenoceptor to adenylate cyclase may be altered after
exposure to agonists.

The biochemical mechanisms involved in homologous desenéitisation are

not yet known with certainty. Studies of homologous desensitisation in
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cell-free systems have indicated a requirement for phosphorylating
conditions (Salomon et al, 1981). Recently, Sibley et al (1985) have
shown directly that homologous desensitisation of adenylate cyclase in
frog erythrocytes is associated with phosphorylation of the beta-
adrenoceptor. This phosphorylation is induced in a stereospecific
fashion by isoprenaline and is blocked by propranolol. The phosphorylation
state of the receptor stoichiometrically increases about three fold on
desensitisation. Interestingly, prostaglandin E; (PGEl) does not promote
beta-adrenoceptor phosphorylation despite the fact that PGE; activates
adenylate cyclase in these cells (Sibley et al, 1985). This observation
agrees well with the notion that homologous desensitisation is not cAMP-
mediated. The nature of the protein kinase that phosphorylates the
beta-adrenoceptor during homologous desensitisation is unknown.

There are at least two potential mechanisms by which receptor
phosphorylation could contribute to the homologous desensitisation.
One possibility is that the phosphorylation induces or triggers the
sequestration of the receptor from the cell surface. Another possibility
is that the phosphorylation results in a functional modification in the
receptor protein such that it is less efficacious in activating adenylate

cyclase (Sibley and Lefkowitz, 1985).

Heterologous desensitisation

Heterologous forms of desensitisation of adenylate cyclase occur in many
tissues and cell types. This form of desensitisation represents a broad
pattern of refractoriness in which the response to multiple hormones and
sometimes nonhormonal effectors is impaired. In contrast to homologous
desensitisation (which may be unimechanistic), heterologous desensitisation
certainly occurs by more than one mechanism. In many cell types, heterologous
desensitisation occurs in addition to the homologous form of desensitisation,
thus making its analysis difficult. In general, however, the heterologous
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response occurs with a slower onset than the homologous one, suggesting
that heterologous desensitisation represents an adaptive response to
relatively prolonged stimulation (Sibley and Lefkowitz, 1985).

Hetercologous desensitisation has been extensively studied in simple
avian erythrocyte systems that possess beta-adrenoceptors and adenylate
cyclase (Stiles et al, 1984). Heterologous desensitisation in avian
erythrocytes is associated with modifications in the adenylate cyclase
system at both the level of the receptor and the guanine nuclectide
regulatory proteins. It should be pointed out that structural and/or
functional alterations of the enzyme catalytic unit cannot be excluded
although there is no evidence for this at present.

It seems reasonable to propose that the mechanisms of heterologous
desensitisation elucidated in erythrocytes are not unique to this cell
type. Thus, one major means of achieving heterologous desensitisation
would be modification(s) in the guanine nucleotide regulatory proteins.
The nature of these modifications is not yet known, although one hypothesis
suggests that a phosphorylation event is involved. Although, in some
systems, cAMP seems to induce the guanine nucleotide regulatory proteins
modification (Stadel et al, 1981), in others it seems not to be involved
(Rich et al, 1984; Noda et al, 1984).

Arnother major pathway of heterologous desensitisation is modification of
the receptor proteins. In this case the effect is not receptor
sequestration or down-regulation as in homologous desensitisation but a
functional uncoupling of the receptor from adenylate cyclase. Evidence
from avian erythrocytes indicates that phosphorylation is the probable
mechanism for producing the functional modification.

Moreover, because of the heterologous nature of the desensitisation
it is reasonable to suppose that all the receptors coupled to adenylate
cyclase would probably be modified in this way, that is, phosphorylated
(Sibley and Lefkowitz, 1985).
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Radioligand binding techniques

Beta—-adrenoceptors have been defined and characterised in membranes of
many tissues as well as on intact cells by using radiolabelled agonists
and antagonists.

In contrast with studies on membrane preparations, studies on living
cells often suffer from a very high proportion of non-specific low affinity
binding when hydrophobic radiolabelled ligands such as 3H-DHA and 125I-CYP
are used (Porzig et al, 1981; Andre et al, 1981; Meurs et al, 1982).

These binding sites not coupled with the biological response may mimic
receptor binding with e.g. rapid (reversible) association time course and
displacement by antagonists (Kerry and Scrutton, 1983).

Therefore the main problem in studies of beta-adrenoceptor properties of
intact cells using radiolabelled ligands is to discriminate between
stereospecific low capacity binding of these ligands to receptors and
non-stereospecific high capacity binding to cellular membranes and

possibly to intracellular structures. Dax and Partilla (1982) have shown
that non-specific low affinity binding was at least in part directly related
to the hydrophobicity of the ligand.

Others (Maloteaux et al, 1983) suggested that such a displaceable
binding could represent a possibility of the diffusion of labelled ligand
through the cell membrane and its accumulation in the lysosomal compartment.

Recently, Rademaker et al (1985) found that there were two types of
saturable binding, besides the well-known non-specific binding, when
hydrophobic ligands were used for investigating the vesiculisation of
beta-adrenoceptors on cultured Hela and Chang liver cells. The first
(compartment I) representing beta-adrenoceptors with high affinity
(3H-DHA 0.8nmol/1, 1231_Cyp 27pmol/1j and low capacity (10-20fmol/mg
protein), the second (compartment II) had a rather high affinity (3H—DHA
400nmol1/1, 1251 _cyp 30nmol/1) and a very high capacity (20 000-25 000fmol/mg
protein). The affinity of adrenergic agents for compartment II correlates

very well with the calculated hydrophobicity. It is concluded that these
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types of binding sites might interfere with the determination of
adrenoceptor binding sites when hydrophobic ligands are used. When
using hydrophobic ligands like these special care should be taken to

avoid such interference.

Future studies

In conclusion, the results reported in this thesis showed that lymphocyte
adrenoceptor function in the asthmatic group was similar to that of the
control group.

At present, one of the concerns is that it is not clear how well the
lymphocyte adrenoceptors resemble those on the cells of target organs.

The extent to which the regulatory properties of the adrenoceptors in
these cells will directly correlate with those in the less accessible,
but more physiologically relevant receptor sites such as the lung remains
to be determined.

Therefore, future studies should answer the following:

1. What are the effects of administered beta-agonists on lung adrenoceptors
function in vitro?
2. How does the status and activity of the lung adrenoceptors compare

with the lymphocyte adrenoceptors from the same subjects?

3. Is there a circadian variation in adrenoceptor function on the lung
membranes of animal models (rats)?

Recently developed techniques for purification of adrenoceptors
(affinity chromatography and photoaffinity labelling) should permit the
following studies:

a. Canp antibodies be raised to the purified receptor protein?
b. Could antibodies be used for future adrenoceptor studies?

Finally, it is important to continue the investigation of the molecular
mechanisms involved in the effects of drugs on receptors, because receptors
represent the molecular entity through which many pharmacologically active
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agents interact, and also because a variety of disease processes may
involve changes in the density of catecholamine receptors. It is also
worth noting that changes in catecholamine receptors occur as a consequence
of the administration of agents widely used in the treatment of diseases
ranging from hypertension to depression. An understanding of the molecular
properties of catecholamine receptors may thus lead to significant

improvement in our ability to treat various diseases.
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