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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT

FACULTY OF SCIENCE 

PHYSIOLOGY AND PHARMACOLOGY 

Doctor of Philosophy

PHARMACOLOGICAL CHARACTERISATION OF RENAL DOPAMINE RECEPTORS

by Margaret Marcou

The population of specific vascular dopamine receptors thought to 
mediate renal vasodilatation has been studied in the prazosin pre­
treated guinea pig. The increase of cortical renal blood flow 
produced by dopamine was compared with the ability of the catechol­
amine to stimulate cAMP production in renal particulate preparations.
In addition, radioligand binding studies have been used to investi­
gate the interaction of [^H] sulpiride, a novel dopamine receptor 
antagonist of the substituted benzamide group, with renal cortical 
membranes.

Renal vascular responses to dopamine, ADTN and SKF 38393 were (±)- 
propranolol resistant but were specifically inhibited by (±)-sulpiride. 
Similarly the elevation of cAMP content produced by these agonists was 
unaffected by (±)-propranolol and atenolol but was powerfully inhibited 
by the classical neuroleptic fluphenazine. In contrast (±)-sulpiride, 
the highly specific antagonist of renal vasodilator responses to agon­
ists was completely ineffective at inhibiting dopamine-sensitive 
adenylate cyclase activity. Analogous results obtained in the study 
of dopamine receptors in the central nervous system have been inter­
preted as evidence for the existence of two subtypes of dopamine 
receptors (Kebabian and Caine, 1979); one linked to a stimulatory 
adenylate cyclase and unaffected by sulpiride and the other non­
cyclase linked and selectively inhibited by sulpiride. In order to 
clarify these anomolous results the possibility that (±)-sulpiride 
might function as an antagonist by exerting its effects on a subclass of 
adenylate cyclase-independent dopamine receptors was investigated using 
radioligand labelling techniques. [^H] sulpiride bound selectively and 
with high affinity to membranes prepared from dopaminergic regions of 
the kidney in a stereospecific, saturable manner. The pharmacological 
profile of this binding component provided corroborative evidence of a 
highly specific interaction between sulpiride and dopaminergic sites 
but failed to vindicate sulpiride as a selective antagonist of the non­
cyclase linked receptor. Possible modes of action of sulpiride at the 
basic receptor level are discussed as are the advantages of combining 
the measurement of physiological responses with direct biochemical 
models in the study of neurotransmitter receptors.
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INTRODUCTION



]-] Dopaminergic neurotransmission 

1-1-1 Dopamine as a neurotransmitter

Dopamine (DA) is an established neurotransmitter in the mammalian 

central nervous system (CNS). It also has important peripheral physio­

logical actions especially in the kidney where DA appears to be involved 

in the regulation of renal blood flow (RBF) and possibly renal sodium, 

water and remn excretion.

1-1-2 Dopamine synthesis

Of the catecholamines present In sympathetic nerve endings, DA, 

which was originally thought to be important only as a precursor for 

noradrenaline (NA), has now been shown to have major involvement in both 

central and peripheral neural transmission (see reviews by Ungerstedt, 1978; 

Woodruff, 1978; Goldberg et ^a^, 1978a). The precursor for catecholamine 

synthesis is tyrosine, a naturally occurring amino acid found in neurones, 

the location of DA synthesis. Tyrosine is hydroxylated in the 3 position 

to give dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase, the 

rate limiting enzyme of catecholamine synthesis (Figure 1.1). Tyrosine 

hydroxylase requires tyrosine, molecular oxygen and a reduced pterin 

co-factor for activity (Waggoner et ^a^, 1980). End product feedback 

regulation of tyrosine hydroxylase by catecholamines is considered a 

major mechanism for control of DA synthesis (Levitt e^ a^, 1965; Nagatsu 

et a I, 1964). DA is thought to compete with the pterin co-factor for 

binding to the enzyme; activation of certain DA receptors may produce 

allosteric changes in tyrosine hydroxylase activity (Zivkovic et a1,

1974) possibly by phosphorylation by an adenosine-3':5'-cyclic mono­

phosphate (cAMP) dependent protein kinase (Joh e^^1978; Yamauch and 

Fujisawa, 1979). L-DOPA is then decarboxylated to DA by L-aromatic acid 

decarboxylase (L-DOPA decarboxylase) and stored in vescicles or granules.

In neurones using NA as their neurotransmitter DA is further hydroxylated 

by dopamine g-hydroxylase (see review by McGeer and McGeer, 1973).

1-1-3 Release and inactivat ion of dopamine

Depolarisation of the neural membrane releases DA which diffuses 

across the synaptic cleft to interact with receptors located on the 

postsynaptic membrane. DA is subsequently inactivated by several means



Figure 11 Biosynthesis of dopamine
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Most important is active re-uptake back into presynaptic storage 

vessels. Alternatively, DA can be metabolised by either of two major 

degradative pathways, both resulting in the acid metabolite homovanillic 

acid (HVA) (Figure 1.2). Either mitochondrial r^mcramine oxidase (MAO) 

oxidises the ethylamine side chain of DA to give 3,4-dihydroxyphenylacet- 
aldehyde followed by conversion to 3-4-dihydroxypheny1acetic acid (DOPAC), 

or the predominantly extraneuronal DA metabolising enzyme, catechol-o- 

methyl transferase (COMT), methylates the 3-hydroxy 1 group on the phenolic 

ring of DA to produce 0-methyl DA. DOPAC and 0-methy1 DA are broken 

down by COMT and MAO respectively to produce HVA, the latter reaction 

again operating via an aldehyde oxidation step.

Precise regulation of homeostatic mechanisms controlling the amount 

of neurotransmitter released into the synapse is crucial since the 

functional activity of a nervous system depends upon the frequency and 

propogation of nerve impulses from neurone to neurone. Firstly, 

dopaminergic activity is controlled by 'long loop' neuronal feedback, 

for example in the basal ganglia an inhibitory mechanism probably oper­

ates via postsynaptic GABAminergic neurones. Secondly, 'short loop' 

mechanisms control DA synthesis and release more locally at the level of 

the synaptic cleft. It seems well established that DA synthesis is 

regulated at the level of tyrosine hydroxylase (Kehr e^ 1972;

Iversen e^ a^, 1976; Westfall e^ ^2/ ^976), this seems a logical arrange­

ment for the rate limiting enzyme of catecholamine synthesis. However, 

authors disagree about how physiological control of DA release via 

changes in tyrosine hydroxylase activity is achieved. The existence 

of presynaptic DA receptors (autoreceptors), activated by DA, present 

in excess in the synaptic cleft, to depress its own additional release 

has been postulated (see review by Langer, 1977). Furthermore, auto­

receptor mediated inhibition of DA release is mimicked by exogenous 

agonists and diminished by antagonists (Farnebo and Hamberger, 1971; 

Westfall 22 1979). However, this concept is opposed by a hypothesis

suggesting that intraneuronal DA re-uptake is the predominant mechanism 

modulating a local negative feedback inhibition of DA release (Seeman and 

Lee,1975; Raiteri ej. a^, 1978) because DA release was depressed rather 

than augmented by neuroleptics.

In addition to autoreceptors located upon cell bodies or pre­

synaptic membranes, presynaptic DA receptors may also be present in 

noradrenergic nerve terminals (Ganger, 1973) which serve to inhibit NA
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Dopamine

Figure 12 Degradation of dopamine

3-M% 3-methoxy tyramine;DOPAC, 3,4-dihydroxyphenyl- 

acetic acid;MA0, monoamine oxidase; [OMT, catechol 

0-methyl transferase.
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release (see review by Langer, i98l).

1-2 Role of dopamine in the CNS

]_2-1 The organisation and physiology of central dopaminergic neurones 

in the mammalian brain

DA has now justified its proposed function as a central neuro­
transmitter by fulfilling most of the physiological and pharmacological 

criteria demanded of such a role. DA is localised intraneuronal1y, the 

pertinent neuronal tracts being coincidentally distributed throughout 

the CNS (Carlsson, 1959) as demonstrated by a combination of highly 

sensitive biochemical and mechanical or chemical lesioning studies 

(Ungerstedt, 1971a; Dahlstrom and Fuxe, 1965; Lindvall and Bjorkland,

1974; 1978). The visualisation of afferent and efferent pathways has 

been achieved by retrograde axoplasmic transport of injected proteins such 

as horseradish peroxidase or orthograde transport of amino acids. The 

enzymes necessary for metabolism regulation of DA are locationally 

coincidental with these discrete DA neurones (Axelrod, 1966; Hornykiewicz, 

1966). Also the fundamental homeostatic principles of the DA synapse are 

relatively well understood. DA, but not NA, is released into the synaptic 

cleft in response to depolarising stimuli and elicits a physiological 

response after binding to a postsynaptic receptor. Excess DA subsequently 

undergoes inactivation via re-uptake or enzymic degradation (see section

Specific drugs (DA receptor agonists or neuroleptics) directed at 

the basic receptor level will either mimic or antagonise the actions of 

DA (for review see Langer, I98I). The origins and projections of central 

dopaminergic tracts in the rat brain are shown in figure 1.3.

1-2-2 The involvement of dopamine in CNS diseased states

Dopamine has an important role in the aetiology of diseased states 

in the CNS such as Parkinson's disease and schizophrenia. Parkinson's 

disease is associated with a degeneration of the nigrostriatal tract, 

resulting in a loss of DA from the striatum (Table 1.1). consequent

cholinergic dominance in this area causes the classic symptoms of 

akinesia, tremor and rigidity. In contrast to Parkinson's disease, 

schizophrenia is a mental disorder, characterised by hallucinations, 

delusions, a disturbance of emotions, affective responses to the environ­

ment and a withdrawal from contacts. Schizophrenia might be due to
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cingulate and frontal 

cortex

nucleus accumbens

caudate and putamen

amygdala

median eminence

arcuate nucleus of 
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substantia nigra 

ventral tegmental area
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FI CURE 1■3 Origins and projection;of central dopaminergic tracts in
the rat brain (Modified from Lindvall and Bjorkland, 1978; 
Ungerstedt, 1971a; 1978 ).

The nigrostriatal pathway has duel origins in the A8 and 
A9 cell bodies in the area of the zona compacta of the 
substantia nigra. The tract ascends through the lateral 
hypothalamus and fans out into the caudate and putamen of 
the neostriatum and probably also the globus pal Ildus and 
to the central portion of the amygd aloid nucleus. These 
dopaminergic neurones terminate on small cholinergic inter­
neurones. The nigrostriatal pathway is thought to regulate 

the extrapy rami dal nervous system's control of motor movements.

The mesolimbic pathway arises from AlO cell bodies in the 
ventral tegmental area (VTA) and innervates the amygdala, 
nucleus accumbens just anterior to the caudate nucleus, 
stria terminals and olfactory tubercule.

The tuberohypophyseal pathway is short; it arises from 
cell bodies in the A12 area of the arcuate nucleus and 
in the part of the periventricular nucleus lying dorsal 
to the arcuate nucleus. These neurones mainly innervate 
the median emminence, the stalk, neural lobe and pars 
intermedia of the adenohypophysis. This pathway exerts 
an inhibitory effect on the release of prolactin from 
the anterior pituitary.

The mesocortical pathway originates from cell bodies in 
the substantia nigra and VTA and its projections are 
subdivided into two. Firstly, the allocortical pathway 
innervates the olfactory tubercule, spptum, interstitial 
nucleus of the stria terminal is and the amygdala. 
Secondly, the neocortical subdivision innervates the 
suprahinal cortex, pregenual and supragenual anterio- 
medial cortex and ventral entorhinal cortex. This path- 

the mesolimbic tract are not fully understood but indirect 
suggests an involvement in autonomic, affective, memory and 

earning functions (see review by Hornykiewicz, 1978).

way and 
evidence

There are also smaller dopaminergic tracts 
lobe, providing localised innervation.

I n the retina and olfactory



dopaminergic overactivity in the limbic system.

The discovery that neuroleptic drugs such as chlorpromazine or 

haioperidoi alleviate psychotic symptoms in schizophrenic patients 

(Carisson and Lindqvist, 1963; Carisson, 1978), whereas L-DOPA, 

amphetamine or methylphenidate enhance the symptoms of schizophrenia 

(van Ross uni, 1966) and elicit hallucinati ons in Parkinsonian patients 

(Goodwin, 1972), provided early circumstantial evidence that neuroleptic 

drugs block DA receptors. Drugs used in the treatment of these mental 

disorders have been aimed at, in the one case, raising DA levels by 

the use of DA agonists and L-DOPA or, in the other, by reducing DA 

content with the aid of neuroleptics directed at the basic postsynaptic 

receptor level. This topic is extensively reviewed by van Rossum (19^7) 

and Hornykiewicz (1975). Neuroleptics selectively accelerated DA 

synthesis and turnover (Da Prada and Pletscher, 1966), as reflected by 

raised levels of the DA metabolites HVA and DOPAC (Westerink, 1978; 

Matthysse, 1973). This stimulation was originally attributed to feed- 

back augmentation of DA turnover (Carisson, 1965) to overcome DA receptor 

blockade by neuroleptics but ^ currently assigned to a presynaptic action 

of neuroleptics. Consequently low doses of DA agonists might be benefic 

iai to schizophrenic patients by preferentially activating DA autorecept­
ors, thereby promoting a reduction of DA synthesis and release (Clow 

e^ aj^ 1980; Langer and Dubocovich, 1979). In support of this view, it 

was recently reported that administration of low doses of apomorphine to 

chronic schizophrenic patients resulted in a significant improvement in 

their psychotic symptoms (Tamminga e^^978; Di Chiara et a^, 1978; 

Serra et^^a^, 1979).

1-3 Role of dopamine in the periphery

3-1 Dopamine receptors In peripheral vascular beds (other than the 

kidney)

There is considerable evidence for the presence of DA receptors in 

mesenteric, coronary, cerebral, femoral, hepatic and splenic vascular 

beds (Goldberg, 1972; Edvinsson et a^, 1978; Pendleton and Setler, 1977; 

Toda, 1976; Day and Blower, 1975; McCulloch and Harper, 1977; Kitzen e^ 

aj^ 1978; Richardson and Withrington, 1978; Clark and Menninger, 1980; 

Bell and Lang, 1973; Bell and Stubbs, 1978; Kullman et a^, 1979).

However, the presence of a DA receptor in vascular smooth muscle
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does not necessarily mean that DA serves it as a transmitter (see 

Section 1-2). Apart from in the kidney direct histochemical evidence 

substantiating dopaminergic innervation has been shown only in vascular 

structures of the canine paw pad (Bell, Lang and

Laska, 1978b). The actions of DA in the periphery are complicated by 

its ability to stimulate other receptors such as and g-adreno- 

ceptors, as described in Section 1-5-2. Small doses of DA when 

injected into some species cause a fall in mean arterial blood pressure 

(MABP) (Hornykiewicz, 1958; Grund et a^, 1978). This vasodilatory effect 

of DA on the circulation is predominantly due to its effects on specific 

vascular receptors for DA (Eble, 1964; McNay et a^, 1965) and to a 

lesser extent on presynaptic feedback inhibition of NA release at the 

sympathetic nerve endings (Enero and Langer, 1975; Rand et al^ 1975)

1-3-2 Sympathetic nervous system involvement in vascular responses bo 

dopamine

The overall fall in MABP observed in many species can be further 

subdivided as resulting from the actions of DA upon:-

1) Specific postsynaptic vascular receptors for DA (see Section 

1-5-2) and g-adrenoceptors.
2) Presynaptic feedback inhibition of NA release at sympathetic 

nerve endings.
3) Sympathetic ganglia (Li bet and Tosaka, 1970).

4) Inotropic cardiac stimulation by direct and indirectly mediated 

sympathetic effects (Einstein and Barrett, 1977; Gorczynski et^ a^, 1979).

The strongest evidence to date is in support of the postsynpatic 

vascular DA receptor (see Section 1-5-5 and reviews by Goldberg^et ^2v^979a;b 

Pendleton and Setler, 1977). The presence of sites resembling pre­

synaptic DA receptors which constitute a presynpatic inhibitory system 

for noradrenergic transmitter release is generally accepted. The 

presence of such a mechanism has been demonstrated both ia ucvo and 

uctTo. Activation of presynaptic DA receptors in sympathetic nerves 

innervating arteries and veins of several species inhibits NA

release and vasoconstrictory responses to sympathetic nerve stimulation 

(Buylaert and Willems, 1976; Ziegler et^ a^, 1979). DA induced

neurogenic vasodilation is the manifestation of a passive withdrawal of 

tonic sympathetic discharge to the vasculature (Lokhandwala and
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Jandhyala, 1979; Bogaert et^ a^, 1978; Sanders and Ross, 1975; Bell,

1979). In addition, it has been proposed that certain mammalian 

sympathetic ganglia contain dopaminergic interneurones(Li bet &Tbsaka^19^^. 

ucuo DA produces reversible inhibition of synaptic transmission in 

lumbar ganglia and the inferior mesenteric ganglion of the dog, an 

effect which is selectively inhibited by the dopaminergic antagonist, 

haloperidol (Lins and Willems, 1974; Bogaert ej. aj^ 1977).

Cardiac effects

Although the net effect of peripheral DA receptor stimulation 

is a reduction of vascular smooth muscle tone, a principle feature of 

DA induced fall in blood pressure is that it does not evoke reflex 

tachycardia. The reason for this lack of cardiac acceleration is not 

immediately apparent, since the mechanism of action of DA upon the 

heart is complex and has been shown to involve both direct stimulation 

of postsynaptic g-adrenoceptors and indirect release of NA.

a) Indirect effects

DA is an inotropic selective cardiac stimulant which means that 

it increases cardiac contractility at doses which produce little or no 

change in heart rate (Clark e^ a^, 1978; Mugelli 25. ^977; Chiba,

1978; Goldberg, 1972). DA also inhibits the sympathetic nervous supply 

to the heart by its actions on both presynaptic ^-adrenoceptors and dopa­

minergic receptors (see Section 1-5-2). Therefore, it was suggested 

that DATs selective action on cardiac contractility was due to prefer­

ential release by DA of NA from adrenergic nerves located in the 

ventricular or contractile myocardium (Tuttle and Mills, 1975;

Gorezynski et al, 1979). Desmethylimipramine (DMI), which blocks amine 

uptake at adrenergic nerve endings (Thoenen 25 2l' 19^4), diminished 

the inotropic selectivity of DA.

b) Direct effects

The chronotropic effect of DA is manifested at higher doses 

and is probably due to direct stimulation of postsynaptic g-adreno- 

ceptors located in the sino-atrial or pacemaker region of the heart.

However, the mechanism responsible for the differential effect of
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DA on the heart has not been conclusively identified. Two theories have 

been postulated to explain DA^ inotropic selectivity. The first is 

based upon differences in NA stores in the cardiac adrenergic nerves 

and the second is based upon differences in presynpatic DA receptor 

distribution on sympathetic nerve terminals in the heart.

Firstly, on the basis of there being more NA in nerves supplying 

ventricular muscle than the si no-atrial node (Angelakos 1969),

Tuttle and Mills (1975) have speculated that there is insufficient NA 

available for release in the pacemaker region to mediate an indirect 

chronotropic effect by DA. According to this view, DA is readily taken 

up by all cardiac adrenergic nerves, but can only release substantial 

amounts of NA from nerves in the ventricles. This results in an 

increased cardiac contractility, without an accompanying increase in 

heart rate.

The second theory is based upon the ineffectiveness of the DA 

receptor stimulant, bromocriptine, upon contractile force but not heart 

rate (after division of cervical vagi and stellate ganglia to prevent 

reflex changes in resting rate and contractility in dog) (Clark and 

Mennlnger, 1980). Bradycardia is not affected by vagotomy but is 

absent after blockade of DA receptors or g-adrenoceptors 

suggesting depression of noradrenaline release from cardiac sympathetic 

nerves. These authors suggested that presynpatic DA receptors are 

present in nerves innervating the si no-atrial node but not the ventricles 

thus possibly explaining the lack of effect of DA upon cardiac 

contractile force.

4 Physiology of the kidney

4-1 Functi on

The kidney plays a crucial role in the regulation of body water 

content with the aid of anti-diuretic hormone (ADH) secreted from the 

hypothalamo-neurohypophysial system, the renin-angiotensin system, 

prostaglandins, aldosterone and other adrenocorticolds. This regula­

tion is closely integrated with waste excretion^and electrolyte and 

acid-base balance. Acid metabolites are excreted by an ion exchange 

mechanism where a hydrogen ion is secreted in exchange for a sodium 

ion and ammonia is secreted by tubular cells to replace base. The
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kidney excretes wastes such as urea, uric acid, creatinine and 

creatine, whilst selectively reabsorbing glucose and amino acids.

Other metabolic functions such as amino acid oxidation and deamin­

ation, conjugation of glycocol and benzoic acid to hippuric acid 

also occur in tubular cells. The functional unit of the kidney is 

the nephron which consists of a Bowman's capsule in close contact 

with capillary loop networks (glomeruli) important in filtration 

(Figure 1.6).

1-4-2 Anatomy

Each kidney is cornpartmemalised; the three main divisions being 

the cortex, inner and outer medulla and pelvis which are supplied 

with blood from the renal artery (Figure 1.4). Each renal artery 

divides into interlobar arteries, which subdivide along consecutive 

vascular segments into arcuate arteries and then interlobular arter­
ies (Figure 1.5). Afferent arterioles arise from these to supply blood 

to the glomeruli. The glomerular capillaries converge in efferent 

arterioles, these in turn form a second capillary bed around the 

convoluted tubules, which drain into interlobular, arcuate and inter­

lobar veins. Figure 1.6 compares the blood supply of cortical and 

juxtamedullary nephrons. It has been suggested that nephron segments 

in the outer cortex have a higher blood flow than those in the inner 

and juxtamedullary regions, and that this is related to differences in 

function.

The distribution of RBF among outer and inner cortical layers has 

been the subject of many studies (see reviews by AukIand,1976; I980a; 

Lameire et^^a^, 1977). The increase in sodium excretion following 

infusion of isotonic saline has been attributed to redistribution of 

renal cortical blood flow from 'salt retaining' nephrons in the deep 

layer to 'salt losing' nephrons in the superficial cortical layer 

(Barger, 1966; Barton et^ ^a^, 1968). This observation has been disputed 

by Munck e^ a^ (1970) and L^^ning (1974), who found total RBF is increased 

during saline infusion but no difference in distribution of local blood 

flow in these two cortical regions after saline loading. This latter 

observation suggests that inner and outer cortical arteriolar vaso­

dilation is equally sensitive to variations in perfusion pressure 

(Aukland, 1980a; Clausen et al, 1980).
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FIGURE 1.4 Schematic representation of the basic pattern of the vessels 

of the mammalian kidney (not drawn to scale). Arteries and 
arterioles are drawn white, capillaries are stipled, and the 
venous vessels are black. The representation of the intra- 
renal vasculature starts at an arcuate artery and ends at an 
arcuate vein, both lying at the corticomedu11 ary border. 
(From Kriz, Barrett and Peter, The renal vasculature; 
anatomical-functional aspects. International Review of
Physiology, vol. II, Kidney and Urinary Tract Physioloqy II 
University Park Press, 1976).
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FIGURE 1.5 Schematic representation of arterial blood supply to guinea 
pig kidney. Modified from Leaf and Cot ran, Renal Patho­
physiology, Oxford University Press, 1976.
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CORTICAL nephron

FI CURE 1.6 Comparison of the blood supplies of cortical and juxta- 
medullary nephrons. (From Pitts, Physiology of the 
kidney and body fluids, Year Book Medical Publishers Inc
1976)
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1-4-3 Innervation of the kidney

a) Morphological stud!I es

It is nearly a century since renal nerves were first described 

histologically (Bradford, 1889), yet controversy still exists concern­

ing their anatomical distribution in the renal parenchyma. This 

confusion arose from methodological limitations of hitherto available 

histological techniques. However, the development of electron micro­

scopy has shed light on the precise relationship between renal nerves 

and other structures in the renal cortex. Furthermore, fluorescence 

histochemistry (Falck et^ a^, 1962) and the thiocholine method of Koelle 

and Friedenwald (1949), as modified by Karnovsky and Roots (1964), has 

permitted the demonstration of adrenergic and acetylcholinesterase- 

containing renal nerves, respectively, in many species (Muller and 

Barajas, 1972; Norvell, 1969).

b) Adrenergic innervation of the kidney

Fluorescence, characteristic of adrenergic innervation, was 

detected entering the kidney along the renal artery and followed as it 

passed between blood vessels and cortical tubules in monkey. Adren­

ergic nerves appear in the space between afferent and efferent arterioles 

surrounding the renal tubules (Barajas, 1978). Selective destruction 

of adrenergic neurones with 6-hydroxydopamine (6-OHDA) resulted in the 

disappearance of fluorescence from almost all glomerular arterioles.

After histochemical detection of catecholamine containing neurones 

in the kidney, the logical progression was to differentiate between DA 

and NA containing renal nerve fibres. In the CNS these differences were 

relatively simple to demonstrate because dopaminergic and noradrenergic 

neurones are independently located within discrete anatomical areas. 

However, renal DA- and NA-containing neurones are extremely diffuse, 

moreover, they are difficult to distinguish by fluorescence histo­

chemistry because fluorophores formed by each catecholamine are 

spectrally very similar (Corrodi and Jonsson, 1965). One approach to 

this problem was pharmacological manipulation of catecholamine levels.

In dogs, formaldehyde induced fluorescence and endogenous DA and NA 

content associated with arcuate nucleus, interlobular cortical arteries 

and juxtaglomerular arterioles were diminished following pretreatment



]8-

with 6-OHDA and reserpine, hence establishing that the fluorescence was 

due to the presence of intra-axonal catecholamines (Bell e^ 1978a). 

Moreover, in reserpine pretreated animals, administration of L-DOPA led 

to a selective restoration of fluorescence in some axons of the renal 

cortex but not noradrenergic axons. Guanethidine caused a depletion of 

NA levels in the renal cortex but DA levels and associated fluorescence 

were unimpaired. Guanethidine is thought to selectively deplete nor­

adrenergic nerves, possibly after gaining entry into the axon via a 

membrane uptake process which is specific for NA but not DA. The 

resistance to guanethidine shown by renal cortical axons might indicate 

the presence of discrete dopaminergic fibres (Fuxe e^ a^, 1967).

A second approach for differentiating between these two primary 

catecholamines was to shift the excitation spectrum of catecholamine- 

specific histofluorescence by exposure to gaseous hydrochloric acid and 

thereby produce two separate spectra, each one synonymous with either 

DA or NA. This microspectrofluorometric technique (Bjorklund, Ehinger 

and Faick, 1968) takes advantage of the dehydration of the NA fluoro- 

phore which occurs at acid pH (Corrodi and Jonsson, 1969). In dog, DA 

containing neurones were thus located at the glomerular vascular poles 

(Dinerstein ej: a^, 1979). In contrast NA fluorescence was located in 

the periadventitial layer of the arcuate arteries. These studies 

presented evidence that both intracortical arteries and juxtaglomerular 

arteries have DA-containing axons in close proximity, but not that 

dopaminergic axons influence any particular segment of the cortical 

vasculature.

To achieve status as a peripheral neurotransmitter, DA must not 

only be present within neurones but must also be stored and synthesised 

therein (see Section 1-2-1). Indirect evidence for such a role is 

invariably useful. In the dog, for example, the level of DA found in 

the renal cortex is 0.081 ± 0.006 pg/g (n = 5) (Bell e^ aj/ 1978a). The 

proportion of DA to NA in renal cortex was 24% which is several times 

greater than would be anticipated to be present in purely noradrenergic 

axons (Bell e^ a2' 1978a; Bell and Gillespie, 1981). This excess DA 

was predominantly detected in the outer cortical layer and reinforces 

histochemical evidence for the existence of dopaminergic axons. 

Collectively, these observations offer strong evidence that the blood 

vessels of renal cortex receive dilator innervation by dopaminergic 

nerves (Bell, 1979).



I g.

1-4-4 Effect of catecholamines on sodium transport in the kidney

The presence of and g-adrenoceptors and dopaminergic 

receptors in the kidney has been reported in many studies (see Table 

i.2; reviews by Goidberg, 1972; i978a;Kim _a2' 1980). Alterations in 

adrenergic neural activity may alter sodium reabsorption by one of 

several mechanisms, i) systemic haemodynamics which may in turn 

influence renal function and sodium excretion, ii) renal adrenergic 

neural tone which can directly influence renal epithelial cell sodium 

transport or indirectly alter RBF (Cadnapaphornchai et 1977;

Besarab et^1977). Evidence derived from renal nerve stimulation 

and denervation studies, specific receptor agonist and antagonist 

studies and from pathological states suggests that an increase or 

decrease in renal sympathetic nerve activity decreases and increases 

renal sodium excretion respectively. These effects are probably 

mediated by a direct effect of catecholamines upon renal proximal 

tubule epithelial cells (Bell and Lang, 1973; Barton et^ a^, 1968;

Graven and Klein, 1977; Bell, 1979).

1-4-5 Therapeutic potential of dopamine in cardiovascular diseased

states

Drugs used in the treatment of congestive heart failure have been 

aimed at elevating RBF with only a minimal accompanying increase in 

myocardiai oxygen consumption. A characteristic symptom of patients 

with congestive heart failure is the inability to excrete an intra­

venous saline load as rapidly as normal, resulting in raised sodium 

and water retention with associated hypertension. It was suggested that 
sodium retention occurs when intrarenal blood fhmviS redistributed so 

that inner cortical and outer medullary regions, the location of 'salt 

retaining' nephron populations, receive a proportionally greater volume 

of blood.

Several studies have demonstrated that DA increases renal plasma 

flow, glomerular flow rate and sodium excretion in such patients 

(McDonald et al, 1964; Goldberg et al, 1963). The sodium diuresis may 

be haemodynamic in source (Barger, 1966; McDonald (^t 1964), due to

vasodilation mediated by specific DA receptors, or could be due to the 

direct action of DA upon renal tubular cells.
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The cardiac effects of DA make it suitable for the treatment of 

congestive heart failure (Goldberg et a^, 1977) because heart disease is 

often accompanied by ischaemia. Therefore a pharmacological agent used 

m the therapy of myocardial p<^ver failure in patients with coronary 

insufficiency, should possess the haemodynamic property of stimulating 

stroke volume without elevating arterial pressure and heart rate so 

that there is the smallest possible increase in myocardial oxygen con­

sumption and no hypoxia induced. DA increases cardiac contractility, 

cardiac output and RBF without changing heart rate, whilst MABP is 

either unchanged or slightly decreased.

In addition to DA's postsynaptic, tubular and cardiac actions, 

presynaptic inhibitory DA receptors can be considered as targets for the 

development of selective agonists that might be useful anti hypertensive 

agents. The stimulation of presynaptic inhibitory DA receptors by 

agonists like DA, apomorphine, bromocryptine or di-n-propy1DA reduces 

the stimulation evoked release of NA (see review by Langer,198l) and 

thus a therapeutic effect would be derived from a decrease in sympathetic 

tone (Langer and Dubocovich, 1979; Dubocovich and Langer, 1980; 

Lokhandwala and Jandhyala, 1979; Massingham et 1980).

1-5 Dopamine receptor model systems

I-5-I Model systems in general

The molecular pharmacological characterisation of DA receptors has 

been accelerated by the development of experimental models in the CNS and 

in the periphery. A major criticism of these models has been that 
many conclusions regarding the actions of drugs at DA receptors are 

based upon indirect studies such as behavioural effects or changes in 

CNS metabolism and are therefore disregarding the complexity of drug- 

receptor interactions.

The most important criterion for a good DA receptor model is that 

it represents a distinct physiological response which qualitatively and 

quantitatively distinguishes DA receptors from other receptors such as =- 

or B-adrenoceptors or 5HT receptors. Well defined drug-receptor inter­

action at the molecular level can be established if the majority of DA 

receptor agonists tested are full agonists and the antagonists are truly 

competitive.
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The two earliest models developed demonstrated the existence of 
specific DA receptors in the dog renal artery (Goldberg et ^2' 19^8; 1978a) 

and the isolated brain of the snail, (Woodruff and

Walker, 1969; Woodruff, 1978).

1-5-2 Active conformation of dopamine

The ability of DA to activate many receptor types may be related 

to its structure which permits flexibility of the side chain and freed­

om of rotation of the benzene ring. Although the DA side chain possess­

es unlimited flexibility about the g-carbon-phenyl bond, in solution it 

probably assumes an anti (extended or trans) or gauche (folded or cis) 

form (Bustard and Egan, 1971) depending upon the orientation of the 

ethyl amine chain with respect to the catechol nucleus. When extended 

there is the additional possibility of rotation about the phenyl-carbon 

bond, which leads to the existence of two rotameric extremes designated 

^ and B (Figure 1.7). Since Woodruff (1971) first suggested that the 

g-rotamer is the preferred conformation for activation of DA receptors, 

the development of semirigid analogues, such as 2-amino-6,7-dihydroxy- 

1,2,3,4- tetrahydronaphthalene (ADTN) and other DA-related compounds,each 

containing essential components of the DA molecule locked in a partic­

ular orientation, has enabled detailed structure-activity analyses to 

determine the structural and conformational requirements for DA agonist 

activity in a variety of dopaminergic responses (Volkman et a^, 1977; 

Woodruff, 1978; Goldberg et 2I, ^968; 1978a; Seeman, 1980).

DA may activate ^-org-adrenoceptors and dopaminergic receptors 

(Table 1.2). Therefore, in order to establish a selective DA receptor 

model system, it is important to distinguish between effects mediated 

by specific DA receptors and actions of DA upon other receptors which 

may be present in the particular tissue under investigation. This is 

achieved by the use of specific antagonist drugs.

1-5-3 The neuroleptics

As a consequence of the discovery that the principle target for 

neuroleptic drugs was the DA receptor, many compounds with similar 

properties have been synthesised in an attempt to develop more specific 

drugs for the treatment of mental disorders and subsequently classified 

into major groups on the basis of their chemical structure. These are



-22-

folded (cis or gauche)

NH,

FIGURE 1.7 Conformation of dopamine in its folded (1) and extended 
(2 and 3) forms. The dopamine molecule in its extended 
conformation can exist as two rotameric extremes, ^ (2) 
and ^ (3). The rotameric form of dopamine is gener­
ally accepted as the prefermd conformation of dopamine 
at postsynaptic receptor sites.
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TABLE 1.2 Actions of dopamine upon peripheral catecholamine 
receptors (from Goldberg and Kohli, 1979).

B%-adrenergic

B2"adrenergic 

a^-adrenergic 

^^'^Guronal 

DA vascular 

DA neuronal

postsynaptic cardiac stimulant (direct 
and indirect).

postsynaptic vasodilation.

postsynaptic vasoconstriction.

presynaptic inhibition of NA release.

postsynaptic vasodilation

presynaptic inhibition of NA release.



-24-

the butyrophcnones, thioxanthenes, phenothiazines, benzamides and a 

few others which do not fali into any particular category. Figure 

i.8 summarises the general structure for each class of neuroleptic 

compound.

Discrepancies such as a lack of correlation between 

ciassicai neuroleptics like haioperidoi, spiroperidol (butyrophenones), 

fiuphenazine (thioxanthene) and the substituted benzamid^ sulpiride 

upon ciinicai potency and upon several DA receptor models (see Section 

I-5-I) form the basis of a current controversy about the existence of 

multiple receptor types for DA in the CNS.

1-5-4 KgZcx

The spontaneous firing of APs from cells of the right parietal 

ganglion of isolated snail brain, He&Zx ^ inhibited by DA

(Kerkut and Walker, I96I). Subsequent structure-activity studies 

demonstrated that the DA-mediated inhibition was distinct from and 

g-adrenoceptors or serotonergic (5HT) receptor mediated responses and 

moreover was extremely specific (Woodruff and Walker, 1969). The 

absolute requirements for activation of this DA receptor were deduced 

from a series of phenylethylamine derivatives. Woodruff and Walker 

(1969) proposed that two hydroxyl groups, one on each of positions 3 

and 4 of the benzene ring, and a terminal nitrogen, either unsubstituted 

or substituted with one methyl group were prerequisites for DA-induced 

inhibition of neuronal activity. From this analysis, it was reasoned 

that DA is active in the extended or g-conformation (see Section 1-5-2) 

since norsalsolinol and salsolinol, which contain the DA skeleton fixed 

in a folded or ^-conformation, are only weak agonists on DA receptors 

(Woodruff, 1971; Iversen, 1975) and it was predicted that a compound 

which held DA rigidly in the extended form would be a potent dopaminergic 

agonist. This was ADTN. The development of several other DA receptor 

models (see Sections 1-5-5 1-5"10) has since confirmed that ADTN is

an extremely potent agonist of DA receptors (Miller et al, 1974;

Munday et a^, 1974; Woodruff, 1978; Crumley 2I' 1976; Seeman, I98O).

l"5-5 The vascular dopamine receptor model

At about the same time, Goldberg and his colleagues developed an 

alternative model for specific DA receptors, based upon another 

physiologically distinct response to DA, the canine RBF model. DA
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caused dose related vasodilation when injected into the renal artery of 

phenoxybenzamine (POB) pretreated dogs (McNay, McDonald and Goldberg,

1965). In order to differentiate between the actions of DA on its own 

receptor and its action on any other receptors present in the renal 

artery or on neuronal elements of the kidney, several criteria were 

imposed for the identification of drugs as true DA receptor agonists.

Firstly, the physiological response should be mimicked; drugs 

injected into the renal artery should produce a dose-related increase 

in RBF. Secondly, pharmacological characteristics must be dopaminergic, 

the vasodilator response should be selectively blocked by specific DA 

antagonists, but not 6-adrenergic blocking agents, atropine or anti­

histamines. Thirdly, to eliminate the possibility of a neuronally 

mediated response, the effect should not be attenuated by reserpine 

pretreatment, administration of the ganglionic blocking agent hexa- 

methonium or denervation. Fourthly, to differentiate DA from non­

specific vasodilating agents, such as nitroglycerin or bradykinin, 

there should be a qualitatively different vasodilation or no vasodilation 

produced at all, after injection into the POB pretreated, denervated 

femoral vascular bed. Obviously ^-adrenoceptor or 5HT receptor mediated 

vascular responses could be eliminated immediately, since agonists of 

these receptors cause vasoconstriction (for reviews see Goldberg et al, 1978 

a and b).

Collectively these studies suggested that DA was acting upon a 

specific postsynaptic DA receptor located In the renal vascular bed 

which, when activated, would produce a renal vasodilation. Subsequent 

structure-activity studies with phenylethylamine derivatives emphasised 

the highly specific nature of this receptor and provided supporting 

evidence for the previously proposed molecular organisation of DA at its 

own receptor in the brain of HgZZx

a) Agonist studies

Active DA vascular agonists required two hydroxyl groups on 

positions 3 and 4 of the catechol nucleus and an unsubstituted ^ or B 

carbon (Goldberg, Bonneville and McNay, 1968). Substitution of the 

amino group is limited to I methyl in mono-substituted derivatives, 

since n-methyl DA (epinlne) was equipotent with DA, and to a propyl or 

butyl derivative as one of the groups in di-N-substituted compounds
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(Ginos et al, 1978; Kohl! et a1, 1980) but the latter are 30-60 times 

less active than DA. Having established that the structural require­

ments for activation of the vascular DA receptor were highly restric­

tive, the logical progression was to investigate its conformational 

requirements. At this time ADTN, the compound which Woodruff (1971) 

had suggested would possess dopaminergic activity, was synthesised 

(Miller e^ a^, 1974) and found to be approximately equipotent with DA 

on the RBF model (Crumly et al, 1976; Volkman et al, 1977). Studies 

with derivatives of the 2-aminotetralin series were in agreement with 

the original studies, since they supported the hypothesis

that the most potent conformation for activation of the vascular DA 

receptor is the g-rotamer of DA (Kohli et^ 1979 ) as contained by 

ADTN. The ^-rotameric form of DA corresponds to the dihydroxyphenyl- 

ethylamine moiety contained in 2-amino-5,6-dihydroxy-1,2^3,4-tetra- 

hydronaphthalene (isoADTN) and is inactive on the RBF model, but is 

active as a B2"3drenoceptor agonist (Volkman et^ 1977).

Substitutions of the ADTN molecule reveal a similar structure-activity 

relationship to that for DA. N-methyl-ADTN is approximately equipotent 

to ADTN; however N,N-di-n-propy1 ADTN and N-n-propy1-N-n-buty1 ADTN 

were more potent than their respective DA derivatives. Increasing the 

size of the substituted group, for example N,N-dimothy1-,N-diethy1-,N- 

propyl-ADTN produced active compounds, as was the case with corres­

ponding DA analogues. Table 1.3 lists the potency order of phenyl- 

ethylamine, 2-aminotetralin, apomorphine and nomifensine derivatives 

on the DA vascular receptor.

Interestingly apomorphine, a relatively rigid molecule which 

contains the structure of n-mothyl DA with a fully extended side chain 

and amino group trans to the benzene ring in an =-rotameric conforma­

tion, was a partial agonist on RBF (Crumly 21 2l' 1976) whereas it 

was inactive on the HgZcx model system (Woodruff, 1971).

Moreover its substituted counterpart N-n-propyInorapomorphine was a 

full agonist of the postsynaptic DA receptor with 1/30-1/50th of the 

potency of DA. In contrast to N-n-propyInorapomorphine, isoapomorphine, 

which contains N-methyl DA in a g-conformation, was inactive (Goldberg 

and Kohli, 1979). Figure 1.9 shows the conformational relationship 

between DA and its apomofphine and aminotetralin analogues.
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TABLE 1.3 Agonists of the dopamine vascular receptor with relative 
potencies.

Relative
potency

DA

epinine (n-methyl DA)

ADTN

N-methyl-ADTN 

N-N-di-n-propyl ADTN 

N-N-propy 1-N-n-buty1 ADTN 

N-N-di-n-propyl DA 

N-n-propy 1-N-n-buty 1 DA 

N-n-propyl-N-n-pentyl DA 

6-propy1norapomorphine 

apomorphine (partial agonist) 

N-n-propyl-N-ethyl DA 

N-n-propyl-N-isobutyl DA 

N-n-propyl-N-phenethyl DA 

3,4 -dihydroxynomifensine

0.5-1

0.25

0.25

0.03

0.03

0.03

0.02

0.01

0.008

0.008

0.008

N.P.

Authors

Goldberg ^t^ ^a^, 1968 

Goldberg et a1, 1968 

Crumley et a1, 1976 

Volkman et al, 1977 

Kohli et al, 1979 

Kohli et al, 1979 

Kohli et al, 1978a 

Ginos et al, 1978 

Ginos et al, 1978 

Crumley et al, 1976 

Crumley et al, 1976 

Kohli et al, 1980 

Kohli et al, 1980 

Kohli et al, 1980 

Goldberg & Kohli, 1979

N.P. Not published,
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b) Antagonist studies

Potency and specificity are the two most important parameters 

that must be qualitatively evaluated in the assessment of antagonist 

drugs. Obviously the difficulty here lies in establishing that the 

blocking agent produces an inhibition of DA induced vasodilation by 

acting on DA receptors and not by any other mechanism.

In Goldberg's RBF model, the range of specificity of an agonist 

has been defined as the ratio between the minimum dose needed to block 

the response to isoprenaline (g-adrenoceptor agonist) or 

bradykinin (non-specific) divided by the minimum dose needed to block 

the response to DA. Table 1.4 lists the potencies and specificities 

of antagonists of the DA vascular receptor (Goldberg et al, 1978a). It is 

important to note here that the clinically active benzamide derivative, 

sulpiride, is more potent and specific at antagonising renal vascular 

responses to DA (Goldberg, Musgrave and Kohli, 1979), than classical 

neuroleptic drugs such as haloperidol, fluphenazine or chlorpromazine 

(Goldberg and Yeh,1971; Yeh et a^^ 1969). This observation is 

discussed in greater detail (Section 1-5-11) in the light of work 

originating from other DA receptor models described in the following 

sections.

c) la studies

Supporting evidence for the existence of a specific vascular 

DA receptor has come from uiTAo studies with an isolated renal 

arterial vessel preparation (Goldberg and Toda, 1975). DA caused a 

dose-dependent relaxation of small helical arterial strips pretreated 

with FOB for one hour and subsequently contracted with prostaglandin 

Responses to DA, n-methy 1 DA and ADTN were unaffected by 

propranolol, a specific 3-adrenoceptor antagonist, however,

specific inhibition by neuroleptics was not convincingly demonstrated.

d) Peripheral multiple dopamine receptors - DA^ and DAp?

Recently it has been suggested that the population of 

peripheral DA receptors concerned with renal vasodilation can be further 

subdivided into pre- and postsynaptic receptors (Goldberg and Kohli,
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1979). This proposal implies that the classical postsynaptic DA 

receptor situated on vascular smooth muscie can be differentiated 

from a neuronal, DA-sensitive, presynaptic inhibitory receptor in 

peripheral noradrenergic nerve terminals. However, presynaptic 

"^-adrenoceptors are also located on these same terminals

and may be stimulated by DA to result in a similar inhibition of 

NA release and a loss of vascular tone (see Table 1.2 and Section 

1-3-2). Therefore it is vital to distinguish between presynaptic 

inhibitory DA receptors and ^g-adrenoceptors to prove that DA is acting 

upon a specific receptor.

The inhibition by DA of the stimulation evoked release of 
[^H]NA in the perfused cat spleen was first reported in 1973 by 

Langer. Since then several authors have reported such a phenomenon 

under conditions in rabbit heart (Fuder and Muscholl, 1978),

cat nictitating membrane (Enero and Langer, 1975), rabbit ear artery 

(Hope et^ _a2, 1978) and under ucvo experimental conditions in dog

heart (Lokhandwala and Buckley, 1977; Lokhandwala and Jandhyala, 1979) 

and cat heart (Massingham, Dubocovich and Langer, I98O).

Stimulus evoked release of NA is reduced by DA receptor agonists such 

as DA, apomorphine, bromocryptine, pergalide or dipropyl DA. The 

inhibition of noradrenergic neurotransmission Is unaffected by 

"-adrenergic blocking agents (Enero and Langer, 1975; Dubocovich and 

Langer, 1978; I98O), in contrast it is selectively antagonised by 

neuroleptics such as chlorpromazine, pimozide or sulpiride. Bearing 

in mind that the role of DA as a peripheral neurotransmitter has not 

been conclusively demonstrated, but having established that peripheral DA

receptors probably exist, Goldberg and Kohli (1979) proposed a classification ( 
D] postsynaptic vascular and D^ presynaptic neuronal receptors on the 

basis of pharmacological studies in the renal and femoral vascular beds.

The model which these authors claim to differentiate between 

Di and D2 is based upon DA induced inhibition of NA release, from the 

sympathetic nerves supplying the canine femoral vasculature, by 

activating a specific presynaptic or neuronal DA receptor (Langer, 1974), 

resulting in a reduction of fomoral vascular tone viz. vasodilation 

(Kohli e^^ a^, 1978^L Structural criteria demanded for stimulation of 

the Dp receptor are less rigorous than D^. In contrast to D^, dimethyl.
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diethy] and dipropyl substituted analogues of DA and ADTN were active 

on the neuronal receptor. Dipropyl DA was more active than DA in 

causing femoral vasodilation (Goldberg, 1978c; Kohli e^ a^, 1979 ).

Moreover N-n-propyl-N-substituted analogues of DA ranging in size from 

butyl to phenethyl substituents were all equiactive on the neural model 

but propylbutyl- and propylpentyl-DA were more potent than their larger 

counterparts,propyl isobutyl- and propylphenethyl-DA,on DA vascular 

receptors. Rotameric specificity was less rigorous for DA induced 
vasodilation in femoral than renal vascular beds (Goldberg and Kohl 1,1979% Boti 

^ and g rotameric conformations of DA,presented to the receptor as 

isoADTN and ADTN respectively, were active as presynaptic receptor 

agonists. Finally apomorphine, a partial agonist on the vascular DA 

receptor was transformed to a full agonist on the putative D2 receptor.

1-5-6 Peripheral dopamine receptor models

To define a mceptorrmK^I system, specific antagonism must be 

demonstrated both and in isolated organ systems because in the

intact animal non-receptor mechanisms might be involved in the vaso­

dilating actions of DA. In the earliest investigations on

isolated canine renal, mesenteric, femoral (Goldberg and Toda, 1975) 

and coronary arteries (Toda e^^ a^, 1975) DA-Induced relaxations could 

not be antagonised by haloperidol or chlorpromazine because these 

agents relaxed the arterial strips themselves. More recently, specific 

antagonism to DA induced relaxations were demonstrated by metaclo- 

pramide (a substituted benzamide) on isolated rabbit mesenteric 

arteries (Brodde e^ a^, 1979) and by droperidol on isolated canine 

renal, mesenteric and coronary arteries (Toda, 1979). Table 1.5 lists 

and xa preparations used in the study of of peripheral DA

receptors.

1-5-7 Behavioural models

Behavioural studies have provided a valuable tool for studying the 

functional role of DA within the central dopaminergic tracts described 

in Section 1-2. However, many criteria used for the evaluation of 

dopaminergic agents in behavioural models were based upon indirect 

physiological responses, which were assumed to be a result of acti­

vation of a specific population of DA receptors. If the information 

yielded by behavioural studies is reconsidered in the light of the



TABLE 1.5: A summary of vZvo and Zn V-Ct/LO preparations used to study DA receptors in vascular beds.
Abbreviations: renal blood flow (RBF), renal vascular resistance (RVR), mean arterial blood pressure (MABP),
glomerular filtration rate (GFR), prostaglandin (PGF2 ). * Preparations pretreated with i) phenoxybenzamine to 
minimise “-adrenoceptor mediated vasoconstrictor responses to DA, ii) PGF2^ to contract i.Yi viX/10 blood
vessel preparations, since these were lacking sympathetic tone, so that clear-cut vasodilator responses to DA 
could be recorded.

PREPARATION SPECIES CONDITIONS
PARAMETERS

MEASURED
DA RECEPTOR TYPE 

INVESTIGATED
AUTHORS

Kidney

renal artery dog POB pretreatment 
In \)h}0

RBF vascular

Goldberg et al, 1968;
1978a;b

Pendleton et al, 1978
Bell, Conway 6 Lang, 197^

isolated renal artery dog Xn uXTtlo* relaxation after
PGF2^ contraction

vascular Goldberg 6 Toda, 1975
Toda, 1979

isolated perfused 
kidney

rat yin perfus­
ion pretreatment 
with POB and 
sotalol

RBF, RVR, GFR, per­
fusion pressure, 
urine output, frac­
tional tubular Na 
reabsorption

integrated system + 
vascular

Schmidt & Imbs 1980

vena saphrena 
lateral is stips

dog yin VyUAo* relaxation vascular Buylaert S Willems, 1976

Cerebral

cerebral artery dog yin VyOt^LO* relaxation vascular
Toda et al, 1975
Toda, 1976

middle cerebral 
arteries 
pial arteries

cat

man

yin Vyit/io*

yin iiiXui

relaxation vascular Edvinsson et at, 1977;
1978.

pial arteries rat yin 6yUtu vasodilation and vaso­
constriction examined 
by high-resolution 
closed-circuit tele­
vision microscope

vascular Al tura et al, 1980

Coronary

coronary artery dog yin VyiPLO* relaxation vascular
Toda et al, 1975
Toda, 1979

integrated cardio­
vascular function

guinea
pig
cat
dog

dog

rat

yin Vyivo

yin Vyivo 
yin Vyivo

yin VyiVO

yin Vyivo

4 MABP

4 MABP
cardiac rate, RBF,
RVR
heart rate, cardiac-, 
contracti1ity 
superfused superior-, 
mesenteric artery 
+ MABP

vascular and neural 
integrated

11
II

neuronal
}

vascular

i ntegrated

Woodruff & Summers, 1979

Pendleton et al, 1975
Hahn S Wardell, 1980

Clark & Menninger, 1980

Day & Blower, 1975

Mesenteric

isolated splenic 
artery

rabbit in VyUtji.0- relaxation vascular Hi 1 ditch & Drew, 1981

isolated mesenteric 
artery

rabbit 
dog

in VyipLO* 
in Vyii/LO*

relaxation
relaxation

vascular
vascular

Brodde et a 1, 1981
Goldberg S Toda, 1975

hepatic & portal 
vascular bed

dog in vivo vasodilation vascular Richardson 6 Withrington, 
1978

superior mesenteric 
artery

rabbit
S cat

in vivo intestinal blood flow, 
cardiac output, 
integrated activity of 
greater splanchnic 6 
postganglionic mesen­
teric nerves

vascular KulImann et al, 1979

Femora 1 •

intact hindleg dog in vivo femoral blood flow neurogenic, vasodilator Bogaert et al, 19^

1) mesenteric vascu­
lar bed &

2) femoral neuronal bed

dog in vivo mesenteric S femoral 
blood flows

1) vascular

2) neurogenic
Drew & Hilditch, 1980

1) renal vascular bed
2) femoral occluded 

circulation

dog in vivo renal 6 femoral 
b1ood f1ows

1) postsynaptic 
vascular

2) neuronal vaso-
Goldberg et al , 19/8d

dilatlon
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prerequisites for a specific DA receptor model, as described in 

Section 1-5-1, it is evident that neither absolute quantitative nor 

qualitative analysis of drug-receptor interaction at the molecular 

level is possible. Many unexplained observations (see Cc^^s and, 

van Rossum, 1980) hint that the DA receptor concept has been over­

simplified and that inadequate consideration has been given to the 

possibility of agents under investigation producing a DA-like response 

merely by modification of one or more synaptic components and con­

sequently changing the prevailing conditions within the synaptic cleft.

Potential dopaminergic substances like apomorphine might interact 

with either presynaptic or postsynaptic DA receptors, or other receptors 

(Seeman, 1978), deplete transmitter stores, cause amphetamine-1 ike 

release of endogenous neurotransmitter substances or even block trans 

mitter release. Alternatively, drugs might modify inactivation 

processes, for instance they could inhibit degradative enzymes like 

MAO and COMT or block re-uptake processes. Exogenous sub­

stances might undergo conversion to become an active metaboliteswhich 

possess any of the aforementioned properties. Finally, DA receptors 

themselves might undergo adaptational changes following pretreatment 

with drugs to produce phenomena such as hypersensitivity and desensit­

isation.

In order to differentiate between various dopaminergic tracts and 

their associated physiological functions (see Section 1-2-1), DA 

model test symptoms should ideally produce qualitatively different 

behavioural responses characteristic of the dopaminergic brain tract 

under investigation. Apomorphine and neuroleptics are used as tools 

to evaluate brain DA receptors and therefore agents mimicking them 

are labelled as DA agonists and antagonists respectively. However, 

models of these drug-induced behavioural changes might only reflect 

a net disturbance in overall DA balance rather than the effect of DA 

on individual dopaminergic systems. For instance, increased locomotor 

activity can be induced by either stimulation of neostriatal DA 

receptors or inhibition of DA receptors in the nucleus accumbens. 

Consequently, locationally and functionally distinct dopaminergic 

tracts might be separated if different types of DA receptors were 

also located within these structures. Behavioural and other studies do, 

in fact, provide good evidence for the existence of presynaptic DA 

receptors (Carlsson, 1975; Bunney and Aghajanian, 1975)»:and much
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controversial evidence for the existence of possibly two or more types 

of postsynaptic receptors.

Many behavioural techniques have been used to study brain DA 

receptors; three extensively used models are described here and 

reviewed in greater detail by Ungerstedt et al (1978) and Cools and van 

Rossum (1980). These are critically assessed for their representation 

of specific DA receptors.

a) 6-hydroxydopamine (6-OHDA) rotation model

Unilateral degeneration of dopaminergic innervation to the 

corpus striatum is achieved by intranigral injection of 6-OHDA and 

results in a compensatory supersensitivity of DA receptors in the 

lesioned striatum due to nerve terminal degeneration (Ungerstedt,

1971b). Subsequent injection of apomorphine or ADTN, DA receptor 

agonists which act directly on these hypersensitive receptors 

ipsilateral to the lesion, produces contralateral rotation. Indirectly 

acting dopaminergic agents, like amphetamine, induce rotation towards 

the lesion in such animals. This turning behaviour is assumed to be 

caused by the release of endogenous DA from intact neurones innervating 

the contralateral striatum (Ungerstedt, 1971c; Ungerstedt et a^, 1978).

Subsequent studies have shown that these original interpretations 

underestimated the complexity of interdependence between different 

dopaminergic mechanisms in the brain. Not only did degeneration of 

presynaptic nerve terminals indicate that DA receptors may exist in 

different states of supersensitivity (Ungerstedt, 1971c), but studies 

with agonists and antagonists led Cools and van Rossum (1976) to 

postulate the existence of different postsynaptic receptors, labelling 

them neostriatal DAe (excitatory) and mesolimbic DAi (inhibitory) 

receptors. They suggested mesolimbic ^-adrenoceptors could be 

involved in the regulation of mesolimbic DAi receptors and have been 

implicated in the development of a supersensitivity to apomorphine 

(see review by Cools and van Rossum, I98O). Contralateral rotation 

elicited by apomorphine might then be due to direct i) stimulation of 

hypersensitive nigrostriatal DAe receptors, ii) inhibition of unaffected 

mesolimbic DAi receptors or iii) stimulation of unaffected mesolimbic 

"^like NA receptors which in turn inhibit DAi receptors in the same 

region.
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Low doses of apomor-
phine stimulate neostriata) denervated DA receptors to produce a 

short-lasting response (^-i hour) which is inhibited by haioperidol.

In contrast, high doses of apomorphine produce a iong-lasting contra­

lateral rotation (1-4 hours), characteristic of inhibition of meso- 

limbic intact DA receptors, which is unaffected by haioperidol 

(Nakamura et a^, 1978; Cools, 1978). This behavioural and other 

evidence form the basis of a multiple receptor concept for DA in 

behavioural regulation (Cools and van Rossum, 1980). However, there 

is no good evidence to correlate DAe and DAi receptors with any other 

putative subclasses of DA receptors suchasDi and D2 or stereoselective 

binding sites for DA which have been proposed on the basis of work in 

other model systems. The concept of multiple DA receptors is dis­

cussed in Chapter 4.

b) Stereotype behaviour

Stereotype behavioural patterns in rats and mice, consisting 

of repetitive twitching of the head, sniffing, gnawing and licking or 

emesis in dogs, cats and pigeons, are thought to be responses mediated 

by a dopaminergic mechanism (van Rossum 1970; Randrup and Munkvad,

1974) in the brain. The assessment of drugs active as DA receptor 

agonists or antagonists is made upon indirect evidence; agents inhib­

iting apomorphine induced stereotypy are classified as antagonists 

and agents mimicking apomorphine responses are agonists. These DA 

receptor models are crude, non-specific and difficult to quantify. 

Summing scores given to qualitatively different responses are inade­

quate because they preclude the possibility of distinguishing between 

the actions of drugs on different dopaminergic mechanisms.

c) Hyperactivity

The involvement of a dopaminergic mechanism in locomotor 

activity provided a third behavioural model on which to assess DA 

receptor agonist and antagonist activity when Pijnenburg, Woodruff and 

van Rossum (1973) found that bilateral injection of ergometrine into 

rat nucleus accumbens produced vigorous hyperactivity. The induction 

of hyperactivity is a more appropriate DA receptor model than other 

behavioural alternatives. Firstly, it is more specific, as many studies 

have pin-pointed the nucleus accumbens as a primary target for
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dopaminergic agonists stimulating locomotion (Elkhawad and Woodruff, 

1975; Woodruff et a1, 1977; Piinenburg et a1, 1976; Costall et a1, 

1977)- Secondly, hyperactivity is readily quantified by placing the 

animal into an activity cage. Thirdly, the response clearly shows 

dose-dependency to dopaminergic agonists like ADTN which are 

specifically antagonised by fluphenazine, sulpiride and cis(Z)-f1upen- 

thixol but not the ^-adrenergic blocker aceperone, the ^-adrenergic 

antagonist propranolol, or the opiate receptor antagonist naloxone.

1-5-8 Electrophysiological models

Better directed approaches for the study of dopaminergic function 

in the brain have used electrophysiological techniques. These have 

the advantage of measuring direct changes in membrane ion permeability, 

the primary event at the cellular level during drug-receptor inter­

action. In iontophoretic studies the microenvironment of a single 

neurone is the target of action for pi comolar concentrations of 

pharmacological agents and the resultant alterations in neurotrans­

mission are recorded as alterations in frequency and magnitude of 

nerve action potentials by either intracellular or extracellular 

electrodes (see reviews by Aghajanian and Bunney, 1974; Dray, 1979 for 

details of electrophysiological investigations into dopaminergic 

systems). An example would better illustrate how the technique 

specifically identifies DA sensitive neurones.

The nigrostriatal dopaminergic tract originates in the substantia 

nigra and projects to the striatum (caudate and putamen) and is
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involved in the control of locomotion and posture (see Section 1-2-1). 

Direct evidence for DA as a transmitter in this pathway should come from 

comparing DA's action on target cells in the caudate, when applied ion- 

tophoretically, with electrically stimulating this pathway and recording 

physiological responses from cells in the striatum. Thus a cell 

responding to DA may be electrophysiological1y and pharmacologically 

characterised. DA receptor agonists and antagonists housed separately 

in a multi barrel led electrode complex may be ejected directly on to the 

same cell, either individually or simultaneously within seconds of 

characterising a target cell. In this way the nigrostriatal pathway 

was found to have distinct mixed inhibitory and excitatory fibres 

(Connor, 1970; Gonzalez-Vegas, 1974) impinging on to target cells.

Microiontophoretic techniques have also provided evidence for the 

existence of pharmacologically distinct presynaptic DA receptors (auto­

receptors) on the soma of DA neurones in the zona compacta of the 

substantia nigra and ventral tegmental area (A9 and AlO neurones 

respectively, see Figure 1.4). The firing of DA neurones was depressed 

by DA and apomorphine; this effect was inhibited by the DA antagonist 

trifluoroperazine. and g-adrenergic agonists did not mimic the

response to DA whilst and g-adrenergic antagonists were ineffective 

at blocking the depressant action of DA (Aghajanian and Bunney, 1977).

Iontophoresis has several disadvantages. Firstly, absolute drug 

concentrations ejected at the cellular level are impossible to quantify; 

instead the drug ejection current provides a proportionate estimate of 

the amount of drug released. Secondly, results are often confusing 

because although gross positioning of recording electrodes within a 

dopaminergic nucleus is achieved stereotaxi cally, these electrodes may 

nevertheless be at some distance from synaptic areas. Thirdly, 

pharmacological studies designed to test dopaminergic antagonists are 

non-specific whilst drugs are applied systemically and even the 

administration of drugs directly on to cells by iontophoresis cannot 

overcome this specificity problem whilst the selectivity of antagonist 

drugs remains poor. Finally, the inhibitory nature of DA may be 

affected by presynaptic receptors or interneurones.

1-5-9 Dopamine-sensitive adenylate cyclase model

During the last decade, more direct DA receptor models have been
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developed which are aimed at elucidating the fundamental chain of

events beginning with DA interacting with its membrane receptor and 

terminating in a physiological response. A DA stimulated accumulation 

of adenosine-3*:5'“cyclic monophosphate (cAMP) has been reported in 

CNS preparations ^ calf and rat retina (Brown and Makman, 1972), rat 

caudate nucleus (Kebabian e^ ^2' ^972), nucleus accumbens and olfactory 
tubercle (Horn, Cuello and Miller, 1974; Clement-Cormier et ^2' 1974) 

and to a lesser extent peripheral preparations - renal artery (Kotake 

et al, 1979) and rat kidney (Nakajima et a2, 1977).

In 1972 Kebabian, Petzold and Greengard proposed that DA- 

sensitive adenylate cyclase and the postsynaptic DA receptor were 

intimately related and that the enzymic product of ATP breakdown, cAMP 

could act in the classical fashion of a secondary messenger to mediate 

the physiological effects of DA. The mechanism of action of cAMP was 

reviewed by Gill (1977). Thereafter followed a tremendous interest in 

uncovering a biological role for cAMP; although the adenylate cyclase 

system has been very useful for characterising the DA receptor (see 

review by Iversen, 1975) many discrepancies have arisen which cast 

doubt on whether the role of adenylate cyclase is truly as a physio­
logical link between the DA receptor and its response (Laduron, 1980; 

Woodruff et al, 1979). However, DA sensitive adenylate cyclase has 

fulfilled most criteria for acceptance as a DA receptor model.

Firstly, the enzyme is located postsynaptically (Von Voightlander 

et a2, 1973; Mishra et, a2' ^974; Kreuger et a2, 1976) in some anatomically 

dopaminergic areas of the brain, but not in the dopaminergic region of 

the median eminence (Rappaport and Grant, 1974), where DA inhibits the 

release of prolactin from the anterior pituitary (see review by MacLeod, 

1976) or in DA autoreceptors upon cell bodies of the substantia nigra 

and upon terminals of the striatum (Kebabian and Caine, 1979). This 

observation was interpreted to indicate that DA receptors not associated 

with adenylate cyclase fell into two categories: i) autoreceptors - 

the adenylate cyclase linkage being purely a postsynaptic phenomenon,

ii) postsynapkic DA receptors functioning without an adenylate cyclase 

linkage.

Secondly, striatal and nucleus accumbens adenylate cyclase activity 

show dose-dependency and qualitative specificity for DA. DA is the 

most potent catecholamine at raising cAMP levels, a response which is
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unaffected by ^-and g-adrenergic antagonists (Kebabian et^ a^, 1972).

Thirdly, structure-activity studies with DA and related analogues 

correlate well with other DA receptor models such as canine RBF, the 

brain of behavioural and iontophoretic studies.

Epinine was equipotent with DA and substitutions of the 3 and 4 

hydroxyl positions of the benzene nucleus resulted in a loss of agonist 

activity (Miller et a}, 1974; Ginos e^ a^, 1975; Wat ling et a^, 1979). 

ADTN was equipotent with DA (Munday et^ a^, 1974) and 50-350 times more 

potent than isoADTN (Woodruff e t a I, 1979) indicating that the DA 

receptor associated with adenylate cyclase is preferentially activated 

by the g-rotamer of DA (see Section l-5-5a). Moreover, this DA receptor 

model exhibited stereoselectively forIT40-ADTN: (+)-ADTN was 100 times 

more active than S-f)-ADTN at stimulating the DA-sensitive adenylate 

cyclase (Woodruff et^ a^, 1979). Interestingly, (-)-apomorphine, a very 

potent agonist of behavioural models (see Section 1-5-7), was a partial 

agonist producing only a 50% increase in cAMP compared to DA; at high 

doses it antagonised DA-sensitive adenylate cyclase both in cell free 

(Kebabian ^t^ 1972) and intact cell (Brown and Makman, 1972) prepar­

ations.

In contrast, studies with DA receptor antagonists yielded many 

results which were incompatible with those from other DA receptor model 

systems. Classical neuroleptic drugs of the phenothiazine and thiox- 

anthene groups and butaclamol were potent inhibitors of the DA- 

sensitive adenylate cyclase (Clement-Cormier et a^, 1974; Miller et al, 

1974). However, butyrophenones like haloperidol were much less potent 

and benzamides like sulpiride (Trabucchi e^^ a^, 1975) were totally 

ineffective (see Section 1-5-11).

After the advent of a binding assay for DA receptors was reported 

(Seeman a^, 1975; Burt e^ a^, 1975) it was obvious that the anti­

psychotic potencies of neuroleptics correlated far better with neuro­

leptic binding site ICso values,than DA-sensitive adenylate cyclase 

IC^Q values. Many dopaminergic antagonists were extremely potent at 

competing in binding assays but poorly active on the adenylate cyclase; 

only the phenothiazines and thioxanthenes were equiactive on both. At 

that time, subcellular fractionation studies indicated that the DA 

receptor binding site and the DA-sensitive adenylate cyclase might be 

separate entities (Leyson and Laduron, 1977b). Adenylate cyclase was
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located in the mitochondrial fraction of rat striatum (Laduron et al, 

1976) whereas neuroleptic binding sites were located in the micro­

somal fraction. The concept of multiple receptor sites for DA in the 

CNS was subsequently proposed by Kebabian and Caine (1979) on the basis 

of these observations, those reported in Chapter 4 and evidence

from radioligand binding assays for DA receptors.

1-5-10 Radioligand binding studies

The development of receptor binding techniques has allowed accurate 

quantitative analysis of the molecular characteristics of membrane 

binding sites for neuroleptics at very low ligand concen­

trations similar to those found in patients (Seeman, 1977).

Radioligands are employed to label DA receptor binding sites 

enriched homogenates from dopaminergic tissue.

The purification of [^H] haloperidol and OA with high specific

activity (10 Ci/mmol) and separation of butaclamol into its highly 

stereoselective enantiomers allowed Seeman ^t (1975) and Burt et al 

(1975) to demonstrate the first dopaminergic ligand binding assa^for 

calf and rat striata. They provided evidence that neuroleptics compete 

with DA for stereoselective binding sites in proportion to their 

clinical potency as anti schizophrenic agents and that the concentration 

of drug bound to membrane preparations was in the nanomolar range and 

therefore similar to that measured in patients undergoing neuroleptic 

treatment (Seeman, 1977). The technique is essentially a competitive 

radioligand binding assay and drug potencies are determined by their 

IC^Q values which are taken as the concentration of drug required to 

displace 50% of the specific radioligand from its binding site.

a) Criteria for specificity

Substantial evidence exists that dopaminergic binding studies 

are truly representative of the physiological and pharmacological 

events occurring at the receptor level, however, experimental data must 

be analysed very carefully to preclude the possibility that information 

might be misinterpreted due to methodological,or other artifacts.

Careful analysis requires the following criteria for specificity to be 
satisfied:-

') The 1igand: The radioligand must have high specific activity
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to allow accurate measurement of the receptor site equilibrium 

constant for the ligand in a nannmolar concentration range. Radio­
ligands (agonist or antagonist) must possess high specific biological 

activity for the DA receptor, a low dissociation rate from the DA 

receptor binding site and low specificity for non-dopaminergic binding 

sites.

ii) Stereoselectivity: Many neuroleptics are highly lipid 

soluble and can accumulate in extremely high concentrations within 

membranes to produce disturbances in membrane structure and function 

such as altering transmembrane transport mechanisms, exerting local 

anaesthetic action by retarding membrane excitability in small axons 

and causing expansion or fluidisation of the membrane. Consequently, 

neuroleptic binding to membranes alone is insufficient evidence to 

warrant the designation of specific binding; such identification Is 

verified by the use of drugs with optical or geometric Isomers, 

possessing differences in potency but the same molecular structure.

For instance, the stereoselective action of (+)-butaclamol is evident 

at neuroleptic binding sites in the concentration range O.I-50 nM, 

whereas its non-specific solubility into membranes occurs between 

100-1,000 nM.

iii) Binding characteristics: The radioligand-membrane receptor 

interaction should display specificity and saturability within nanomolar 

concentrations, to permit the determination of an equilibrium binding 

constant (Kg) and apparent maximum number of binding sites (Bmax). 

Analysis of experimental data is usually by Scatchard or Hill plots
(see Bennett, 1978 for details); kinetic analysis of drug-receptor 

interactions is reviewed by Welland and Molinoff (I98I). Specific 

radioligand binding should be regionally distributed throughout 

dopaminergic brain areas.

iv) Non-specific binding: Total radioligand specific binding to

a dopaminergic site is determined by the amount of e.g. spiro­

peridol displaceable from the binding site by an excess concentration 

of a highly specific unlabelled ligand, e.g. (+)-butaclamol. The 

remaining non-specific radioligand binding could be composed of several 

components: (I) non-specific binding to the tissue, e.g. albumen, 

erythrocyte membranes or myelin, (2) free radioligand not effectively 

washed away or trapped within synaptosomes, (3) non-specific binding to 

separation materials, e.g. filters and glassware (see Section 3-3-1).
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Thus, the criteria for non-specific binding must be cautiously 

established, with the vital inclusion of an experimental blank, because 

radiolabel led chemicals can bind to non-biological substances with 

nanomolar affinities, similar to their affinities for the receptor.

b) Ligands used for dopaminergic binding

Specific binding sites on purified membranes from dopaminergic 

brain areas have now been demonstrated with a variety of neuroleptic 

and DA agonist radioligands. The striatum, nucleus accumbens, olfactory 
tubercle and septum have been labelled by agonists such as [^H] 

apomorphine (Seeman et^ i976), ADTN (Seeman, Woodruff and Poat,

1979; Davis et^ a^, 1980; Woodruff et^1979), DA (Seeman et^ al,

1975; Burt e^ a^, 1975) and antagonists such as spiroperidol

(Laduron and Leyson, 1977; Creese e^ al, 1977), haloperidol

(Seeman e^ aj^ 1975), [^H] cis(ZyTlupenthlxol (Hyttel, 1978), [^^C] 

fluphenazine (Taylor, 1974), [^H] domperidone (Mart res e^^ a^, 1978),

bromocriptine (Closse e^^ ^2, 1980) and [^H]-(±)-sulpiride 

(Woodruff and Freedman, 1981; Theodorou et, 1979).

Although regional ligand binding correlated well with brain

areas containing the highest density of DA receptor sites, confusion 

has sometimes arisen because the pattern of binding in various CNS 

regions has varied with different radioligands used in different 

species (see review Seeman, 1980).

c) Pharmacological characterisation of DA receptors

Dopaminergic binding sites were qualitatively distinguished 

from m- or g-adrenoceptor or 5HT receptor binding sites present by 

displacement studies where the potency of large series of compounds 

belonging to agonist, neuroleptic and other classes was determined by 

their efficiency at inhibiting the specific binding of radioligand to 

membrane receptor. DA was the most potent catecholamine at displacing 

a variety of ligands (Burt e^^ a^, 1975; Seeman 2l, 1975) except

for the cerebral cortex and hippocampus where 5HT was more effective 

than DA in inhibiting [^H] spiroperidol (Leyson and Laduron, 1977^^ DA 

and 5HT receptors are now known to bind similar ligands like (+)-butacl- 

amol and d-lysergic acid diethylamide (LSD) in some regions. and g-
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adrenoceptor agonists and antagonists lacked such potency

An important discrepancy was that DA receptor agonists like 

apomorphine, DA and ADTN displaced the natural ligand DA (Seeman

et al, 1975; Burt et^ a^, 1975) and other agonists (Seeman, Woodruff 

and Poat, 1979; Seeman et aj^ 1976) more effectively than antagonists 

and vice-versa (Creese, Burt and Snyder, 1976). Several interpret­

ations of this observation are briefly listed below.

i) The receptor molecule contained two receptor binding sites, 

one for agonists and one for antagonists.

ii) The receptor existed in two forms, an agonist state and an 

antagonist state in rapid equilibrium with each other (Creese jet^ a 1, 

1976).

iii) The two ligand types were labelling different binding sites, 

either D] adenylate cyclase-linked receptors or D2 non cyclase-linked 

receptors (Kebabian and Caine, 1979).

iv) The agonist ligands were binding to a presynaptic site and the 

antagonists to a postsynaptic adenylate cyclase-linked receptor (Leyson,

1979).

v) Both agonists and antagonist ligands were binding to different 

subunits of a multicomponent receptor complex (Laduron, 1980).

e) Structural-activity requirements for dopaminergic binding

The recent synthesis of a wide variety of semi-rigid DA 

analogues has permitted detailed structure-activity analysis of the 

conformation adopted by DA at its binding site and has yielded some 

information about the topography of the receptor Itself. Potential 

dopaminergic agonists extend across a broad spectrum of chemical 

compounds including phenylethylamine derivatives, aminotetralins, 

aporphines, apomorphines, isoapomorphines and octahydrobenzoquinolines. 

Each group possesses a series of extensively substituted derivatives, 

however, only those compounds illustrating the essential requirements 

for dopaminergic potency will be discussed.

i) Conformational requirements: DA receptor binding conformational 

studies are consistent with interpretations derived from adenylate
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cyclase (Woodruff et^ 1977), neurones (Monday e^ a1,

1976) and dog RBF (Volkman et^ 2l» ^977) models. All models are in 

agreement that the active conformation of DA at postsynaptic DA 

receptors is the g-rotamer (Woodruff ±1, 1979). [^H] ADTN binding

to rat striatal (Woodruff et^ ^a^, 1979) and [^H] apomorphine binding to 

calf caudate (Seeman e^ al^ 1978) preparations were inhibited to a 

greater extent by ADTN (g-rotameric form of DA) than by isoADTN 

(^-rotameric form of DA). Moreover the binding site displayed stereo­

specificity; R-(+)-ADTN was 300 times more potent than S-(-)-ADTN at 

inhibiting [^H| ADTN binding (Davis e^ a^, 1980), a stereoselective 

effect in agreement with studies on DA-sensitive adenylate cyclase and 

locomotor-stimulant activity in the rat nucleus accumbens (Freedman,

Wait and Woodruff, 1979).

Surprisingly, apomorphine which is similar to the =-rotameric form of 

DA, was equipotent or more potent than DA at displacing apomorphine
(Seeman et^ 2I, 1978) and [^H] ADTN (Davis et^ a^, 1980) but (±) isoapo- 

morphine, which contains N-methyl DA in a g-conformation, was inactive 

(Seeman ^t^ 2I, 1978). The lack of biological activity of (±) isoapo- 

morphine both peripherally on RBF (Goldberg and Kohli, 1979) and 

centrally on the 6-OH DA rotational model (Neumeyer et al, 1974) might 

possibly be explained by Seeman's (I98O) hypothetical model of the DA 

receptor recognition site. He postulated that an 'obstacle', in the 

vicinity of the binding site for the N atom of the phenylethylamine of 

DA, might sterically hinder the approach of the tilted ring in the 

molecular structure of isoapomorphine.

ii) Absolute requirements for binding: Potential DA receptor 

agonist compounds must have:-
(I) A hydrogen bonding group equivalent to the 3 position of DA.

In DA and most agonists, hydrogen bonding to the receptor site is 

achieved by an OH group, in ergot alkaloids, e.g. lisuride, hydrogen bond- 
inp is by an -NH- group. A second hydrogen bonding group equivalent 

to the 4'OH group of DA increased potency but was not essential for 

binding. For instance, the monohydroxylated compound (±)-1l-hydroxy- 

N-n-propylnoraporphine inhibited [^H]spiroperidol binding with 1/40th 

the potency of (-)-apomorphine (Neumeyer e^ a^, 1974) and (-}5-hydroxy- 

N-N-dipropyl-2-aminotetralin [(-)-5-0H-DPAT], which represents DA in an 

"-rotamer conformation, its OH group being equivalent to position 3 on
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DA, was more potent than R-(-)-apomorphine at inhibiting spiro­

peridol binding (Tedesco 21.^1, 1979) and at induction of stereotypy 

in rats and emesis in dogs (McDermed e^_al, 1976). Addition of a 

second OH group, equivalent to position 4 of DA, enhanced potency 

slightly in binding experiments! Surprisingly,

the affinity of the monohydroxylated 3-rotamer DA analogue, 7-hydroxy- 

N,N-di-n-propyl-2-aminotetra1in was 5-22 times weaker than the ^-rotamer 

analogue (Tedesco e^ 1979). Substitution of an OH group into 

position 6 of the aminotetralin molecule, analogous to p-tyramlne, 

resulted in the lowest affinity for these binding sites.

(2) Optimal positioning of the nitrogen atom: The resolution of 

dopaminergic structural analogues into their (+) and (-) enantiomers 

provided evidence that compounds containing a N atom positioned 

approximately 0.6A from the place of the ring had the highest potency 

at inhibiting [^H] spiroperidol, [^H] DA and [^H] apomorphine binding 

(Tedesco e^ 2l, 1979). For instance R-(-)-apomorphine was more potent 

than S-(+)-apomorphine, and (-)-5-0H-DPAT was 20 times more potent than 

(+)-5-0H-DPAT (Tedesco e^ a^, 1979; and Figure I.IO). This positional 

requirement might explain how structural analogues of DA such as R-6a- 

(-)apomorphine and 5-(+)-ADTN are active despite possessing different 

configurations about their assymetric carbon atom. Perhaps there is

no need for the absolute configuration to be identical so long as the 

nitrogen atom is positioned away from the plane of the phenyl ring 

holding the -OH or -NH group.

(3) Distance between -OH and -N groups: Compounds containing a 

distance of 7.3A or less between the -OH group and the N atom had the 

highest potency. For instance, (-)-5-hydroxy-N,N-dipropy1-2-amino- 

tetralin (6.5A) was more potent than (±)-7-hydroxy-N,N-dipropyl-2- 

aminotetralin (7.3A) at displacing [^H] spiroperidol binding (McDermed 

et al, 1976). If this interpretation is correct, it might explain

the potency differences between (+) and (-) ADTN (Figure 1.10 and l.ll). 

(+)-ADTN the distance between the N atom and the 7' OH group is 7.3A 

in comparison to 7.8A for (-)-ADTN; also only the (+)-ADTN molecule 

possesses the N atom positioned below the ring plane.

In

f) Distribution of binding sites; regional and subcellular

localisation: Neuroleptic binding sites and DA-sensitive adenylate 

cyclase are located predominantly in dopaminergic areas of the brain, 

especially the striatum and tubercular olfactorum. Their distribution
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H-ADT N (+)-ADTN

FIGURE I.IO Isomers of aminotetralin derivatives. I, (-)-5-0H-
DHAT and 2, (+)-5-0H-DHAT are (-) and (+)-5-hydroxy-N,N- 
dipropyl-2-aminotetralin respectively. 3, (-)-ADTN and 
4, (+)-ADTN are (-) and (+)-2-amino-6,7-dihydroxy-l,2,3, 
4-tetrahydronaphthalene respectively. The forward 
positioning of the N atom in the (+)-isomers reduces 
potency.
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is compatible with the regional distribution of labelled neuroleptics 

in rat and rabbit brain after administration of the drug ■tn vi.\)0

(Laduron and Leyson, 1977). However, subcellular fractionation studies 

gave one of the earliest indications that neuroleptic binding sites and 

the DA-sensitive adenylate cyclase might exist separately 

(Leyson and Laduron, l977bX After tissue fractionation [^H] haloperidol 

binding was greater in the microsomal fraction but DA-sensitive 

adenylate cyclase was predominantly localised in the heavy mitochondrial 

fraction (see Section 1-5-9).

I-5-II Sulpiride

Sulpiride belongs to the class of substituted benzamides which 

includes drugs such as metaclopramide, sultopride and tiapride. Its 

efficacy as a DA antagonist typifies classical neuroleptic action in 

some model systems but bears no resemblance in others.

Centrally, sulpiride is an extremely potent antagonist of ADTN 

induced hypermotility (Woodruff and Andrews, 1979), an antiemetic 

(Laville and Margarit, I968), increases serum prolactin levels In man 

(Mancini e^^^2, 1976), inhibits apomorphine induced circling behaviour 

(Elliot 22 a^, 1977), antagonises neuronal inhibitory responses to DA 

in the substantia nigra (Pinnock et^^2* 1979) and increases cerebral 

DA turnover (Tagliamonte e2 a2' 1975). Peripherally sulpiride is the 

most potent and most specific antagonist of DA induced renal vasodilation 

in dog (Kohli 62 a2, 1978b;Goldberg e2 ^2' 1979) and counteracts DA 

induced salt and water excretion in patients with salt retention 

(Agnoli e2 a2, 1978). However, it does not induce catalepsy (Laville, 

1972), is relatively weak In displacing [^H] haloperidol binding in 

the brain (Spano 22 a2* 1978) and is totally ineffective at antagon­

ising DA stimulated adenylate cyclase in the brain (Trabucchi e2 a1,
1975).

Sulpiride's ineffectiveness at inhibiting the adenylate cyclase 

model is a key piece of evidence in Kebabian and Caine's (1979) inter­

pretation of these observations; namely the existence of two classes 

of DA receptor, D] receptors linked to an adenylate cyclase molecule 

and unaffected by sulpiride, and D2 receptors not cyclase

linked and inhibited by sulpiride. Moreover Goldberg, Musgrave and 

Kohli (1979) recently suggested that the DA vascular receptor in the
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periphery and the receptor responsible for increase in brain DA 

sensitive adenylate cyclase might be different because of the extra­

ordinary potency differences of sulpiride on these two receptor
mode Is.

1-5-12 Aim of study

Pharmacological characterisation of peripheral DA receptors has 

been based almost entirely upon studies with the canine renal blood 

flow model originally developed by Goldberg and his colleagues almost 

20 years ago. Today this still remains the most direct model 

available for the study of peripheral DA receptors, despite the 

introduction of direct biochemical models which have been used 

extensively for the investigation of central DA receptors.

The aim of the present study was to establish a model test system 

for renal DA receptors in a convenient, small, laboratory animal, the 

guinea pig, to measure direct physiological responses to dopa­

minergic agents. This was combined with more direct methods for the 

assessment of DA receptor activity by examining the ability of 
dopaminergic agents to effect the production of cAMP and [^H] sulpiride 

binding in this animal. Before undertaking the study, it was known 

that DA depressed MABP in the anaesthetised guinea pig (Hornykiewicz, 

1953) in the absence of pharmacological blockade of =-adreno- 

ceptors, in contrast to its actions in the dog (Goldberg et al,

1968) and rat (Chapman e^ a^, 1980), where DA elevates MABP probably 

by activation of ^-adrenoceptors. Guinea pig vasodepressor

responses to DA had previously been employed in our laboratories as 

a simple model for measuring DA-1 ike activity on specific DA receptors 

(Woodruff and Sumners, 1979). Therefore we investigated renal 
responses to DA in the guinea pig.



CHAPTER 2

METHODS AND MATERIALS
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2-1 Renal blood flow

2-1-] Animal preparation

Guinea pigs of either sex (350-450 g), were anaesthetised with 

1.2 mg/kg i.p. urethane (ethyl carbamate) and were surgically equipped 

with a tracheal cannula (Portex, PP 205) and left jugular venous 

cannula (Portex, PP 25). The latter was connected to a Braun (Melsungen) 

AG constant infusion pump for administration of drugs (Figure 2.1).

Mean arterial blood pressure (MABP) was monitored from the right carotid 

artery by an Elcomatic EM750 transducer. Intra-renal artery drug 

infusions or injections were given via finely drawn out cannulation 

tubing (Portex, PP 100) which was inserted at the level of the left 

femoral artery and advanced along the aorta so that the tip was 

situated at the bifurcation of the aorta and left renal artery. This 

operation allowed drugs to be administered selectively into the 

circulation of the left kidney, either as continuous infusions or as 

injections in 0.1 ml/kg vehicle, from a high pressure screw syringe 

device which was necessary to overcome tubular resistance to injected 

volumes. The right femoral artery was ligatured to prevent drug 

escape, down the aorta and away from the kidney, during i.a. injections, 

Blood flow through the left kidney was maintained by a slow infusion 

(1.2 ml/hr) of 0.9% heparinised saline, throughout the experiment.

2-1-2 The measurement of renal blood flow by the hydrogen washout

technique

The left kidney was exposed by abdominal incision followed by 

peritoneal cauterisation to minimise blood loss. A platinum polaro- 

graphy electrode was inserted to a known depth (0.5-1.0 mm) into the 

renal cortex and an Ag/AgCl reference electrode clamped rigidly 

against the exposed abdominal tissue completed the electrical circuit.

The entire kidney was insulated with a thin layer of liquid paraffin 

to prevent moisture loss from the surface and to minimise electrical 

interference around the platinum electrode. Both electrodes were 

connected to a Vitatron pen recorder and integrated to produce a 

logarithmic response. Cortical RBF was measured by the H2 washout 

technique originally described by Aukland et a^ (1964). Briefly, HL (2-5ml) 

inspired by the animal via the tracheal cannula, rapidly equilibrated 

with blood and body tissue. Local H2 activity was measured as the
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current flowing between the reference and platinum electrodes. As 

H2 concentration increased in the kidney an Hg saturation peak was 

observed and its subsequent washout was proportional to the rate of 

RBF. The exponential decay of the H2 washout curve was displayed on 

a pen recorder.

The half-life of H2 concentration is indicative of the rate of 

change of [H2] in the kidney. RBF was calculated from the slope of 

individual desaturation curves, according to an equation derived from

the Fick principle:-

K

K

F

W

A

0.693

slope of the graph of log rH2l
t i me

b 1 ood f 1 ow

volume of tissue

tissueiblood partition coefficient of the gas (assumed 
to be unity for the kidney)

t^ = half-life of [H2] in venous blood

therefore blood flow = 69.3 ml/100 g/min
ti

Renal vascular changes were only attributed to a direct vascular 

action if changes were in an opposite direction to, or proportionally 

greater than, those changes expected during normal autoregulation.

To ensure that renal vascular responses were directly due to DA, 

but not due to compensatory changes in blood pressure the pen recorder 

was carefully synchronised to measure RBF and MABP simultaneously. A 

further parameter of renal vascular function, the renal vascular

resistance (RVR), was deduced by incorporation of coincident values of

RBF and MABP into the equation:-

MABPRVR = mmHg/ml min 100 g tissue

2-1-3 Guinea pig RBF measurements as a model for peripheral dopamine

receptors

Preliminary experiments revealed that intra-renal artery injections 

of DA (0.5-1,600 nmol/kg) resulted in dose-related increases in RBF at
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low doses (0.5-30 nmol/kg) but vasoconstriction at high doses (100- 

1,600 nmol/kg). DA is known to constrict the renal vasculature in 

dog (Goldberg et ^2* i968) and rat (Chapman e^ a^, 1980) by activation 

of ^-adrenoceptors (Goldberg 1978a). In guinea pigs

receiving ^-adrenoceptor antagonist pretreatment, the vaso-

constriction response, previously obtained with high doses of DA, was 

abolished (see Section 3-1-3). Thus, an “-adrenergic blocking agent 

was incorporated into all subsequent experiments. Various agents were 

tested for their suitability as ^-adrenoceptor antagonists in
this model. Phenoxybenzamine (FOB) (0.3 mg/kg) and phentolamine (0.1 

mg/kg) were lacking in specificity and duration,of «-adreno- 
ceptor blockade,respectively. In contrast, prazosin (O.I mg/kg), a 

highly specific “^antagonist had prolonged action (2-4 hours). There­

fore in all subsequent experiments prazosin was administered, diluted 

in 2-3 ml of saline, during a 30 minute infusion period prior to 

experimentation. Supplementary doses of prazosin were administered as 

required to maintain a complete inhibition of MABP responses to the 

specific “-agonist phenylephrine (50 nmol/kg). Measurements were begun 

30-40 minutes after completion of surgical procedures. Results were 

expressed as ml blood flow/100 g tissue/min or as the percentage 

increase of RBF above that of basal flow values during saline infusions

2-1-4 Evaluation of methodology

1) Efficiency of “-adrenergic blockade

Following prazosin (O.I mg/kg) treatment the resting blood 

pressure of anaesthetised guinea pigs used in these studies fell from 

60.6 ± 2.5 mmHg (n = 9) to 26.3 ± 0.5 mmHg (n — 6). To test the 

duration of “-adrenergic blockade single doses of the “-adrenergic 

agonist phenylephrine (50 nmol/kg) were administered at 15 minute 

intervals for 3.5 hours post-prazosin. Complete inhibition of MABP 

responses to phenylephrine by prazosin for two hours are shown in 

Figure 2.2. A small amount of vascular tone slowly returned approxi­

mately two hours after prazosin administration.

2) Verification of positioning of intra-renal artery cannula

Guinea pig renal arteries are extremely delicate and susceptible 

to damage caused by the mechanics of cannulation. Moreover,insertion of




































































































































































































































































































































