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ABSTRACT

The main objective of this thesis has been to identify and 

characterise responses to purine compounds in a variety of 

invertebrates and lower vertebrates, and to examine whether they act 

on receptors that resemble the purinoceptor subtypes established in 

mammals. Tissues were chosen largely from the gastrointestinal or 

cardiovascular systems. In mammalian systems adenosine and adenosine 

5’-triphosphate (ATP) activate separate classes of purinoceptors; 

this also appears to be true for tissues in most invertebrate groups, 

but there are exceptions, for instance the hearts of the snail Helix 

aspeTsa, and slug Avion atev, and the snail rectum all possess 

purinoceptors that do not appear to distinguish the purine 

nucleosides from nucleotides. However, the discriminating effect of 

glibenclamide revealed the presence of P^- and P^-like purinoceptors 

in the gastric ligament of the starfish Astevias vubens. The 

evolutionary advancement from invertebrates to lower vertebrates was 

reflected in the greater degree of purinoceptor differentiation. The 

stomach of the stickleback Gastevosteus aculeatus, exhibited a P2Y” 

purinoceptor, while there is a P2x”Purinoceptor in the intestine, 

both mediating contraction; both expressed a P^-purinoceptor, 

although no subtypes equivalent to those from mammals could be 

distinguished. Adenosine dilated the aorta of the frog Hana 

tempovavia, via a receptor resembling the Ag subtype defined in 

mammals ; a P2x“P^rinoceptor mediating constriction was identified in 

this vessel comparable to that known in mammalian vessels. A P]̂ - 

purinoceptor mediating vasodilatation was also found on the aorta of 

the garter snake Thamnophis sivtalis pavietalis together with



multiple P^-purinoceptors, P2X" P^Y'^^^eptors, both mediating 

constriction. In addition to pharmacological investigations, some 

histochemical studies were carried out on invertebrate tissues using 

the fluorescent dye quinacrine, to visualise structures containing 

high concentrations of bound ATP. Quinacrine fluorescence was found 

in the majority of marine and terrestrial invertebrates examined, 

including the intestines of Lumbvicus terrestres, Golfingia minuta^ 

Littorina littorea, Helix aspersa. Avion atev and Nactva covalline, 

and the hearts of Patella vulgavis, Littovina littovea, Nucella 

lapillus and Mytilus edulis. Some neuronal tissues were also found to 

exhibit quinacrine fluorescence including the pedal ganglion of 

Hytilus edulist cerebral ganglion of Helix aspevsa and visceral and 

pedal ganglia of Cavdium edule. Nerve fibres and nerve cell bodies 

could be distinguished. Finally, in the general discussion, some 

speculations about the evolution and development of purinoceptors are 

considered.
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1.1 PREFACE

Classically, it was believed that the autonomic nervous system 

consisted of two components, adrenergic and cholinergic, respectively 

releasing noradrenaline (NA) and acetylcholine (ACh). In the 1960’s, 

attention was focused on nerves that were resistant to blockade by 

adrenergic and cholinergic antagonists, termed 'non-adrenergic, non- 

cholinergic' (NANC), although the early literature had provided hints 

for the existence of this third autonomic component. NANC nerves were 

found to be strongly represented in the gastrointestinal tract of 

many vertebrate species, other systems that were also found to 

contain NANC nerves include the urinogenital, cardiovascular and 

respiratory systems.

It is currently recognised that there are some twenty 

neurotransmitter substances in autonomic nerves, including purines, 

peptides and monoamines. The concept that nerves may release more 

than one transmitter is widely held and co-transmission demonstrated 

in a variety of different tissues involving several combinations of 

transmitters.

The first NANC transmitter to be recognised was the purine 

nucleotide ATP. Although the potent extracellular actions of ATP on 

excitable membranes had been documented in the first half of the 

century, its acceptance as a neurotransmitter was resisted for many 

years, possibly because of the ubiquitous role of ATP as an 

intracellular energy source. In 1972, Burnstock proposed that the 

principle active substance released from NANC nerves was ATP, 

evidence in support of this included the observation that ATP was 

synthesised, stored and released from NANC inhibitory nerves in the
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intestine, these nerves were tentatively named 'purinergic'.

An analysis of the considerable literature concerning the 

effects of purine nucleosides and nucleotides, on a wide variety of 

tissues, led Burnstock in 1978 to propose that purinoceptors were not 

a homologous group, with separate receptors responsible for the 

effects of adenosine and ATP. According to this classification, P^- 

purinoceptors are more responsive to adenosine and adenosine 5’- 

monophosphate (AMP) and P^-purinoceptors are more responsive to ATP 

and adenosine 5*“diphosphate (ADP). The P^^-purinoceptor was 

subsequently subdivided into A^ and A2 subtypes based on the relative 

potencies of a series of adenosine analogues and whether adenylate 

cyclase activity was increased or decreased. P^-Purinoceptor 

subdivisions were also claimed on the basis of relative potency 

orders of ATP analogues and selective antagonism, termed P2x“ &nd 

P2Y“Purinoceptors. Further subclasses of both adenosine and ATP 

receptors have subsequently been recognised in mammalian tissues, 

both neuronal and non-neuronal.

Whereas there is a wealth of information as to the distribution 

of purinoceptors from tissues of mammals, few studies as to the 

extracellular roles of purine nucleosides and nucleotides in 

invertebrate and lower vertebrate species have been made, and it has 

been the aim of this thesis to examine the action of both adenosine 

and ATP on a variety of different invertebrate and lower vertebrate 

tissues and attempt to characterise purinoceptor subtypes.

A background to the work in this thesis is given in the General 

Introduction (Chapter 1) which includes a historical account of the 

discovery of the importance of both adenosine and ATP as
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neuromodulators and neurotransmitters, including work which led to 

Burnstock's landmark proposal of the "Purinergic Nerve Hypothesis" in 

1972. Previous relevant investigations of the action of purine 

compounds on tissues of invertebrates and lower vertebrates are also 

covered.

This is followed by a description of the General Methods 

employed within this thesis (Chapter 2), namely organ bath 

pharmacological studies on isolated tissues from both invertebrates 

and lower vertebrates and histochemical studies using the fluorescent 

acridine derivative quinacrine, carried out predominately on 

invertebrate tissues.

Experimental work in this thesis is divided into two sections. 

Section A is concerned with the activity of purine compounds on 

selected tissues from invertebrates; the animals were chosen from the 

invertebrate classes, including both marine and terrestrial forms.

The inhibitory response of the gastric ligament of the starfish 

Astevias jruhens to adenosine and ATP was investigated in Chapter 3. 

where receptors comparable with mammalian P^- and P^-purinoceptors 

were identified. The cardiovascular effects of purine compounds on

the isolated hearts of two terrestrial molluscs, the snail Helix
\
aspevsa and the slug Avion atev are described in Chapter 4. This is 

followed by an investigation of the effects of purine compounds on 

the oesophagus and rectum of the snail (Chapter 5)- The final chapter 

in this section (Chapter 6) investigates the use of quinacrine to 

stain a variety of tissues, both neural and non-neural, from groups 

of marine and terrestrial invertebrates. Complementary organ bath 

studies were conducted on those tissues that were suited to 

pharmacological investigations.

17



Section B of this thesis is concerned with the activity of 

purine compounds on tissues from lower vertebrates. Chapter 7 

investigates the activity of purines on the intestine of a freshwater 

teleost, the three-spined stickleback Gastevosteus aculeatus^ in 

which both and P^-purinoceptors were identified. The 

cardiovascular effects of purine compounds on the frog Rana 

tempovavia^ were examined in Chapter 8, where a study of the aorta 

identified both P^- and P^-purinoceptors. Finally, the cardiovascular 

effects of purine compounds on a reptile were examined in Chapter 9; 

a P^-purinoceptor and multiple P^i-purinoceptors were identified.

The focus of these studies has been on the roles of purines in 

gastrointestinal and cardiovascular tissues. Purinoceptors were 

characterised according to criteria established for mammalian 

purinoceptors, by agonist potency orders and by the activity of 

specific antagonists; results are discussed at the end of each 

experimental chapter and then assessed in a wider context in the 

General Discussion (Chapter 10).

1.2 HISTORICAL BACKGROUND

The realisation that purine nucleosides and nucleotides have 

important physiological actions divorced from their role in providing 

intracellular energy, first came about in the 1920’s, when Drury & 

Szent-Gyôrgyi (1929) provided evidence for the cardioinhibitory 

action of bovine and murine extract of cardiac muscle, kidney and 

brain tissue, which was found to be mediated by adenylic acid (AMP)
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present in the crude extract (Gillespie, 1934). Drury (1936) noted 

that adenyl triphosphate (ATP) was more effective at producing heart 

block in the guinea pig than adenosine. This was also found to be the 

case in a study by Green & Stoner (1950) who showed that activity 

increased with the length of the phosphate chain, such that adenosine 

was the least active and ATP the most active of the purine compounds.

Interest was directed towards the pharmacological actions of 

purine compounds on the cardiovascular system. Gaddum & Holz (1933) 

reported adenosine-mediated vasodilatation in the pulmonary system of 

cats and dogs. Richards (1934) found that normal human heart rate 

increased on injection of adenosine and AMP. Indeed, clinical studies 

were initiated for the use of adenosine to treat cardiac arrhythmias 

(Honey et al,., 1930; Jezer et al., 1933). However, large boluses of 

adenosine were found to temporarily arrest the heart and its short 

half-life further confounded attempts to utilise this nucleoside as 

an antihypertensive agent (Honey et al., 1930).

The potent vasodilator action of adenyl compounds suggested to 

Holton & Holton (1953. 1954) that ATP might be the substance released 

on antidromic stimulation of sensory nerves. It was subsequently 

shown that stimulation of the rabbit great auricular nerve, resulting 

in vasodilatation of the ear vasculature, released ATP (Holton,

1959).

Coronary vascular sensitivity to adenosine compounds stimulated 

Berne (1963) to propose that adenosine was the physiological mediator 

of metabolically controlled coronary vasomotion. This idea was based 

on the fact that inosine and hypoxanthine (breakdown products of 

adenosine) were found in the effluent of isolated perfused hearts 

after severe hypoxia (Berne, I963). Berne's original hypothesis
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stated that intracellular ATP was degraded to adenosine, which acted 

as a signal from the myocardial cells indicating that there were 

insufficient ATP levels. Adenosine was then thought to cross the 

sarcolemma and initiate relaxation of the resistance vascular smooth 

muscle. Berne's hypothesis has subsequently been called into 

question. ATP is considerably more potent than adenosine in mediating 

coronary vasodilatation, and increased ATP concentrations have been 

found in the perfusate of hypoxic hearts (Paddle & Burnstock, 1974), 

hence, the possibility that ATP released from endothelial cells 

during hypoxia and shear stress may regulate coronary vascular 

resistance by acting on endothelial receptors resulting in the 

release of nitric oxide (NO) and a resultant vasodilatation (see 

Burnstock, 1993) has been proposed.

Exogenous purine compounds have effects on many tissues in 

addition to the cardiovascular system, for example the guinea-pig 

taenia coli (Axelsson et al., 19^5; Axelsson & Holmberg, 1969; 

Burnstock et al., 1970; Satchell & Maguire, 1975). urinary bladder 

(Ambache & Zar, 1970; Burnstock et al., 1972a), trachea (Coleman, 

1976) and small intestine (Gillespie, 1934; Ewing et al., 1949) have 

been found to be sensitive.

1.3 RECEPTORS FOR ADENOSINE AND ADENINE NUCLEOTIDES

Gillespie (1934) first provided a hint that adenine nucleosides 

and nucleotides may have different pharmacological activities in 

different tissues and therefore may act on different receptors: ATP
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was described as being more potent than its non-phosphorylated 

derivatives in mediating relaxation of the guinea-pig ileum, whereas 

adenosine was more potent than its phosphorylated derivatives at 

causing coronary vasodilatation in cats and rabbits.

The first formal classification of distinct classes of 

receptors for adenosine and ATP was put forward by Burnstock in 1978. 

Receptors were termed and P^-purinoceptors. This was based on an 

analysis of the literature available concerning the action of purine 

compounds on a variety of mammalian tissues; subsequent 

investigations have shown that most mammalian systems contain P^- and 

P2“Purinoceptors (Burnstock, 1972, 1976, 1990b; Stone, 1981, 1989.

1991). The original classification of responses to adenosine and ATP 

into P^- and P2”Purinoceptors was based on four criteria: (1) 

relative potency order of agonists, (2) different activity of 

antagonists, particularly methylxanthines such as caffeine and 

theophylline, (3) different transduction mechanisms, and (4) 

induction of prostaglandin synthesis by ATP but not adenosine. Thus 

Pj^-purinoceptors were designated as those preferentially activated by 

adenosine and AMP and antagonised by methylxanthines, whereas P2- 

purinoceptors were classified as those preferentially activated by 

ADP and ATP and unaffected by methylxanthines. Both classes of 

purinoceptors have since been further subdivided.

1.3.1 -Purinoceptors

Evidence for subclasses of adenosine receptors emerged at the 

same time as the realisation that adenosine and ATP had different 

activities. A distinction was made between the adenosine receptor-
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mediated stimulation and inhibition of adenylate cyclase. Londos & 

Wolff (1977) demonstrated that adenosine and its analogues stimulated 

adenylate cyclase by a mechanism involving an external membrane 

receptor (the R site). Concurrently, Van Calker and colleagues put 

forward evidence that both stimulation and inhibition of adenylate 

cyclase could be mediated by adenosine at the external R site (Van 

Calker et at., 1978, 1979)• Londos and colleagues termed the receptor 

whose activation inhibited adenylate cyclase an Rĵ receptor, whereas 

receptors whose stimulation resulted in the activation of adenylate 

cyclase were termed R^ receptors (Londos & Wolff, 1977; Londos et 

al. ̂ 1978). These subclasses of adenosine receptors have since been 

found to be identical to the and A2 subtypes respectively; the 

and A2 nomenclature has gained widespread acceptance and the R^/^i 

nomenclature has been discontinued since activation of the adenosine 

receptors is not always linked to adenylate cyclase.

The two adenosine receptors have different agonist profiles. At 

the A-purinoceptor N^-substituted adenosine analogues are more 

potent than 5’“substituted analogues, such that the A^-receptor has 

an agonist profile of: R-N^-(2-phenylisopropyl) adenosine (R-PIA) = 

N^-cyclohexyladenosine (CHA) > 2-chloroadenosine (2-CA) > 5*“(N- 

ethylcarboxamide) adenosine (NECA) = S-N^-(2-phenylisopropyl) 

adenosine (S-PIA). A potency order of NECA > CHA > R-PIA > S-PIA, the 

position of 2-CA being variable, would indicate that the receptor was 

of the A2 subclass. Generally the R/S isomer potency ratio for PIA is 

> 10 (up to 100 - 200 times more potent) at the A^-receptor and < 10 

at the A2“receptor. More selective agonists have been developed such 

as N^-cyclopentyladenosine (CPA) (Moos et al. , 1985; Reddington &
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Lee, 1991) which is a highly selective A^-purinoceptor agonist, as is 

2-chloro-N^-cyclopentyladenosine (Lohse et al,, I988) and N^-{25)-[2- 

endc-norbonyl]adenosine (Trivedi et al., I989). A selective A2- 

purinoceptor agonist is the 2-substituted NECA derivative CGS 21680 

(Hutchison et al., 1989).

Although valuable for the classification of P^- and ?2- 

purinoceptors, methylxanthines show only limited selectivity between 

adenosine receptor subtypes and also act as inhibitors of alkaline 

phosphatase, phosphodiesterease and nucleotidases (Fredholm et al. , 

1978; Croce et al., 1979; Fredholm & Lindgren, I983). More potent and 

selective antagonists have since been developed. 1,3”Dipropyl-8- 

cyclopentylxanthine (DPCPX) (Bruns et al., 1987; von der Leyen et 

al., 1989; Behnke et al., 1990; Coates et al., 1994) has selectivity 

for the A^-receptor at low concentrations, whereas 8-(3“chlorostyryl) 

caffeine (Jacobson et al. , 1993a) is a selective A^-receptor 

antagonist (see Williams, 1991). Several non-selective adenosine 

antagonists are still widely used, including 8-phenyltheophylline (8- 

PT) and its water soluble derivative 8-(p-sulphophenyl)theophylline 

(8-pSPT).

Although the original classification of adenosine receptors 

relied on whether adenylate cyclase was activated or not, adenosine 

can act through effectors other than adenylate cyclase, even though 

this appears to be the primary second messenger mediating many of its 

effects (Stone, I98I, 1991; Morgan, 1991). Other mechanisms include 

phosphatidylinositol turnover (Berridge, I988, 1989) and calcium 

movement (Berridge, 1990).

Adenosine receptors do not directly activate adenylyl cyclase 

(Wolff et al., 1981), but rather act via intermediary guanine
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nucleotide-binding proteins (G-proteins) which bind either guanine di- 

or triphosphate (GTP) (Linder & Gilman, 1992). G-Proteins are not a 

single protein but consist of a heterotrimeric association of a, P 

and Y subunits. The a subunit binds GTP and directly regulates 

adenylyl cyclase and other enzymes and effectors. The ^/y complex is 

necessary for efficient coupling of the a subunit to receptors 

(Johnson, 1990). A variety of different subunit species have been 

identified, one of which stimulates adenylyl cyclase (Gg) and one 

that inhibits (Ĝ ) (Birnbaumer, 1990; Birnbaumer et al., 1990).

The potency orders described for adenosine do not always 

correspond exactly with the A^/A2 classification of P^^-purinoceptors, 

which resulted in the proposal of a third class of adenosine 

receptor, not coupled to adenylate cyclase: the Ag-receptor (Ribeiro 

& Sebastiao, 1986, 1988). The A^-receptor is believed to be present 

in the heart and on autonomic nerve endings and affecting calcium ion 

mobilisation. A typical agonist profile of R-PIA, NECA and CHA being 

more potent than 2-CA, independent of the potency order of the first 

three (Ribeiro & Sebastiao, I986) is suggested. A^-Receptors have 

also been identified on mast cells, not coupled to adenylate cyclase 

but activating phospholipase C via a G-protein (Beaven et al., 1991) • 

The presence of A^-receptors on mast cells may have therapeutic 

significance for the treatment of allergic disorders since this 

receptor is insensitive to xanthine antagonists, possibilities arise 

for the development of selective antagonists.

Recently, cloning studies have revealed a receptor from the rat 

testes and brain which, when cloned by homology to other G-protein 

coupled receptors was found to correspond to a novel, functional
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adenosine receptor and termed an A^-receptor {Meyerhof et al. ̂ 1991; 

Zhou et al. , 1992). This A^-receptor has taken precedence over the 

receptor defined by Ribeiro & Sebastiao (I986). The physiological 

role of the A^-receptor is largely unknown and its distribution 

limited thus far to the central nervous system (CNS) (Zhou et al.,

1992), testes (Meyerhof et al., 1991), heart (Zhou et al., 1992) and 

the immune system, where it appears to modulate release from mast 

cells and other cells involved in the immediate hypersensitivity 

reaction (Ramkumar et al. , 1993) • N^-BenzylNECA has been found to be 

a highly potent and moderately selective agonist at the A^-receptor 

(van Galen et al., 1994) together with (3“iodobenzyl)adenosine-5’“ 

N-methylcarboxamide (IB-MECA) (Jacobson et al. , 1993b; Gallo- 

Rodriguez et al. , 1994) and BW-A 522 (Fozzard & Hannon, 1994) has 

potent antagonist properties at least at ovine and human A^-receptors 

(Linden et al., 1993; Salvatore et al., 1993).

The A^-purinoceptor has been further subdivided into high and 

low affinity subtypes, A2^ and h2h respectively, on the basis of 

structure-activity relationships (SAR) and binding studies (Bruns et 

al., 1980, 1983, 1986; Bruns, I98I) and cloning studies (Libert et 

al., 1989; Stehle et al., 1992).

Subdivisions of the A^^-receptor have also been proposed by 

Gustafsson and colleagues. They proposed that central receptors that 

originate embryologically from the neural tube should be called A^^, 

and receptors on autonomic nerves that originate embryologically from 

the neural crest should be termed A^^, both being distinct from the 

A^-receptor at the neuromuscular junction (Gustafsson et al., 1990). 

This proposal has not been widely accepted.

The localization of A^-purinoceptors appears to be
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predominately in the CNS, particularly in the cerebral cortex (Cooper 

et al,, 198O; Feuerstein et al., 1985; Jackisch et al., I985) but 

also in some peripheral blood vessels (Brown et al., 1982; Collis, 

1989), cardiac tissue (Evans et al., 1982; Collis, 1983) and also in 

adipocytes (Londos et al., I98O; Ukena et al., 1984). ^2" 

Purinoceptors are more diversely localised, being found in the 

striatum (Daly et al., 1983). intestinal (Burnstock et al., 1984a), 

cardiovascular (see Olsson & Pearson, 1990) and airway (Brown & 

Collis, 1982) smooth muscle, mediating inhibitory actions, and on 

fibroblasts (Bruns, I98O), carotid body chemoreceptors and some 

immune-related cells (Ukena et al., 1984).

Depolarization with K"*”, veratidine or electrical stimulation 

has been shown to release adenosine both in vivo and in vitro (see 

White & Hoehn, 1991) from synaptosomes and slices from various brain 

regions, such as the striatum (Jhamandas & Dumbrille, I98O; Ballarin 

et al., 1987) and cortex (Pull & Mcllwain, 1975; Hoehn et al., 1990) 

indicating the possible role of adenosine as a neurotransmitter in 

its own right albeit with a very limited distribution.

1.3.2 P2-Purinoceptors

P2"Purinoceptors were originally subdivided into P2x“ P2y“ 

purinoceptors on the basis of relative potency orders of stable 

analogues of ATP and on the activity of antagonists (Burnstock & 

Kennedy, 1985b). Currently, five well established divisions of the 

P2“Purinoceptor are accepted: P2%, P2y* ^2Z' ^2T ^2U (Gordon,

1986; Hoyle, 1992; Abbracchio et al. , 1993) with some less-accepted
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subtypes: ?2g (Wiklund & Gustafsson, 1988a, 1988b), ?2p (von Kügelgen 

& Starke, 1990) and the ?2^ receptor which is synonymous with the ?2u 

(Abbracchio et al., 1993)* This area of purine receptor taxonomy is 

currently under review; it is proposed that P2X and P2Y will comprise 

super families incorporating subclasses of these receptors, P2X^_^ 

and P2Y^_y, based on the fact that P2X-purinoceptors are ligand-gated 

ion channels and P2Y-purinoceptors are complexed to G-proteins 

(Dubyak & El-Moatassim, 1993; Abbracchio & Burnstock, 1994; Fredholm 

et al. , 1994).

According to the original classification of P^-purinoceptors 

the potency order of ATP analogues for the P^X'^^ceptor subclass is: 

a,^-methylene ATP (a,&-MeATP) and &,Y-methylene ATP (^,y-MeATP) > ATP 

> 2-methylthio ATP (2-MeSATP); analogues with a modified phosphate 

chain such as a,&-MeATP being more potent than those with a modified 

purine nucleus such as 2-MeSATP (Burnstock & Kennedy, 1985b; Bo & 

Burnstock, 1993)• Electrophysiological investigations have revealed 

that P2x"PU^irioceptors can act as ligand-gated ion channels permeable 

to Na*, K^ and Ca^* in a variety of excitable cell types including 

neurones and muscle cells mediating fast excitatory neurotransmission 

or C O -transmission; activation in most cell types is associated with 

a rapid increase in cytosolic calcium concentration (Benham & Tsien, 

1987; Stanfield, 1987; Alvarez et al., 1990; Bean, 1992; Dubyak & El- 

Moatassim, 1993; Edwards, 1994). Arylazidoaminopropionyl ATP, a 

photoaffinity analogue activated by ultra violet light, is considered 

a selective antagonist (Hogaboom et al. , I98O; Fedan et al. , 1982; 

Theobald, 1982; Westfall et al. , 1983) but may interact with P^- 

purinoceptors (Frew & Lundy, I986). Also, prolonged exposure to a,&- 

MeATP causes selective desensitisation of the P2x”Purinoceptor
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(Kasakov & Burnstock, 1983)• More recently pyridoxalphosphate-6- 

azophenyl-2* ,4’-disulphonic acid (PPADS) has been shown to have 

specificity for P2X"P^^i^°ceptors in various tissues, including the 

rabbit (Lambrecht et al., 1992) and guinea pig vas deferens (McLaren 

et al. ̂ 1994), the rabbit bladder, ear and saphenous artery 

(Ziganshin et al. ̂ 1993, 1994).

P2Y"Purinoceptors have an agonist potency order of 2-MeSATP >> 

ATP > o,&-MeATP and P,Y~MeATP. This receptor subtype is thought to 

belong to the superfamily of G-protein-coupled receptors that have 

seven transmembrane spanning domains (see Dubyak & El-Moatassim,

1993) which can be functionally coupled to inositol phospholipid- 

specific enzymes. ATP-induced accumulation of inositol polyphosphates 

is usually accompanied by an increased influx of calcium (Berridge & 

Irvine, 1989; Boyer et al., 1990, Cusack, 1993). Reactive blue 2 

(RB2), an anthroquinone sulfonic acid derivative has been found to be 

an antagonist of P2y“Purinoceptors, but only over a very limited 

concentration range (Kerr & Krantis, 1979; Manzini et al., 1986; 

Burnstock & Warland, 198?; Houston et al., I987). However, whereas 

RB2 has been shown to inhibit P^y-mediated responses in the gut and 

some blood vessels (Manzini et al. , 1985, 1986; Burnstock & Warland, 

1987; Taylor et al., 1989), it also inhibits P^x'^^diated responses 

in the bladder (Choo, I98I).

Recently, the trypanocidal drug suramin (Voogd et al., 1993), 

has proved to be an effective P2“Purinoceptor antagonist, but with 

little selectivity between P2X and P2y subtypes (Dunn & Blakeley, 

1988; Den Hertog et al., 1989; Hoyle et al., 1990) and potentiation 

of P2X" but not P2y-mediated responses by suramin has also been
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reported (Hourani & Chown, 1989; Hoyle et al. ̂ 1990). Suramin has no 

antagonistic activity on the P2'p-purinoceptor where ADP is the 

principle agonist (Hourani et al., 1992).

A receptor found to exist on platelets (thrombocytes; for 

review see Hourani & Cusack, 1991) with a novel agonist potency order 

in that it is specifically activated by ADP and insensitive to 

adenosine (Haslam & Rosson, 1975; Haslam et al., 1979) has been named 

the P2-p-purinoceptor (Gordon, I986); ATP acts as a competitive 

antagonist (Macfarlane & Mills, 1975)* This receptor has certain 

similarities to a P2Y“P^rinoceptor in that analogues with a modified 

phosphate chain are less potent, whereas 2-substituted analogues of 

ADP are very potent (Cusack et al., 1979)• Binding of ATP to P2T" 

receptors is thought to induce a rapid change in shape of the 

platelet accompanied with an equally rapid influx of calcium and 

mobilisation of intracellular calcium stores (Yoshida et al., I986; 

Sage et al., 1990; Mahaut-Smith et al., 1992) consistent with the 

possibility that the P2'p"Purinoceptor is a ligand-gated ion channel 

receptor. However, platelets also exhibit responses that are 

generally associated with activation of G-protein-regulated effector 

enzymes (Sage et al., 1990). According to the reclassification of P2- 

purinoceptors, the P2'p*-receptor may be re-classed as a member of the 

P2Y family.

The tetrabasic acid of ATP, ATP^” stimulates a separate 

purinoceptor with novel characteristics since all other nucleotides 

are inactive (Cockcroft & Gomperts, I98O). This receptor has been 

named the P2Z"P^^^^°ceptor (Gordon, I986). Activation of this subtype 

of P2“Purinoceptor results in mast cell secretion (Cockcroft & 

Gomperts, 1979; Bennett et al., I98I) in addition to inhibiting the
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activity of natural killer lymphocytes and monocyte-derived 

macrophages (Cameron, 1984; Schmidt et al,, 1984). The 2',3'- 

dialdehyde derivative of ATP, also known as oxidized ATP, binds 

irreversibly to macrophage P2ZTPurinoceptors, covalently modifying 

the receptor (Murgia et al. , 1993)• It has been reported that 

extracellular ATP alters membrane permeability of transformed 

fibroblasts which rapidly release metabolites into the extracellular 

medium (Rozengurt et al., 1977)* It has subsequently been established 

that ATP-induced loss of endogenous metabolites occurs via the 

formation of bi-directional, non-selective pores. This type of P2Z” 

ATP response has been well characterised in mast cells (Cockcroft & 

Gomperts, I98O; Tatham et al., I988; Tatham & Lindau, 1990), 

macrophages (Sung et al. , 1985; Buisman et al. , I988) and certain 

transformed fibroblasts (Heppel et al., I985). This receptor does not 

fit into the proposed reclassification of P^-purinoceptor since it 

does not act either as a ligand-gated ion channel or coupled to a G- 

protein.

A further subclass of P^i-purinoceptors has been proposed - the 

P2S subtype, but selective agonists and antagonists are as yet 

lacking for this receptor, although distinct pharmacological profiles 

have been submitted. For example, 2-MeSATP and a,^-MeATP have been 

found to be equipotent in the guinea pig ileum and are not affected 

by either RB2 or by desensitization with a,&-MeATP; the receptor 

mediating this effect has therefore been termed a P23“receptor 

(Wiklund & Gustafsson, 1988a, 1988b).

An additional purinoceptor has been described to account for 

observations that in a number of tissues purine and pyrimidine
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nucleotides elicit similar responses (Haussinger et al,, 1987; von 

Kügelgen et al., I987), with a characteristically high sensitivity to 

both ATP and uridine 5'“triphosphate (UTP) and low sensitivity to 

other analogues such as a,&-MeATP and 2-MeATP i.e. a potency order 

of: UTP = ATP > ADP > 2-MeSATP > o,&-MeATP, this receptor has been 

termed a pyrimidinoceptor (Saiag et al., 1990) or P^U'^eceptor 

(O’Connor, 1992) and has been described in several tissues (Seifert & 

Schultz, 1989) particularly in vascular preparations (Saiag et al., 

1990, 1992; von Kügelgen & Starke, 1990; Ralevic & Burnstock, 1991b; 

Vials & Burnstock, 1993b). As yet there are no recognised antagonists 

for this receptor making its pharmacological characterisation 

incomplete. This receptor bears some similarity to P2y“Purinoceptors 

in that signal transduction is thought to be via G-protein-dependent 

calcium mobilisation and inositol triphosphate accumulation (Fine et 

al. , 1989; Murphy & Tiffany, 1990) and may be re-classed as such.

1.3.3 P^-Purinoceptors

The term P^ has been suggested for an adenine nucleotide 

receptor claimed to be methylxanthine-sensitive (Shinozuka et al. , 

1988) in the rat tail artery, on the basis that adenosine and ATP, 

together with their analogues 2-CA and P,Y“MeATP, inhibit NA release 

from sympathetic nerves, an effect that is antagonised by 8-pSPT; 

this subclass, however, has not been generally accepted.
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1.4 PURINERGIC TRANSMISSION

A component of autonomic transmission that could not be 

classified as either adrenergic or cholinergic was recognised in the 

latter years of the last century, from the observation that 

stimulation of the vagus nerve produces relaxation of the stomach 

when the cholinergic component was blocked by the application of 

atropine (Langley, I898; May, 1904; Veach, 1925; McSwiney & Robson, 

1929). This was mistakenly considered to be adrenergic (Ambache,

1951; Ambache & Edwards, 1951). even though nerve-mediated responses 

were only susceptible to adrenergic blockade at high concentrations 

that also blocked ganglionic transmission. Further, nerve-mediated 

relaxations of the guinea pig taenia coli were shown to be resistant 

to atropine and guanethidine antagonism (Burnstock et al., 1963a, 

1964, 1966), but tetrodotoxin (TTX) sensitive (Biilbring & Tomita,

1967).
The concept that ATP may be a neurotransmitter emerged when 

Holton & Holton (1954) suggested that ATP produced vasodilatation 

after antidromic stimulation of sensory nerves supplying the rabbit 

ear artery (Holton & Holton, 1953. 1954). This hypothesis was 

confirmed when ATP was shown to be released upon stimulation of the 

great auricular nerve (Holton, 1959). la addition, Hughes & Vane 

(1967) noted that postjunctional effects of ATP on the rabbit portal 

vein resembled the inhibitory responses to NANC nerve stimulation.

It had been known for some time that the application of ATP or 

adenosine to peripheral ganglia (Feldberg & Hebb, 1948) and to the 

brain and spinal chord produced electrophysiological, biochemical or 

behavioural changes (Buchthal & Folkow, 1948; Feldberg & Sherwood,
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1954; Galindo et al., 1967; Sattin & Rail, 1970). These observations 

were followed with detailed characterisations of such inhibitory 

responses in the intestine (Burnstock et al. , 1970, 1972b) and 

stomach (Bayliss & Starling, I9OO; Campbell, 1966; Biilbring &

Gershon, 1967; Jansson, I969)•

An atropine resistant component of pelvic nerve stimulation of 

the urinary bladder was observed during the last century (Langley & 

Anderson, 1895) which led to the proposal of a separate inhibitory 

innervation of the bladder that was neither adrenergic nor 

cholinergic in nature (Henderson & Roepke, 1934; Chesher & Thorp,

1965; Chesher & James, 1966; Ambache & Zar, 1970) which was later 

shown to be mediated by ATP (Burnstock et al. , 1972a, 1978a, 1978b).

Electrophysiological evidence of inhibitory junction potentials 

in response to NANC stimulation was first noted in the guinea pig 

taenia coli (Burnstock et al., 1963a, 1964; Bennett et al,, I966) and 

later in the stomach (Kuriyama et al., 1970; Beani et al., 1971; Beck 

& Osa, 1971), ileum (Kuriyama et al., 1967; Hidaka & Kuriyama, I969) 

and colon (Furness, 1969a, 1969b) although the transmitter was not 

known.

Burnstock and colleagues (1970) proposed that the substance 

released upon stimulation of NANC fibres was the purine nucleotide 

ATP, from studies showing that ATP was synthesised, stored and 

released from NANC nerves supplying intestinal smooth muscle, thereby 

satisfying Dale's criteria for a substance to qualify as a 

neurotransmitter (Dale, 1935)- These nerves were tentatively termed 

'purinergic' (Burnstock, 1971). ATP was found to satisfy all the 

criteria of a neurotransmitter: (1) ATP synthesising enzymes were
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present in the neurone, (2) vesicular-stored ATP was released from 

varicosities on activation, (3) effects of NANC nerve stimulation 

could be mimicked by the application of exogenous ATP, (4) 

ectoenzymes responsible for the breakdown of ATP to adenosine were 

present and (5) substances that affect NANC nerve-mediated responses 

had the same effect on exogenously applied ATP (see Burnstock, 1972).

Purinergic neurotransmission is now known to occur in a variety 

of tissues including gastrointestinal tract, cardiovascular system, 

bladder, trachea and vas deferens from a wide range of vertebrate 

species. Within the gastrointestinal tract, purinergic transmission 

has been identified in the mammalian stomach mediating inhibition 

generally via P2y-purinoceptors (Delbro & Fàndriks, 1982, 1984; 

Burnstock et al. ̂ 1970; Hoyle & Burnstock, 1989). NANC inhibitory 
responses have been identified in other regions of the gut, including 

the oesophagus (Code & Schlegel, 1968), small intestine (Kosterlitz & 

Lydon, 1969; Manzini et al., I986), including both ileum (Wiklund & 

Gustafsson, 1984, 1988a, 1988b; Mahmod & Huddart, 1993) and duodenum 

(Burnstock et al., 1972b; Manzini et al., 1985; Postorino et al.,

1990) and the large intestine (Bianchi et al., I968; Furness, 1969a, 

1969b; Meldrum & Burnstock, I985).

ATP also has an excitatory action on some regions of the gut 

(Burnstock et al., 1972b), for instance in the rat distal colon 

stimulation of the pelvic nerve in the presence of atropine causes a 

contraction that is mimicked by ATP and blocked by desensitisation 

with a,p-MeATP implying an action mediated via P2x"Purinoceptors 

(Hedlund et al., 1983. 1986). ATP also causes contraction of the 

longitudinal muscle of the guinea pig ileum (Kamikawa et al., 1977; 

Wiklund & Gustafsson, 1988a, 1988b).
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Within the cardiovascular system, ATP has been proposed to 

function as an excitatory co-transmitter from sympathetic nerves 

released in conjunction with NA (Su, 1975; Burnstock & Kennedy,

1985a, 1986; Burnstock, 1988, 1990a). Many vascular preparations 

display purinergic co-transmission including the dog basilar and 

mesenteric artery (Muramatsu et al., I98I; Omote et al., I989). 

rabbit pulmonary, mesenteric and hepatic artery (Katsuragi & Su,

1982; von Kügelgen & Starke, 1985; Brizzolara & Burnstock, 1990; 

Ralevic & Burnstock, 1991a), rat tail artery (Sneddon & Burnstock,

1985) and human saphenous vein (Rump & von Kügelgen, 1994).

The portal vein of the rabbit possesses NANC inhibitory nerves. 

Stimulation of these nerves can be mimicked by ATP (Hughes & Vane, 

1967) activating P2Y”Pu^irioceptors located on the smooth muscle 

(Burnstock et al. , 1979; Kennedy & Burnstock, I985 ; Brizzolara et 

al., 1993).

ATP has been proposed as a co-transmitter innervating visceral 

organs. Atropine resistant excitatory responses in the urinary 

bladder have been identified as purinergic (Burnstock et al., 1972a, 

1978a, 1978b; Theobald, 1982, 1992; Kasakov & Burnstock, 1983; Hoyle 

Burnstock, I985, 1992; Anderson, 1993). Excitatory junction 

potentials were recorded in the guinea pig, rabbit and pig bladder 

which were abolished by a,&-MeATP (Hoyle & Burnstock, 1985; Fujii,

1988) indicating that these were mediated by ATP acting on P2X" 

purinoceptors. It is postulated that ATP and ACh are co-transmitters 

in intrinsic parasympathetic nerves in the bladder (Hoyle &

Burnstock, 1985. 1992).

There is evidence for purinergic inhibitory innervation of the
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trachea, especially of the dog and guinea pig. ATP mimics nerve- 

mediated inhibitory responses (Coleman & Levy , 197^; Coleman, 1976; 

Burnstock, 1978) although adenosine has also been found to relax 

precontracted trachea and may in fact be the transmitter (Satchell, 

1982), ATP exerting an effect after being broken down to adenosine. 

Evidence that the receptor mediating the relaxation of the monkey, 

rabbit and guinea pig trachea is predominately an adenosine receptor, 

includes the fact that ATP, ADP, AMP and adenosine are all 

approximately equipotent, in addition, dipyridamole was found to 

potentiate the effect of each of the compounds and those modified ATP 

analogues that were resistant to breakdown, such as a,&-MeATP, were 

without activity (Christie & Satchell, I98O; Satchell, I982). Both 

contractile and relaxant responses to adenosine and ATP have been 

isolated by using different preparations of guinea pig trachea 

(Satchell & Smith, 1984).

In the vas deferens, ATP causes contraction via ^2X" 

purinoceptors and ATP released as a co-transmitter with NA is well 

established (White, I988; Burnstock, 1990a; von Kügelgen & Starke,

1991) in the mouse, guinea pig and rat (French & Scott, 1983; Meldrum 

& Burnstock, 1983; Boland et al., 1992).

1.4.1 Purinoceptor Subtypes Within The Gastrointestinal Tract

Adenosine receptors are found in many areas of the intestine. 

In the guinea pig taenia coli adenosine initiates relaxation via an 

A2”receptor (Burnstock et al. , 1984a). In the guinea pig ileum 

adenosine inhibits transmission (Paton et al., 1987) and is 

inhibitory in the rat, guinea pig, rabbit and cat duodenum (Drury &
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Szent-Gyôrgyi, 1929; Ally & Nakatsu, 1976; McKenzie et al., 1977; 

Moritoki et al., 1978; Nicholls et al., 1990, 1992). Adenosine 

relaxes the longitudinal muscle of the rat colon via an A2-receptor 

(Bailey & Hourani, 1992). The rat colonie muscularis mucosae 

contracts in the presence of adenosine and this has been found to be 

an A^-receptor (Bailey et al., 1992; Reeves et al., 1993).

Stimulation of A^-receptors in guinea pig ileum causes an inhibition 

of electrically-induced twitch response (Paton, 1989).

In the guinea pig taenia coli, application of ATP acting on 

P2Y"Purinoceptors closely mimics responses to nerve stimulation 

(Satchell et al., 1969; Gough et al., 1973; Satchell & Maguire, 1975; 

Burnstock et al. , 1978b) and suramin blocks both exogenous ATP and 

neurotransmission (Hoyle et al., 1990); however the presence of P^- 

purinoceptors has also been reported (Brown & Burnstock, 1981a; 

Ferrero & Frischknecht, 1983). The longitudinal muscle of the rat 

colon contains an inhibitory P2Y“Purinoceptor (Bailey & Hourani,

1992), whereas the muscularis mucosae of the rat colon contains an 

excitatory P^y'Purinoceptor (Bailey & Hourani, 1990).

Iy4.2 Purinoceptor Subtypes Within The Cardiovascular System

Both adenosine and ATP play an important role in the 

maintenance of vascular tone (see Olsson & Pearson, 1990) affecting 

both the heart and blood vessels (Su, I98I, 1983, 1985; Burnstock, 

1987a, 1987b, 1989a, 1990c; Ralevic & Burnstock, 1991a).

Adenosine is a potent coronary vasodilator (see Collis, 1989; 

Mullane & Williams, 1990) which can affect blood flow. Its site of
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action can be either the vascular smooth muscle or the endothelium 

(Furchgott, 1984; Rubanyi & Vanhoutte, I985). which is crucial for 

vasodilatation to many substances (Furchgott & Zawadzki, I98O), via 

endothelium-derived relaxing factor (EDRF) known to be NO (Ignarro et 

aZ., 1987a. 1987b; Palmer et aZ., I987). Activation of adenosine 

receptors on the smooth muscle can also initiate vasodilatation of 

the coronary vasculature and these are predominately A2“receptors in 

many mammalian species (Collis, 1989). In contrast to the majority of 

vascular systems where adenosine is invariably inhibitory, in the 

renal vasculature adenosine can both constrict and dilate; 

vasoconstriction is attributable to A^-receptor activation (Rossi et 

aZ., 1988) whereas vasodilatation results from the activation of A2- 

receptors (Mullane & Williams, 1990). In atrial muscle, adenosine can 

produce a negative inotropic effect (Johnson & McKinnon, 1956; Rubino 

et al., 1990; Rubino, 1993)*

ATP is an important modulator of vascular tone, acting on both 

P2X" and P2Y“Pnrinoceptors (see Ralevic & Burnstock, 1991a). The P^x- 

purinoceptor mediates a vasoconstriction and is typically localised 

on the vascular smooth muscle. ATP initiates vasodilatation via P2Y" 

purinoceptors, which, in the majority of vessels are located on the 

endothelium, such as found in the rabbit aorta (Furchgott, 198I), dog 

femoral artery (De Mey & Vanhoutte, I98I) and guinea pig and rat 

coronary artery (Hopwood & Burnstock, 1987; Vials & Burnstock, 1994). 

In some vessels, the P2Y~pnrinoceptor is located on the vascular 

smooth muscle as on the rabbit coronary artery (Corr & Burnstock, 

1991). hepatic artery (Brizzolara & Burnstock, 1991). mesenteric 

artery (Mathieson & Burnstock, I985) and portal vein (Hughes & Vane,

1967).
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1.4.3 Other Systemic Purinoceptor Subtypes

-Purinoceptors have been identified in the urinary bladder, 

mediating relaxations. An A^-receptor has been found in the rat 

bladder {Nicholls et al. , 1990) and both and A2 subtypes have been 

found in the mouse bladder (Acevedo et al. ̂ 1992). In the cat 

bladder, adenosine has been shown to inhibit neurally evoked 

contractions (Theobald, 1992).

The P2"Purinoceptor in the urinary bladder smooth muscle 

belongs to the P2X subclass (Kasakov & Burnstock, 1983; Hoyle & 

Burnstock, I985) of the rat, guinea pig, rabbit and pig (Choo, I98I; 

Fujii, 1988). P2Y“Purinoceptors have been found in guinea pig bladder 

(lacovou et aZ., I988), in mouse urinary bladder, P2x“ ^2Y“ 

purinoceptors have been shown to coexist (Boland et al., 1993).

In the rabbit vas deferens both A^- and A^-receptors have been 

identified, both inhibiting contractile responses to electrical field 

stimulation (EPS) (Dehpour & Vazifehshenas, 1992). Both A^- and A2- 

receptors have also been identified in the vas deferens of the rat, 

the A^-receptor being located prejunctionally, whereas the A2- 

^eceptor is postjunctional. Adenosine acts on the postjunctional A2- 

receptor to inhibit nerve-mediated contractions (Hourani et al.,

1993).
In addition to a contractile P2x“P^rinoceptor found commonly on 

mammalian vas deferens, an inhibitory P2y“purinoceptor has been 

identified in mouse vas deferens (Boland et al., 1992).
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1.5 EFFECT OF PURINE COMPOUNDS ON INVERTEBRATE SPECIES

There have been a number of reports about the effects of 

purines on different organs in different invertebrates. The examples 

in this review is mainly on effects on the gastrointestinal and 

cardiovascular systems in animals from different phyla and includes a 

brief description of those features that characterise the individual 

phyla to aid identification and classification where necessary. 

Classification is based on Grove & Newell (1969)•

Single Cell Organisms / Protozoa
Adenosine has been shown to inhibit the growth of various 

bacteria including CTithidia fasciculata (Dewey et al., 1978), 

Micrococcus sodonensis (Shobe & Campbell, 1973&, 1973b) and 

Staphylococcus aureus (Mathieu et al., I969); adenosine 5*"(di- and 

tri-) phosphate 3'-diphosphate have been shown to inhibit spore 

germination of Streptomyces galilaeus (Hamagishi et al., I98O).

The protozoan Amoeba proteus is sensitive to ATP, output from 

its contractile vacuole increases in the presence of ATP and, to a 

lesser extent, other polyphosphates (Pothier et al., 1984, I987), 

this is also true of Paramecium (Organ et al., I968).

Coelenterata
Encompassing the jellyfish, sea anenomes and corals, these 

mainly marine organisms are radially symmetrical with a two layered 

body wall enclosing a single cavity with a single aperture, the 

mouth.

The pedal disc of the sea anenome Actinia equina has been shown
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to posses a purinoceptor that is not comparable with mammalian 

purinoceptors in that it is responsive to ATP, ADP and adenosine, all 

of which cause contractions, but is insensitive to AMP (Hoyle et al. ̂

1989).

Annelida

This phylum comprises the segmented worms, including the 

polychaetes, oligochaetes and hirudines. The worms possess both 

circular and longitudinal body muscles. The nervous system consists 

of dorsal cerebral ganglia and ventral nerve chord, with nerve cells 

along the length of the chord not necessarily confined within 

ganglia, with peripheral nerves in each segment.

Salivary cells of the leech Haementevia ghilianii exhibit a 

selective response to ATP, since ATP, but not adenosine, modulates 

action potential firing, thought to be via a mammalian-like P2- 

purinoceptor (Wuttke & Berry, 1993). Similarly, ATP depolarises 

identified neurones in the leech Hirudo medicinalis^ adenosine being 

far less potent than ATP, as such the receptor resembles mammalian 

P2"Purinoceptors (Backus et al., 1994).

Echinodermata

This phylum is made up of entirely marine animals and includes 

the starfishes, sea urchins, brittle stars and sea cucumbers. The 

adults have acquired a large measure of radial symmetry (usually 

five-rayed) and often a skeleton develops. There is a water vascular 

system which is linked to the tube feet assisting in locomotion 

together with a 'perihaemal* blood vascular system which is less
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extensive. The nervous system consists of a nerve ring around the 

oral part of the gut with projections along the radii. Many 

echinoderms have a deeper-lying motor component.

There are several reports of the effects of purine compounds on 

echinoderms. In a review of several marine species, Hoyle & Greenberg 

(1988) found that adenosine, AMP, ADP and ATP all relaxed the gastric 

ligament of the starfish Asterias forbesi with ATP being the more 

potent of the purines, whereas circular and longitudinal muscles from 

the polian vesicle of the sea cucumber Thyone hviareus relaxed in the 

presence of ATP only, suggesting an ATP-specific receptor. However, 

the rectum of the sea urchin Lytechinus vaviegatus contracted equi- 

potently to all four purine compounds which may indicate a non- 

selective receptor or the presence of both P^- and P2”receptors which 

can only be confirmed by the use of selective antagonists.

Other diverse effects of purine compounds have also been 

identified in echinoderms. For instance, adenosine inhibits the 

growth of the fertilised eggs of the starfish Astevina pectinifeva at 

the early blastula stage (Tsuchimori et al., I988). Effects are not 

limited to the blastula stage, muscular activity of sea urchin 

Psammechinus miliaris larva is stimulated by adenosine (Gustafson,

1991).

Arthropoda
The phylum arthropoda is vast, including crustaceans, myriapoda 

(centipedes and millipedes), insects and arachnids. They are 

characterised by their bilateral symmetry and typically each segment 

has a pair of jointed appendages at least one pair being modified as 

jaws, the number of segments included in the head being variable.
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There is a strong and well developed exoskeleton. The CNS consists of 

cerebral ganglia and a ventral nerve chord made up of separate paired 

ganglia connected by commisures. There is a contractile heart lying 

in a haemocoelic pericardial cavity.

There is considerable information as to the effects of ATP and 

adenosine on crustaceans. The spiny lobster Panulirus argus olfactory 

organ has purinergic chemoreceptors that are particularly sensitive 

to AMP and the potency order indicates a Pj^-purinoceptor (Derby et 

al, t ig84, 1987). In addition there are chemoreceptors stimulated by 

ATP exhibiting properties similar to P^-purinoceptors (Carr et al.,

1986). These receptors are also sensitive to slowly degradable 

analogues of ATP including a,&-MeATP and &,y-MeATP (Carr et al.,

1987). Similarities between the P^- and P^i-purinoceptors of these 

crustaceans and mammalian purinoceptor subtypes are extended further, 

in that the chemosensory sensilla inactivate excitatory nucleotides 

by a two-step process. Ectonucleotidases dephosphorylate adenine 

nucleotides to yield a nucleoside which is internalised by an uptake 

system (Trapido-Rosenthal et al., I987, 1990), this is similar to 

mammalian systems (Burnstock, 1975a). Activation of olfactory and 

gustatory (taste) P2“Purinoceptors is thought to induce a locomotor 

behavioural response (Zimmer-Faust et al., I988; Gleeson et al. ,

1989; Zimmer-Faust, 1993)• Olfactory purinoceptors have also been 

identified in the shrimp Palaemonetes pugio (Carr & Thompson, I983).

ATP potentiates the effect of EPS of neurones in the terminal 

intestine of the lobster Panulirus argus via a P^-like purinoceptor 

(Hoyle & Greenberg, I988).

ATP has a potent effect on a variety of blood-feeding insects
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such as the mosquitoes Aedes aegypti, Culex pipiens and Culiseta 

inovnata^ the stable fly Stomoxys calcitrans and the tsetse fly 

Glossina austeni and palpalis, stimulating the gorging response 

(Hbsoi, 1959; Galun et al., 1963, 19&4, I988; Galun & Margalit, 1969; 

Friend & Smith, 1977; Ascoli-Christensen et al., 1991)' The potency 

order of various adenine nucleotides suggests the receptor involved 

is of the ?2 subtype (see Galun, 1987, 1988; Galun et al.. I988). In 

the tsetse fly Glossina palpalis, the P2”purinoceptor stimulating 

gorging has been identified as being of the P2Y subtype (Galun & 

Kabayo, I988), the phosphate chain being important to the 

chemosensory process (Friend & Smith, 1982), although the P2- 

purinoceptor of G. movsitans morsitans was not classified further 

although it was noted that the phosphate chain was of importance 

(Mitchell, 1976). Both AMP and ATP were also found to be potent 

chemoattractants, with equal potency, for the larvae of Culex 

quinquefasciatus, although unlike the adult stage, the phosphate 

chain is not as important since adenosine was found to be a moderate 

chemoattractant (Ellgaard et al., I987).

Adenosine stimulates feeding in the African armyworm Spodopteva 

exempta, their diet being exclusively grasses. However other purines 

and pyrimidines have no such phagostimulatory activity indicating an 

adenosine-sensitive receptor (Ma, 1977).

Mollusca

Molluscs do not show segmentation, the body consists of a head- 

foot and visceral mass extended into folds which often secrete a 

shell. The nervous system consists of ganglia connected by 

commisures. This group includes snails, bivalves and octopuses.
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Adenosine has been found to have a modulatory effect on an 

excitatory ACh response on an identified neurone of the suboesophageal 

ganglion of the snail Helix aspersa^ an A^-receptor inhibits and an 

A2 enhances the response to ACh (Cox & Walker, I985, 198?)• ATP and 

a,p-MeATP also enhance the response, but whether a separate P2X" 

purinoceptor is involved is not known. Similarly, ATP is seen to 

enhance calcium channel activity in these neurones (Yatani et al. ̂

1982). Adenosine also modulates transmitter release from neurones in 

the pedal ganglion of the marine bivalve Mytilus edulis^ analogues of 

adenosine are also capable of inhibiting transmitter release, the 

receptor being highly specific for NECA exhibits the characteristics 

of the mammalian A^-receptor (Barraco & Stefano, 1990).

Studies on the systemic heart of the cephalopod Octopus 

vulgaris have shown that adenosine has opposite effect to those on 

mammalian hearts in that adenosine and AMP produced positive 

chronotropic and inotropic effects (Agnisola et al., I987). The heart 

of the Venus clam Katelysia rhyctiphora responds to ATP in a 

stimulatory manner, electron microscopy revealed different types of 

nerve profiles, some with large opaque vesicles exhibiting staining 

for Mg-ATPase and 5 *-nucleotidase resembling NANC purinergic nerves 

observed in mammalian gut (Sathananthan & Burnstock, I976). Adenosine 

has also been shown to cause systemic arrest of pulsations in the 

isolated heart auricle of the oyster Crassostrea nippona, but only in 

alkaline conditions, presumed to be because a specific enzyme has a 

low optimum pH, possibly as a protective mechanism (Aikawa & Ishida,

1966). This was subsequently found to be the case (Aikawa et al.,

1967). The hearts of Busycon contrarium and Melongena corona respond
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inconsistently to purine compounds, ATP caused both positive and 

negative inotropy (Hoyle & Greenberg, I988).

1.6 EFFECT OF PURINE COMPOUNDS AND PURINERGIC TRANSMISSION IN 

LOWER VERTEBRATE SPECIES

The vertebrates which are a sub-phylum of Chordata, are 

characterised by the presence of a notochord at some time during 

their life-history and a high degree of cephalisation so that a 

proper head region is recognisable, with a definite brain enclosed by 

a cranium. The group contains two superclasses: Agnatha, of which the 

cyclostomes comprise one class and Gnathostomata, encompassing all 

the more familiar vertebrates, including elasmobranchs, teleosts, 

amphibians, reptiles, birds and mammals.

Cyclostome Fish

These are primitive cartilaginous fish and include the lampreys 

and hagfish. Adenosine in the hagfish Myxine glutinosa has been 

observed to dilate the isolated brachial vasculature, although it had 

no effect on the heart (Axelsson et al., 1990)•

Elasmobranch Fish

There are various reports of the effect of purine compounds 

within this group of cartilaginous fish, including reactivity in both 

the gastrointestinal and cardiovascular systems. The spontaneous 

activity in various preparations of elasmobranch gut is inhibited by 

ATP, such as the stomach and spiral intestine of the ray Raja clavata
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and the dogfish Scyliovhinus canicula and rectum of Raja (Young,

1983t 1988). An inhibitory response and a rebound contraction, as a 

result of stimulating the stomach of the dogfish and ray, has been 

described as 'neither cholinergic nor adrenergic*, although the 

transmitter had not been identified (Young, 1980a). A high affinity 

A^-adenosine receptor has been identified in the rectal gland of the 

shark Squalus acanthias which inhibits hormone stimulated chloride 

transport (Kelley et al., 1990).

An inhibitory P^-purinoceptor has been identified in the atria 

of the dogfish S. canicula (Meghji & Burnstock, 1984a) and the 

possibility of purinergic modulation of vagal control of the heart of 

S. stellavis has been investigated (Taylor et al., 1993); in another 

species of dogfish, Squalus acanthias, both Â  ̂and A2 subtypes of 

receptor have been characterised in the aorta (Evans, 1992). In other 

species of elasmobranchs purines have marked effects. In the skate 

Raja nasuta coronary artery, adenosine causes vasoconstriction, 

whereas ADP and ATP cause vasoconstriction at lower concentrations 

but vasodilatation at higher (Farrell & Davie, 1991b). In the mako 

shark I s u t u s  oxyvinchus coronary artery adenosine is predominately a 

dilator as in the dogfish and ADP a vasoconstrictor, in this specimen 

ADP is acting via an adenosine receptor since the constriction was 

theophylline sensitive (Farrell & Davie, 1991a).

It has been shown that ACh and ATP are co-stored and co

released during synaptic activity of the electric organ of the 

Torpedo (Meunier et al., 1975; Morel & Meunier, 198I), although the 

physiological role of the ATP was not understood. Suggestions were 

put forward and include an increased receptor sensitivity to ACh
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(Akasu et al. , I98I) in the presence of ATP, an alternative 

suggestion proposes that ATP is hydrolysed to adenosine which then 

modulates ACh release (Ginsborg & Hirst, 1972; Israël et al., 1977). 

This latter explanation as to the presence of co-released ATP is 

supported by Grondai & Zimmerman (I986) who showed that membrane- 

bound ectoenzymes, obtained from Torpedo electric organ synaptosomes, 

readily dephosphorylate ATP to adenosine. This is in turn 

substantiated as a result of chemiluminescent investigations (Solsona 

et al. , 1990) and studies showing that adenosine can inhibit ACh 

release (Israël et al., I98O).

Teleost Fish

Bony fish are the dominant type of fish and, as with the 

elasmobranchs, there are many reports of the effects of purines.

Inhibitory NANC responses have been found in the stomach of the 

rainbow trout Salmo gaivdneri (Holmgren & Nilsson, I98I; Holmgren,

1983) and carp Cyprinus carpio (Kitazawa et al., I987) where ATP has 

weak excitatory activities (Kitazawa et al., 1990), as well as in the 

stomachless flatfish Rhombosolea tapivina and Ammotretis rostrata 

(Grove & Campbell, 1979) although the transmitter substance has not 

been identified. ATP has been found to closely mimic vagal 

stimulation of the pyloric caeci and duodenum of Lophius, even at 

very low concentrations, producing an inhibition followed by a 

rebound contraction (Young, 1980b). The possibility that there is a 

NANC innervation of the gut of the brown trout Salmo tvutta is hinted 

at, although the concept of NANC innervation was unknown at the time 

of the investigation (Burnstock, 1958, 1959)• The flounder ileum and 

rectum both possess excitatory P2j^-purinoceptors and inhibitory P^-
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purinoceptors (Lennard & Huddart, 1989a); the intestine of the 

goldfish Cavassius auvatus possesses an excitatory P^-purinoceptor 

{Burnstock et al. , 1972b). In the Atlantic cod Gadus morhua 

intestine, adenosine and ATP both cause relaxations at low 

concentrations but contractions at high concentrations, which could 

reflect that the ATP was acting via the adenosine receptor after 

rapid breakdown, alternatively, there may be antagonistic receptors 

present (Jensen & Holmgren, I985). In Pleuronectes intestine (Fange & 

Grove, 1979), ATP exerts a powerful inhibitory effect.

Examples of the presence of various types of purinoceptors 

within the cardiovascular system include a P^-receptor in the gill 

vasculature of the rainbow trout Salmo gairdneri and tropical cichlid 

Oreochvomas niloticus mediating vasoconstriction (Colin & Leray,

1979; Colin et al., 1979; Okafor & Oduleye, I986). ATP in the 

systemic vasculature of the trout S. gairdneri mediates 

vasoconstriction (Wood, 1977) and adenosine relaxes the coronary 

artery of both the rainbow and steelhead trout (Small & Farrell,

199O; Small et al., 1990). The action of adenosine on the heart of 

the carp Cyprinus carpio mimics that observed in elasmobranchs, 

â cting via a P^-purinoceptor (Cohen et al., I98I; Rotmensch et al., 

1981), similarly, in the flounder Platichthys flesus, adenosine 

causes a positive inotropic effect (Lennard & Huddart, 1989b); the 

trout is somewhat different in that adenosine and ATP are equipotent 

both producing negative inotropic and positive chronotropic effects, 

thought not to be acting via either P^- or P^-purinoceptors (Meghji & 

Burnstock, 1984b).

Many fish are capable of spectacular colour changes, thought to
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be as a means of communication, due to either the motile activities 

of specialised coloured cells, called chromatophores, as a result of 

sympathetic nerve stimulation (see Fujii & Oshima, 1986). Adenosine 

has been found to contribute to the activity of these pigment cells, 

mediating dispersion in many species including guppy Lebistes 

veticulatus and catfish Pavasiluvus asotus (Miyashita et al., 1984), 

medaka Oryzias latipes (Namoto, I987, 1992) and damselfish Chvomis 

viridis (Oshima et al., I989).

Within the brain of the goldfish Cavassius auratus the presence 

of adenosine binding sites have been demonstrated with the 

characteristics of the subtype (Lucchi et al., 1992), which is 

thought to inhibit glutamate release from the cerebellum (Lucchi et 

al., 1994)' In two congeneric marine fish, it has been found that the 

binding properties of the A^-receptors are different, the receptor of 

the shallow-living Sehastolobus alascanus exhibiting a high affinity 

for the A^ adenosine ligand, whereas the Aj^-receptor in the deeper- 

living S. altivelis exhibits a significantly lower binding affinity 

(Murray & Siebenaller, I987).

A NANC inhibitory response to electrical stimulation has been 

observed in the urinary bladder of the cod Gadus morhua. Although ATP 

had an excitatory effect on the bladder, it has not been ruled out as 

a putative candidate for the NANC transmitter (Lundin & Holmgren,

1986).

Amphibia
NANC inhibitory nerve stimulation has been identified in the 

stomach and large intestine of the toad Bufo mavinus (Campbell, 1969; 

Murphy & Campbell, 1992) although the transmitter substance was not
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identified. However, in separate studies, evidence is presented for 

ATP being the transmitter substance of these NANC nerves, in 

particular, the toad stomach (Burnstock et al. , 1970; Satchell &

Burnstock, 1971) and the duodenum and ileum (Burnstock et al. ̂

1972b). Burnstock and colleagues (Satchell et al., 1969; Burnstock et 

al., 1970) showed the release of ATP, ADP and AMP upon stimulation of 

vagal NANC fibres, ATP mimicking the relaxation in response to nerve 

stimulation. There is also evidence that ATP is the transmitter 

substance released from NANC excitatory fibres in the splanchnic 

nerves supplying the small intestine of the toad, again responses to 

nerve stimulation were mimicked by ATP (Sneddon et al., 1973)•

Adenosine exerts effects on the amphibian heart in a manner 

similar to its effect upon the mammalian heart, having negative 

chronotropic and inotropic effects, mimicking the response to ACh by 

slowing and weakening the heart. This is observed in the hearts of 

the frogs Eana vidibunda (Lazou & Beis, I987), pipiens (Hartzell, 

1979) and catesbeiana (Goto et al., I98I). Conversely ATP has 

excitatory effects, increasing the force and rate of the heart (Cook 

et al., 1958; Hoyle & Burnstock, I986; Bramich et al., 1990). It 

has been shown that under certain conditions of physiological stress, 

such as hypoxia, ATP is released from the heart (Doyle & Forrester, 

1985)» being available to directly modulate activity, or via 

adenosine after degradation, which in itself has been found to 

mediate a protective influence on the frog heart against periods of 

reduced calcium availability (Touraki & Lazou, 1992).

It has been shown that frog atria receive a NANC excitatory 

innervation (Donald, I985)• ATP has a biphasic action, initial
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excitation followed by inhibition (Flitney et al. ̂ 1977)» the 

excitatory effects being mediated by P^i-purinoceptors while the 

inhibitory effects are mediated by P^-purinoceptors following the 

degradation of ATP to adenosine (Burnstock & Meghji, I98I). The 

excitatory responses to ATP partially mimics NANC stimulation of the 

frog and toad heart where it is believed ATP is a co-transmitter with 

adrenaline (Hoyle & Burnstock, I986; Bramich et al. , 1990) acting on 

P2x“Purinoceptors. ATP also has a biphasic action on the heart of the 

axolotl Ambystoma mexicanum (Meghji & Burnstock, 1983b). Unlike fish, 

the amphibian ventricle is sensitive to adenosine and ATP, for 

instance adenosine excites ventricular muscle of the toad Xenopus 

laevis (Meghji & Burnstock, 1983c) but is inhibitory in the axolotl 

(Meghji & Burnstock, 1983b) whereas in the frog ATP is excitatory 

(Flitney & Singh, I98O; Burnstock & Meghji, I98I).

The effect of purine compounds on amphibian vascular 

preparations is somewhat limited. However, a presynaptic adenosine 

receptor has been identified, which inhibits sympathetic nerve 

activity to the frog cutaneous muscle arterioles resulting in 

vasodilatation (Fuglsang et al. , 1989) revealed to be an A-ĵ -adenosine 

receptor. In addition, stimulation of vagal NANC fibres in the toad 

Bufo mavinus mediates a fall in vascular resistance, although the 

transmitter is as yet unidentified (Campbell, 1971).

Purine compounds also have effects on preparations from 

amphibians tissues other than those on the gastrointestinal and 

cardiovascular systems. The bladder of the bullfrog Bana catesbeiana 

receives a NANC excitatory input, although the identity of the 

transmitter substance has not been elucidated (Bowers & Kolton, I987) 

and in the toad Bufo mavinus an atropine-resistant excitatory
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response has been identified (Burnstock et al. ̂ 1963b). Adenosine has 

been found to have neuromodulatory activity, inhibiting transmitter 

release from frog and toad motor-nerve terminals (Ribeiro & Walker, 

1975; Bennett et al., 1991; Meriney & Grinnell, 1991; Karunanithi et 

al. t 1992) without any appreciable postsynaptic response, the 

receptor being identified as A^-like although the possibility of a 

second A^-like receptor mediating an increase in spontaneous 

transmitter release has also been suggested (Barry, 1990), although 

Ribeiro & Sebastiao (1989) found that the agonist profile did not 

allow for the identification of the receptor as either an A^ or an A2 

subtype. It has been shown that stimulation of the frog sartorius 

muscle results in the release of both adenosine and adenosine 

nucleotides, which are in turn dephosphorylated to presynaptically 

inhibit transmitter release (Cunha & Sebastiao, 1993)• Redman & 

Silinsky (1994) have also demonstrated that it is ATP that is 

released presynaptically at motor nerve endings of Rana pipiens 

cutaneous pectoris nerve-muscle preparations, which is in turn 

hydrolysed to adenosine, which is responsible for the depression of 

ACh release. Vagal stimulation of the visceral muscle of the lung of 

Bufo mavinus is purely inhibitory and the transmitter unknown, 

although ATP was proposed as a candidate (Campbell, 1971) since it 

had been shown that ATP caused relaxations of the lung preparation 

(Merves, 1953)* ATP has also been found to activate an inward current 

of Bana pipiens Schwann cells, isolated from dorsal root ganglia.

This effect was reversed by suramin, however, the subtype of P2" 

purinoceptor has not been identified (Vinogradova et al., 1994). 

Melanophores of the frog Bana vidibunda exhibit spontaneous action
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potentials, which are inhibited by adenosine via an A^-receptor, since 

the effect is mimicked by the agonist R-PIA and blocked by the A^ 

antagonist DPCPX, also an A2 agonist was without effect (Mei et al, , 

199^). A neuromodulatory role for ATP has been found in the 

vestibular organs of Eana pipiens. ATP and 2-MeSATP both increase 

firing rate of the afferent fibres, while a,&-MeATP and &,y-MeATP are 

without effect, indicating a P2Y"Purinoceptor subtype (Aubert et al. ̂

1994).

Reptilia
An excitatory NANC innervation has been identified in the ileum 

of the lizard Tiliqua Tugosa^ stimulation of which can be mimicked by 

ATP (Burnstock et al., 1972b; Sneddon et al., 1973). however the 

subtype of P^-purinoceptor is not known, in addition, an excitatory 

effect of ATP has been noted in the rectum of the lizard Agama agama 

(Ojewole, 1983a; Savage & Atanga, I985) however the subtype of the 

purinoceptor has not as yet been identified.

There are few studies on the presence of purinoceptors in the 

cardiovascular system of reptiles. Wedd & Fenn (1933) reported 

variable responses to adenosine in the heart of the turtle Pseudomys 

elegans, whereas all the purine analogues tested, including 

adenosine, ATP o,&-MeATP and &,Y-MeATP, proved to be inactive on 

either the atrium or ventricle of the turtle Emys orbicularis (Meghji 

& Burnstock, 1983a). In contrast, the portal vein of the rainbow 

lizard Agama agama, dilated in the presence of ATP (Ojewole, 1983b).

Unlike most vertebrates, turtles such as Pseudemis scripta 

elegans are able to survive prolonged anoxia. In the isolated 

cerebellum, anoxia elicits adenosine release into the extracellular
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space. Adenosine antagonists given during anoxia reverse the 

protective effect of adenosine, indicating that adenosine acts as a 

"retaliatory metabolite", its effect mediated via an A^-receptor 

(Pérez-Pinzon et al., 1993)•

The visceral smooth muscle of the lung of the snake Thamnophis 

sp. is described as having NANC / purinergic innervation (Smith & 

Macintyre, 1979) although there is no evidence of the involvement of 

ATP or adenosine in the response. In the bladder of the sleepy lizard 

Trachysaurus vugosa an atropine-resistant contraction in response to 

nerve stimulation has been found, although the transmitter substance 

has not been identified (Burnstock & Wood, I967).

Aves

Adenosine and AMP both relax the chicken rectum via a P]̂ - 

purinoceptor, the response to ATP and ADP are contractile, whereas in 

the oesophagus all the compounds cause a contraction with adenosine 

the most potent (Bartlet, 1974). An A^^-purinoceptor has been 

identified in the embryonic chick heart, which can be downregulated 

by exposure to R-PIA (Shryock et al., I989).

There is evidence for P^i-purinoceptors in different 

preparations of bird gut. The oesophagus of the chicken contracts to 

ATP via a P2”Purinoceptor (Bartlet, 1974), as does the rectum 

(Bartlet, 1974, Meldrum & Burnstock, I985)• a,&-MeATP also causes a 

contraction of the chicken rectum and is able to desensitise the 

excitatory response to stimulation of Remak’s nerve, indicating the 

presence of P2x“Purinoceptors in addition to purinergic excitatory 

stimulation (Meldrum & Burnstock, I985) which has long been

55



recognised in the rectum of birds {Bartlet & Hassan, 1971; Burnstock, 

1972; Komori & Ohashi, 1982}. Inhibitory NANC innervation of the bird 

stomach has also been demonstrated (Bennet, 1969a, 1969b, 1970). A 

noncholinergic vasodilator response to nerve stimulation has also 

been identified in the feet of ducks and chickens (McGregor, 1979). 

although the transmitter has not yet been identified.

P2“Purinoceptors have also been demonstrated on the surface of 

chicken granulosa cells from ovarian follicles, activation of which 

triggers intracellular calcium oscillation (Morley et al,, 1994), the 

physiological function of these P^-purinoceptors is not known.
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CHAPTER 2

GENERAL METHODOLOGY
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2.1 ORGAN-BATH PHARMACOLOGICAL STUDIES

2.1.1 Apparatus

Glass organ-baths of 10 ml capacity were used for 

pharmacological investigations. All experiments were carried out at 

room temperature, and organ-baths and physiological saline reservoirs 

were continuously aerated with air, or gassed with a mixture of 95 % 

O2 / 5 % CO2 as indicated.

All isolated, non-vascular tissues were secured in organ-baths 

by means of a rigid support and via silk ligatures. One end of the 

tissue was tied to the support (which also acted as an electrode by 

means of two platinum wire loops 2.5 mm in diameter and 1 cm apart, 

through which the tissue was treaded) and the other end of the tissue 

was attached to a force displacement transducer (Grass FT0C3).

Isolated vascular preparations were mounted in the organ-bath 

horizontally (after the method of Bevan & Osher, 1972) by the 

insertion of 2 fine tungsten wires (diameter 125 pm) through the 

lumen of the vessel, one wire connected to a soft rubber tubing which 

could be slipped over the rigid support, the other wire attached to 

the force displacement transducer via a silk thread.

An initial load of between 0.25 - 1.0 g was applied to the 

preparations as indicated, which were then allowed to equilibrate for 

not less than 30 minutes prior to the start of the experiment. All 

mechanical activity was displayed on a Grass ink-writing oscillograph 

(model 79)•
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2.1.2 Tissue Preparation For Organ-Bath Studies

Starfish {Asterias rubens) were supplied by the University 

Marine Biology Station, Millport, Scotland and maintained in tanks of 

artificial sea water (ASW) kept at a temperature of 4 ± 1°C. The 

gastric ligaments were dissected free by making an equatorial cut in 

the arms and disc of the starfish so that the dorsal half of the body 

wall could be removed. The reproductive organs and stomach were 

removed revealing the gastric ligaments, which are paired structures 

extending into each ray. These were cut free from the body wall using 

a scalpel blade so that silk ligatures could tie the two halves of 

the ligament together at each end.

Snails {Helix aspersa) were collected from the London area and 

maintained in plastic tanks on moist tissue paper. Snails were 

anaesthetised by being placed on ice for 30 minutes. The shell was 

removed on the specimen pinned to a dissecting board. To dissect out 

the heart, an incision was made along the junction of the lung and 

kidney to reveal the heart in the pericardial cavity. Silk ligatures 

were applied to the conducting vessels each side of the atrium and 

ventricle. To dissect out the oesophagus and rectum, an incision was 

made in the floor of the lung wall to reveal the viscera. Ligatures 

were applied to the proximal and distal ends of the oesophagus and 

rectum.

Slugs {Avion atev) were collected and maintained as for Helix 

aspersa. Slugs were anaesthetised as for Helix aspersa. To dissect 

out the heart, an incision was made across the mantle from the
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pneumostome to beyond the midline, and down the midline from the tail 

to the mantle. The body wall was pinned back to reveal the viscera. 

The reproductive organs and alimentary tract were displaced to reveal 

the heart. Silk ligatures were applied to the atrium and ventricle.

Three-spined sticklebacks {Gastevosteus aculeatus L.) were 

supplied by Blades Biological, Cowden, Edenbridge, Kent, and 

maintained in aerated fresh water tanks (10 ± 1°C). The sticklebacks 

were killed after anaesthetising in a solution of 3-aminobenzoic acid 

ethyl ester (MS222, 100 pg 1” )̂ by severing the spinal cord and 

destroying the brain. An incision was made in the ventral body wall 

from the mouth to the anus to reveal the viscera. The whole 

gastrointestinal tract was removed prior to separating the stomach 

from the rest of the gut. Silk ligature were applied to either end of

both the stomach and the intestine.

Frogs {Rana temporavia) were supplied by Blades Biological and 

maintained in amphibian tanks. The frogs were stunned, decapitated 

and pithed, the brain was destroyed using a metal seeker. The abdomen 

was opened and the viscera were removed, revealing the aortic 

branches. Both arches were rapidly removed and placed in 

physiological saline solution. Ring segments of approximately 4 - 5  

mm, one from each arch, were dissected and mounted horizontally.

Red backed Garter Snakes {Thamnophis sivtalis pavietalis) were 

supplied by Blades Biological and maintained in reptile tanks. Snakes

were anaesthetised with sagatal (50 mg / kg i.p.), decapitated and
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the brain destroyed. An incision was made along the dorsal body wall 

and the skin flaps were pinned back. A segment of approximately 3 cm 

of dorsal aorta was removed and cleaned of adhering tissue which was 

cut into approximately 5 " 6 mm ring segments.

2.2 PRESENTATION OF DATA AND STATISTICAL ANALYSIS

2.2.1 Agonists

Full concentration-response curves were constructed and pD2 

values ( - log of the EC^q concentration) expressed where possible. 

Agonists prone to desensitise tissues were applied as single 

applications, or cumulatively when no desensitisation was seen to 

occur. Concentration-response curves were expressed as a mean % of 

the maximum response obtained for any given preparation ± standard 

error of the mean (s.e.) for the number of animals used (n). 

Alternatively, as it was not always possible to reach a maximum 

response, contractions were expressed as an increase in tension above 

the baseline in g, expressed as mean ± s.e. (n).

In order to examine relaxation responses, tone was applied to 

the preparations by the use of a suitable contractile agent that 

caused a sustained, stable contraction. An EC^q concentration of this 

agent was generally used, unless otherwise stated. Relaxation 

responses were generally examined in a cumulative fashion and 

expressed as mean % relaxation ± s.e. (n).
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2.2.2 Antagonists

Potential antagonists were left in contact with the 

preparation under examination for a minimum of 20 min, unless 

otherwise stated. Concentration-response curves for the agonists were 

repeated in the absence and presence of the antagonist and expressed 

as % contraction or relaxation ± s.e. (n).

Compounds that were observed to potentiate the effect of 

agonists were incubated for a minimum of 20 min and expressed as % 

increase in the response obtained ± s.e. (n).

2.2.3 Statistical Analysis

Statistical analysis of results were carried as appropriate. 

The effect of antagonists were compared using a Student's t-test, 

paired or unpaired as appropriate. Where more than two agonists were 

compared to obtain an order of potency, an analysis of variance was 

performed, followed by a Tukey's test to find where significance lay. 

A probability of p < 0.05 was considered significant.

2.3 PHYSIOLOGICAL SALINES

ASW (mM); NaCl 470.1, KOI l4.8, MgCl2.7H20 84.9, NaHCO^ 2.3 and CaCl2

19.5 .

Modified ASW (mM): NaCl 470.1, KCl 32.1, MgCl2.7H20 84.9 and NaHCO^ 

2.3. CaCl2 was added directly to the organ-bath to produce a final 

concentration of 10 mM.
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Leech freshwater saline (mM): NaCl II9.8, KCl 4.02, MgS0^.7H20 1.22, 

NaHCOg 17.86 and CaCl2 0.9.

Helix aspersa saline (mM): NaCl 59.0, KCl 5.8, NaHCOg 13.1.

MgCl2.7H20 16.3 and CaCl2 47.9.

Arion ater saline (Roach, I963) (mM): NaCl 43.1, KCl 3.5, MgS0^.7H20 

4.06, NaH2P0/| 0.19, NaHCOg 4.05, Na2S0/| 6.2, CaCl2 3.0 and glucose 

63.8.

Teleost saline (mM) : NaCl 94.1, KCl 4.4, Na^PO^ 2.8, NaHCO^ 23.8, 

MgSO^ 0.8, CaCl2 2.2 and glucose 5*6.

Amphibian saline (mM): NaCl 111.1, KCl 1.88, NaH2P0^ O.O8, NaHCO^ 

2.35, CaCl2 1.08 and glucose 1.11.

Snake saline (Yamanouye et al., 1992) (mM): NaCl 144.17, KCl 4.95, 

Na2H2P04 1.20, NaHCO^ 29.60, MgS0z|.7H20 1.21, CaCl2 2.75 and glucose

5.5

2.4 DRUGS AND SOLVENTS

Acetylcholine chloride : Sigma 

Adenosine hemisulphate : Sigma 

Adenosine 5 *“diphosphate sodium salt : Sigma 

Adenosine 5*“monophosphate sodium salt : Sigma 

Adenosine 5'“triphosphate sodium salt : Sigma 

Adrenaline bitartrate : Sigma 

3-Aminobenzoic acid ethyl ester : Sigma 

Ascorbic acid : Sigma

Atropine sulphate : Antigen Pharmaceuticals
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Caffeine : Sigma 

Carbachol : Sigma 

CCS 21680 : RBI 

2-Chloroadenosine : Sigma 

Chlorobutanol : Sigma 

N^-Cyclopentyladenosine : RBI 

Dimethyl sulfoxide : Sigma

l,3”Dipropyl-8-cyclopentyI xanthine : Cookson Chemicals 

5’”(N-ethylcarboxamide) adenosine : Sigma 

Glibenclamide : Sigma 

Indomethacin : Sigma

(3"Iodobenzyl)adenosine-5'“̂ "inethylcarboxamide : Gift of Prof.

Jacobson

Ivermectin : gift of Merck Sharp & Dohme Ltd. 

a,p-Methylene adenosine 5’"triphosphate lithium salt : Sigma 

Y”Methylene adenosine 5*"triphosphate sodium salt : Sigma

2-Methylthio adenosine 5*"triphosphate : RBI 

Noradrenaline bitartrate : Sigma 

Octopamine : Sigma

Phentolamine mesylate: Ciba Laboratory 

R^N^-(2-Phenylisopropyl) adenosine : Sigma 

S-N^-{2-Phenylisopropyl) adenosine : Sigma 

8-Phenyltheophylline : RBI 

Physostigmine sulphate : BOH

Pyridoxalphosphate-t-azophenyl-2’,4’-disulphonic acid : Gift of Prof

Lambrecht

Quinacrine dihydrochloride : Sigma 

Quinidine : Sigma
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Reactive blue 2 : Sigma

8-{-p“Sulphophenyl) theophylline : RBI

Sagatal : Rhone Mérieux

Suramin : Gift of ICI Ltd

Tetrodotoxin : Sigma

Theophylline : Sigma

Tubocurarine : Sigma

Uridine 5’"triphosphate : Sigma

2.4.1 Preparation Of Solutions

The majority of drugs were dissolved in distilled water. 

Adrenaline and NA were dissolved in 100 pM ascorbic acid; 

chlorobutanol in 10 % v / v ethanol; TTX in citrate buffer (pH 4.8); 

indomethacin in 0.2 M NaCO^; glibenclamide, theophylline and 8-PT in 

80 % / 20 % v/v in methanol / molar NaOH; CPA, CGS 21680, NECA, R- 

and S-PIA in dimethyl sulfoxide (DMSO) to produce stock solutions, 

subsequent dilutions were made in distilled water; IB-MECA in DMSO to 

produce a stock solution, the first dilution in 50 % DMSO / 50 % 

distilled water, and all subsequent dilutions in distilled water.
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2.5 LIST OF ABBREVIATIONS

Acetylcholine : ACh

Adenosine 5'-diphosphate : ADP

Adenosine 5 *-monophosphate : AMP

Adenosine 5'-triphosphate : ATP

3-Aminobenzoic acid ethyl ester : MS222

Anterior byssus retractor muscle : ABRM

Artificial sea water : ASW

Carbachol : CCh

Central nervous system : CNS

2-Chloroadenosine : 2-CA

N^-Cyclohexyladenosine : CHA

N^-Cyclopentyladenosine : CPA

Cytidine monophosphate : CMP

Cytidine triphosphate : CTP

Dimethyl sulfoxide : DMSO

1,3-Dipropyl-8-cyclopentyl xanthine : DPCPX

Electrical field stimulation : EPS

Endothelium-derived relaxing factor : EDRF

5 ’ -(N-Ethylcarboxamide) adenosine : NECA

Guanine nucleotide-binding protein : G-protein

Guanine triphosphate : GTP

Guanosine diphosphate : GDP

Guanosine monophosphate : GMP

5-Hydroxytryptamine : 5-HT

Inosine monophosphate : IMP

Inosine triphosphate : ITP
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^^-(3“Iodobenzyl)adenosine-5’-^-niethylcarboxamide : IB-MECA 

Large opaque vesicles : LOV

a,p-Methylene adenosine 5’“triphosphate : a,^-MeATP 

P.y-Methylene adenosine 5’“triphosphate : &,y-MeATP 

2-Methylthio adenosine 5'“triphosphate : 2-MeSATP 

Nitric oxide : NO

L-Nitroarginine methyl ester : L-NAME 

Non-adrenergic, non-cholinergic : NANC 

Noradrenaline : NA

R-N^-(2-Phenylisopropyl) adenosine : R-PIA 

S-N^-(2-Phenylisopropyl) adenosine : S-PIA 

8-Phenyltheophylline : 8-PT

Pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid : PPADS

Reactive blue 2 : RB2

Red blood cells : RBC

Structure-activity relationship : SAR

8-(-p-Sulphophenyl) theophylline : 8-pSPT

Tetrodotoxin : TTX

Uridine diphosphate : UDP

Uridine 5’“triphosphate : UTP

Xanthosine triphosphate : XTP
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SECTION A 

CHAPTER 3

GLIBENCLAMIDE ANTAGONISES THE RESPONSES TO ATP, BUT NOT 
ADENOSINE OR ADRENALINE, IN THE GASTRIC LIGAMENT OF THE 

STARFISH ASTE22JAS RUBENS
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3.1 SUMMARY

1. The pre-contracted gastric ligament of the starfish Asterias 

Tubens relaxed to ATP, adenosine and adrenaline.

2. The response to ATP was blocked by the sulphonylurea derivative 

glibenclamide (1 pM), which is a potent inhibitor of mammalian ATP- 

modulated channels.

3. Although ATP and adenosine had equal potencies, adenosine was 

unaffected by glibenclamide, suggesting that a separate receptor or 

mechanism of action is mediating the response to adenosine. Responses 

to adrenaline were also unaffected by glibenclamide.

4. These results imply that adenosine and ATP act on different 

invertebrate purine receptors, analogous to the P^- and P2- 

purinoceptors of mammals. It is suggested that glibenclamide may be 

useful in the subclassification of purinoceptors.

3.2 INTRODUCTION

While extracellular actions of purine compounds on vertebrate 

tissues are well documented (Drury & Szent-Gyorgyi, 1929; Burnstock, 

1972, 1978, 1989b; Burnstock & Buckley, 1985; Gordon, I986), less is 

known about their actions in invertebrates. Where the actions of 

purine compounds on invertebrate tissues have been reported, they 

cover a wide range of invertebrate groups, including bacteria (Azam &
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Hodson, 1977). Protozoa (Pothier et al, ̂ I987). Crustacea (Carr & 

Thompson, 1983; Galun et al,, I985; Lindgren & Smith, I986) and 

Mollusca (Aikaiwa & Ishida, I966; Hoyle & Greenberg, I988).

Purine receptors in vertebrates have been divided into P^- 

and P2“Purinoceptor subtypes, by using agonist potency orders and 

selective antagonists; P^-purinoceptors are selective for adenosine 

and AMP, P2“Purinoceptors for ATP and ADP (Burnstock, 1978). Further 

subdivisions were later proposed: A^ and A2 for Pj^-purinoceptors (Van 

Calker et al,, 1979). P^x* ^2Z ^2T P^-purinoceptors

(Burnstock & Kennedy, 1985b; Gordon, I986). Very few studies have 

been carried out to distinguish subtypes of purinoceptors in 

invertebrate tissues. The problem is confounded by the inconsistent 

responses to agonists in many preparations so that it is difficult to

construct potency orders. Antagonists such as RB2, which is useful in

characterising mammalian purinoceptors, are inactive in some 

invertebrate preparations or may behave as an agonist (Hoyle &

Greenberg, I988; Hoyle et al,, 1989)• Effects of some purine

compounds on the gastric ligament of the starfish Asterias forbesi 

have been reported and show that ATP is more potent at relaxant 

responses than adenosine (Hoyle & Greenberg, I988).

In the present study, the action of purines on the gastric 

ligament of Asterias rubens have been investigated. Specific 

purinoceptor antagonists have been used to identify any subclasses of 

purinoceptors described for mammals (see Burnstock, 1989b).
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3.3 METHODS See Chapter 2

3.3*1 Animals See Chapter 2.1.2

An initial load of I50 mg was applied to the tissue which was 

then allowed to equilibrate for not less than 45 min.

3.3.2 In Vitro Pharmacology

Preparations were maintained in aerated Ca^*-free ASW with a 

2K^ ion concentration of 32.1 mM. Addition of CaCl2 (10 mM) caused a 

stable increase in tone which allowed the evaluation of releixant 

responses to adrenaline and purine compounds. In normal ASW, tone 

could be raised by carbachol (CCh) with an EC^q of approximately 3uM. 

However, the response to CCh was not sufficiently stable. The tone 

induced by CaCl2 (10 mM) in high ASW was similar to that induced 

by CCh in the normal ASW, being approximately 200 mg.

3.4 RESULTS

In the pre-contracted gastric ligament of the starfish 

Asterias rubens^ ATP produced a concentration-dependent relaxation 

with a mean maximum relaxation of 78.56 ± 9*49 % (n=6). In some 

preparations the initial dose of ATP caused a contraction which was 

then followed by the relaxation.

In a similar fashion both adenosine and adrenaline produced 

relaxant responses. Both these compounds occasionally produced an

'7
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initial contraction prior to the relaxation. Mean maximum relaxations 

for adenosine and adrenaline were 91.18 ± 6.47 % (n=5) and 97*78 ± 

2.22 % (n=5) respectively.

Glibenclamide (1 pM) had no direct effect on the gastric 

ligament, either on a pre-contracted or basal tone tissue. In the 

presence of glibenclamide {1 pM) the concentration-response curve for 

ATP was shifted to the right (Fig 3*1) and the pÜ2 significantly (P <

0.05) decreased from 3*68 ± 0.12 (n=6) to 3*00 ± 0.16 (n=6). The 

maximum response to ATP was significantly reduced to 47*6 ± 6.5 % 

(n=6) in the presence of glibenclamide.

Glibenclamide failed to significantly inhibit the relaxant 

response of either adenosine or adrenaline (Fig 3*2 & 3*3)• The pÜ2 

values for adenosine in the absence and presence of glibenclamide (1 

pM) were 3*14 ± 0.13 (n=5) and 3*25 ± 0.36 (n=5) respectively. 

Similarly, the pÜ2 values for adrenaline in the absence and presence 

of glibenclamide (1 pM) were 4.65 ± 0.36 (n=5) and 4.70 ± 0.4l (n=5) 

respectively.

Various putative agonists and antagonists were tested for 

their ability to affect responses to ATP. Agonists including 2-MeSATP 

(10 - 300 pM; n=4) and o,&-MeATP (10 - 300 pM; n=4) had no effect on 

the relaxant response of ATP or on the contractile activity of the 

ligament.

RB2 (n=5) up to a concentration of 100 pM had no effect, 

neither did suramin (1 mM; n=5) nor ivermectin (100 pM; n=4). 

Similarly UTP, quinacrine and dipyridamole (all 5 “ 100 pM; n=2) 

failed to affect the response to ATP. Quinidine (1 pM; n=4) and 

phentolamine (1 pM; n=5) inhibited the contraction of the gastric
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ligament and as such could not be used as putative antagonists. 

Atropine (1 - 10 pM) potentiated the relaxant response of ATP in 6 

out of 8 preparations such that the pÜ2 values in the absence and 

presence of atropine (1 pM) were 4.09 ± 0.09 (n=6) and 4.43 ± 0.l4 

(n=6) (P < 0.01) respectively.
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Fig 3*1 Concentration-response curves for ATP on the pre

contracted gastric ligament of the starfish Asterias rubens in 

the absence ( ̂  ; n=6) and presence ( ; n=6) of glibenclamide

(1 pM). * Indicates significance, P < O.O5. All symbols show mean 

% maximum relaxation ± s.e. (n) unless masked by the symbol.
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Fig 3*2 Concentration-response curve for adenosine on the pre

contracted gastric ligament of the starfish Asterias icubens in 

the absence ( n=5) and presence ( [%]; n=5) of glibenclamide

(1 pM).

76



%  Relaxation

100 _

90 _

70 _

60 _

50 J

4 0 .

30 _

20 J

10 _

0 J

T
4.5 4 3.5

- Log [Adenosine]

2.5



Fig 3.3 Concentration-response curve for adrenaline on the pre

contracted gastric ligament of the starfish Asterias rubens in 

the absence ( ̂  ; n=5) and presence (Zi; n=5) of glibenclamide 

(1 UM).
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3.5 DISCUSSION

The gastric ligament of the starfish Astevias rubens 

consistently gave relaxant responses to ATP, adenosine and 

adrenaline. These results are similar to the findings of Hoyle & 

Greenberg (1988), who showed that the purine compounds ATP, ADP and 

AMP all induce relaxation of the gastric ligament of the starfish 

Asterias forbesi^ although ATP was approximately one hundred times 

more potent than adenosine. In the gastric ligament of Asterias 

mibens concentration-response curves for ATP and adenosine could be 

superimposed, indicating that they were of equal potency. It was not 

possible to distinguish the type of purinoceptor mediating the 

responses using commonly used mammalian purinoceptor antagonists, 

namely RB2 and suramin, because these were ineffective in this 

preparation. In Asterias forbesi 8-PT is also without effect (Hoyle & 

Greenberg, I988).

The response to ATP was blocked by the sulphonylurea 

hypoglycemic drug, glibenclamide. This has been shown in various 

mammalian studies to be a potent blocker of ATP-modulated K* 

channels, particularly in insulin-secreting cells of the pancreas 

(Schmid-Antomarchi et al., 1987; Bernardi et al., I988). The 

mechanism mediating the response to ATP, and the mechanism by which 

glibenclamide blocks ATP in the pancreas involves the closure of 

glibenclamide-sensitive Câ '*’-dependent channels (Schmid-Antomarchi

et al., 1987); ATP is unlikely to cause relaxation in the starfish 

gastric ligament by closing a channel. More likely ATP could open 

K"*" channels and cause relaxation. Such channels are sensitive to 

apamin in some mammalian tissues (Banks et al., 1979). but in the
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starfish apamin is inert (Hoyle & Greenberg, I988). Why glibenclamide 

should block the action of ATP in this tissue is unclear, it is 

conjectured that the invertebrate ATP-purinoceptor, or ion channel, 

has a similar structure to that of the K'*’ channel in the mammalian 

pancreatic islet cells.

Since adenosine and adrenaline were both unaffected by 

glibenclamide, it would appear that they were activating mechanisms 

different from those activated by ATP, and as such via different 

receptor types. Differentiation of receptor types selective for 

adenosine and ATP, and therefore comparable to P-ĵ- and P2- 

purinoceptors described in mammalian systems (Burnstock, 1978), may 

be found in this preparation.

In summary, this study has revealed that glibenclamide is a 

positive tool for identifying the mechanism by which ATP activates 

invertebrate purinoceptors, where usual investigative tools useful in 

mammalian studies are sometimes either inactive or act in an 

unexpected manner (Hoyle & Greenberg, I988; Hoyle et al., I989)• 

Further, glibenclamide may be useful in the subclassification of 

vertebrate purinoceptors.
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CHAPTER 4

EFFECTS OF ADENINE NUCLEOSIDES AND NUCLEOTIDES ON THE 
ISOLATED HEART OF THE SNAIL HELIX ASPERSA AND THE SLUG

ARION ATER
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4.1 SUMMARY

1. Adenine nucleosides and nucleotides were examined for 

pharmacological activity on hearts isolated from the snail Helix 

aspersa and the slug Arion atev.

2. Adenosine, AMP, ADP and ATP (above 100 pM) produced either an 

excitation or an inhibition on the isolated hearts of the snail and 

slug.

3. 2-CA, a,p-MeATP and 2-MeSATP were inactive at concentrations up 

to 1 mM.

4. Responses were not blocked by any commonly accepted mammalian 

purinoceptor antagonists, indicating that these purinoceptors are 

dissimilar to mammalian purinoceptors and cannot be classified 

according to accepted purinoceptor classifications.

5. EPS of the snail heart produced frequency-dependent responses: 1 

- 4 PPS produced predominantly excitation, 8 - 32 PPS predominantly 

inhibition. These responses were unaffected by the purines up to 3 

mM.

4.2 INTRODUCTION

Actions of purine nucleotides and nucleosides on mammalian 

tissues have been known for many years (Drury & Szent-Gyorgyi, 1929;
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Gaddum & Holtz, 1933) and these actions have been extensively 

investigated since that time (see Burnstock, 1990b). The responses to 

purine compounds have been classified according to their activity, 

such that -purinoceptors are preferentially activated by adenosine 

and AMP, and P2“purinoceptors are preferentially activated by ADP and 

ATP (Burnstock, 1978). In addition to this, both types of receptors 

have been subclassified: P^-purinoceptors into A^ and A2 subclasses 

and P2“Purinoceptors into P2%, P^y, ^2Z ^2T subclasses.

(Burnstock & Kennedy, 1985b; Gordon, I986; Stone, 1991; Hoyle & 

Burnstock, 1991a).

Following a greater understanding of the importance of 

purinergic neurotransmission in vertebrate species (Burnstock, 1972, 

1976, 1990b; Stone, 1981), the actions of purine compounds in 

invertebrate species are beginning to be investigated. For example, 

olfactory and cerebral purinoceptors have been investigated in 

crustaceans (Carr & Thompson, 1983; Carr et al., 1987; Derby et al., 

1987) and phagostimulant purinoceptors of bloodsucking insects have 

also been examined (Galun et al. , I963, 1984, 1985; Smith & Friend, 

1976; Friend & Smith, 1977; Ellgaard et al., I987). A number of 

isolated tissues, both muscular and neuromuscular, from species from 

several different invertebrate phyla were investigated for their 

responsiveness to adenylyl compounds (Hoyle & Greenberg, I988) and 

this and other studies have helped to indicate the diverse array of 

invertebrate species that respond to purine compounds, varying from 

bacteria (Azam & Hodson, 1977). Protozoa (Pothier et al., I987). 

Crustacea (Carr & Thompson, 1983; Lindgren & Smith, I986), 

Coelenterata (Hoyle & Greenberg, I988; Hoyle et al., I989).
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Echinodermata (Hoyle & Greenberg, I988) and Mollusca (Aikawa & Ishida,

1966).

The aim of this study was to compare the actions of purine 

compounds on the hearts of two molluscs, the land snail Helix aspersa 

and the large black slug Arion ater, and to attempt to provide a 

classification of purinoceptors by the use of specific blocking 

agents. Purine compounds have already been shown to have various 

actions, including cardioexcitation in the clam Katelysia rhytiphora 

(Sathananthan & Burnstock, 1976) and the pond snail Lymnaea 

stagnalis, and cardioinhibition in the oyster (Aikawa & Ishida, I966;

S.-Rôzsa, 1968) and the freshwater mussel Anadonta cygnea 

(Nistratova, I98O).

4.3 METHODS See Chapter 2

4.3.1 Animals See Chapter 2.1.2

An initial load of 100 - 25O mg was applied to the tissue 

which was then allowed to equilibrate for not less than 30 min.

4.3.2 In Vitro Pharmacology See Chapter 2.1

Single doses of the compounds were added to the organ-bath 

until a maximum response had been observed, contact time was 

approximately 2 min.
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4.4 RESULTS

4.4.1 Exogenously Applied Purine compounds

Helix aspersa. On the isolated, spontaneously beating heart 

(ventricle and atrium), adenosine, AMP, ADP and ATP all produced 

concentration-dependent effects, with the threshold for all the 

compounds being above 100 pM.

The nature of the response, however, differed between 

specimens, whilst being consistent for any particular preparation.

The effect of the various purine compounds varied from 

cardioexcitation to cardioinhibition, both of which were 

concentration-dependent (Fig 4.1a & 4.1b).

For any given preparation, the type of response obtained, 

either excitatory or inhibitory, was also consistent between the 

purine compounds themselves, so that each compound produced a very 

similar response both in nature and in amplitude (Fig 4.1c).

In contrast, in all preparations the response to ACh was 

cardioinhibitory (Fig 4.2). Similarly, physostigmine (10 pM) caused a 

prolonged inhibition of the heart, which was reversible upon washing.

The responses of the heart to the purine compounds, either 

excitatory or inhibitory, were not affected by any of the putative 

antagonists or blocking agents investigated. These included 8-PT (10 

pM), RB2 (100 pM), glibenclamide (10 pM), quinidine (10 pM), 

ivermectin (1 pM), phentolamine (1 pM) and atropine (1 pM).

Stable analogues of the purine compounds, a,^-MeATP, 2-MeSATP 

and 2-CA (up to a concentration of 1 mM; n=3), had no direct action 

on the beating hearts in either an excitatory or inhibitory manner.
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nor did they affect responses to applied adenosine or ATP.

Arion ater The isolated heart of the slug was never observed to 

beat spontaneously. Occasional bursts of activity were seen in 2 out 

of 16 preparations, so in order to observe the effects of the purine 

compounds on an actively beating heart, it was necessary to drive the 

heart. This was achieved by the application of 5“hydroxytryptamine 

(5“HT) at a concentration sufficient to evoke constant beating. The 

mean concentration to produce this activity was I90 ± 80 pM (n=l6).

Application of the purine compounds produced similar responses 

to those observed in the snail, in that the responses were either 

cardioexcitatory or cardioinhibitory with threshold concentrations 

for each purine compound above 100 pM. The responses were consistent 

within a preparation but varied between specimens (Fig 4.3).

On quiescent hearts purine compounds produced inconsistent 

results. In 4 out of 7 preparations, the purine compounds had no 

effect, up to a concentration of 1 mM. In 3 out of 7 preparations 

concentration-dependent contractions were observed. However, the 

concentration of purine compound required to produce the result was 

în excess of 100 pM (Fig 4.4).

As seen in the snail heart preparation, responses to purine 

compounds were not affected by the various blocking agents tested. 

These included: atropine (1 pM), theophylline (100 pM) and 8-PT (10 

pM). Neither octopamine (1 mM) nor the stable purine analogues a,p>- 

MeATP, 2-MeSATP and 2-CA (up to a concentration of 1 mM), had any 

effect as direct agonists nor did they modify the effects of 

adenosine or ATP.
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4.4.2 Electrical Stimulation

Helix aspersa The response to EPS (0.5 msec, 100 V, 30 sec 

stimulation), on the spontaneously beating heart of the snail varied 

with the frequency of stimulation. Generally, at low frequencies (1 - 

4 PPS) the response was excitatory with an increase in the force of 

contraction and the number of beats. However, higher frequencies (l6 

- 32 PPS) had a direct inhibitory action which was followed by a 

period of excitation once the stimulus had ceased. The response to 8 

PPS exhibited an intermediary response with an initial excitation 

rapidly followed by an inhibition (Fig 4.5).

The response to EPS was unaffected by any of the purine 

compounds or by their stable analogues, up to a concentration of 1 

mM. Similarly, the local anaesthetic chlorobutanol (100 pM) had no 

effect on the responses in either the snail or the slug heart.

Arion ater Single pulses of EPS produced prolonged contractions of 

the quiescent slug heart. On other occasions, short bursts of 

activity were observed, the size of which depended on the duration of 

the stimulus (Pig 4.6). As in the snail heart, responses to EPS were 

not affected by any of the purine compounds at concentrations up to 1 

mM.
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Fig 4.1 Actions of purine compounds on the isolated, 

spontaneously beating heart of the snail Helix aspersa.

(a) Actions of adenosine (Ado) and ATP (0.1 - 3 mM) in a 

concentration-dependent manner.

(b) Several different actions of purine compounds (Ado, ADP and 

ATP; 3 mM), showing a range of their actions on different 

specimens.

(c) Actions of a single concentration of different purine 

compounds (1 mM), on a single preparation, all having similar 

responses both in nature and magnitude.
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Fig 4.2 Action of ACh (1 ]iM - 1 mM) in a concentration-dependent 

manner on the isolated, spontaneously beating heart of the snail 

Helix aspersa.
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Fig 4.3 Action of purine compounds on the isolated 5”HT-driven 

heart of the slug Arion ater. Individual preparations have 

different rates and patterns of activity.

(Ado) « = 48 sec, ** = 20 mg;

AMP * = 24 sec. ** = 100 mg;

ADP * = 24 sec. ** = 200 mg;

ATP * = 24 sec. ** = 40 mg.
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Fig 4.4 Action of ATP and adenosine on the isolated, quiescent 

heart of the slug Avion atev. Top panel shows concentration- 

dependent contractions to ATP (0.1 - 10 mM). Bottom panel shows 

concentration-dependent contractions to adenosine (Ado; 0.3 - 3 

mM).
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Fig 4.5 Action of EFS (0.1 msec, I50 V, 1 - 32 PPS, 30 sec 

stimulation) on the spontaneously beating heart of the snail 

Helix aspersa. Responses to 1 - 4 PPS were usually excitatory, 

while those of the higher frequencies (8-32 PPS) were 

inhibitory, arresting the heart in diastole. 8 PPS produced an 

intermediary response, with an initial excitation rapidly 

followed by an inhibition.

97



1pps 2pps 4pps

8pps 16pps 32pps

400m g

2min



Fig 4.6 Responses to EFS {0.5 msec, I5O V, single pulses) on the 

quiescent heart of the slug Arion ater. Top panel shows the 

effect of increasing the pulse width from 0.1 to 0.5 msec. Bottom 

panel shows an electrically field-stimulated heart 

( #  = single pulse).
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4.5 DISCUSSION

The isolated beating hearts of both the snail Helix aspevsa 

and the slug Avion atev responded to the purine compounds adenosine, 

AMP, ADP and ATP. The type of response observed however, varied 

greatly, with all of the purine compounds causing either 

cardioexcitation or cardioinhibition to any given preparation.

The high concentrations of purine that were necessary to 

produce the observed effects (above 100 pM), were by no means 

unusual. Adenosine is observed to arrest the heart of the oyster 

Cvassostvea nippona in systole at a concentration of 10 mM (Aikawa & 

Ishida, 1966) and cardioinhibition of the crabs Haia squinado and 

Cavcinus maenas is only observed at concentrations of 1 mM and above 

(Welsh, 1939)• Similarly, adenosine, ADP and ATP all caused an 

increase in tone of the circular muscle from the pedal disc of 

Actinia equina above a concentration of 100 pM (Hoyle et al. , I989).

Since all the purine compounds had very similar responses with 

respect to the type of activity and also the magnitude of the 

response, it would appear that the heart of neither species could 

distinguish between any of the purine compounds. It would also appear 

that the nucleotides were not dissociating into adenosine to elicit 

the response because no single compound was significantly more potent 

than any of the others.

The inability of the synthetic and stable analogues of 

adenosine and ATP, i.e. 2-CA, a,&-MeATP and 2-MeSATP, to have an 

effect on the hearts would seem to suggest that an intact and 

unchanged purine nucleus is necessary, as well as an easily 

hydrolysable phosphate chain, if a phosphate chain is present, for
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the compound to have an effect on the heart.
The inactivity of these analogues and the conventional 

vertebrate purinoceptor blockers tested, would also suggest that the 

receptors activated by the purine compounds in these two molluscan 

hearts are not comparable to the purinoceptors of mammalian systems 

(Burnstock, 1978; Burnstock & Buckley, 1985; Burnstock & Kennedy, 

1985b), where adenosine and AMP preferentially activate P^- 

purinoceptors and ADP and ATP preferentially activate P2- 

purinoceptors. This receptor can only be described as an nonspecific 

purinoceptor and since the responses were not susceptible to blockade 

by mammalian antagonists there is little correlation between this 

invertebrate purinoceptor and that of vertebrates, although 

similarities can be found in this receptor and that of the heart of 

the marine gastropods. Busycon contvavium and Nelongena corona^ and 

bivalve mollusc, Atrina serrata (Hoyle & Greenberg, I988).

The hearts of Avion atev and Helix aspersa had very similar 

responses in terms of both type of response and magnitude. The only 

difference observed was that while the heart of the snail 

consistently beat spontaneously, that of the slug had to be driven by 

the application of 5“HT, which has been reported to be the 

neurotransmitter in cardioexcitatory nerves of molluscs (Cottrell & 

Laverack, I968). Morphologically, the atrium of the slug has very 

sparsely arranged muscle fibres. The atrium of the snail, however, 

has a very tight arrangement of muscle fibres forming a discrete 

chamber which is easily recognisable.

In the heart of both species, the response to ACh was 

consistently cardioinhibitory. This agrees with previously reported
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findings that ACh is the neurotransmitter in cardioinhibitory nerves 

of a variety of invertebrate hearts (Martin, 197^; Sathananthan & 

Burnstock, 1976; Nistratova, I98O; Smith & Hill, I987). It may also 

be possible that since the reversible anticholinesterase, 

physostigmine, is said to resemble the structure of ACh (Bowman & 

Rand, 1984) this may possibly account for its cardioinhibitory 

action.

The responses to EPS may reflect the individual properties of 

these molluscan hearts, in that at low frequencies of stimulation, 

only excitatory nerves are stimulated releasing 5“HT and thereby 

causing cardioexcitation, whereas at higher frequencies of 

stimulation cardioinhibitory nerves are activated, releasing ACh and 

thus inhibiting the heart. However, this remains to be studied in 

detail.

The lack of effect of the purine compounds on responses evoked 

by EPS implies that they do not modulate release of the cardiac 

neurotransmitters. Although not previously described in an 

invertebrate heart, modulation of neurogenic responses by purine 

compounds has been described in several organs of various other 

invertebrate species (see Hoyle & Greenberg, I988).

In summary, this study has revealed that the purine compounds 

tested have pharmacological activity on the isolated hearts of both 

Helix aspersa and Avion atev, causing both cardioexcitation and 

cardioinhibition without a modulatory role. Purther, these responses 

appeared to be mediated via a purinoceptor that was unable to 

discriminate between the compounds, lacking the characteristics of 

mammalian purinoceptor.
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CHAPTER 5

RESPONSES OF THE RECTUM AND OESOPHAGUS OF THE SNAIL HELIX 
ASPERSA TO PURINE NUCLEOTIDES AND NUCLEOSIDES
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5.1 SUMMARY

1. Purine compounds were examined for pharmacological activity on 

the rectum and oesophagus of the garden snail Helix aspevsa.

2. In the rectum, adenosine, AMP, ADP and ATP (above 10 pM) and ACh 

(above 1 nM) consistently caused concentration-dependent 

contractions. The slope of the concentration-response curve for ADP 

was significantly steeper than for the other purine compounds. The 

contractile responses to the nucleotides and ACh, but not adenosine, 

were selectively potentiated by physostigmine (1 pM). Atropine (1 pM) 

and tubocurarine (30 pM) failed to block the responses to the purines 

or ACh.

3. In the oesophagus, adenosine, AMP, ADP and ATP (above 10 pM) and 

ACh (above 1 nM) caused concentration-dependent contractions that 

were antagonised by atropine (1 pM). Tubocurarine (30 pM) failed to 

block the responses to the purine compounds or ACh. Physostigmine (1 

pM) potentiated the responses to ADP and ACh but not ATP, AMP or 

adenosine.

4. In both the rectum and the oesophagus, the synthetic analogues of 

purine compounds including 2-CA, a,&-MeATP and 2-MeSATP were inactive 

up to a concentration of 100 pM.

5. EPS of the rectum and oesophagus produced consistent contractions 

which were unaffected by atropine (1 pM), tubocurarine (30 pM) or 

physostigmine (1 pM). These responses were not modulated by any of the
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purine compounds or their stable analogues.

6. The responses obtained appear novel even within known 

invertebrate purinergic systems, suggesting a differentiation of 

purinoceptor subtypes in this species. There is evidence in the 

rectum for AMP, ADP and ATP causing the release of ACh; physostigmine 

potentiated responses to AMP, ADP and ATP, but not to adenosine. This 

indicates that activity may be mediated via different types of 

purinoceptors, perhaps equivalent to the P-ĵ- and P^-purinoceptors 

identified in vertebrates.

5.2 INTRODUCTION

Purine derivatives have been shown to have activity in a wide 

range of invertebrate species, including some of the most primitive 

of organisms such as bacteria (Azam & Hodson, 1977). and encompassing 

many of the invertebrate classes: Protozoa (Pothier et al., I987). 

Arthropoda (Derby et al., 1984, 1987; Carr et al., I986), Crustacea 

(jCarr & Thompson, 1983; Lindgren & Smith, I986; Hoyle & Greenberg, 

1988), Insecta (Galun et al., I963, 1984, I985, 1988; Friend & Smith, 

1977; Ellgaard et al., 1987; Galun, I987). Echinodermata (Hoyle & 

Greenberg, I988), Mollusca (Aikawa & Ishida, I966; Campbell & 

Burnstock, I968; Sathananthan & Burnstock, 1978; Hoyle & Greenberg, 

1988) and Coelenterata (Hoyle et al., 1989).

Two distinct classes of purinoceptors have been recognised in 

vertebrates: P^-purinoceptors are designated as those that are
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preferentially activated by adenosine and AMP, P2-purinoceptors are 

those that are preferentially activated by ATP and ADP (Burnstock, 

1978, 1990b). Subsequently, both types have been further subdivided: 

Pj^-purinoceptors into Â ,̂ A2 and A^ subclasses and P2“Purinoceptors 

into P2X» P2Y' ^2Z P2T subclasses (Burnstock & Kennedy, 1985b; 

Gordon, I986; Stone, 1991; Hoyle & Burnstock, 1991a). Further 

subtypes of P2“purinoceptors have been proposed, P2r« P2S 3̂* 

as yet, these have not received widespread support (see Hoyle & 

Burnstock, 1991a, 1991b; Stone, 1991). Although the accumulated 

literature indicates that in invertebrates purinoceptors are 

heterogeneous, a classification has not yet been demonstrated within 

invertebrates.

The aim of the present study was to compare the activity of 

purine nucleosides and nucleotides in the rectum and oesophagus of 

the garden snail Helix aspersa^ and if possible, by the use of 

specific antagonists, to identify the class of purinoceptors present 

in these two regions of the gastrointestinal tract.

5.3 METHODS See Chapter 2

5.3.1 Animals See Chapter 2.1.2

An initial load of 100 - 250 mg was applied to the tissue 

which was allowed to equilibrate for not less than 45 min.
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5.3*2 In Vitro Pharmacology See Chapter 2.1

Single doses of the purine compounds were added to the organ- 

bath and left in contact until a maximum response had been observed 

(approximately 2 min).

5.4 RESULTS

5*4.1 Responses To Applied Purine Compounds And ACh

Rectum In the isolated rectum of Helix aspersa, adenosine, AMP, ADP 

and ATP all produced concentration-dependent contractions, with the 

threshold for all 4 compounds being approximately 10 pM. 

Concentration-response curves were constructed and p02 values 

calculated: ATP 3*81 ± 0.20 (n=8), ADP 4.28 ± 0.17 (n=7), AMP 3*91 ± 

0.21 (n=7) and adenosine 4.16 ± 0.19 (n=9). Statistical analysis 

showed no significant difference between the pD£ values. A comparison 

of the slopes of the concentration-response curves showed that the 

curves for ATP, AMP and adenosine were parallel whereas that for ADP 

was significantly steeper (P < 0.05)*

The mean maximum tension produced in the rectum by the 4 

compounds were: ATP 148.6 ± 28.1 mg (n=8), ADP 150.3 ± 56*5 mg (n=7), 

AMP 198.0 ± 53*2 mg (n=7) and adenosine 273*9 ± 97*3 mg (n=9)* 

Statistical analysis showed no significant differences amongst the 

maximum tensions developed. ACh also evoked concentration-dependent 

contractions, the threshold concentration being approximately 1 nM, 

the pD2 value for ACh was 6.30 ± O.I3 (n=5), and the mean maximum
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tension developed was 404.0 ± 114.8 mg (n=5).

In 2 out of 5 preparations a,p-MeATP (up to 30 pM) produced 

small concentration-dependent contractions of the rectum, in the 

other three preparations there was no response up to a concentration 

of 100 pM. 2-MeSATP, up to a concentration of 10 pM, had no direct 

effect on the rectal muscle. This was also the case for 2-CA (up to 

30 pM), NECA (up to 10 pM) and R-PIA (up to 10 pM) , which were all 

without effect.

Physostigmine (1 pM) potentiated the responses to ATP, ADP,

AMP and ACh but not to adenosine (Fig ^.1). The mean maximum tensions 

produced by ATP, ADP and AMP were increased by 99*0 ± 43.0 % (n=5), 

92.5 ± 26.0 % (n=5) and IO6.O ± 28.0 % (n=5) respectively. The 

response to ACh was increased by 50.3 ± 11.0 % (n=5).

Atropine (1 pM), tubocurarine (30 pM), theophylline (10 pM), 

8-PT (1 pM), quinidine (lOpM), glybenclamide (10 pM), RB2 (0.1 mM) 

and phentolamine (30 pM) had no effect on the ability of the purine 

compounds to evoke contractile responses. When preparations were 

preincubated with a,&-MeATP or 2-CA there was no significant change 

in the responses to the naturally occurring purine compounds or to 

ACh.

Oesophagus In the isolated oesophagus of the snail, ATP, ADP, AMP, 

adenosine and ACh all caused concentration-dependent contractions, 

the threshold for the 4 purines being approximately 10 pM, and for 

ACh approximately 1 nM. There was no statistical difference between 

the pD2 values for ATP, ADP, AMP and adenosine, being: 4.63 ± 0.26 

(n=5), 4.48 ± 0.08 (n=5), 3-73 ± O.I7 (n=5) and 4.14 ± 0.29 (n=5)
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respectively. The pÜ2 value for ACh was 6.89 ± 0.24 (n=5). The 

contractile responses to ATP, adenosine and ACh were antagonised by 

atropine (1 pM). The pD2 values in the absence and presence of 

atropine (1 pM) were: ATP 4.43 ± 0.51 (n=5) and 2.93 ± 0.60 (n=5; Fig 

5.2a), adenosine 4.24 ± O.36 (n=5) and 2.87 ± O.76 (n=5; Fig 5.2b) 

and ACh 6.75 ± 0.59 (n=5) and 5.34 ± O.38 (n=5; Fig 5.2c) 

respectively.

Physostigmine (1 pM) potentiated the response to ADP and ACh, 

having no significant effect on the other purine compounds (Fig 5.3). 

The mean maximum response for ADP was increased by 72.1 ± 16.2 % 

(n=5). while that for ACh was increased by 68.0 ± 15.5 % (n=5).

Neither tubocurarine (30 pM), glybenclamide (O.lmM), quinidine 

(10 pM), phentolamine (30 pM), theophylline (0.1 pM), 8-PT (10 pM), 

ivermectin (0.1 mM) nor methysergide (1 pM) had any effect on the 

contractile response of the oesophagus to ATP, adenosine or ACh.

a,p-MeATP (30 pM), 2-MeSATP (10 pM), 2-CA (30 pM) were all 

without a direct effect, nor did they affect responses to ATP or 

adenosine after a 20 min period of incubation.

5.4.2 Electrical Stimulation

In both the isolated rectum and oesophagus of Helix aspersa^ 

EFS (8 PPS, 0.5 msec, supramaximal V, I5 sec stimulation) resulted in 

a contractile response. These contractions were unaffected by any of 

the purine compounds tested: ATP, ADP, AMP and adenosine (up to a 

concentration of 300 pM), or by any of the stable analogues of these 

purine compounds: 2-CA, o,&-MeATP and 2-MeSATP (up to a concentration 

of 30 pM).
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The evoked contractions were not inhibited by either atropine 

(1 pM) or tubocurarine (30 pM), or potentiated by physostigmine (1 

pM), neither were they affected by chlorobutanol (10 pM) or TTX (1 

pM).
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Fig Bar-chart showing potentiation of purine and ACh

contractions by physostigmine {1 pM) on the isolated rectum of 

Helix aspevsa. Bars represent mean % increase of contraction 

(compared to the maximum obtainable response) at a single 

concentration of purine compound (1 mM) and ACh (10 pM), in the 

absence (open) and presence (hatched) of physostigmine (1 pM).

* Indicates significance, P < 0.05.
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Fig 5*2 Concentration-response curves for ATP, adenosine and ACh 

on the isolated oesophagus of Helix aspersa. All symbols show 

mean % maximum contraction ± s.e. (unless masked by the symbol).

* Indicates significeince, P < O.O5.

(a) Concentration-response curve for ATP in the absence 

( ̂ , n=6) and presence ( Q *  n=6) of atropine (1 pM).

(b) Concentration-response curve for adenosine in the absence 

( ̂ , n=8) and presence ( ̂ , n=8) of atropine (1 pM).

(c) Concentration-response curve for ACh in the absence 

( ̂ , n=5) and presence ( 0 »  ^”5) of atropine (1 pM).
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Fig 5*3 Bar-chart showing potentiation of ADP and ACh 

contractions by physostigmine (1 pM) on the isolated oesophagus 

of Helix aspersa. Bars represent mean % increase of contraction 

at a single concentration of ADP (1 mM) and ACh (10 pM), in the 

absence (open) and presence (hatched) of physostigmine (IpM).

* Indicates significance, P < 0.05.
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5.5 DISCUSSION

Both the rectum and the oesophagus of Helix aspersa gave 

consistent contractions in response to the naturally occurring purine 

compounds ATP, ADP, AMP and adenosine. The relatively high threshold 

concentrations necessary (approximately 10 pM) are by no means 

unusual. For example, high concentrations of purine were found 

necessary to relax the gastric ligament of the starfish Asterias 

rubens (Chapter 3), and to cause cardioinhibition in the crabs Maia 

squinado and Carcinus maenas (Welsh, 1939) and in the oyster 

Crassostrea nippona (Aikawa & Ishida, 1966). Organs from several 

invertebrate species investigated by Hoyle & Greenberg (1988) 

required similarly high concentrations of purine to exert an effect.

The inactivity of the synthetic analogues of adenosine and 

ATP, namely 2-CA, a,&-MeATP and 2-MeSATP on both the rectum and 

oesophagus, is also common among invertebrate species (Hoyle & 

Greenberg, 1988; Hoyle et al., I989). Commonly used purine 

antagonists were also found to be inactive, again showing that 

invertebrate purinoceptors differ from mammalian purinoceptors.

Although there were no significant differences in the pD2 

values for the four purine compounds, there was a difference in the 

slope of the concentration-response curve for ADP compared to the 

other three compounds in the rectum; the curves for ATP, AMP and 

adenosine were all parallel whereas that of ADP was significantly 

steeper. The difference in the slope of the concentration-response 

curve for ADP may indicate that there is more than one purinoceptor 

present: a receptor resembling the P2“Purinoceptor that is being 

activated by the ADP and a second receptor type or subtype that is
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activated by the remaining purine compounds equally. Alternatively, 

the difference may be the result of a differential breakdown of the 

purine compounds by nucleotidases resulting in prolonged 

availability.

The selective potentiation of the responses to the purine 

nucleotides and ACh by physostigmine (a reversible 

anticholinesterase) in the rectum, and the selective inhibition of 

responses by atropine in the oesophagus seem to suggest that the 

purines are evoking release of ACh from both the rectum and the 

oesophagus. ACh has long been recognised as a neurotransmitter in 

molluscs, particularly in the heart (Welsh, 1939; Twarog, 195^. I96O; 

Greenberg & Jegla, 1963*. Greenberg, 1965; Burnstock et aZ., I967).

ACh was found to be excitatory in both the rectum and the oesophagus, 

and in both these organs physostigmine was able to potentiate certain 

responses. In the rectum physostigmine potentiated the response to 

ATP, ADP, AMP and ACh but not adenosine, while atropine and 

tubocurarine proved to be inactive. This may indicate a beginning of 

receptor diversification that would appear to be equivalent to the 

P^- and P2“purinoceptors found in vertebrate tissues. This does not 

gppear to be the case in the oesophagus, however, since the responses 

to all the purine compounds were equally blocked by atropine. The 

effect of physostigmine was more consistent, potentiating only the 

response to ADP and ACh. The receptor type in this tissue can only be 

classified as a non-selective purinoceptor. Similar distinctions in 

responses to purine compounds have been observed in other 

invertebrate species. For example, in the polian vesicle of Thyone 

bviaveus an ATP-specific receptor resembling the P2“Purinoceptor of
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vertebrates has been identified, while that in the gastric ligament 

of the starfish Astevias fovbesi is selective for ATP and ADP, again 

resembling the P2“Purinoceptor. In the body wall of the sea squirt 

Ciona intestinalis the receptor is non-selective, while that in the 

pedal disc of the sea anenome Actinia equina selects specifically 

against AMP (Hoyle & Greenberg, I988; Hoyle et al., 1989). suggesting 

that a comparison with vertebrate purinoceptors is not applicable.

While it is a possibility that ATP evoked the release of ACh 

from the gut of this mollusc, as suggested by the potentiation of the 

responses to the phosphorylated purines by physostigmine in the 

rectum and the block of the ATP response by atropine in the 

oesophagus, it must also be noted that the response to ACh was 

potentiated by physostigmine in the oesophagus whereas those of ATP 

were not. Similarly this study has not been able to demonstrate the 

release of ACh upon EFS, since it was not affected by any of the 

cholinergic blockers tested (atropine and tubocurarine) or by 

physostigmine, each of which have previously been shown to affect 

cholinergic transmission and agonist responses in a variety of 

invertebrate tissues (Greenberg & Jegla, 1963; Burnstock et al.,

1967; Greenberg et al., I98O). Therefore it is unlikely that ACh is 

responsible for the contractions evoked by EFS in these tissues.

None of the purine compounds, or their stable analogues, had 

an effect on the response of the rectum and oesophagus to EFS, 

implying that they were not modulating the release of 

neurotransmitter. These responses were also unaffected by 

chlorobutanol, a local anaesthetic, or by TTX, both of which are 

effective in vertebrate systems and some invertebrate systems. Thus 

it is unclear whether the contractions that were obtained upon EFS
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were nerve-mediated. It is possible that the nerve-mediated responses 

were insensitive to the vertebrate blocking agents that are presently 

available.

In conclusion, this investigation has shown that both the 

rectum and the oesophagus of the snail Helix aspersa are sensitive to 

purine compounds. There is evidence in the rectum for AMP, ADP and 

ATP releasing ACh; physostigmine potentiated the responses to AMP,

ADP and ATP, but not to adenosine. It is possible therefore that 

activity is mediated via different types of purinoceptors, which are 

equivalent to the P]̂ - and P^-purinoceptors identified in vertebrates.
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CHAPTER 6

QUINACRINE STAINING OF NEURONES AND ACTIVITY OF PURINE 
NUCLEOSIDES AND NUCLEOTIDES IN MARINE AND TERRESTRIAL 

INVERTEBRATES FROM SEVERAL PHYLA
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6.1 SUMMARY

1. The acridine derivative quinacrine was used to stain nerve fibres 

in internal organs of 17 species of marine and terrestrial 

invertebrates from 7 different phyla.

2. The majority of preparations showed quinacrine stained nerve 

fibres. There was a degree of variation, ranging from a dense network 

of nerve bundles to single fibres. Quinacrine-positive nerve cell 

bodies were also observed in some ganglia.

3. Pharmacological experiments were performed on a variety of 

isolated tissues from the different marine and terrestrial groups, in 

order to ascertain their sensitivity to adenine nucleosides and 

nucleotides.

4. Correlation is drawn between the ability of neurones within a 

tissue to bind quinacrine, and the ability of that tissue to respond 

to applied adenine nucleosides and nucleotides.

6.2 INTRODUCTION

The anti-malarial drug quinacrine is a fluorescent acridine 

derivative. Acridine derivatives can form complexes with nucleotides 

(Mcllwain, 1941; Martin & Fisher, 1944) and it has been shown that 

quinacrine will bind to ATP and prevent its diffusion down a 

concentration gradient (Da Prada et al., 197^; Âlund & Olson, I98O).
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This interaction of quinacrine with purine nucleotides has 

previously been exploited in an attempt to visualise certain 

populations of neurones in mammalian tissues that appear from 

functional studies to be ’purinergic’, i.e. release ATP as a 

neurotransmitter or co-transmitter (see Burnstock, 1990a, 1990b). 

These studies have been carried out on peripheral tissues such as the 

gastrointestinal tract, urinary bladder, atrium and portal vein of 

laboratory animals (Olson et al. , 1976; Burnstock et al., 1978a,

1979; Davison et al., 1978; Hoyes et al., 1979; Cocks et al., 1979; 

Oison & Âlund, 1979; Alund & Oison, I98O; Crowe & Burnstock, 1981a, 

1981b, 1982; Crowe et al., I986) and on the guinea pig brain (Crowe & 

Burnstock, 1984). Quinacrine has thus been used extensively to 

visualise nerves containing high concentrations of ATP in these 

vertebrate tissues, but its potential for visualising possible 

purinergic nerves in invertebrate tissues has not been exploited.

ATP and other purine nucleosides and nucleotides have been 

shown to have physiological and pharmacological activity in tissues 

from a multitude of invertebrate groups, including bacteria (Azam & 

Hodson, 1977), Protozoa (Pothier et al., I987), Crustacea (Carr & 

Thompson, 1983; Lindgren & Smith, I986; Carr et al., 1987; Hoyle & 

Greenberg, I988), Coelenterata (Hoyle et al. , 1989), Echinodermata 

(Hoyle & Greenberg, I988), Mollusca (Aikawa & Ishida, I966; 

Sathananthan & Burnstock, 1976; Hoyle & Greenberg, I988) and 

Hemichordata (Hoyle & Greenberg, I988). In addition, purine compounds 

have been shown to stimulate olfactory and cerebral purinoceptors in 

crustaceans (Carr & Thompson, I983*. Derby et al., 1984, I987; Carr et 

al. , 1987) and phagostimulant purinoceptors of bloodsucking insects
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(Galun et al., 1963. 1984, 1985; Smith & Friend, 1976; Friend &

Smith, 1977; Ellgaard et al., I987).

Considering the number and type of invertebrate species that 

respond to applied purine compounds, the present study was undertaken 

primarily to determine if quinacrine could be used as a tool to 

visualise nervous elements in invertebrate tissues, and secondly to 

determine any correlation between the presence of quinacrine staining 

and responses to purine compounds.

6.3 METHODS See Chapter 2

6.3*1 Animals See Chapter 2.1.2

nytilus edulis Mussels, collected from St. Leonards-on-Sea, were 

opened by slipping a razor blade between the two valves and severing 

the anterior and posterior adductor muscles. The heart, gill, 

anterior byssus retractor muscle (ABRM), and the visceral and pedal 

ganglia were removed.

Golfingia minuta and Pviapulus caudatus. Golfingia and Priapulus 

were supplied by the University Marine Biology Station, Millport. 

Segments of the gut from both these invertebrates were removed, 

including the oesophagus, midgut and anus. These were opened out 

longitudinally and stripped of mucosa. In addition to these tissues, 

the pharynx, pharyngeal retractors of both animals and the 

respiratory tree of the priapulid were removed and prepared for 

pharmacology.
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Lumbricus tewestris Earthworms were collected from the London 

district as required. The body wall was dissected away from the 

gastrointestinal tract, which allowed the crop and the gizzard to be 

removed, stretched lightly and stripped of mucosa. In addition, 

similar areas of the gut were prepared for pharmacology.

Patella vulgavis (limpet), Nucella lapillus (dogwhelk) and Donax 

vittatus (banded wedge shell) The hearts from the limpet, dogwhelk 

and banded wedge shell, collected from St Leonards-on-Sea, were 

removed after gently breaking the shell, or in the case of Donax 

vittatust by cutting the adductor muscles with a razor blade and 

stretched. The rectum was removed from the periwinkle and rayed 

trough shell and the mucosa was removed.

Littovina littovea (periwinkle) and Mactva coralline (rayed trough 

shell) The heart and rectum were removed from the periwinkle and

rayed trough shell and stretched after removing the mucosa from the

rectum.

Çardium edule Cockles, collected from St Leonards-on Sea, were 

opened by slipping a scalpel blade between the valves and severing 

the adductor muscles. The heart, visceral and pedal ganglia were

removed. The heart was stretched or prepared for pharmacology.

Ostrea edulis Oysters, purchased from a local fishmonger, were 

opened in a similar fashion to the other bivalves. The heart, labial 

palp, mantle and gill were all removed and prepared for pharmacology.
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Due to the limited availability of the oysters, quinacrine staining 

was not performed.

Pagurus sp, (hermit crab) and Nephrops norvegicus (Norway lobster)

The crab and lobster were both supplied by the University Marine 

Biology Station, Millport. The crab was removed from its host-shell 

(usually Buccinum sp,) and the abdominal muscles were removed and 

stretched. Strips of abdominal muscle were also prepared for 

pharmacology. The heart and the rectum were removed from the lobster 

and stretched, tissues were also prepared for pharmacology.

6.3.2 Histochemistry

All animals were anaesthetised either by placing on ice for 30 

min or by narcotising in a solution of 3.75 % w / v MgCl2 in ASW. 

After dissection, tissues were placed in either cold invertebrate 

saline or ASW as appropriate, lightly stretched and pinned out onto 

Sylgard silicone rubber. These were then incubated in quinacrine (3 

pM), diluted in either the appropriate invertebrate saline or ASW, 

for approximately 30 min.

After incubation, the tissues were briefly washed in either 

saline or ASW, mounted on glass slides, again using the appropriate 

saline or ASW as mounting medium, and covered with a coverslip. The 

fluorescence faded rapidly as the quinacrine diffused out of the 

structures that had taken it up. Attempts to reduce this efflux by 

dehydrating the tissues or by fixing with glutaraldehyde (5 %) were 

not successful (see Crowe et al. , I986).

All slides were viewed immediately with a Carl Zeiss
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photomicroscope fitted with an epi-fluorescence condenser 111 R.S. 

Selected areas were photographed on Kodak TMAX P3200 film.

6.3.3 Vitro Pharmacology See Chapter 2.1

Mechanical activity was recorded under auxotonic conditions 

(Hoyle & Greenberg, I988). An initial load of 100 - 400 mg was 

applied to the tissues, which were then allowed to equilibrate for 

not less than 30 min.

6.4 RESULTS

Results are summarised in Table 6.1, which lists the species 

and organs studied, the presence or absence of quinacrine-staining 

and the responses to purine compounds.

6.4.1 Histochemistry

 ̂ Quinacrine-fluorescence was observed in a variety of tissues

from many different species, including marine and terrestrial 

animals. To assist clarity, the invertebrates will be considered 

within their phylogenetic groups. In all species, staining was 

predominant in nerve fibres and blood cells (haematocytes or 

coelomocytes). Muscle fibres were unstained, whereas epithelial cells 

were sometimes stained.
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Gastropod molluscs
The heart (atria and ventricle) of both the snail {Helix 

aspersa) and the slug {Avion atev) contained a network of brightly 

fluorescing fibres. It was possible to take photomicrographs of the 

complete hearts, both atrium and ventricle, from both species, before 

the quinacrine fluorescence faded excessively (after approximately 30 

min), and subsequently to construct montages. Fig 6.1 shows a good 

example of the type of staining observed in the snail heart, where 

fine and thick bundles of fibres were discernible throughout the 

heart, many of which appeared to be varicose in nature. However, no 

cell bodies were observed in any of the hearts examined.

The staining observed in the heart of the slug was generally 

less dense compared with that of the snail, with the bundles of 

fibres being generally thinner and more dispersed throughout the 

heart (Fig 6.2).

Staining was also observed in the gastrointestinal tract of 

the snail, including the oesophagus, stomach and rectum. When 

compared to the hearts, staining was less dense, with a predominance 

of single or small groups of fibres. In addition, fluorescence was 

seen in the nerve tracts and the cell bodies from the cerebral 

ganglion of the snail.

Staining was found in the other gastropod hearts viewed. These 

were the limpet {Patella vulgavis), the dogwhelk {Nucella lapillus) 

and the periwinkle {Littovina littovea). Fluorescent fibres were more 

sparsely arranged in these tissues compared with those of the snail 

and the slug. The gut from the periwinkle contained some positive 

nerve fibres, but again these were less densely innervated by
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quinacrine-stained neurones than were the same regions of the 

gastrointestinal tract of the snail.

Bivalve molluscs
Quinacrine-fluorescent nerve fibres were seen in the heart 

(atria and ventricles) of the rayed trough shell {Mactra coralline) 

and the cockle {Cardium edule), but were sparse in comparison with 

the innervation of the gastropod molluscs. Also, a sparse innervation 

by quinacrine-fluorescent fibres was found in the gut of Mactra 

coralline. Visceral and pedal ganglia from the cockle contained 

numerous nerve cell bodies which stained with quinacrine.

In the mussel {Mytilus edulis) ̂ positive quinacrine fibres 

were found in the heart, ABRM and the visceral and pedal ganglia. Fig 

6.3a shows fibre tracts which emanated from the pedal ganglion and 

Figs 6.3b and 6.3c show positively stained cell bodies from the same 

pedal ganglion. Note the dark, unstained nuclei of the cell bodies.

Sipunculid
In Golfingia minuta, quinacrine staining was found in nerve 

fibres throughout the gut, including oesophagus, midgut and anus, all 

of which contained a dense network of both fine and thicker fibres 

that were brightly fluorescent. Fig 6.3d shows fluorescence in the 

oesophagus. Fig 6.3© and 6.3f show fluorescence in the lower 

gastrointestinal tract.

Annelid
The earthworm [Lumbricus terrestris) exhibited quinacrine
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staining in nerve fibres in the crop only, with both thick and fine 

fibres (Fig 6.3g). The fluorescence was less dense compared with the 

other invertebrates studied where a fibrous network was easily 

visible.

Negative histochemical results
No fluorescent staining was found in the gastric ligament of 

the starfish {Asterias rubens) ̂ nor was there any evidence of 

quinacrine staining in the circular muscle from the pedal disc of the 

sea anenome {Actinia equina) or the rectum of Donax vittatus. 

Similarly the gizzard of the earthworm (Fig 6.4a) and the rectum of 

fîactva coTalline (Fig 6.4b) failed to exhibit any quinacrine 

fluorescence. The gut of Priapulus caudatus failed to show any 

fluorescence along its whole length, neither did the abdominal muscle 

of the hermit crab {Pagurus sp.) nor the heart and rectum of the 

Norway Lobster {Nephrops norvegicus) show any fluorescence. Of the 

tissues examined from the mussel, only the gill failed to exhibit 

quinacrine fluorescence.

6.4.2 Pharmacological Results

Sensitivity to purine compounds was observed in a variety of 

tissues examined. Again the results will be considered within their 

phylogenetic groups.

Gastropod molluscs
The rectum of the slug (n=3) was sensitive to the purine 

compounds above a concentration of 1 mM, with ATP, ADP, AMP and
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adenosine all causing contractile responses.

Bivalve molluscs

The ABRM of the mussel (n=5) contracted only to ATP with a 

threshold concentration of 100 pM. None of the other purine compounds 

tested, including 2-CA, a,&-MeATP and 2-MeSATP, were active in this 

preparation up to a concentration of 1 mM.

Conversely, the labial palp of the oyster (n=3) contracted to 

all the purine compounds tested (ATP, ADP, AMP and adenosine), with a 

threshold concentration of 10 pM, whereas the mantle (n=3) contracted 

to ATP and ADP at a concentration of 100 pM, but not AMP or adenosine 

(Fig 6.5a)

The heart of the cockle responded to ATP and its stable 

analogues o,&-MeATP and 2-MeSATP above a concentration of 100 pM, but 

did not respond to ADP, AMP and adenosine or 2-CA.

Priapulid

There were regional variations in the responses observed from 

the different tissues from Pviapulus caudatus (n=3). The pharynx 

responded to ATP and adenosine above a threshold concentration of 300 

pM, whereas the pharyngeal retractors responded to ATP (> 300 pM) and 

its analogues o,&-MeATP and 2-MeSATP (> 100 pM) but not to adenosine, 

AMP or ADP. The intestine (n=3) responded to all of the purine 

compounds tested, including the stable analogues, with a similar 

threshold of 100 pM (Fig 6.5b). The rectum, however, only contracted 

to ATP and adenosine (Fig 6.5c) above a concentration of 100 pM. The 

respiratory tree (n=3) relaxed in response to all of the purine
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compounds {> 100 pM) but not to their stable analogues up to a 

concentration of 1 mM.

Negative pharmacological results

Neither the oesophagus, crop/gizzard nor the intestine of the 

earthworm responded to any of the purine compounds up to a 

concentration of 3 mM. Similarly, all regions of the gut from the 

sipunculid Golfingia minuta proved to be unresponsive to any of these 

compounds. This was also true of the abdominal muscle of the hermit 

crab and the heart and rectum of the Norway lobster up to a 

concentration of 3 mM.

In the slug, the buccal mass, oesophagus and crop were 

unresponsive, as were the heart and gill from the mussel. Of the 

tissues examined in the oyster, the heart proved to be unresponsive 

to any of the purine compounds again up to a concentration of 3 mM.
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Table 6.1 Tissues investigated for reactivity to ATP, ADP, AMP, 

adenosine (ado), a,p-MeATP (o&) and 2-MeSATP (2MeS), and the 

presence (+) or absence (-) of quinacrine staining.

* Represents a limited number of animals studied (n=2 - 4)1
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Species

Actinia equina 
{sea anenome) 

Lumbricus terrestris 
(earthworm)

*
Priapulus caudatus 

(a priapulid)

Golfingia minuta 
(a sipunculid)

Nephrops norvegicus* 
(Norway lobster) 

Pargurus sp.
(hermit crab) 

Patella i/ulgaris 
(limpet)

Littorina littorea 
(periwinkle) 

Nucella lapillus 
(dog whelk)

Helix aspersa 
(garden snail)

Arion ater 
(black slug)

Nytilus edulis 
(common mussel)

Ostrea edulis 
(oyster)

Cardium edule 
(cockle) *

Donax vittatus
(banded wedge ghell) 

Mactra coralline
(rayed trough shell) 

Asterias rubens 
(common starfish)

Tissue

pedal disc

oesophagus
crop/gizzard
intestine
pharynx
pharyngeal retractors
intestine
rectum / anus
respiratory tree
oesophagus
midgut
anus
heart
rectum
abdominal muscles

heart

heart
rectum
heart

heart
oesophagus
rectum
ganglia
heart
buccal mass
oesophagus
crop
rectum
heart
gill
ABRM
ganglia
heart
labial palp
mantle
gill
heart
ganglia
heart

heart
rectum
gastric ligament

Active purine
compound
ATP,ADP,ado

Quinacrine
staining

none +
none +/■
none +
ATP, ado 
ATP,aP,2MeS
ATP,ADP,AMP,ado, , 2MeS 
ATP,ado
ATP,ADP,AMP,ado
none +
none +
none +
none
none
none

ATP,ADP,AMP,ado 
ATP,ADP,AMP,ado 
ATP,ADP,AMP,ado

ATP,ADP,AMP,ado
none
none
none
ATP,ADP,AMP,ado
none
none
ATP

none
ATP,ADP,AMP,ado, , 2MeS,2CA
ATP,ADP
none
ATP,aP,2MeS

+
+

ATP,ADP,ado
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Fig 6.1 .Montage photograph of the heart of the snail Helix 

aspersa incubated in quinacrine (3 pM) for 30 min. The heart is 

composed of a single atrium (on the left) and ventricle (on the 

right). Note the network of finer and thicker fibres, some of 

which have a varicose appearance, extending throughout both the 

atrium and the ventricle.
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Fig 6.2 Montage photograph of the heart of the slug Arion ater 

incubated in quinacrine (3 pM) for 30 min. The fibrous network 

appears less extensive than that of the snail.
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Fig 6.3 Representative photomicrographs of quinacrine (3 pM for 
30 min) staining in a variety of invertebrate tissues.

(a) Photomicrograph of a connective of the pedal ganglion of the 

mussel Mytilus edulis. Fluorescence is seen in nerve fibres 

leading from the ganglion. Calibration bar represents O.5 mm.

(b) and (c) Fluorescence in nerve cell bodies from the pedal 

ganglion of the mussel M. edulis. Numerous cell bodies are 

present with dark nuclei, processes can be seen running from some 

cell bodies. Calibration bar represents O.5 mm for (b) and 0.1 mm 

for (c)

(d) Oesophagus and (e) and (f) anus (mucosa-free) of the 
sipunculid Golfingia minuta. Note the varying thickness of fibres 

extending over the oesophagus and anus. The muscle sheet of the 

anus has fractured during preparation but the nerve fibres have 

remained continuous. Calibration bar represents 

1 mm for (d), (e) and (f).

(g) Photomicrograph of the crop (mucosa-free) of the earthworm 

Lumbricus terrestris. Isolated tracts of fibres of varying 

thicknesses were observed in the gut. Calibration bar represents

0.5 mm.
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Fig 6.4 Representative photomicrographs of negative quinacrine 

(3 pM for 30 min) in two invertebrate tissues.

(a) Photomicrograph of the gizzard of Lumbvicus terrestris and

(b) the rectum of the rayed trough shell Mactra coralline.
Neither of these tissues demonstrated fluorescence, note the lack 

of any appreciable background or nonspecific fluorescence. 

Calibration bar represents 1 mm for (a) and 0.25 mm for (b).
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Fig 6.5 Action of purine compounds on some isolated tissues from 

the oyster Ostrea edulis and the priapulid Priapulus caudatus.

(a) Example of a cumulative concentration-response relationship 

for ATP {0.3 - 4 mM) on the isolated mantle of the oyster.

* Represents 100 mg.

(b) Example of a concentration-response relationship for ATP 

(0.3 - 3 mM) on the isolated rectum of Priapulus caudatus.

* Represents 100 mg.

(c) Example of the response to a single concentration of ATP 

(0.3 mM; left hand panel) and adenosine (1 mM; right hand panel) 

on the isolated gut of Priapulus caudatus. * Represents 40 mg.
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6.5 DISCUSSION

Preincubation of a variety of invertebrate tissues in a 

solution of quinacrine resulted in the visualisation of networks of 

nerve-like filaments in many of the tissues, ranging in size from 

fine to thicker fibres, some of which had a varicose appearance. In 

some tissues nerve cell bodies were also observed. The type of 

tissues positively stained included cardiovascular systems, various 

regions of the gastrointestinal tract and ganglia.

A link between quinacrine neural binding and purinergic 

transmission in mammalian tissues has already been demonstrated, 

particularly in the gut (Olson et al., 1976; Hoyes et al., 1979;

Âlund & Olson, 1979. 19Ô0; Olson & Âlund, 1979; Crowe & Burnstock, 

1981a, 1981b; Brizzi et al., I983). urinary and gall bladders 

(Burnstock et al. , 1978a; Davison et al. , 1978; Crowe et al., I986), 

the rabbit portal vein (Burnstock et al. , 1979. 1984b) and the guinea 

pig and rabbit atria (Crowe & Burnstock, 1982).

The link between quinacrine binding in invertebrates and 

responsiveness to purine compounds is less clear cut. However, in 

some species of invertebrates, a strong correlation between 

responsiveness to purines and the presence of quinacrine fluorescence 

was observed. This was particularly noticeable among the molluscs, 

especially the hearts of the snail Helix aspersa and the slug Arion 

ater, where quinacrine staining revealed a comprehensive network of 

fibres varying in thickness, some of which were clearly varicose in 

nature. These tissues are also sensitive to purine compounds (Chapter 

4), where all the purine compounds tested (adenosine, AMP, ADP and 

ATP) produced either cardioexcitation or cardioinhibition of the
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spontaneously beating heart.

In a review of several invertebrate species, Hoyle & Greenberg 

(1988) investigated the actions of purine nucleosides and nucleotides 

on a variety of tissues, including the hearts of two whelks {Busycon 

canaliclatum and Melongena corona) and two bivalves {Mercenaria 

mercenaria and Atrina serrata), all of which were inconsistently 

responsive to purine compounds and then only at high concentrations 

(> 10 pM). In the current investigation, the marine molluscs 

displayed quinacrine-positive staining. The heart from the dogwhelk 

Nucella lapillus^ the rayed trough shell Hactra coralline and the 

cockle Cardium edule^ were quinacrine-positive, however the extent of 

staining was of a lower density in that there were fewer and sparser 

fibres than observed in the terrestrial molluscs. This investigation 

has also shown that the heart of the cockle exhibits a limited 

sensitivity to purine compounds, responding only to ATP and its 

stable analogues. Nerve cell bodies were not observed in any of the 

hearts stained. Positive nerve cell bodies were only observed in 

tissues from ganglia, the nuclei from which were usually unstained. 

Pharmacological experiments on the ABRM of Nytilus edulis^ showed 

that the tissue was sensitive to purine compounds at a concentration 

above 100 pM and quinacrine fluorescence was observed in nerve fibres 

in this tissue. However this innervation was sparse.

As often encountered when studying invertebrates, anomalies 

exist, as exemplified with the sipunculid Golfingia minuta. Hoyle & 

Greenberg (I988) found no evidence of sensitivity to any purine 

compound tested on the gut of Golfingia gouldi, nor was any seen in 

tissues from Golfingia minuta in this study, however a dense network
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of nervous filaments labelled with quinacrine was observed along the 

whole of the gastrointestinal tract.

Similarly, there are examples where there is responsiveness to 

purine compounds in tissues, but in the same tissues there is no 

evidence of quinacrine staining. An example of this is seen in the 

circular muscle of the pedal disc of the sea anenome Actinia equina. 

This muscle is sensitive to a number of purine compounds (Hoyle et

al. , 1989)I but gave no fluorescence when incubated in quinacrine

even though it is known to contain neural elements (Hoyle et al.,

1989). This is also the case for the gastric ligament of the starfish

Asterias rubens, which responded to purine compounds (Chapter 3) but 

did not show any staining for quinacrine and is also known to be 

innervated (Smith, 1937)*

To summarise, this investigation has shown that quinacrine can 

be used to visualise nervous networks in many invertebrate species 

and in a variety of different tissues. It would also appear that a 

correlation between quinacrine staining and purine sensitivity is 

demonstrable in some of the invertebrate species investigated, 

especially within the molluscs. However, anomalies do exist where 

staining is observed yet no sensitivity to exogenous purine compounds 

is seen or where sensitivity to purine compounds is found, but 

quinacrine-stained neurones are not. Also, there appears to be a grey 

area of separation between limited staining with quinacrine and 

inconsistent responses to purine compounds. Nevertheless, quinacrine 

does appear to be a useful tool in visualising nervous networks in a 

variety of invertebrate species, even though the endogenous 

neurotransmitters still remains unknown in most cases.
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SECTION B 

CHAPTER 7

IDENTIFICATION OF PURINOCEPTORS IN THE ISOLATED STOMACH 
AND INTESTINE OF THE THREE-SPINED STICKLEBACK GASTEROSTEDS

a c u l e a h j s l.
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7.1 SUMMARY

1. Adenine nucleosides and nucleotides were examined for 

pharmacological activity in the isolated stomach and intestine from 

the stickleback Gastevosteus aculeatus L.

2. Adenosine and its stable analogues all concentration-dependently 

relaxed CCh-contracted stomach and intestine, there being no 

significant difference in the potency of the analogues. 8-pSPT 

inhibited the relaxant response to adenosine in both tissues.

3. ATP, a,^-MeATP and 2-MeSATP all caused concentration-dependent 

contractions of the stomach and intestine.

4. In the stomach the order of potency was 2-MeSATP > a,p-MeATP = 

ATP; the P2y-purinoceptor antagonist RB2 inhibited responses to ATP.

5. In the intestine the order of potency was o,&-MeATP > 2-MeSATP = 

ATP; RB2 did not affect responses to ATP, nor did prolonged 

incubation with o,&-MeATP.

6. It is concluded that in both the stomach and intestine, adenosine 

is acting through an unidentified P^-purinoceptor. In the stomach the 

P2“Purinoceptor appears to be analogous to the mammalian P2Y" 

purinoceptor, and in the intestine the receptor resembles the 

mammalian P^X'^ubtype, although not susceptible to desensitisation.
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7.2 INTRODUCTION

ATP was shown to be released during antidromic stimulation of 

sensory nerves in the 1950’s (Holton & Holton, 195^; Holton, 1959).

In 1972, Burnstock proposed that ATP was a neurotransmitter released 

by NANG nerves supplying the gut and bladder, giving rise to the 

'Purinergic Nerve Hypothesis'. Since then, an increasing amount of 

interest has been channelled into this area, predominantly on 

mammalian tissues, but with some studies of both lower vertebrate and 

invertebrate tissues.

Documentary evidence for the potent actions of adenyl 

compounds in mammalian tissues has existed for 60 years (Drury & 

Szent-Gyôrgyi, 1929; Gaddum & Holtz, 1933). Once expounded, responses 

to purine compounds were classified according to their activity, such 

that P^-purinoceptors are designated as those preferentially 

activated by adenosine and AMP, P^i-purinoceptors are designated as 

those preferentially activated by ADP and ATP (Burnstock, 1978). This 

classification has subsequently been extended so that each receptor 

type has been subdivided. P^-Purinoceptors into Â , A2 and A^ 

subclasses, P2-purinoceptors into 2̂Z* ^2T ^2U

subclasses (Burnstock & Kennedy, 1985b; Gordon, I986; Stone, 1991; 

Hoyle & Burnstock, 1991a; Hoyle, 1992; O'Connor, 1992). In addition, 

other subtypes of purinoceptors have been proposed, for example P2R» 

^28 ^3* although these are lacking in widespread support (see

Hoyle & Burnstock, 1991a, 1991b; Stone, 1991).

Increasing evidence points to there being a primitive 

population of purinoceptors in invertebrate tissues. Although 

information from invertebrates is more limited, purinoceptors and
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actions of purines have been demonstrated in most of the invertebrate 

phyla, including bacteria (Azam & Hodson, 1977)t Crustacea (Carr & 

Thompson, 1983; Lindgren & Smith, I986; Hoyle & Greenberg, I988), 

Insecta (Galun et al., 1963; Friend & Smith, 1977), Echinodermata 

(Hoyle & Greenberg, I988), Mollusca (Aikawa & Ishida, I966; 

Sathananthan & Burnstock, 1976; Hoyle & Greenberg, I988) and 

Coelenterata (Hoyle et al., I989).

Between the primitive invertebrates and the more sophisticated 

mammals are the lower vertebrate groups which may provide information 

about the development and diversification of purinoceptors. Both 

and P2”Purinoceptors have already been identified in some lower 

vertebrates, particularly amphibians, such as the frog and toad heart 

(Flitney et al., 1977; Burnstock & Meghji, I98I; Goto et al., I98I; 

Hoyle & Burnstock, I986) and bullfrog autonomic ganglia (Akasu & 

Koketsu, 1985). In an elasmobranch, the dogfish, an inhibitory P^- 

receptor has been identified in the atrium (Meghji & Burnstock,

1984a). Several studies have shown that purine compounds play an 

important role in the control of movement of pigment cells or 

chromatophores in fish (see Fujii & Oshima, I986), for instance, an 

A^-purinoceptor has been identified on melanophores of the medaka 

(Namoto, 1987, 1992) and guppy (Miyashita et al., 1984), similarly, 

adenosine inhibits pigment aggregation in tilapia (Oshima, I989).

There are several reports of the actions of purines on the 

gastrointestinal tract of fish. For example, in the intestine of the 

teleost fish, the atlantic cod Gadus morhua, ATP and adenosine both 

cause relaxation (Jensen & Holmgren, I985), while in the rainbow 

trout Salmo gaiTdneri, ATP and adenosine relax the circular muscle of
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the stomach (Holmgren, I983). However, ATP was found to contract both 

the longitudinal and the circular muscle layers of the intestinal 

bulb of the carp Cyprinus carpio (Kitazawa et al. , 1990), together 

with the intestine of Lophius (Young, 1980b) and the goldfish 

Carassius auratus (Burnstock et al. ̂ 1972b). In elasmobranchs, ATP is 

reported to cause an excitation or an inhibition of the stomach of 

the dogfish (Young, 1980a), contraction of the ray stomach (Young, 

1983) and inhibition of the rectum of the skate (Young, 1988). The 

receptors mediating these varied actions of purine compounds have not 

yet been characterised.

The present investigation was carried out in order to examine 

the effects of purine compounds on the stomach and intestine of a 

teleost fish, the three-spined stickleback Gastevosteus aculeatus L., 

and to characterise purinoceptor subtypes by the use of adenosine and 

ATP analogue potency order and purinoceptor antagonists.

7.3 METHODS See Chapter 2

7.3*1 Animals See Chapter 2.1.2

An initial load of O.5O - 0.75 g was applied to the tissues

which were then allowed to equilibrate for not less than 49 min.

7.3*2 In Vitro Pharmacology See Chapter 2.1

Single doses of ATP and its analogues were added to the organ- 

bath and left in contact until a maximum response had been obtained
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(approximately 2 min). For adenosine and its analogues, tone was 

induced by a standard concentration of CCh (10 pM), adenosine or 

analogue were applied as either single doses or in a cumulative 

f ashion.

For the construction of concentration-response curves to ATP 

and its analogues, responses obtained were expressed as a percentage 

of the contraction obtained to a standard concentration of KCl (120 

mM) because it was not always possible to establish a complete 

concentration-response curve for the analogues.

7.4 RESULTS

7.4.1 Stomach

Pĵ -Purinoceptors
Adenosine (n=10) and its analogues NECA (n=9), R-PIA (n=10), 

S-PIA (n=8) and 2-CA (n=7) all concentration-dependently relaxed the 

stickleback stomach after tone had been induced with CCh (10 pM), 

v̂ ith a threshold of approximately 1 pM. The individual pD2 values are 

summarised in Table 7*1‘ There was no significant difference between 

the pÜ2 values of the individual analogues.

The relaxant effect of the selective A^ and A2 agonists CPA 

and CCS 21680 respectively, were investigated on the pre-contracted 

stomach. However, neither of these two compounds caused relaxation of 

the stomach (up to a concentration of 100 pM; n=4).

The effect of P^-purinoceptor antagonists were also
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investigated against the adenosine-induced relaxation. Concentration- 

response curves were repeated in the absence and presence of the non

specific adenosine antagonist 8-pSPT (100 pM; n=7), which proved 

effective at blocking adenosine responses (Fig 7*1)• Similarly, the 

antagonist DPCPX (specific for the subclass at low 

concentrations) had no inhibitory effect against the relaxant effect 

of adenosine (within a concentration range of 1 - 30 nM; n=3).

P2 ~Purinoceptors
ATP (n=10) and its stable analogues a,^-MeATP (n=ll) and 2- 

MeSATP (n=10) caused concentration-dependent contractions of the 

stickleback stomach with a threshold concentration for the three 

compounds of approximately 0.1 pM. Concentration-response curves were 

constructed for ATP, a,^-MeATP and 2-MeSATP yielding a potency order 

of 2-MeSATP >> a,&-MeATP = ATP (Fig 7.2). The F^Y'^elective 

antagonist RB2 (1.8 pM; n=7) was tested against ATP and significantly 

shifted the concentration-response curve to the right (Fig 7*3) •

Since the concentration-response curves for the individual analogues 

did not always reach a maximum it was not possible to calculate 

either pÜ2 values or mean maximum tensions developed.

7.4.2 Intestine

Pĵ -Purinoceptors
As in the stomach, adenosine (n=13) and its stable analogues 

NECA (n=12), R-PIA (n=ll), S-PIA (n=12) and 2-CA (n=9) caused a 

concentration-dependent relaxation of CCh-contracted intestine. The 

order of potency was found to be: 2-CA > NECA = R-PIA = S-PIA =

155



adenosine. Threshold concentrations for the analogues were; 2-CA 30 

nM, NECA 0.3 uM, R-PIA 1 M̂, S-PIA 1 viM and adenosine 3 uM; pÜ2 

values for the agonists are summarised in Table 1.1. Fig 7.4a and 

7.4b show the greater effect of 2-CA compared to the other analogues 

at representative concentrations of 3 and 300 pM. The k y  and A2- 

selective agonists, CPA and CCS 21680 respectively, did not relax the 

pre-contracted stomach (up to a concentration of 100 pM; n=4).

The A^-selective antagonist DPCPX (1 - 30 nM; n=3) failed to 

inhibit the relaxant response of adenosine in the pre-contracted 

intestine. However, the non-specific adenosine antagonist 8-pSPT (100 

pM; n=5) significantly inhibited responses to adenosine (Fig 7*5).

P2 -Purinoceptors
Concentration-response curves were constructed for ATP (n=12), 

o,&-MeATP (n=12) and 2-MeSATP (n=12) on the isolated intestine, the 

order of potency was observed to be a,&-MeATP >> 2-MeSATP = ATP (Fig 

7.6). The threshold concentration was approximately O.3 pM for all 

three analogues. The P2Y"Purinoceptor antagonist, RB2, had no effect 

on the contractile response to ATP (up to a concentration of 10 pM; 

n=3) nor did a,&-MeATP (up to a concentration of 30 pM; n=4) 

desensitise the response to ATP. As the responses to the agonists did 

not always reach a maximum it was not possible to calculate pD2 

values or express mean maximum tensions developed.
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Table 7.1 pÜ2 values for adenosine and its stable analogues on 

the stickleback stomach and intestine. Significance was tested 

using analysis of variance and Tukey's test. In the stomach, there 

was no significant difference between the pÜ2 values. In the 

intestine, 2-CA was significantly more potent than the other 

analogues which were otherwise equipotent. * Indicates 

significance, P < 0.05*
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Adenosine NECA R-PIA S-PIA 2-CA

Stomach 4.27 ± 0.20 4.79 ± 0.26 4.46 ± 0.18 4.12 ± 0.19 4.68 ± 0.16

Intestine 3.56 ± 0.13 4.46 ± 0.25 3.90 ± 0.22 4.08 ± 0.20 5.30 ± 0 .22*
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Fig 7 . 1  Concentration-response curve for adenosine on the 

isolated stickleback stomach in the absence (^ ; n=7) and 

presence ( ; n=7) of 8-pSPT (100 pM). Symbols show mean %

relaxation of the CCh (10 pM) contraction ± s.e. (unless masked 

by the symbol). * Indicates significance, P < O.O5.
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Fig 7*2 Concentration-response curves for ATP ( ̂ ; n=10), 

a,^-MeATP ( iÉk ; n=ll) and 2-MeSATP ( H; n=10) on the isolated 
stomach of the stickleback. Symbols show mean % contraction of 

the KCl (120 mM) contraction ± s.e. (unless masked by the 

symbol). * Indicates significance, P < 0.05.
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Fig 7*3 Concentration-response curve for ATP on the isolated 

stomach of the stickleback in the absence ( ̂  ; n=7) and 

presence (O* n=7) of RB2 (1.8 pM). Symbols show mean % 
contraction of the KCl (120 mM) contraction ± s.e. (unless 

masked by the symbol). * Indicates significance, P < 0.05.

163



% Contraction

100

90 _

80 _

70 J

50 _

40

3 0 .

20 .

10 _

0 J

*

6.5
1------------ r

5.5 5 4.5

- Log (ATP]



Fig 7.4 Bar graph showing % relaxation of the CCh (10 pM) pre

contracted stickleback intestine for adenosine (n=13), NECA 

(n=12), R-PIA (n=ll), S-PIA (n=12) and 2-CA (n=9) at a given 

concentration of agonist.

(a) Bar graph showing mean % relaxation ± s.e. at 3 pM of 

agonist. * Indicates significance, P < O.O5.

(b) Bar graph showing mean % relaxation ± s.e. at 300 pM of 

agonist.
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Fig 7*5 Concentration-response curve for adenosine on the 

isolated intestine of the stickleback in the absence ( ; n=5)

and presence { Q î  n=5) of 8-pSPT (100 pM). Symbols represent 

mean % relaxation ± s.e. (unless masked by the symbol) of the 

intestine pre-contracted with CCh (10 pM). * Indicates 

significance, P < 0.05.

167



% Relaxation

100 ^

9 0 .

80 .

70 _

6 0 .

50 .

40 .

30 _

20 .

10 .

0 J

*

4.5
I

3.54 3.5 3

- Log [A de nos ine ]

2.5



Fig 7*6 Concentration-response curves for ATP (^ ; n=12), 

a,p-MeATP ( ; n=12) and 2-MeSATP (H ; n=12), on the isolated

stickleback intestine. Symbols show mean contraction ± s.e. 

(unless masked by the symbol) as expressed as % of KCl (120 mM) 

contraction. * Indicates significance, P < O.O5.
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7.5 DISCUSSION

The results indicate that the gastrointestinal tract of this 

teleost fish possesses both and P^-purinoceptors, from the use of 

a series of analogues and also by blockade with antagonists. However, 

the Pj^-purinoceptor cannot be classified as either an A^-, A2- or Ag- 

adenosine receptor characterised for mammalian tissues, whereas the 

P2”Purinoceptors are shown to be of specific subtypes, analogous to 

mammalian P^x" and P2y“Purinoceptors.

The stomach of the stickleback appears to possess a non- 

selective Pj^-purinoceptor since there was no significant difference 

in the potency of the individual analogues. In addition, the A^- and 

A2”selective agonists (CPA and CGS 2l680) had no effect on the 

stomach. The antagonist DPCPX which is specific for A^-receptors at 

low concentrations (von der Leyen et al. ̂ 1989; Kennedy, 1990), had 

no effect on adenosine responses up to a concentration of 30 nM. The 

non-specific adenosine antagonist 8-pSPT inhibited the responses to 

adenosine. Since there was no differentiation between the adenosine 

analogues and selective agonists and antagonists were without 

activity, the receptor can only be classified as a non-selective P]̂ - 

purinoceptor.

The P]^-purinoceptor of the intestine appears to be slightly 

different in that 2-CA proved to be more potent than the other 

analogues. The selective A]̂ and A2 agonists were without effect, as 

in the stomach, whereas the non-selective adenosine antagonist, 8- 

pSPT, was effective in blocking the response to adenosine. DPCPX was 

also ineffective in blocking the adenosine relaxation up to a 

concentration of 30 nM.
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The order of potency found in the intestine for the adenosine 

analogues does not agree with those already established for the Â ,

A£ (Van Calker et al. ̂ 1979) or even the A^ subclass (Ribeiro & 

Sebastiao, 1986; Stone, 1991)• It must be remembered, however, that 

potency orders do not always agree with the original classification 

of the Aĵ - and A^-purinoceptors. For instance, S-PIA and NECA are 

equipotent in the rabbit portal vein (Brown & Collis, 1983). The 

possibility of there being both A^- and A^-purinoceptors present in 

the stomach and intestine of the stickleback should not be discounted 

and may explain why the adenosine analogues were of equal potency. In 

the mouse bladder a subpopulation of presynaptic A^^-purinoceptors and 

a subpopulation of A^-purinoceptors have been characterised by 

potency order (Acevedo et al., 1992), similarly in the isolated 

rabbit heart A^- and A^-receptors have been recognised (Cano & Malik, 

1992). However, in both these cases the activity of the two receptor 

subtypes are directly antagonistic, as is the observed inhibitory A^- 

purinoceptor and the excitatory A^-purinoceptor modulating ACh 

release from the rat phrenic nerve (Correia-de-Sa et al., 1991). 

Although it is unlikely that the stickleback intestine possesses both 

A^- and an A^-purinoceptor mediating relaxation, both subtypes 

have been identified in the rat duodenum causing relaxation (Nicholls 

et al., 1992), this appears to be the exception rather than the rule. 

Classification in this case relied on the use of selective and 

specific agonists and antagonists, the same compounds that proved to 

be inactive in the fish stomach and intestine. It therefore seems 

more appropriate to conclude that the adenosine receptor is a non- 

selective -purinoceptor, similar to that of the stickleback
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stomach.

In both the stomach and the intestine of the stickleback, ?2- 

purinoceptors have been identified. In the stomach, a potency order 

of 2-MeSATP >> a,&-MeATP = ATP was observed indicating that the 

receptor is a ?2Y“i‘eceptor, which is very similar to that found in 

mammalian tissues. The mammalian P^y-purinoceptor is usually 

characterised by a greater affinity for those ATP analogues that 

possess a modified purine nucleus such as 2-MeSATP, whereas the P2X" 

purinoceptor usually has a greater affinity for those analogues with 

a modified phosphate chain such as a,p-MeATP (Burnstock & Kennedy, 

1985b; Hoyle & Burnstock, 1991a)• Typically, mammalian P^y- 

purinoceptors mediate inhibitory activity, such as the guinea pig 

taenia coli (Satchell & Maguire, 1975) and numerous blood vessels 

(for review see Ralevic & Burnstock, 1991a). However, there are 

examples of excitatory P2y-purinoceptors such as in the rat colon 

(Bailey & Hourani, 1990) and in the rat nodose ganglion (Krishtal et 

al., 1983); thus an excitatory P2y-purinoceptor is by no means 

unique. Classification of the receptor type in the stickleback 

stomach is further corroborated by the activity of RB2, which has 

been used to block mammalian P^y-purinoceptors (see Hoyle, 1992) and 

was found to inhibit ATP responses in the stomach.

In the intestine the order of potency was found to be a,&- 

MeATP >> 2-MeSATP = ATP, indicating a P2x“P^rinoceptor, which is 

analogous with that observed in the guinea pig vas deferens (Fedan et 

al. , 1982; Burnstock et al. , I985). Another characteristic feature of 

the mammalian P2)̂“Purinoceptor is its susceptibility to 

desensitisation by a,p-MeATP, in the intestine a,&-MeATP did not 

desensitise the response to ATP, so that after repeated
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administration there was still a contractile response to ATP. This 

may indicate a subtle difference in the receptor found in the 

stickleback compared to mammalian tissues; however it is still 

possible to conclude from the potency order that the receptor is a 

?2x subtype.

From the results obtained, it would appear that the stomach 

and intestine of this species have evolved subclasses of ?2“ 

purinoceptors that are analogous to mammalian P^-purinoceptors, such 

as the P2Y"Pî i‘iî oceptor in the stomach which, in both its agonist 

profile and sensitivity to RB2 which is identical to mammalian P2Y" 

purinoceptors (Burnstock & Kennedy, 1985b; Burnstock & Warland,

1987). However, there appears to be subtle differences also in 

receptors in the fish, such that the P2x“Pû îî oceptor of the 

intestine has a mammalian-like agonist profile, but is not sensitive 

to a,&-MeATP desensitisation. Conversely, the P-ĵ -purinoceptor of the 

stickleback has not evolved to the same degree as the P2” 

purinoceptor, exhibiting marked differences between those found in 

mammalian tissues and those found in the stickleback.

Non-selective purinoceptors are common in invertebrate tissues 

wjiere there is often no difference between the responses observed for 

adenosine and those of ATP. This has been observed in the pedal disk 

of Actinia equina where adenosine and ATP both cause contractions 

(Hoyle et al., I989). A feature of invertebrate purinoceptors is the 

lack of activity of stable analogues of both adenosine and ATP, as 

exemplified in a study of several species, in which a,p-MeATP, 2- 

MeSATP and 2-CA were inactive (Hoyle et al., 1989)• Similarly, 

mammalian adenosine and ATP antagonists are without activity in many
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invertebrate tissues, as seen with the lack of activity of DPCPX in 

the stomach and intestine of the stickleback. This antagonist 

together with theophylline was also found to be inactive against the 

effect of purines in specimens of echinoderm and tunicate muscles 

(Hoyle & Greenberg, I988).

It would appear that, although there are evolutionary 

differences among the purinoceptors found in this teleost fish as

exemplified by the P^-purinoceptor, which resemble to a greater

degree invertebrate purinoceptors, similarities do exist with the P2- 

purinoceptors which closely resemble mammalian receptors. However, 

there is a need for the further development of specific antagonists 

for both P^- and P2”Purinoceptors which would facilitate the 

identification of such receptors as those observed in the fish, other

lower vertebrates and invertebrates where standard vertebrate

agonists and antagonists are sometimes without activity.
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CHAPTER 8

THE EFFECTS OF PURINE COMPOUNDS ON THE ISOLATED AORTA OF
THE FROG RANA TEMPORARIA
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8 .1 SUMMARY

1. On the isolated aorta of the frog Rana tenrporavia, adenosine 

concentration-dependently relaxed adrenaline pre-constricted vessels, 

None of the adenosine analogues including NECA, R- and S-PIA and 2- 

CA, or the more selective A^, A2 and Ag agonists CPA, CCS 2l680 and 

IB-MECA respectively, had any effect.

2. The non-selective adenosine antagonist 8-pSPT (30 pM) failed to 

inhibit adenosine relaxations, as did L-nitroarginine methyl ester 

(L-NAME; 0.1 mM) and indomethacin (30 pM).

3. ATP, a,p-MeATP, ^,Y”MeATP, 2-MeSATP and UTP all concentration- 

dependently contracted the frog aorta. ATP and a,&-MeATP were 

equipotent and more potent than UTP and &,y-MeATP. 2-MeSATP had 

little activity.

4. The P2“Purinoceptor antagonist suramin (0.1 mM) inhibited 

contractions to a,&-MeATP but not ATP. PPADS (30 pM) also inhibited 

contractions to a,&-MeATP although not to ATP. Contractions to ATP 

were inhibited by indomethacin (30 pM).

5. In conclusion, in the frog aorta there appears to be a novel 

subclass of P^-purinoceptor mediating vasodilatation, although like 

the Ag subclass it is not blocked by methylxanthines; a P2” 

purinoceptor mediates vasoconstriction which resembles a P2X subtype, 

based on the agonist potency of a,&-MeATP being more potent than 2- 

MeSATP (UTP has moderate activity) and PPADS is an effective
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antagonist. There is no evidence for the presence of a 

purinoceptor, mediating vasodilatation, in this preparation.

8.2 INTRODUCTION

Purine nucleotides and nucleosides have long been known to 

have effects on the cardiovascular system of mammals. Adenosine was 

shown to inhibit activity in mammalian hearts in 1929 by Drury & 

Szent-Gyôrgyi, and it was observed that ATP was more effective at 

causing heart block in the guinea pig than adenosine (Drury, 1936). 

Further investigations into the effect of adenosine and ATP on the 

cardiovascular system followed (Gaddum & Holtz, 1933; Richards, 193^; 

Green & Stoner, 1950) resulting in detailed documentary evidence of 

the important role of both adenosine and ATP in the maintenance of 

mammalian vascular tone (see Olsson & Pearson, 1990) via the heart 

and systemic vascular systems (Su, 1981, 1985; Burnstock & Kennedy, 

1986; Burnstock, 1987a, 1987b, 1989a, 1990b; Ralevic & Burnstock,

1991a).
 ̂ Once it was recognised that adenosine and ATP had different 

effects on mammalian systems and were therefore acting via separate 

receptors, a formal classification was proposed (Burnstock, 1978). 

Receptors selective for adenosine and AMP were designated as P^- 

purinoceptors and those selective for ATP and ADP called P2" 

purinoceptors. P^^-Purinoceptors, susceptible to methylxanthine 

blockade, were divided into A^- and A^-receptors (Van Calker et al. , 

1979; Londos et al., I98O). More recently an A^-receptor subclass has
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been cloned (Meyerhof et al., 1991; Zhou et al., 1992), IB-MECA is a 

selective agonist at this receptor (Jacobson et al. , 1993b; Gallo- 

Rodriguez et al. , 1994) and NECA and PIA are equipotent, but it is 

resistant to methylxanthine blockade. P^-Purinoceptors were initially 

divided into P£x and P£y subclasses (Burnstock & Kennedy, 1985b), 

other subdivisions have since been recognised, P2Z» ^2T ^2U

classes (Gordon, I986; Hoyle & Burnstock, 1991a; Stone, 1991; Hoyle, 

1992; O’Connor, 1992). Additional subdivisions have been proposed, 

P2R, P2S and Pg, but these have not been widely accepted (see Hoyle & 

Burnstock, 1991a, 1991b; Stone, 1991). In the most recent proposal 

for purinoceptor subclassification (Abbracchio & Burnstock, 1994) 

adopted in principle by the lUPHAR Nomenclature Committee (see 

Fredholm et al. , 1994) two families of purinoceptors are recognised, 

P2X (ligand-gated cation channels) and P2Y (G-protein mediated) 

families each with their own subclasses, P2X^_^ and P2Y^_y.

Both P^- Eind P2"Purinoceptor have important actions on the 

cardiovascular system. Generally, adenosine dilates mammalian blood 

vessels by acting on A^-receptors located on the smooth muscle (Berne 

et al. , 1983; Burnstock & Kennedy, I986; Collis, 1989) whereas 

activation of A^-receptors often mediates prejunctional inhibition 

(Verhaeghe et al., 1977). Stimulation of Pzx'Purinoceptors mediates 

vasoconstriction via an action on receptors located on the smooth 

muscle (Burnstock & Kennedy, I986; Burnstock, 1990a, 1990c) and 

activation of endothelial P2Y“Purinoceptors results in 

vasodilatation, via the release of EDRF (now known to be NO) (De Mey 

& Vanhoutte, I98I; Houston et al., 1987; Pearson & Gordon, 1989) and 

prostacyclin (Moncada & Vane, 1979), although P2Y“Purinoceptors have 

been identified on the vascular smooth muscle of some vessels
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{Mathieson & Burnstock, 1985; Brizzolara & Burnstock, 1991)'

While the effects of both adenosine and ATP have been 

extensively studied on mammalian systems, there is, in contrast, only 

limited information available on the role of purines in the control 

of the cardiovascular system of lower vertebrates. A presynaptic A^- 

receptor has been identified, stimulation of which inhibits 

sympathetic nerve activity to arterioles of frog cutaneous muscle 

(Fuglsang et al., I989). There are several studies examining the 

effect of purine compounds on amphibian heart. -Purinoceptors have 

been demonstrated in frog heart (Burnstock & Meghji, 198I; Lazou & 

Beis, 1987). P2"Purinoceptors have been identified in axolotl, frog 

and toad atria (Meghji & Burnstock, 1983b, 1983c; Hoyle & Burnstock, 

1986). A NANC excitatory transmission has been demonstrated in the 

frog heart (Donald, I985) which is mediated by a P2“purinoceptor 

(Burnstock & Meghji, I98I), ATP being a co-transmitter with 

adrenaline (Hoyle & Burnstock, I986; Bramich et al., 1990). Studies 

have revealed Pj^-purinoceptors on the coronary artery of the trout 

and skate (Small et al., 1990; Farrell & Davie, 1991b) and dogfish 

atria and aorta (Meghji & Burnstock, 1984a; Evans, 1992). ATP has 

t̂ een shown to dilate the portal vein of the lizard (Ojewole, 1983b). 

The present investigation was carried out to investigate the effects 

of adenosine and ATP on the isolated aorta of the frog and to 

identify purinoceptor subtypes using agonist potency orders and 

selective antagonists.
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8.3 METHODS See Chapter 2

8.3.1 Animals See Chapter 2.1.2

An initial load of 0.75 “ 1 g was applied and the vessels were

then allowed to equilibrate for not less than 1 hour.

8.3.2 In Vitro Pharmacology See Chapter 2.1

Concentration-response curves were constructed for adrenaline 

to obtain an EC^q value for each segment, used to constrict the 

vessel to observe vasodilator responses to adenosine and analogues 

NECA, R- and S-PIA, 2-CA, CPA, CCS 2l680 and IB-MECA. Concentration- 

response curves to adenosine were repeated in the presence of 8-pSPT 

(30 pM), L-NAME (0.1 mM) and indomethacin (30 pM).

Vasoconstrictor concentration-response curves to ATP, a,&- 

MeATP, &,Y-MeATP, UTP and 2-MeSATP were constructed at basal tone, 

those to and ATP and o,&-MeATP were repeated in the presence of 

suramin (0.1 mM), PPADS (30 pM) and indomethacin (30 pM), also in the 

presence of indomethacin (30 pM) plus either suramin (0.1 mM) or 

PPADS (30 pM). All antagonists were equilibrated for 20 min.

8.4 RESULTS

8.4.1 Vasodilator Responses To Adenosine

On adrenaline pre-constricted (EC^q concentration) vessels.
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adenosine caused concentration-dependent vasodilatations. As 

adenosine did not consistently cause a maximum vasodilatation, a pÜ2 

value could not be calculated.

The adenosine analogues NECA, R- and S-PIA and 2-CA and the 

more selective A^, A£ and Ag agonists CPA, CCS 2l680 and IB-MECA 

respectively, were all without effect, up to a concentration of 30 pM 

(n=5). The non-selective adenosine antagonist 8-pSPT (30 pM; n=6) had 

no effect on the dilator activity of adenosine. Since adenosine 

failed to reach a maximum response in either the absence or presence 

of 8-pSPT, pD2 values could not be compared. A paired Student's t- 

test revealed no statistical difference in the concentration-response 

curve for adenosine in the absence and presence of 8-pSPT (P > 0.05) 

(Fig 8.1).

Concentration-response curves for adenosine were repeated in 

the presence of L-NAME (0.1 mM; n=6) and indomethacin (30 pM; n=6). 

There was no significant difference in concentration-response curves 

for adenosine in the absence or presence of these agents (P > 0.05).

Neither ATP nor 2-MeSATP (up to 30 pM) caused vasodilatation on 

pre-constricted vessels. ATP generally raised the tone of the vessel 

Still further, while 2-MeSATP had no effect.

8.4.2 Vasoconstrictor Responses To ATP And Analogues

At basal tone, ATP, a,&-MeATP, p,y-MeATP and UTP all 

concentration-dependently constricted the isolated aorta, 2-MeSATP 

being virtually without activity. None of the analogues reached a 

maximum response, therefore the purine compounds were compared by
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expressing contractions as mean tensions developed in mg. Analysis of 

variance followed by a Tukey’s test revealed an order of potency of: 

a,p-MeATP = ATP > UTP = p.y-MeATP >> 2-MeSATP (Fig 8.2).

Repeated administration of a,&-MeATP (30 pM; n=3) did not 

desensitise the vessel either to an increased concentration of a,&- 

MeATP or to ATP administration, in both cases a further contractions 

was observed.

8.4.3 Effect Of Antagonists On Constrictor Responses To ATP And

Analogues

Suramin (0.1 mM; n=6) significantly (P < 0.05) inhibited 

constrictor responses to a,&-MeATP (Fig 8.3a). As maximum responses 

were not reached, pÜ2 values could not be calculated. Suramin (0.1 

mM; n=9) had no inhibitory effect on ATP (Fig 8.3b).

PPADS (30 pM) significantly (P < O.O5) inhibited constrictor 

responses to a,&-MeATP (n=6; Fig 8.3c), but not ATP (n=5).

Indomethacin (30 pM) significantly (P < 0.05) inhibited the 

response to ATP (n=7; Fig 8.3d), but not a,&-MeATP (n=9). In the 

presence of indomethacin (30 pM) neither suramin (0.1 mM; n=7) nor 

PPADS (30 pM; n=7) caused any further inhibition of the response to 

ATP.
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Fig 8.1 Cumulative concentration-response curve for adenosine in 

the absence ( | .  n=6) and presence ( D ,  n=6) of 8-pSPT (30 pM) 

on adrenaline (EC^q concentration) pre-constricted frog aorta.

All symbols represent mean % relaxation ± s.e. (unless masked by 

the symbol).
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Fig 8.2 Concentration-response curves for ATP ( ̂ .  n=21), a,&- 

MeATP ( ▲ .  n=26). ^.y-MeATP ( H .  n=7), 2-MeSATP ( ̂ ,  n=l6) and 

UTP ( V ,  n=8) on basal tone of the isolated frog aorta. All 

symbols represent mean contraction in mg ± s.e. (unless masked by 

the symbol).
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Fig 8.3 Effect of antagonists on the concentration-response 

curves for ATP and a,&-MeATP on the isolated frog aorta. All 

symbols show mean % contraction ± s.e. (unless masked by the 

symbol). * Indicates significance, P < 0.05.

(a) Concentration-response curve for a,^-MeATP in the absence 

( n=6) and presence ( ̂ , n=6) of suramin (0.1 mM).

(b) Concentration-response curve for ATP in the absence 

( ̂ , n=9) and presence ( 0 »  n=9) of suramin (0.1 mM).

(c) Concentration-response curve for a,&-MeATP in the absence 

( ̂ ,  n=6) and presence ( , n=6) of PPADS (30 pM).

(d) Concentration-response curve for ATP in the absence

( ̂ , n-7) and presence ( 0 »  n=7) of indomethacin (30 pM).
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8.5 DISCUSSION

The vasodilator activity of adenosine on the frog aorta is 

consistent with its vasodilator action in both mammals (see 

Burnstock, 1990c) and fish vessels, including the trout and skate 

coronary arteries (Small et al., 1990; Farrell & Davie, 1991b) and 

dogfish aorta (Meghji & Burnstock, 1984a). In mammals the subclass of 

-purinoceptor mediating vasodilatation of most vessels is the A2- 

receptor (Burnstock, 1990c). Adenosine dilates the frog aorta in a 

concentration-dependent manner; however, none of the adenosine 

analogues, which are used to classify the subtype of P^-purinoceptor 

in mammalian systems, had any vasodilator activity, these include 

NECA, R and S-PIA and 2-CA. In addition, the selective Aĵ , A2 and Ag 

analogues CPA, CGS 2l680 and IB-MECA respectively (Lohse et al. ̂

1988; Hutchison et al., 1989; Jacobson et al., 1993b; Gallo-Rodriguez 

et al. , 1994) were without effect. Further, the non-selective P^- 

purinoceptor antagonist 8-pSPT did not effect the dilator activity of 

adenosine. Thus, the adenosine receptor mediating vasodilatation in 

the frog aorta appears to be novel, although it does resemble the A^- 

receptor in that methylxanthines are not effective blockers.

Adenosine is not initiating relaxation via the production of NO or a 

prostanoid, since neither L-NAME, which inhibits the activity of NO- 

synthase (Rees et al., 1989. 1990), nor indomethacin which inhibits 

prostanoid production (Vane, 1971), had any effect on the dilator 

response of adenosine. Both NO and prostanoids have been found to 

mediate the dilator response to adenosine in some mammalian 

preparations (Ciabattoni & Wennmalm, 1985; Vials & Burnstock, 1993a).

In addition to activating receptors that are located on the
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cell surface (Â -, A2- A^-receptors), adenosine is thought to 

interact with an intracellular ’P-site’ (Londos & Wolff, 1977). 

Adenosine and 2-CA are found to activate this site which is believed 

to be linked to adenylate cyclase (Londos et al. , I98O). NECA and PIA 

are inactive at this site, which is also insensitive to xanthine 

antagonism. It is unlikely that adenosine is mediating vasodilatation 

via activation of an intracellular P-site, similar to that found in 

the guinea pig aorta (Collis & Brown, 1983). since 2-CA was inactive.

The activity of ATP analogues on the frog aorta can be 

characterised according to mammalian P^-purinoceptor classification. 

ATP, a,p-MeATP, &,Y-MeATP, 2-MeSATP and UTP all concentration- 

dependently constricted the frog aorta, ATP and a,&-MeATP being 

equipotent and more potent than UTP, &,y-MeATP or 2-MeSATP. The 

activity of a,&-MeATP together with the more limited activity of 2- 

MeSATP suggest that the receptor is a member of the P2x"Pui’irioceptor 

family. A P^-purinoceptor mediating vasoconstriction has also been 

described in the systemic vasculature of the trout (Wood, 1977). That 

the receptor is of the P2X subtype is supported further, since the 

contractile response to a,^-MeATP is inhibited by the selective P2X” 

purinoceptor antagonist PPADS (Lambrecht et al. ̂ 1992; Ziganshin et 

al. ̂ 1993» 1994). This receptor differs from mammalian P2X" 

purinoceptors since it is insensitive to a,^-MeATP desensitisation.

It is interesting that ATP itself is not inhibited by either suramin 

(Dunn & Blakeley, I988; Hoyle et al. ̂ 1990) or PPADS. However, 

contractions to ATP were inhibited by indomethacin, demonstrating 

that much of its action is via the production of a prostanoid. UTP 

also initiates contractions, although less potently than either ATP
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or a,p-MeATP. A separate class of purinoceptors (named the P2u“ 

purinoceptor) has been proposed where UTP  ̂ATP (von Kügelgen et al. , 

1987; Saiag et al., 1990, 1992; Ralevic & Burnstock, 1991b; O’Connor, 

1992) . Lack of selective antagonists makes identification of a 

separate P2U subclass difficult. UTP is not affected by indomethacin 

(von Kügelgen et al., I987; Ralevic & Burnstock, 1991b; Vials & 

Burnstock, 1993b).

In conclusion, this study has shown that adenosine induces 

vasodilatation of the frog aorta by a novel P^-purinoceptor that has 

characteristics of the A^-receptor, the dilatation being independent 

of the production of NO or a prostanoid. The presence^purinoceptoy of 

the P2X family has been demonstrated in the frog aorta; o,&-MeATP 

responses are antagonised by the action of suramin and PPADS, much of 

the effect of ATP is via the production of a prostanoid, although the 

receptor is novel in that itis not susceptible to desensitisation by 

o,&-MeATP. There is no evidence for the presence of a P2y“ 

purinoceptor mediating vasodilatation in this preparation.
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CHAPTER 9

RESPONSES OF THE AORTA OF THE GARTER SNAKE TH2iMNOPHIS 
SIRT21LIS PARIETALIS TO PURINES
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9.1 SUMMARY

1. Isolated aortic rings from the garter snake Thamnophis sirtalis 

parietalis were investigated in order to identify and classify 

responses to adenosine and ATP and their analogues as part of a 

comparative study of vertebrate purinoceptors.

2. Adenosine, NECA, R- and S-PIA and 2-CA all concentration- 

dependently relaxed NA pre-constricted aorta. The order of potency 

was NECA > R-PIA = 2-CA > adenosine > S-PIA. Individual pÜ2 values 

for the analogues were: NECA 7.12 ± 0.13 (n=9), R-PIA 5*93 * 0.25 

(n=7), 2-CA 5.64 ± 0.40 (n=5), adenosine 5.04 ± 0.10 (n=13) and S-PIA 

4.26 ± 0.10 (n=7). The order of potency has characteristics of both 

A^- and A2“receptors and cannot satisfactorily be classified 

according to the P^-(adenosine) purinoceptor subtypes established in 

mammalian preparations.

3. ATP, a,p-MeATP, 2-MeSATP, P,Y-MeATP and UTP all concentration- 

dependently constricted the isolated aorta. The order of potency was 

a,6-MeATP = 2MeSATP > ATP > &,Y-MeATP > UTP. ATP, a,&-MeATP and 2- 

MeSATP consistently reached a maximum response, pD2 values for these 

were: ATP 3.98 ± 0.07 (n=10), a,p-MeATP 5.86 ± 0.15 (n=12) and 2- 

MeSATP 6.06 ± 0.23 (n=9). In vessels pre-constricted with NA neither 

ATP nor 2-MeSATP caused relaxation in the presence or absence of the 

endothelium.

4. Suramin (0.1 mM) inhibited vasoconstriction to ATP, a,&-MeATP, 2- 

MeSATP and p,Y“MeATP; as contractions to ATP and analogues did not
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reach a maximum response in the presence of this and other 

antagonists, pT>2 values could not be calculated.

5. PPADS (30 ]iM) antagonised constrictions to a,p-MeATP only. RB2

(30 pM) inhibited vasoconstrictions to 2-MeSATP only.

6. Indomethacin (30 pM) inhibited vasoconstriction in response to 

ATP and 2-MeSATP, but not o,&-MeATP, suggesting that the presence of 

an unaltered phosphate chain on the ATP analogue was necessary to 

stimulate the production of a prostanoid.

7. Repeated administration of a,^-MeATP (3 pM) caused 

desensitisation of the receptor responsible for the constriction due 

to a,p-MeATP whereas the responses to ATP and 2-MeSATP were 

unaltered.

8. Evidence is presented for a dual population of P^-purinoceptors 

in the garter snake aorta. Both ?2X P2Y subtypes mediating 

vasoconstriction: there was no evidence for vasodilatation to ATP or 

analogues. Stimulation of the P^-purinoceptor by ATP and 2-MeSATP 

caused the synthesis of a prostanoid. In addition, the possibility of 

a receptor activated by ATP, separate from P2X and P2y subtypes is 

discussed since ATP contractions were insensitive to PPADS and RB2.
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9.2 INTRODUCTION

Since the initial observations of Drury & Szent-Gyorgyi (1929) 

that adenosine compounds have potent inhibitory actions on the 

mammalian heart, extensive investigations have shown that both 

adenine nucleosides and nucleotides have important physiological 

actions concerning the local control of the vasculature (Su, 1985; 

Burnstock & Kennedy, 1986; Burnstock, 1990c; Olsson & Pearson, 1990).

Two distinct receptor classes have been recognised for 

adenosine and ATP (Burnstock, 1978), P]̂ - and P^i-purinoceptors. P^- 

Purinoceptors are identified as being preferentially activated by 

adenosine and AMP and are blocked by methylxanthines (see Kennedy, 

1990). This receptor class has been further subdivided into Â , A2 

and Ag subtypes using analogue potency orders (Van Calker et al., 

1979; Londos et al., I98O; Ribeiro & Sebastiao, I986; Stone, 1991). 

P^-Purinoceptors have been subdivided further (see Stone, 1989;

Hoyle, 1992). P2“Purinoceptors are described as being preferentially 

activated by ATP and ADP, these were initially divided into P2X and 

P2Y subtypes, based on potency orders of ATP analogues (Burnstock & 

Kennedy, 1985b); additional subtypes of purinoceptors have been 

proposed, for example ^2Z* ^2T’ ^2U subclasses (Gordon, I986;

Hoyle & Burnstock, 1991a; Stone, 1991; Hoyle, 1992; O'Connor, 1992). 

Further subclasses have been put forward including P2R. ^25 ^3’

but lack widespread support (see Hoyle & Burnstock, 1991a, 1991b; 

Stone, 1991).

Both Pĵ - and P2"Purinoceptor agonists have widespread actions 

on the cardiovascular system. Typically, adenosine dilates blood 

vessels by activating vascular smooth muscle A^-receptors (Berne et
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aZ.» 1983; Burnstock & Kennedy, I986; Collis, I989), endothelial 

adenosine receptors have also been identified (Vials & Burnstock, 

1993a)• Activation of -purinoceptors generally mediates pre

junctional inhibition of neurotransmitter release (Verhaeghe et al. ,

1977).

In the cardiovascular system ATP stimulates both P2X" and P2Y" 

purinoceptors (Ralevic & Burnstock, 1991a). P^X'^^rinoceptors are 

found predominately on vascular smooth muscle cells and mediate 

vasoconstriction (Burnstock & Kennedy, I986; Burnstock, 1990c). 

Activation of endothelial P^Y'Purinoceptors results in vasodilatation 

via EDRF now known to be NO (De Mey & Vanhoutte, I98I; Houston et 

al., 1987; Pearson & Gordon, 1989; Boeynaems & Pearson, 1990) and 

prostacyclin (Moncada & Vane, 1979). Vascular smooth muscle P^y" 

purinoceptors have also been demonstrated, for example in the rabbit 

mesenteric (Mathieson & Burnstock, I985) and hepatic artery 

(Brizzolara & Burnstock, 1991).

There is extensive documentation of the presence and activity 

of both P^- and P2”Purinoceptors on mammalian vascular preparations, 

but information from lower vertebrate groups is limited. P^- 

P^rinoceptors have been identified on the coronary artery of the 

trout (Small et al., 1990), gill vasculature of the cichlid (Okafor & 

Oduleye, I986) and dogfish atria and aorta (Meghji & Burnstock,

1984a; Evans, 1992). In the coronary artery of the skate, adenosine 

constricted vascular rings whereas ADP and ATP caused vasodilatation 

at high concentrations (Farrell & Davie, 1991b) indicating different 

purinoceptor subtypes. ATP is excitatory in the atria of the frog 

(Hoyle & Burnstock, I986), axolotl and toad (Meghji & Burnstock,
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1983b, 1983c). There is very little documentary evidence of the 

effect of purine compounds on the vasculature of reptiles or birds, 

although dilatation in response to ATP has been observed in the 

perfused foot vasculature of ducks and chickens (McGregor, 1979)• The 

present investigation was carried out to examine the effect of 

adenosine and ATP on the isolated dorsal aorta of the garter snake.

9.3 METHODS See Chapter 2

9.3*1 Animals See Chapter 2.1.2

An initial load of 1 g was applied and the tissues which were 

then allowed to equilibrate for not less than 1 hour.

9.3.2 In Vitro Pharmacology See Chapter 2.1

For some experiments the endothelium was removed by rubbing 

the intima with a tungsten wire.

Prior to the experiment, the integrity of the endothelium was 

ascertained by vasodilatation to ACh on the NA (EC^q concentration; 

data not shown) pre-constricted aorta.

Concentration-response curves were constructed for NA to 

obtain an EC^q value for each segment, which was used to constrict 

the vessel in order to observe relaxations to adenosine and analogues 

NECA, R- and S-PIA and 2-CA. Concentration-response curves to 

adenosine were repeated in the presence of 8-pSPT and caffeine.

Concentration-response curves were constructed for ATP and
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analogues a,&-MeATP, p.y-MeATP, 2-MeSATP and UTP on vessels at basal 

tone. These were repeated in the presence of suramin, PPADS, RB2 and 

indomethacin. All antagonists were equilibrated for 20 min.

9.4 RESULTS

9 .4 . 1  Vasodilator Responses To Adenosine And Analogues

On NA pre-constricted (EC^q concentration) vessels, adenosine 

and analogues NECA, R- and S-PIA and 2-CA caused concentration- 

dependent, endothelium-independent relaxations, the maximum 

relaxation being 90 - 100 %. Individual pD2 values were: NECA J.12 ± 

0.13 (n=9), R-PIA 5.93 ± 0.25 (n=7), 2-CA 5.64 ± 0.40 (n=5), 

adenosine 5*04 ± 0.10 (n=13) and S-PIA 4.26 ± 0.10 (n=7). The potency 

order being NECA > R-PIA = 2-CA > adenosine > S-PIA (Fig 9-1) •

Adenosine antagonists were examined, however, 8-pSPT (up to 10 

pM; n=5) and caffeine (up to 0.1 mM; n=5), inhibited constriction of 

the aorta to NA at all concentrations of antagonist tested and could 

pet be used. The more selective adenosine agonists CPA and CGS 21680, 

selective for A^- and A^i-receptors respectively were without activity 

on this preparation (up to 30 pM; n=5).

Neither ATP (up to 10 mM; n=5) nor 2-MeSATP (up to 30pM; n=5) 

caused relaxation of pre-constricted vessels in either the absence or 

presence of the endothelium; instead, further constriction to the 

agonists was observed.
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9.4.2 Vasoconstrictor Responses To ATP And Analogues

At basal tone, ATP, a,p-MeATP, &,Y-MeATP, 2-MeSATP and UTP all 

concentration-dependently, endothelium-independently constricted the 

isolated aortic rings. ATP, a,p-MeATP and 2-MeSATP reached a maximum 

and pÜ2 values were found to be: ATP 3*98 ± 0.07 (n=10); a,&-MeATP 

5.86 ± 0.15 (n=12) and 2-MeSATP 6.06 ± 0.23 (n=9). There was no 

significant difference between the pÜ2 values for a,&-MeATP and 2- 

MeSATP, but both were more potent than ATP, P < 0.05 (Fig 9.2).

Since concentration-response curves to &,y-MeATP and UTP did 

not consistently reach a maximum response, the 5 agonists were also 

compared by their absolute tensions developed, the order of potency 

being: o,&-MeATP = 2-MeSATP > ATP = &,Y-MeATP = UTP (data not shown).

9 .4 . 3  Desensitisation To a,p-MeATP

Repeated applications of a,p-MeATP (3 pM) caused diminished 

contractions until there was no response to an additional dose of 

o,p-MeATP. In the presence of a,^-MeATP the responses to ATP and 2- 

MeSATP were unchanged.

9 .4 . 4  Effect Of Antagonists On Constrictor Responses To ATP And
Analogues

Suramin (0.1 mM) significantly inhibited the constrictor 

responses to ATP (n=5). o,&-MeATP (n=6), &,y-MeATP (n=5) and 2-MeSATP 

(n=6). As maximum responses to the ATP analogues were not always 

reached in the presence of suramin and the other antagonists, pD2
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values were not calculated. A Student’s t-test revealed that suramin 

significantly (P < 0.05) inhibited responses to all the ATP analogues 

(Fig 9.3a - 9.3d).

In the presence of PPADS (30 pM) the constrictor response to 

o,&-MeATP (n=6) was significantly (P < 0.05) inhibited (Fig 9.4a), 

while having no effect on the ability of the other agonists to 

constrict the aorta.

RB2 (30 pM) significantly (P < 0.05) inhibited constrictor 

responses to 2-MeSATP (n=6) only, without having an effect on the 

responses of the other agonists (Fig 9.4b).

Contractile responses to ATP (n=5) and 2-MeSATP (n=5) were 

significantly (P < 0.05) inhibited by indomethacin (30 pM) (Fig 9.5a 

and 9.5b) whereas the responses to a,&-MeATP (n=5) and &,y-MeATP 

(n=ll) agonists were unaffected (Fig 9.5c and 9.5d).

201



Fig ^.l Cumulative concentration-response curves for adenosine 

( ▲ .  n=13). NECA ( ♦ .  n=9). R-PIA ( ■ ,  n=7). S-PIA ( # ,  n=7) 

and 2-CA (V. n=5) on NA (EC^q concentration) pre-constricted 

garter snake aorta. All symbols represent mean % relaxation ± 

s.e. (unless masked by the symbol).
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Fig 9*2 Concentration-response curves for ATP (^ , n=10), a,p- 

MeATP ( JL* n=12) and 2-MeSATP { n=9) on basal tone of the

dorsal aorta of the garter snake. All symbols show mean % 

contraction ± s.e. (unless masked by the symbol).
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Fig 9*3 Effect of suramin (0.1 mM) on the concentration-response 

curves for ATP, a,&-MeATP, 2-MeSATP and ^,y-MeATP, on the dorsal 

aorta of the garter snake. All symbols show mean % contraction ± 

s.e. (unless masked by the symbol). * Indicates significance,

P < 0.05.

(a) Concentration-response curve for ATP in the absence 

( 9 ,  n=5) and presence ( 0 »  n=5) of suramin (0.1 mM).

(b) Concentration-response curve for 2-MeSATP in the absence 

( I ,  n=6) and presence ( O ,  n=6) of suramin (0.1 mM).

(c) Concentration-response curve for a,&-MeATP in the absence 

( ^ ,  n=6) and presence n=6) of suramin (0.1 mM).

(d) Cçncentration-response curve for &,y-MeATP in the absence 

( ̂ , n=5) and presence ( 0 *  n=5) of suramin (0.1 mM).
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Fig 9.4 Effect of antagonists on the concentration-response 

curves for a,&-MeATP and 2-MeSATP on the dorsal aorta of the 

garter snake. All symbols show mean % contraction ± s.e. (unless 

masked by the symbol). * Indicates significance, P < 0.05.

(a) Concentration-response curve for a,^-MeATP in the absence 

( n=6) and presence ( n=6) of PPADS ( 30 pM).

(b) Concentration-response curve for 2-MeSATP in the absence 

(I, n=6) and presence ( D ,  n=6) Of RB2 (30 pM).
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Fig 9*5 Effect of indomethacin (30 pM) on the concentration- 

response curves for ATP, 2-MeSATP, a,&-MeATP and on the dorsal 

aorta of the garter snake. All symbols show mean % contraction : 

s.e. (unless masked by the symbol). * Indicates significance,

P < 0.05.

a) Concentration-response curve for ATP in the absence

^ , n=5) and presence ( O. n=5) of indomethacin (30 pM).

b) Concentration-response curve for 2-MeSATP in the absence

I ,  n=5) and presence (O  , n=5) of indomethacin (30 pM).

c) Concentration-response curve for a,&-MeATP in the absence

, n=5) and presence ( ^  , n=5) of indomethacin (30 pM).

d) Concentration-response curve for &,Y-MeATP in the absence

^ , n=ll) and presence ( ^  , n=ll) of indomethacin (30 pM).
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9.5 DISCUSSION

The results from this study reveal that the dorsal aorta of 

the garter snake possesses both P^- and P^-purinoceptors that are 

antagonistic in action and appear to be independent of the presence 

of an intact endothelium; the P^-purinoceptor mediating 

vasodilatation and P^-purinoceptors mediating vasoconstriction.

Identification of the P^-purinoceptor subtype mediating 

vasodilatation of the aorta, founded on potency order alone, can be 

somewhat misleading. An agonist profile of R-PIA > adenosine > NECA 

describes an A^-purinoceptor and the reverse an A^-purinoceptor, 

according to the original definition (Van Calker et al., 1979)• In 

addition, further criteria have been suggested to aid the 

identification of P^^-purinoceptors - the stereoselectivity for the 

PIA isomers (Stone, 1989). A potency ratio of the R/S isomers of PIA, 

with R-PIA approximately 100 times more potent than S-PIA indicates 

an A^-purinoceptor whereas a ratio of 10 or less is indicative of an 

A2“̂ receptor. However, the potency ratios of R- and S-PIA have proved 

extremely variable.

Based on these two sets of criteria, the results from this 

study can be interpreted in a variety of ways, and indicative of both 

an Aĵ - and an A^-receptor. The order of potency for NECA and R-PIA 

suggest that the receptor is of the A2 subtype, since NECA was 

significantly more potent than the PIA isomers (Van Calker et al. , 

1979; Londos et al., I98O). If the stereoselectivity of the isomers 

for PIA is considered alone, then the opposite interpretation can be 

concluded; i.e. the receptor might be considered an A^-receptor since 

R-PIA is approximately 100 times more potent than S-PIA (Ribeiro &
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Sebastiao, I986; Stone, I989). The identification of this receptor is 

confounded further if one takes into consideration the proposed 

existence of the A^-receptor, believed to exist on nerve endings and 

the heart and not coupled to adenylate cyclase. The Ag-receptor has 

been described as having an agonist profile of CHA, R-PIA and NECA 

being the most potent, irrespective of their order, and more potent 

than 2-CA (Ribeiro & Sebastiao, I985). The adenosine receptor of the 

snake aorta does not appear to fall into either subtype of P^- 

purinoceptor subtype, thus it could also be argued that the receptor 

from this study is of the Ag subtype, proposed for those receptors 

that cannot be classified according to classical criteria.

The adenosine antagonists examined in this study inhibited the 

constrictor activity of NA by an unknown mechanism, classification of 

the receptor by the use of selective antagonists was therefore denied 

and as such the receptor can only be classified by the use of the 

somewhat misleading agonist potency order. Lack of activity of 

selective agonists and antagonists is not uncommon when studying more 

primitive organisms. For example, the adenosine antagonist DPCPX was 

found to be ineffective at blocking adenosine in the stomach and 

intestine of the stickleback (Chapter J),

There are many studies in the literature where subtypes of 

adenosine receptors have been identified although the potency order 

does not agree with the classical definition. For example, the 

receptor inhibiting nerve evoked contractions of the rat vas 

deferens. This receptor has an agonist profile of NECA > L-PIA > 2- 

CA, the R/S ratio being 100 and the receptor is classified by the 

authors as an A^ subtype on this basis, even though NECA is the more
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potent (Paton & Webster, 1984). Similarly, in bovine coronary 

arteries, the inhibitory adenosine receptor is classified as an 

receptor. The potency order for this receptor is NECA > L-PIA > 2-CA 

although the R/S ration is much greater than 10, being in fact 32 

{Mustafa & Oskar, I985). Clearly, identification of adenosine 

receptor subtypes on agonist potency alone, particularly when the 

order does not agree exactly with those described for classical Aĵ ,

A2 or Ag subtypes is inappropriate. Considering the ambiguity of the 

interpretation of the potency order of the adenosine analogues, it 

may be appropriate to conclude that the receptor identified in this 

study is unique in nature possessing characteristics of all 3 

adenosine receptors when defined by the order of potency alone.

This study has revealed the presence of multiple P2” 

purinoceptors on the aorta that are also independent of an intact 

endothelium. The order of potency: o,&-MeATP = 2-MeSATP > ATP > p,Y" 

MeATP > UTP, would suggest an undifferentiated P2”Purinoceptor. The 

possibility of the receptor being specific for UTP, a P2U subtype 

(O’Connor, 1992) is unlikely since UTP was significantly less potent 

than all the ATP analogues.

Selective blockade of the ATP analogues indicates the presence 

OÎ both P2X” P2Y"Purinoceptors. All of the ATP analogues were 

inhibited by suramin which blocks both P2X" P2y-purinoceptors 

(Dunn & Blakeley, I988; Hoyle et al. ̂ 1990). Thus, all the ATP 

analogues mediated vasoconstriction via P^-purinoceptors.

The recently developed compound PPADS has shown specificity 

for the P2x“Purinoceptor (Lambrecht et al. ̂ 1992; Ziganshin et al. , 

1993, 1994; McLaren et al., 1994). PPADS was found to selectively 

inhibit contractions in response to a,&-MeATP while having no effect
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on 2-MeSATP. Interestingly, PPADS was ineffective in blocking the 

response to ATP itself. In addition, the presence of a P2x“ 

purinoceptor is confirmed since repeated administration of a,p-MeATP 

resulted in desensitisation of the response; ATP may or may not be 

acting at this receptor, since its continued activity after 

desensitisation with a,&-MeATP or blockade with PPADS could indicate 

a lack of activity at this receptor, or an action on a separate 

receptor.

The activity of RB2 indicates that there is also a P2Y“ 

purinoceptor present on the aorta of the snake. RB2 selectively 

attenuated responses to 2-MeSATP only, without an effect on o,&-MeATP 

or ATP. Contractile responses to 2-MeSATP are also inhibited by 

indomethacin, indicating that 2-MeSATP stimulated the production of a 

prostanoid; similarly ATP contractions were also sensitive to 

indomethacin indicating that it too was activating the production of 

a prostanoid, although whether via an action on a separate, 

unidentified purinoceptor subtype is still open to conjecture.

The presence of a dual population of receptor subtypes 

producing the same response is somewhat unusual, however examples can 

be found; A^- and A^-purinoceptors have been identified in the rat 

duodenum, both causing relaxation (Nicholls et al. ̂ 1992). Commonly, 

vascular responses to a,&-MeATP and 2-MeSATP are antagonistic in 

nature; o,&-MeATP mediating vasoconstriction and 2-MeSATP mediating 

vasodilatation; however there was no evidence of vasodilatation to 

purine compounds.

While this study has not revealed the mechanism of action for 

the response to a,&-MeATP, it has revealed that stimulation of the
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P2Y"Purinoceptor results in the formation of a prostanoid, since ATP 

and 2-MeSATP were inhibited by indomethacin. This is consistent with 

a number of mammalian vascular systems (Needleman et al., 1974; 

Boeynaems & Galand, 1983) where prostaglandin synthesis is initiated 

by ATP at the endothelial level, mediating vasodilatation (see 

Moncada, 1982). However, in this preparation, the prostaglandin is 

not endothelial in origin, since vasoconstriction to 2-MeSATP 

occurred even when the endothelium was not intact (as revealed by the 

lack of vasodilatation to ACh). In a number of vascular systems, some 

members of the prostaglandin family can initiate vasoconstriction, 

for example, the rabbit aorta constricts to PGE^ and PGP^^

(Khairallah et aZ., 1967; Strong & Bohr, I967). The nature of the 

agonist also appears to be important, since prostaglandin formation 

only occurred in response to an agonist possessing an unaltered 

phosphate chain of the purine molecule (Brown & Burnstook, 1981b); 

a,p-MeATP and &,y-MeATP did not stimulate prostaglandin formation.

There is evidence that both adenosine and ATP play a part in 

vascular control of lower vertebrate animals. Adenosine has been 

shown to dilate the perfused gills of the hagfish (Axelsson et al., 

1990) and have effects upon the heart of the trout, frog and toad 

(Meghji & Burnstock, 1983c, 1984b; Hoyle & Burnstook, I986; Lazou & 

Beis, 1987). Both an A^- and an A^-receptor have been identified in 

the aorta of the dogfish (Evans, 1992). ATP has been shown to have 

activity in a variety of different vessels from lower vertebrates, 

such as the systemic vasculature and coronary artery of the rainbow 

trout (Wood, 1977; Small et al., 1990) and steelhead trout (Small & 

Farrell, 1990), mako shark coronary artery (Farrell & Davie, 1991a) 

and gill vascular bed (Colin & Leray, 1979; Colin et al., 1979).
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However, a full characterisation of these responses was not performed 

and as such the subtype, if any, of the purinoceptor is unknown. The 

dual activity of ATP, vasodilatation and vasoconstriction, on the 

celiamesenteric artery and anterior cardinal vein of the trout, 

suggested to Olson & Villa (1991) the possibility of a dual 

population of ATP receptors that were antagonist in nature.

In summary, the results from the present study have shown the 

presence of both and P^i-purinoceptors on the smooth muscle of the

garter snake aorta. The P^-purinoceptor, mediating vasodilatation, 

exhibiting the characteristics of an A^-, an A2- and the less 

accepted A^-receptor such that its classification is limited to that 

of a unique or unclassified adenosine receptor. The presence of 

contractile 2̂X~' P2Y"Purinoceptors was revealed by selective

antagonism by PPADS and RB2, and desensitisation by o,&-MeATP. The 

P2Y"Purinoceptor is somewhat unusual, in that it mediates 

vasoconstriction via the production of a prostanoid. The possibility 

of a receptor specific to ATP is postulated by these studies, since 

the response to ATP was not affected by PPADS or RB2, but, by the 

action of suramin, was acting via a P^i-purinoceptor. This study has 

revealed that antagonistic control of vascular smooth muscle by 

separate receptors for both adenosine and ATP, is a primitive feature 

which has now been demonstrated in a variety of lower vertebrates.
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CHAPTER 10

GENERAL DISCUSSION
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The aim of this section is to address certain points that have 

been raised during the course of this study, to put the results in a 

broader context and to highlight further lines of enquiry.

The main aspects that will be dealt with in detail are: the 

development of evolutionary patterns of purinoceptor subtypes within 

invertebrates and lower vertebrates, and the extent to which they 

compare with mammalian purinoceptor subtypes; evidence for purinergic 

transmission and co-transmission in invertebrates and lower 

vertebrates, and the use of the dye quinacrine as a marker for ATP 

containing nerves in invertebrates and lower vertebrates; finally, 

further experimental work to extend this investigation, including the 

use of molecular biology to aid identification of invertebrate and 

lower vertebrate purinoceptors, together with the current development 

of purinoceptor agonists and antagonists.

10.1 EVOLUTIONARY DEVELOPMENT OF PURINOCEPTOR SUBTYPES

The search for an evolutionary pattern in the development of 

purinoceptor subtypes has revealed that, with remarkable regularity, 

t^o receptor types can be distinguished, corresponding to mammalian 

P]̂ - and P2“Purinoceptors. There are exceptions, where no distinction 

is made between the responses to adenosine and ATP, but in general 

there is sufficient evidence in the existing literature eind from the 

evidence provided in this thesis to support the fact that two 

distinct subclasses, one selective for adenosine and one selective 

for ATP, exist in invertebrates and lower vertebrates. Tables 10.1 

and 10.2 illustrate the distribution of P-ĵ- and P^-purinoceptors that
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have been identified in invertebrates and lower vertebrates.

10.1.1 Evidence For Pĵ- And P2 "Purinoceptors In Invertebrates

Identification of P^-purinoceptors relies on a potency order 

of adenosine > AMP > ADP > ATP, preferably supplemented with the 

activity of selective antagonists. Examples of -purinoceptors and 

sensitivity to adenosine within invertebrate species have already 

been described in Chapter 1 and in Section A of this thesis and will 

not be repeated. Certain aspects of the role of P^-purinoceptors will 

be considered.

Within the antenna of some crustaceans, chemosensory P^- 

purinoceptors have been demonstrated. Stimulation of which causes 

locomotor activity prior to the initiation of a feeding response. 

AMP-Selective receptors have been found in the spiny lobster 

Panulinus argus (Derby et al., 1984; Carr et al., 1^8J), the marine 

shrimp Palaemonetes pugio (Carr & Thompson, 1983) and larval 

mosquitoes (Barber et al., 1982). This behavioural effect of 

adenosine will be considered in detail later.

^ There are many examples of the presence of P^-purinoceptors in 

a variety of tissues from many invertebrate groups. Identification 

relies predominately on the selective or more potent effect of ATP 

compared with adenosine; again, relevant examples have been described 

in Chapter 1 and Section A, and will not be reiterated.

Identification may also be hindered further since antagonists 

developed for use in mammalian systems often lack activity in 

invertebrate tissues. This has been found to be true, not only in
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these investigations, but also in the literature. For instance, in the 

sea anemone, RB2 has agonist properties (Hoyle et al. , 1989) and in 

identified neurones of the leech, suramin failed to block the activity 

of ATP and behaved as an agonist (Backus et al. y 1994).

In addition to chemosensory -purinoceptors on the antenna of 

some crustaceans there is evidence for the presence of P2” 

purinoceptors, also involved in prey detection. These two types of 

purinoceptors differ in their responses. The response of the ATP- 

sensitive cells is of a very short duration and the maximum discharge 

of a low magnitude, while that of the AMP-sensitive cells have a 

slower response. The ATP-sensitive cells have also been shown to 

respond strongly to the slowly degradable analogues of ATP, the order 

of potency being ATP = ^,y-MeATP > o,&-MeATP (Carr et al. y I986; 

Zimmer-Faust et al. y I988). As ATP is more potent than a,&-MeATP, it 

is be concluded that the receptor is of the P2Y subclass, however 

this can only be confirmed by examining the effect of 2-MeSATP. ATP 

is an ideal stimulus for such animals that feed on wounded or 

recently killed animals, since ATP occurs at high concentrations in 

fresh animal flesh but decays rapidly as cells die (Sikorski et al. y 

1990). Since predators, such as lobsters, often inhabit crevices and
V .only emerge to feed at night, foraging is directed principally by 

chemical stimuli, rather than visual or mechanical stimuli. ATP is 

detected in prey organisms, such as mussels and oysters, which 

contain high concentrations of nucleotides and are released when the 

animal dies (Carr & Derby, I986). ATP acts as an effective signal 

molecule in seawater, since mechanisms exist in seawater that 

minimise the presence of background ATP levels that might represent a 

false indication of the presence of food (Zimmer-Faust et al. y I988).
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These mechanisms include dephosphorylating enzymes present on the 

outer surfaces of many planktonic organisms which quickly degrade 

nucleotides released into the sea (Ammerman & Azam, 1985) in addition 

to nucleotidases in tissues that rapidly dephosphorylate ATP after 

death (Zimmer-Faust, I987). Hence the presence of appreciable 

concentrations of ATP in seawater may provide a reliable indicator 

that an injured or freshly killed prey is nearby. While ATP is a 

potent attractant, AMP has an inhibitory effect on some lobsters 

(Gleeson et al. ̂ 1989; Zimmer-Faust, 1993) and may therefore act to 

direct the predator towards only fresh prey. For those predators in 

which AMP acts as the attractant (Carr & Thompson, 1983; Derby et 

al. ̂ 1984; Carr et al., 1987), the rapid breakdown of ATP to AMP may 

be accountable for this. AMP is found to be the most potent 

chemoattractant of Octopus vulgaris, initiating a locomotor response. 

The arms are believed to carry the sensory organs, chemoreceptors 

having been morphologically identified in the suckers (Chase & Wells,

1986) which would direct the arms towards the meal.

Other chemosensory P2”Purinoceptors have been identified that 

are involved in the recognition of a blood meal in haematophagous 

insects. These represent a heterogeneous group. Many blood-feeding 

insects recognise ATP and related compounds as phagostimulants. In 

mosquitoes and tsetse flies, ATP is found to be more potent than ADP 

at stimulating feeding while AMP is a very poor phagostimulant, 

indicating an ATP-selective P2“purinoceptor (Galun et al. , 1963»

1984, 1985; Galun & Margalit, 1969; Mitchell, 1976). A similar ATP- 

selective receptor mediates the phagostimulatory response of Glossina 

tachinoides (Galun, I988) and Rhodnius pvolixus larvae, suggesting
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that this response is not limited to the adult form (Smith, 1979; 

Friend & Smith, 1982). Further investigations have revealed that the 

receptor can be subclassified. a,&-MeATP and p,y-MeATP are less 

potent than ATP as phagostimulants in G. palpalis palpalis and the 

receptor tentatively classified as a P^y-Purinoceptor (Galun &

Kabayo, 1988), a similar order of potency is found for Rhodnius 

prolixus (Friend & Smith, 1982). However, since 2-MeSATP, which is a 

more selective P2Y“P^rinoceptor agonist, has not been investigated, 

the classification of this receptor is still uncertain.

A P2“Purinoceptor has also been identified that initiates 

feeding of the culicine mosquitoes Culex pipiens and Culiseta 

inovnata. The potency order was found to be ADP > ATP = AMP > &,y- 

MeATP for C. pipiens, and ADP > ATP > &,y-MeATP >> AMP for C. 

inornata (Galun et al., 1988). ADP is also found to be the most 

potent phagostimulant of the horsefly Tabanus nigrovittatus (Friend & 

Stoffolano, 1983. 1984). ADP-Selective receptors, termed 

purinoceptors, have been identified in mammals (Gordon, 1986); 

however, the ADP-selective receptor of the haematophagous insects 

differs from the mammalian P2'j>“Purinoceptor in that ATP does not act 

as a competitive antagonist (Macfarlane & Mills, 1975)'

^ The potency orders of the purine nucleotides vary considerably 

between different groups of haematophagous insects, although, closely 

related species usually show a similar SAR. It has been suggested 

that a pre-existing pool of nucleotide-binding proteins, present in 

all living cells, served as a source of the receptor proteins for the 

gustatory receptors involved in blood detection and that the 

selection of any such nucleotide-binding protein was random (Galun,

1987), perhaps accounting for the variety of receptor profiles found
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among the haematophagous insects.

Why purines have become involved in the recognition of a meal 

is interesting. ATP and ADP are normally found only intracellularly 

in red blood cells (RBC), their role in the recognition of a blood 

meal for haematophagous insects might seem unlikely. However, both 

platelets and RBC release ATP and ADP as a result of wounding (Mills 

& Thomas, 1969; Born, 1977); which source offers the stimulus to feed 

depends on the insect in question, some species are more sensitive to 

ATP, while others are more sensitive to ADP. For instance, ATP 

released from RBC preferentially induces Rhodnius prolixus to gorge, 

since plasma, which contains little ATP (Bishop et al., 1959)» is 

considerably less effective than a suspension of washed erythrocytes 

(Smith, 1979). The potency of the erythrocyte suspension is 

associated with RBC contents rather than the erythrocyte membrane, 

since RBC ghosts are ineffective as gorging stimulants (Smith, 1979)• 

It is suggested that the release of ATP from RBC close to the mouth 

sense organs act as the feeding stimulant. Platelets also contain 

quantities of ATP, both ATP and ADP are released into the plasma by 

appropriate triggers such as wounding (Holmsen, 1972) and platelets 

h^ve been implicated as the gorging stimulus of Aedes aeygpti (Galun 

& Rice, 1971).

There is evidence that some fish are attracted to purine 

compounds in a manner similar to that of carnivorous crustaceans. 

Chemoreceptors on the lip of the puffer Fogo pandalis exhibit an 

especially high sensitivity for ADP, and are thought to direct the 

fish to food sources (Kiyohara et al., 1975).

Chapter 1 of this thesis together with the investigations in
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Section A clearly demonstrate that there is sufficient evidence to 

support the claim that, in invertebrates, two distinct subclasses of 

purinoceptors can be identified, P^- and ?2“Purinoceptors. This 

evidence relies heavily on the selective activity of the purine 

compounds themselves and, in some instances, the activity of 

antagonists. Some investigations have, by the use of more selective 

agonists, identified subclasses of both and P2“receptors, such as 

the Aĵ - and A2-receptors found to modulate firing of the 

suboesophageal ganglion of Helix aspersa (Cox & Walker, I987) and the 

P2x“Pnrinoceptor that induces feeding in the stable fly (Ascoli- 

Christensen et al. ̂ 1991)• Although the subclassification of 

invertebrate purinoceptors is often hindered by the lack of activity 

of selective agonists (Hoyle & Greenberg, I988; Chapters 3 “ 5). 

there is the potential to extend the classification of invertebrate 

purinoceptors further. Recent development of new compounds, 

exhibiting a high degree of selectivity for P^ and particularly P2 

subclasses (Thompson et al., 1991; Fischer et al., 1993; Burnstock et 

al., 1994) open possible lines of enquiry into the further 

classification of previously unidentified purinoceptors. It must be 

considered, however, that where no distinction between the effects of 

aàenosine and ATP is discernible, this may reflect the primitive 

nature of the receptor in question, being unable to differentiate 

between the adenosine nucleosides and nucleotides. One would expect 

the recently developed selective adenosine and ATP agonists to be 

inactive at such receptors.
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10.1.2 Evidence For P^- And P^-Purinoceptors In Lower Vertebrates

The distinction of P^- and P2-purinoceptor subtypes is well 

defined in the lower vertebrate groups and many similarities with 

mammalian purinoceptors can be recognised. Table 10.2.1 and 10.2.2 

illustrate the distribution of both Pĵ - and P2“purinoceptors in a 

variety of lower vertebrate species and as these have been covered in 

Chapter 1 will not be repeated. Certain close similarities with 

mammalian purinoceptors are worth stressing.

There have been few studies as to the presence of purinoceptors 

in the gastrointestinal system of fish. An inhibitory response to 

adenosine has been identified in the intestinal wall of the cod Gadus 

morhua (Jensen & Holmgren, I985) and the circular muscle of the trout 

Salmo gaivdnevi stomach (Holmgren, I983). although ATP has a similar 

response in both these tissues and it is unclear whether two separate 

receptor populations are present without the use of selective 

antagonists. A P^-purinoceptor has been described in the ileum of the 

flounder Platichthys flesus, adenosine abolishes rhythmic activity 

and lowers basal tone, both effects are blocked by theophylline: in 

contrast ATP is excitatory (Lennard & Huddart, 1989a) indicating the 

presence of separate purinoceptors, reflecting P^- and P2- 

purinoceptors. Investigations of the stomach and intestine of the 

stickleback described in Chapter 7 show the presence of inhibitory 

P]^-purinoceptors in both areas of the gut, although the subtype of 

receptor could not be determined.

Adenosine and AMP both relax the rectum of the chicken via a 

P^-purinoceptor, since ATP and ADP contract the rectum, the presence 

of both P^- and P^-purinoceptors are demonstrated (Bartlet, 1974).
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The effect of ATP on the gastrointestinal tract of fish has 

been studied in varying degrees of detail. ATP contracts the stomach 

of Raja, Scyliovhinus and Cypvinus (Young, 1980a, 1983; Kitazawa et 

al,, 1990), but is inhibitory in the rectum of Raja, the pyloric 

stomach of Salmo and the intestine of Gadus and PleuTonectes (Fange & 

Grove, 1979; Holmgren, 1983; Jensen & Holmgren, 1985; Young, I988).

In all the studies mentioned, the type of receptor has not been 

investigated, although a study of the flounder Platichthys flesus 

ileum and rectum describes P^X'P^rinoceptors, mediating contraction, 

since both the ileum and rectum contract to ATP and o,&-MeATP; a,&- 

MeATP also desensitises the receptor rendering ATP inactive, 

indicative of a mammalian P2X"Purinoceptor (Lennard & Huddart,

1989a).

ATP contracts the ileum of the lizard Tiliqua vugosa, 

resembling the response to transmural stimulation (Burnstock et al., 

1972b; Sneddon et al., 1973). The response of the rectum of Agama 

agama to ATP is predominately contractile which is inhibited by 

quinidine (Ojewole, 1983a). Since adenosine is virtually inactive 

(Savage & Atanga, 1985) the action of ATP is via a P^-purinoceptor. 

An^ also relaxes the rectum of the lizard at raised tone (Savage & 

Atanga, 1985) suggesting the presence of multiple P^-purinoceptors.

The oesophagus of the chicken contracts to ATP via a P2” 

purinoceptor (Bartlet, 1974), as does the rectum (Bartlet, 1974; 

Meldrum & Burnstock, I985). o,&-MeATP also causes a contraction of 

the chicken rectum and is able to desensitise the excitatory response 

to nerve stimulation of the rectum, indicating the presence of P2X~ 

purinoceptors in addition to purinergic excitatory stimulation
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(Meldrum & Burnstock, I985)•

Adenosine has potent cardiovascular actions on several fish 

groups (see Nilsson & Holmgren, 1992), with many striking similarities 

to the effect of adenosine on mammalian cardiovascular systems (see 

Collis, 1989). For instance adenosine reduces vascular resistance and 

dilates the brachial vasculature of the atlantic hagfish Nyxine 

glutinosa (Axelsson et al., 1990)• Similarly, adenosine dilates the 

coronary artery of an elasmobranch, the mako shark Isurus oxyvinchus 

but is contractile in the skate Baja nasuta (Farrell & Davie, 1991b).

A more detailed investigation of the response to adenosine in the 

dogfish Squalus acanthias ventral aorta revealed a biphasic response, 

reflecting the presence of two subtypes of adenosine receptors: a 

constrictor response identified as an A^-receptor and an A^-mediated 

dilator response (Evans, 1992). Interestingly, studies of the action 

of adenosine on the gill vasculature of teleost fish all report 

vasoconstriction, such as in the trout Salmo gairdneri (Colin &

Leray, 1979; Colin et al. , 1979) and tropical cichlid Oreochromas 

niloticus (Okafor & Oduleye, I986). Fish ventral aorta and brachial 

vessels are the evolutionary precursors of the pulmonary vasculature, 

although in mammalian pulmonary systems, such as the rabbit, 

adenosine is a potent vasodilator, acting via an A2”receptor (Pearl, 

1994). This is an instance where there is a marked difference in the 

activity of lower vertebrate purinoceptors, compared with their 

equivalent in mammalian systems. However, it has been reported that 

at low tone, adenosine constricts the feline pulmonary vascular bed 

via an adenosine A^-like receptor (Neely et al., 1991)'

The dilator response to adenosine in frog muscle arterioles has 

been shown to occur as a result of presynaptic inhibition of
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sympathetic innervation, the -purinoceptor responsible has been 

revealed as an A^-receptor by the effects of selective agonists and 

antagonists (Fuglsang et al.., I989). There are many examples of the 

presynaptic action of adenosine on vascular adrenergic transmission 

in mammals (see Paton, I989). For instance, adenosine inhibits nerve 

stimulated contractions of the rabbit portal vein (Brown & Collis, 

1983) and canine saphenous vein (Verhaeghe et al., 1977).

Several reports have identified an inhibitory P-j -̂purinoceptor 

in the heart of the dogfish Scyliovhinus canicula, the response to 

adenosine being blocked by 8-PT (Meghji & Burnstock, 1984a).

Adenosine is thought to be mediating its effect by modulating cardiac 

vagal stimulation (Taylor et al. , 1993) although the receptor subtype 

has not been investigated. This is also true of the inhibitory 

adenosine response of teleost hearts such as the trout (Meghji & 

Burnstock, 1984b) and carp (Rotmensch et al., I98I). Adenosine is 

unaffected by 8-PT in the trout heart and is therefore thought not to 

be acting via a P^-purinoceptor, although the possibility of 

adenosine acting via an A^-receptor has not been considered. The 

majority of amphibian hearts are found to respond to adenosine, in a 

n̂ anner that is similar to its effect upon the mammalian heart, 

producing a negative inotropic and chronotropic effect. This is true 

of the hearts of Sana vidibunda and pipiens (Cook et al., 1958; 

Burnstock & Meghji, I98I; Lazou & Beis, 1987) and the axolotl 

Ambystoma mexicanum (Meghji & Burnstock, 1983b). Adenosine also had a 

stabilising effect on the heart of E. catesbeiana, when stimulated 

with ACh (Goto et al., I98I). The atrium of the toad Xenopus laevis, 

possesses an inhibitory P^^-purinoceptor, common to other amphibian
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hearts, however, adenosine is stimulatory on the ventricle (Meghji & 

Burnstock, 1983c) differing considerably from mammalian hearts.

P2"Purinoceptors have also been identified in the 

cardiovascular system of fish. ATP causes vasoconstriction of the 

systemic vasculature of the trout Salmo gairdneri (Wood, 1977). 

although the effect of adenosine and ATP analogues have not been 

investigated. ATP constricts the coronary artery of the trout 

Oncorhynchus mykiss^ being equipotent with ADP, but more potent than 

adenosine, indicating a P2“Purinoceptor (Small & Farrell, 1990). The 

vascular rings are described as being endothelium-free and may 

therefore correspond to the vasoconstrictor P2x”P'̂ i‘irioceptor found on 

mammalian vascular smooth muscle (see Ralevic & Burnstock, 1991&). 

However, for this to be confirmed, further experiments are required. 

ATP has variable effects on the celiacomesenteric artery and cardinal 

vein of the trout (Olson & Villa, 1991). whether this is as a result 

of a mixed population of constrictor and dilator purinoceptors, 

corresponding to mammalian constricting P^x" and dilating P2y“ 

receptors has not been confirmed yet. Cardiovascular effects of ATP 

on reptilian species are limited in the literature. An inhibitory P2” 

purinoceptor has been found on the portal vein of the lizard Agama 

agama^ although the subtype has not been investigated. Under 

conditions of raised tone, electrical stimulation also induces 

relaxation of the vein (Ojewole, 1983b). Whether the portal vein of 

the lizard is comparable with that of mammals such as the rabbit 

(Brizzolara et al. , 1993) has yet to be discovered.

There is considerable evidence for P^-purinoceptors in the 

amphibian atria and ventricle. ATP causes positive inotropic effects 

on frog atrial (Goto et al., 1977; Burnstock & Meghji, 198I) and
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ventricular muscle (Flitney et al. ̂ 1977; Flitney & Singh, I98O; 

Burnstock & Meghji, I98I), the excitatory ATP responses in the atria 

of the frog is inhibited by a,&-MeATP, suggesting the presence of 

P2X"Purinoceptors (Hoyle & Burnstock, I986). The working frog heart 

has been shown to release ATP, in amounts proportional to the level 

of work (Doyle & Forrester, I985). It is postulated that hypoxia 

triggers the release of ATP from the myocardium which augments 

contractility of the heart muscle via an action on P2”-purinoceptors. 

This has also been found to occur in mammalian hearts in response to 

hypoxia (Hopwood et al. ̂ I987).

The amphibian urinary bladder contracts in the presence of ATP, 

an effect which has been well documented for mammalian species, a,&- 

MeATP was found to be more potent than ATP in contracting Eana 

catesbeiana bladder, it was also found to desensitise the contractile 

response to ATP and part of the nerve-mediated response (Bowers & 

Kolton, 1987). ATP and a,&-MeATP have similar effects on the bladder 

of the toad Bufo melanostictus (Saha et al., 1990). Amphibian 

bladders studied so far would appear to possess a contractile P2X” 

purinoceptor with similar characteristics to those of mammalian 

qrinary bladders (see Hoyle & Burnstock, I985, 1992). These studies 

also provide evidence for purinergic neurotransmission in the urinary 

bladders of amphibians.

There is evidence that purines other than adenosine and ATP and 

also pyrimidines have activity on some invertebrate and lower 

vertebrate systems. The purine guanosine 5’"i“onophosphate (GMP) acts 

in a similar manner as ATP, by modulating calcium conductance in 

leech salivary glands (Wuttke & Berry, 1993) ♦ GMP is less potent than
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ATP, but may be acting via a P^-purinoceptor. GTP has been found to 

modulate ACh-induced depolarization of Buccimm undatum proboscis 

smooth muscles, whereas ATP and adenosine are without activity 

(Nelson & Huddart, 1994).

Various pyrimidine triphosphates including cytidine, inosine 

and xanthosine (CTP, ITP and XTP) stimulate chemoreceptors of 

crustaceans (Carr et al., I986, I987); similarly, the monophosphates 

of inosine, guanosine and cytidine (IMP, GMP and CMP) together with 

the triphosphates ITP, GTP, CTP and UTP, all stimulate gorging of 

blood-feeding insects (Galun & Margalit, 1969; Friend & Smith, 1982; 

Dadd & Kleinjan, I985). as does the tetraphosphate of adenosine 

(Galun et al., I963, I988; Smith & Friend, 1976). ATP and adenosine 

stimulate the hearts of two molluscs, as does uridine and UTP, 

cytidine, CMP, CDP and CTP. In contrast, GMP and guanosine 

diphosphate (GDP) are inhibitory implying separate receptors (S.- 

Rozsa, 1968).

Actions of pyrimidines and purines other than adenosine and ATP 

have also been described in lower vertebrates. For instance, GDP, GMP 

and GTP, together with IMP hyperpolarise isolated toad ventral and 

dorsal root neurones, whereas ITP, TTP, XTP, CTP, UTP and uridine 5’" 

diphosphate (UDP) depolarise the spinal cord (Phillis & Kirkpatrick,

1978), implying the existence of separate receptors which have yet to 

be identified. UDP and UTP have also been shown to depolarise 

explanted frog sympathetic ganglia (Siggins et al., 1977), being more 

potent than TTP, GTP, GDP, ITP or IDP. High concentrations of inosine 

and guanosine stimulate the toad ventricle (Meghji & Burnstock,

1983c) although both are less potent than ATP or adenosine. The 

investigations of the frog and snake aortas in Chapter 8 and 9»
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revealed sensitivity to UTP, although its action was similar to, but 

less potent than ATP in both studies. Whether there are separate 

receptors for the pyrimidines or whether they act on P2“purinoceptor 

is not always clear from the studies performed.

10.2 EVIDENCE FOR PURINERGIC NEUROTRANSMISSION IN INVERTEBRATES AND
LOWER VERTEBRATES

The identification of any putative neurotransmitter relies on 

the compound fulfilling certain criteria, these being, 1: the 

putative transmitter, together with enzymes necessary for its 

formation, are present in the neurone; 2: the compound must be 

released from the terminal axon when the nerve is activated; 3: 

exogenous application of the compound must mimic nerve stimulation;

4; inactivation mechanisms for the compound must be present and 5 : 

drugs which affect the nerve-mediated response must have the same 

effect on exogenously applied compound. These criteria have been 

fulfilled for ATP, which has been accepted as a NANG neurotransmitter 

qr co-transmitter in many mammalian tissues (See Chapter 1.3)• There 

have been few studies of purinergic transmission in invertebrate and 

lower vertebrate species.

Some evidence has been presented for the presence of purinergic 

transmission in the heart of the Venus clam Katelysia rhyctiphora 

where ATP increases the heartbeat. Electron micrographs revealed four 

types of nerve profiles, two resembling adrenergic and cholinergic 

nerves respectively, one containing large granular vesicles that
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fluorescent-histochemical staining revealed to probably contain 5"HT, 

and a fourth kind containing large opaque vesicles showing positive 

staining for Ca^*, Mĝ '"'-ATPase and 5’"nucleotidase, perhaps 

reflecting the presence of purinergic nerves (Sathananthan & 

Burnstock, 1979). In addition to small agranular vesicles (associated 

with storage of ACh), small granular vesicles (associated with 

storage of NA) large vesicles are present in many nerve profiles.

Some have a prominent electron-transparent halo between the vesicle 

membrane and its granular core, termed large granular vesicles; 

others with no halo have been termed large opaque vesicles (LOV) 

(Burnstock & Iwayama, 1971). It was suggested that LOV may be 

associated with purinergic NANG nerves (Burnstock, 1972), but later 

studies showed that neuropeptides as well as ATP are stored in large 

vesicles (Larsson, 1977). so that the presence of LOV is not now 

considered to be a reliable indicator for purinergic transmission 

(see Burnstock, 1982, I986). Nerve profiles containing LOV have been 

identified in several invertebrate groups, such as the body wall 

muscle of the earthworm (Rosenblueth, 1972) and polychaete Sabella 

penicillum (Kryvi, 1971), skeletal muscle of crustaceans (Huddart & 

Bradbury, 1972; Sherman & Fourtner, 1972), insects (Osborne et al.,

1971). spiders (Sherman & Luff, 1971). molluscs (Barrantes, 1970), 

some coelenterate neuromuscular junctions (Westfall, 1973) and 

muscles of the oesophagus, vascular walls and pyloric caecae of 

starfish (Pentreath & Cobb, 1972); in some other tissues the presence 

of LOV has been shown to be associated with evidence of ATP activity, 

for example in cardiac muscle (S.-Rôzsa, 1969; Chapter 4) and the 

rectum of some molluscs (Campbell & Burnstock, I968; Burnstock,

1975a; Chapter 5).
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Evidence for purinergic nerves in some invertebrates has been 

supported by the use of the acridine derivative quinacrine, shown to 

bind to high levels of ATP (Da Prada et al., 1978), as a fluorescence 

histochemical marker for purinergic nerves. The nucleotide-binding 

property of quinacrine has long been recognised (Mcllwain, 1941; 

Martin & Fisher, 1944; Irvin & Irvin, 1954), in addition to its 

capacity to bind nucleic acids (Kurnick & Radcliffe, 1962). The 

fluorescent characteristics of the compound have been exploited in 

various mammalian gut preparations such as the rabbit rectococcygeus, 

stomach and intestine (Cocks et al., 1979; Crowe & Burnstock, 1981a; 

Brizzi et al.. 1983) and guinea pig stomach and intestine (Crowe & 

Burnstock, 1981a) where quinacrine fluorescing nerves were visible in 

the myenteric plexus. Purinergic neurones of the gut are known to 

have their cell bodies in the myenteric plexus (Burnstock, 1972). It 

has also been found that quinacrine and other antimalarial drugs, 

such as quinine and quinidine, antagonise the action of purine 

compounds and inhibit the activity of purinergic nerves (Madinaveitia 

& Raventos, 1949; Burnstock, 1975b).

Quinacrine has been found to bind selectively to discrete 

qerves and nerve cell bodies and to certain other structures known to 

be rich in ATP, such as the adrenal medulla where large amounts of 

ATP occur in the storage granules of chromaffin cells (Thompson & 

Werbel, 1972) and blood platelets (Holmsen, 1972). That quinacrine is 

associated with neural elements has been confirmed by studies showing 

the uptake of quinacrine into peripheral neurones (Hoyes et al. ̂

1979)* electrical stimulation of which results in the release of 

quinacrine (Alund & Olson, I98O) and transection of nerves supplying
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muscles that exhibit quinacrine fluorescence results in the 

disappearance of the fluorescing fibres (Olson & Alund, 1979)*

There is sufficient accumulated evidence for the use of 

quinacrine to visualise ATP-containing nerves in mammalian species, 

where purinergic transmission is accepted, such as the guinea pig 

urinary bladder (Crowe et al. ̂ I986) and portal vein of the rabbit 

and rat (Burnstock et al., 1984b), although it has not been applied 

to the examination of structures from lower vertebrates. The use of 

quinacrine as a marker for the visualisation of ATP-containing 

structures in invertebrate species requires further examination. 

Chapter 6 describes the distribution of quinacrine fluorescence in a 

variety of invertebrate species together with the presence of purine 

sensitivity where possible. From this study, it appears that some of 

the fluorescing structures are neuronal, often containing 

varicosities and sharply defined nerve cell bodies. However, in some 

preparations showing positive labelling with quinacrine, ATP was 

without activity, such as the gastrointestinal tract of Lumbvicus and 

the heart of Plytilus. There is evidence that 5"HT is an important 

transmitter in invertebrates (Walker, 1984) and structures containing 

5“HT have been found to bind quinacrine (Lorez et al., 1977). This 

EQight be because ATP is a co-transmitter with 5”HT in these tissues. 

The presence of high levels of ATP in granules containing monoamines 

is well established, for example chromaffin cells (Thompson & Werbel,

1972) and blood platelets (Lorez et al. , 1977) both contain high 

concentrations of ATP and 5~HT. An interesting feature of the nature 

of the quinacrine staining observed in the ganglia of Nytilus edulis, 

is the lack of fluorescence in the nuclei of the nerve cell bodies, 

although it is accepted that quinacrine binds to nucleic acids. This
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has also been found in studies of mammalian structures, such as the 

guinea pig cerebellum and basal ganglia (Crowe & Burnstock, 1984), 

rabbit portal vein (Burnstock et al. , 1984b) and urinary bladder 

(Crowe et al. ̂ I986). The reason for this is unclear, although it is 

suggested that quinacrine is unable to pass through the nuclear 

pores.

An excitatory NANC component to EFS of the frog heart has been 

demonstrated (Donald, I985) and evidence has been presented that ATP 

is a C O -transmitter with adrenaline released from the vagosympathetic 

nerves supplying the atria. Part of the response to EFS of the frog 

atria is atropine resistant, the response itself being biphasic, an 

initial excitation of rapid onset and short duration, and a second 

prolonged phase. This second phase is sensitive to propanolol 

indicating that it is adrenergic. The first phase is abolished after 

desensitisation with o,&-MeATP indicating that ATP is mediating the 

NANC excitatory nerve response probably acting on P2x"Purinoceptors 

(Hoyle & Burnstock, I986).

Fibres in the vagus that supply the pulmonary visceral 

musculature of the toad have been identified as NANC, stimulation of 

%hich results in a fall in vascular resistance, the transmitter has 

not been identified (Campbell, 1971)* In the presence of 

phentolamine, EFS of the lizard portal vein induces vasodilatation, 

as does ATP (Ojewole, 1983b); however to date there is no direct 

evidence that ATP is the NANC neurotransmitter in this vessel, as it 

is in, for instance, the rabbit portal vein (Brizzolara et al. ̂

1993). Non-cholinergic vasodilatation has also been reported in the 

feet of ducks and chickens but the transmitter responsible for this
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has not been investigated (McGregor, 1979).

There is considerable evidence for the presence of NANC 

neurotransmission in the gastrointestinal tract of various fish 

species (Burnstock, 1958, 1959; Campbell & Burnstock, I968; Ito & 

Kuriyama, 1971), having been already well established in mammals 

(Burnstock, 1969; Hoyle & Burnstock, I989). Stimulation of the 

parasympathetic vagal nerves of the perfused stomach of Salmo 

gairdneri causes an inhibitory response in the presence of atropine, 

which is insensitive to the effect of cholinergic and adrenergic 

blocking agents (Holmgren & Nilsson, I98O, I98I). ATP has 

subsequently been found to mimic this inhibitory response (Holmgren, 

1983) suggesting a role for ATP in the NANC transmission. Stimulation 

of the vagus supplying the pyloric caeca and duodenum of Lophius 

initiates an inhibitory response, which is mimicked by ATP (Young,

1980b).

A NANC excitatory response has been identified in the 

intestinal bulb of the carp Cyprinus carpio (Kitazawa et al. , 1987) 

and the pyloric and middle intestine of the catfish (Venugopalan et 

al., 1994), while an inhibitory NANC response is found in the gut of 

two species of stomachless flatfish (Grove & Campbell, 1979) and the 

stomach of the plaice Plueronectes platessa, although ATP has not 

been investigated in connection with this response (Stevenson &

Grove, 1971). ATP is found to be excitatory in the gut of the

flounder (Lennard & Huddart, 1989a) and inhibitory in the gut of the

cod (Jensen & Holmgren, I985). Stimulation of sympathetic nerves of

the elasmobranch Raja clavata rectum results in an inhibitory 

response resistant to the effect of adrenergic blockers, this 

response is mimicked by ATP (Young, I988). There are NANC excitatory
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nerves in various regions of the mammalian gut, such as the rat 

distal colon (Hedlund et al. t 1983i 1986), demonstrating similarities 

of the innervation of lower vertebrate gut with that of mammals.

NANC inhibitory innervation of an amphibian stomach has been 

demonstrated in the toad (Campbell, 1969; Satchell et al.., 1969); 

stimulation of the stomach caused the release of considerable amounts 

of AMP and adenosine, suggested to be metabolites of ATP released 

from the NANC inhibitory nerves (Burnstock et al., 1970; Satchell & 

Burnstock, 1971)* In addition, ATP was found to mimic the effect of 

stimulation of NANC nerves by causing a relaxation (Burnstock et al. , 

1970) reflecting the inhibitory NANC innervation of the mammalian 

stomach (Paton & Vane, 1963; Campbell, I966). In contrast, there is 

an excitatory NANC innervation of the duodenum and ileum of the toad; 

ATP closely mimics the response to electrical stimulation in the 

presence of hyoscine and guanethidine and has therefore been 

suggested as the excitatory NANC transmitter (Burnstock et al.,

1972b; Sneddon et al., 1973), in contrast to the mammalian inhibitory 

NANC innervation. The NANC transmitter of the toad colon and rectum 

has not yet been identified (Murphy & Campbell, 1992).

^ The excitatory NANC stimulation of the ileum and rectum of the

lizard Tiliqua rugosa can be mimicked by the application of exogenous 

ATP (Burnstock et al., 1972b; Sneddon et al., 1973; Ojewole, 1983a; 

Savage & Atanga, I985), suggesting that the development of both the 

amphibian and reptilian NANC innervation of the gastrointestinal 

tract have similar origins. Similarities to various mammalian gut 

preparations can also be seen, where the NANC innervation is also 

excitatory, such as the longitudinal muscle of the guinea pig ileum
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(Wiklund & Gustafsson, 1988a, 1988b).

NANC inhibitory responses have been recognised in the bird 

stomach (Bennett, 1969a, 1969b, 1970; Nakazato et al,, 1970; Sato et 

al, , 1970). Atropine-resistant NANC contractions of the chick ileum 

have been demonstrated, ATP is found to mimic this response and has 

been suggested as the NANC transmitter (Ahmad et al, , 1978). A NANC 

excitatory response has also been identified in the chicken rectum 

(Ohashi et al,, 1977) and there is evidence for ATP being the NANC 

excitatory transmitter, since both ATP and a,&-MeATP mimic excitatory 

nerve stimulation and a,p-MeATP desensitises the response to nerve 

stimulation (Meldrum & Burnstock, I985). The receptor is probably of 

the P2X subtype. However, the effect of suramin on both the 

contractile response to ATP and a,p-MeATP requires further 

investigation, since it has been reported that suramin has very 

little inhibitory action on excitatory NANC innervation, while 

potentiating the effect of ATP. (Bartlet, 1992). This has been 

attributed to the ectonucleotidase activity of suramin (Hourani & 

Chown, 1989)• This discrepancy may be resolved by the use of 

selective P2x"Purinoceptor antagonists.

The presence of a NANC inhibitory innervation of the urinary
Vbladder of the cod has been reported, although this is unlikely to be 

purinergic in nature since ATP contracts the cod bladder; however, a 

role for ATP as a neuromodulator has not been discounted (Lundin & 

Holmgren, I986). The urinary bladder of the toad possesses an 

atropine-resistant excitatory response (Burnstock et al, , 1963b). ATP 

contracts bladders of toads and frogs (Bowers & Kolton, 1987; Saha et 

al, , 1990) and has been proposed as a likely candidate for the NANC 

transmitter. a,&-MeATP has been reported to block part of the NANC
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excitatory response (Bowers & Kolton, I987) although this has been 

contradicted (C.H.V. Hoyle, unpublished observations) where a,&-MeATP 

and suramin failed to block the atropine resistant response to nerve 

stimulation. This point requires further investigation. A NANC 

excitatory response to field stimulation has been shown in the 

bladder of the lizard (Burnstock & Wood, I967) perhaps reflecting 

NANC excitatory neurotransmission found in mammalian species, 

however, as yet there is no evidence as to the effect of ATP on this 

tissue.

The release of ATP as a sympathetic co-transmitter with NA has 

been demonstrated in some fish species. As previously discussed, 

adenosine mediates the dispersion of melanosomes, following 

aggregation by NA released from sympathetic nerves. It has been shown 

that ATP is released as a co-transmitter with NA in some species 

(Kumazawa & Fujii, 1984; Kumazawa et aZ., 1984). NA rapidly induces 

melanosome aggregation, while ATP, released concomitantly, is 

dephosphorylated in the synaptic cleft. The resulting nucleoside 

reverses the melanosome-aggregating effect of NA via P-ĵ -purinoceptors 

on the chromatophore membrane (Fujii & Oshima, I986). It is thought 

t^at adenosine also acts presynaptically, inhibiting transmitter 

release (Oshima, I989). That ATP is released from neural elements has 

been confirmed by firefly lantern, luciferin-luciferase 

bioluminescence ATP-assays and the use of radio-labelled adenosine 

(Kumazawa et aZ., 1984; Kumazawa & Fujii, I986). These studies have 

also shown the spontaneous release of small amounts of ATP as a 

result of spontaneous leakage of ATP from nerve terminals, shown to 

occur in a variety of mammalian synapses (Del Castillo & Katz, 1956).
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ATP is also co-stored and co-released with ACh from Torpedo 

electric organ, a tissue derived from the neuromuscular junction, 

containing thousands of nerve boutons (Morel & Meunier, I98I). 

Stimulation of the cholinergic electromotor neurones releases ACh and 

ATP (Meunier et al. ̂ 1975). the physiological role of the ATP is 

poorly understood, although it has been suggested that ATP may 

increase receptor sensitivity to ACh (Akasu et al. , I98I) by binding 

to extracellular sites on the nicotinic receptor (Carlson & Raftery, 

1993; Schrattenholz et al. ̂ 1994), or modulate ACh release per se or 

after hydrolysis to adenosine (Israël et al., 1977. 1980).

10.3 FUTURE EXPERIMENTS

This investigation has studied the effects of purine compounds 

on a variety of invertebrates and lower vertebrates, principally to 

identify subtypes of P]^-(adenosine) and P2-(ATP) purinoceptors, and 

to examine the extent to which such purinoceptors resemble mammalian 

purinoceptors. The individual studies have revealed some novel 

purinoceptors, while others compare closely with some of the 

purinoceptor subtypes already classified in mammalian tissues, which 

suggests that purinoceptors are a primitive feature. There are 

directions that this investigation could follow to further the 

identification of purinoceptor subtypes in invertebrates and lower 

vertebrates.

242



10.3 1 Molecular Biology And Identification Of Purinoceptor Subtypes 
In Invertebrates And Lower Vertebrates

An exciting and rapidly growing area of research is the 

isolation and cloning of proteins composing cell surface receptors 

and channels. Our interest is in the cloning of P^- and ?2“ 

purinoceptors, of which there has been considerable success from a 

variety of mammalian species (see Linden et al., 1991f 199^; 

Abbracchio & Burnstock, 1994). For example, an A^-receptor from rat 

(Mahan et al, ̂ 1991) and human brain (Libert et al. ̂ 1992), an A2- 

receptor from dog thyroid glands (Maenhaut et al. , 1990) and rat 

hypothalamus (Stehle et al. ̂ 1992) and an A2b-receptor from rat brain 

(Yakel et al. , 1993) have all been sequenced. The A^-adenosine 

receptor has also been cloned from rat (Zhou et al. ̂ 1992) and sheep 

brain (Linden et al. ̂ 1993)» also a human A^-receptor has been cloned 

(Sajjadi & Firestein, 1993; Salvatore, 1993).

P^-Purinoceptors have also been cloned. A recently cloned P2" 

purinoceptor has been named P2Y^ (Webb et al., 1993). Concurrently, 

cloned cDNA from neuroblastoma cells was found to encode a P2U" 

receptor (Erb et al., 1993; Lustig et al., 1993)» functional studies 

of the cloned gene expressed in oocytes gave an agonist profile of 

ATP = UTP > ATPyS >> 2-MeSATP, ADP and indicative of a P2u”receptor. 

This receptor has been renamed P2Y2 according to the re

classification of P2“Purinoceptors (Abbracchio & Burnstock, 1994). 

Both the cloned adenosine and ATP receptors show predicted 

characteristics of known G-protein coupled receptors (Barnard et al.,

1994). Another brain-derived receptor has been cloned, which has a 

strong preference for ADP, showing similarities to the P2'p~receptor
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located on platelets and activated by ADP, this clone has been named 

P2Yg (Barnard et al., 1994). As yet, cloning studies of P^x" 

purinoceptors are lacking. These receptors do not belong to the G- 

protein family, but are members of the ligand-gated ion channel 

family. Recently, the characterisation and functional expression of 

the ATP-receptor from guinea pig vas deferens has been reported. 

Extracted mRNA, when injected into Xenopus oocytes, expresses a 

functional P2X"Purinoceptor (Russell et al. , 1993)•

This relatively new area of research could be used to aid the 

classification of adenosine and ATP receptors from both invertebrates 

and lower vertebrates, where the use of agonists and antagonists have 

as yet failed to yield satisfactory identification. The isolation and 

identification of DNA sequences encoding specific receptor proteins, 

is now a regularly performed procedure, although there are various 

methods that are currently used (see Fernley et al. , 1984; Kaufman & 

Tobin, 1984) but the technique may be applied to other non-mammalian 

subjects. Briefly, DNA is obtained from either chromosomal DNA, mRNA 

or as a result of chemical synthesis, cloned and then compared with 

cDNA sequences from purinoceptor subtypes that have already been 

characterised. Purinoceptor subtypes have been shown to belong to 

superfamilies, which display a large degree of homology in their 

sequencing (Abbracchio & Burnstock, 1994). For example, the cloned 

P2Y-purinoceptors P2Y^, P2Y2 and P2Y^ show similarities to each 

other, but differ markedly from cloned adenosine receptors, even 

though both belong to the G-protein family.

A phylogenetic tree has been constructed of the evolutionary 

relationships between the known subtypes of adenosine receptors (Feng
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& Doolittle, 1990; Linden et al, ̂ 1994), it has been found that the 

differences between species is smaller than the differences between 

receptor subtypes. As such, it may be possible to identify receptors 

from invertebrates and lower vertebrates by comparison with receptor 

types contained within the tree.

10.3.2 Recent Development Of Purinoceptor Agonists And Antagonists

Identification of purinoceptor subtypes, particularly in 

invertebrate species, has been hindered by the lack of activity of 

the available agonists and antagonists of both adenosine and ATP, 

including NECA, PIA, a,&-MeATP and 2-MeSATP. Limited examples of the 

activity of these analogues are listed in Table 6.1. Adenosine 

agonists such as CGS 2l680 and CPA, which are selective for 

subclasses of mammalian adenosine receptors, are also found to be 

inert.

Considerable interest has recently been channelled into the 

development of selective agonists and antagonists for both adenosine 

and ATP. All known adenosine agonists are closely related to 

adenosine itself, substitutions of the purine moiety have yielded 

compounds such as CPA, CHA, 2-CA, NECA and PIA, used to originally 

define mammalian P^-purinoceptors (Jacobson et al. , 1992; van Galen 

et al. , 1992). The compound 2-chloro-N^-cyclopentyladenosine is found 

to be highly selective at A^-receptors (Lohse et al. , I988), as are 

N^-bicycloalkyladenosines, the most potent and selective being 

2-endo-norbornyladenosine and 2-gzo-norbornyladenosine (Trivedi et 

al.. 1989). Prototypic adenosine antagonists were the xanthines, 

theophylline and caffeine, but these are weak and non-selective, also
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acting as inhibitors of alkaline phosphatase, phosphodiesterase and 

nucleotidases. N^-Substituted 9-methyladenines are found to be potent 

A-antagonists (Thompson et al., 1991), as is l-propyl-3-(4-amino-3- 

iodo-phenethyl)-8-cyclopentylx£inthine (Jacobson et al., 1992). 

Adenosine-5’uronamide (Hutchison et al., 1990) and 2-(l-octynyl)- 

adenosine are selective A2”agonists (Yoneyama et al., 1992). In 

addition, a series of N-alkylated 2-aminoadenosines have been 

synthesised, showing a high selectivity combined with affinity, 

particularly those with an aryl, heteroaryl or alicyclic moiety on 

the amine group (Francis et al., 1991). In comparison, potent and 

selective A^-receptor antagonists are lacking, although certain alkyl 

modifications favour A£ affinity to some extent (Daly et al., 1986; 

Jacobson et al., 1992). Certain agonists that are able to 

differentiate between subdivisions of A^-receptor have been 

developed, a derivative of CGS 2l680, iodo-PAPA-APEC, has been used 

to investigate the high affinity A2^-receptor (Barrington et al. ,

1989), although an A^b'selective agonist is not yet available. More 

recently several A^-receptor agonists have been described, such as 

IB-MECA and 5*-#-methyluronamides (Jacobson et al., 1993b; Gallo- 

^odriguez et al., 1994), BW-A 522 has been found to be the most potent 

antagonist, at least at ovine and human A^-receptors (Fozard &

Hannon, 1993; Linden et al., 1993; Salvatore et al., 1993)-

Analogues of ATP with substitutions on the adenine base, D- 

ribose sugar or 5’-polyphosphate chain have provided evidence of at 

least five P^-purinoceptor subtypes, however, selective and potent 

agonists and particularly antagonists were until recently lacking. A 

survey of a variety of adenine nucleotide analogues describes
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selective and potent compounds that could be valuable for 

distinguishing subtypes of the P2X“ P2Y“P̂ ^̂ î ôceptor classes. For 

instance, 8-[6-aminohexylamino]ATP and adenosine Nl-oxide 5’“ 

triphosphate exhibit specificity for the P2Y"Purinoceptor on vascular 

endothelial cells compared to that of the taenia coli, whereas 2’ - 

deoxyATP is specific for the taenia coli P2Y"Purinoceptor and 

inactive at other P2Y"’Purinoceptors. 3'-Benzyl-amino-3'-deoxyATP 

shows specificity for the P2x"Purinoceptor of the vas deferens and 

urinary bladder while being inactive at the vascular P2X"Pu^inoceptor 

(Burnstock et al., 1994). A series of analogues with modifications on 

the purine ring in the form of chain-extended 2-thioether or N^- 

methyl compounds, have also been synthesised. Several of the 2- 

thioether derivatives are equipotent with 2-MeSATP, however, 2-(2- 

phenylethyl) thio- and 2-(cyclohexylthio)-ATP are more potent than 2- 

MeSATP in the mesenteric artery but less potent in the aorta, 

suggesting multiple receptor types of vascular P^Y'Purinoceptor 

(Fischer et al. , 1993)• Differences in the effect of these analogues 

has lent support to the re-classification of P^-purinoceptors, which 

has recently come under review (Abbracchio et al. , 1993; Abbracchio & 

Burnstock, 1994) and outlined in Chapter 1.

New selective antagonists have also been developed, 

particularly for P2x"Purinoceptors, such as PPADS as already 

mentioned, similarly, 4,4*-diisothiocyanatostilbene-2,2 *-disulphonate 

(BIDS) has shown selectivity for the P2x"Purinoceptor of the rat vas 

deferens (Bültmann & Starke, 1994), although commonly used as an 

anion transport inhibitor (Cabantchik & Greger, 1992). A selective 

and potent P2Y"Purinoceptor antagonist has yet to be developed. The 

recently developed compound FPL 66O96 (2-propylthio D-p,y-
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difluoromethylene ATP), is claimed to be a potent antagonist at the 

platelet P2>p-receptor (Humphries et al, , 1993) •

These new compounds open up the possibility of a more detailed 

classification of both invertebrate and lower vertebrate 

purinoceptors, none of which have as yet been examined on such 

tissues. Since these new compounds are significantly more selective 

and often more potent than the existing analogues, it would be 

interesting to study these analogues on those tissues where existing 

analogues have failed to have any effect.

1 0 .3 . 3  Investigation Of Further Invertebrates And Lower Vertebrates

There remain a multitude of species that have yet to be 

examined, which may provide further novel receptors or yield 

receptors that are comparable with existing subtypes, reinforcing the 

hypothesis that ATP is a primitive extracellular messenger. As such, 

the development of purinoceptor subtypes might be traced through 

phylogenetic groups. The literature provides some evidence for this, 

since more species have been found that respond to purines than do 

r̂ ot, and there are many similarities in the types of tissues that are 

sensitive to purines. An example is the heart. With the exception of 

the mussel and the turtle, virtually every examined species of 

invertebrate and lower vertebrate heart responds to adenosine or ATP, 

and often both, frequently mimicking the effect of adenosine and ATP 

on the mammalian heart.

Further evidence for purinergic transmission in invertebrates 

and lower vertebrates is required. The individual studies in this
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thesis have not been sufficient to provide convincing evidence of 

purinergic neurotransmission, although it has been suggested that it 

may be a feature of many lower vertebrate species, particularly of 

the gastrointestinal tract. Evidence for this includes the 

demonstration of NANC nerve-mediated responses, sensitivity to purine 

compounds and the presence of ATP within nerve terminals as 

demonstrated with quinacrine. However, full studies encompassing the 

demonstration of synthetic enzymes and the neural release of ATP, 

together with the blockade of both by antagonists have yet to be 

carried out.
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Table 10.1 Table demonstrating the distribution of purinoceptor
subtypes within invertebrate tissues.
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Species

C o e l e n t e r a t a
A c t i n i a  e q u i n a

Tissue

p e d a l  d i s c

Purinoceptor
P ^ - a d e n o s i n e

Pi/Pj
A n n e l i d a

H a e m e n t e r i a  g h i l i a n i i  
H i r u d o  m e d i c i n a l i s

s a l i v a r y  g l a n d  c e l l s  
n o x i o u s  &  t o u c h  c e l l s

E c h i n o d e r m a t a
A s t e r i a s  r u b e n s  
A s t e r i a s  f o r b e s i  
A s t e r i n a  p e c t i n i f e r a  
T h y o n e  b r i a r e u s  
L y t e c h i n u s  v a r i e g a t u s  
P s a m m e c h i n u s  m i l i a r i s

g a s t r i c  l i g a m e n t  
g a s t r i c  l i g a m e n t  
b l a s t u l a  
p o l i a n  v e s i c l e  
r e c t u m
l a r v a l  m u s c l e

P 1 / P 2

A r t h r o p o d s
P a n u l i r u s  a r g u s t e r m i n a l  i n t e s t i n e  

o l f a c t o r y  o r g a n  
b r a i n

2 Y

P a n u l i r u s  i n t e r r u p t u s  
P a l a e m o n e t e s  p u g i o  
A e d e s  a e g y p t i  
C u l e x  p i p i e n s  
C u l e x  q u i n q u e f a s c i a t u s  
C u l i s e t a  i n o r n a t a  
G l o s s i n a  a u s t e n i  
G l o s s i n a  m o r s i t a n s  
G l o s s i n a  p a l p a l i s  
G l o s s i n a  t a c h i n o i d e s  
S t o m o x y s  c a l c i t r a n s  
T a b a n u s  n i g r o v i t t a t u s  
R h o d n i u s  p r o l i x u s  
S p o d o p t e r a  e x e m p t a  
M a i a  s q u i n d o

o l f a c t o r y  o r g a n
o l f a c t o r y  o r g a n
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
m o u t h p a r t s
h e a r t

2 Y

2 X

2 Y

M o l l u s c a
H e l i x  a s p e r s a

H e l i x  p o m a t i a  
K a t e l y s i a  r h y c t i p h o r a  
M y t i l u s  e d u l i s  
C r a s s o s t r e a  n i p p o n a  
O c t o p u s  v u l g a r i s

L y m n a e a  s t a g n a l i s

o e s o p h a g u s
r e c t u m
h e a r t
s u b o e s o p h a g e a l  g a n g l i o n  
p a r i e t a l  g a n g l i o n  
h e a r t  
h e a r t
p e d a l  g a n g l i o n  
a t r i u m
s y s t e m i c  h e a r t  
a r m  s u c k e r s  
h e a r t

Ai & Â  
Ai & A,

2 a

P1/P2
P1/P2
P1/P2

2 X
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Table 10.2.1 Table demonstrating the distribution of purinoceptor
subtypes within fish tissues.
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Species

C y c l o s t o m a t a

M y x i n e  g l u t i n o s a  

E l a s m o b r a n c h i i i  

R a j a  c l a v a t a

R a j a  n a s u t a  

S c y l i o r h i n u s  c a n i c u l a

S q u a l u s  a c a n t h i a s

I s u r u s  o x y r i n c h u s  

T e l e o s t e i

Tissue

b r a c h i a l  v a s c u l a t u r e

s t o m a c h
s p i r a l  i n t e s t i n e
r e c t u m
s t o m a c h
c o r o n a r y  a r t e r y  
s t o m a c h
s p i r a l  i n t e s t i n e  
a t r i a
p y l o r i c  s t o m a c h  
v e n t r a l  a o r t a  
r e c t a l  g l a n d  
c o r o n a r y  a r t e r y

Purinoceptor
P ^ - a d e n o s i n e  P ^ - A T P

Ai & Ag

C y p r i n u s  c a r p i o

G a d u s  m o r h u a

P l a t i c h t h y s  f l e s u s

S a l m o  g a i r d n e r i

O n c o r h y n c h u s  m y k i s s  
C a r a s s i u s  a u r a t u s

O r e o c h r o m a s  n i l o t i c u s  
L o p h i u s

S e b a s t o l o b u s  a l t i v e l i s  
S e b a s t o l o b u s  a l a s c a n u s  
G a s t e r o s t e u s  a c u l e a t u s

S a r o t h e r o d o n  n i l o t i c u s  
C h r o m i s  v i r i d i s  
C h r y s i p t e r a  c y a n e a  
O r y z i a s  l a t i p e s  
L e b i s t e s  r e t i c u l a t u s  
P a r a s i l u r u s  a s o t u s  
P l e u r o n e c t e s

i n t e s t i n a l  b u l b
a t r i u m  P^
i n t e s t i n e  Pj
b l a d d e r
i l e u m  Pj
r e c t u m
h e a r t  P^
s t o m a c h
h e a r t
c o r o n a r y  a r t e r y  Pj
g i l l  v a s c u l a t u r e  Pj
s y s t e m i c  v a s c u l a t u r e  
c o r o n a r y  a r t e r y  
l a r g e  i n t e s t i n e
b r a i n  A^
g i l l  v a s c u l a t u r e  P^
s t o m a c h
p y l o r i c  c a e c a
d u o d e n u m
b r a i n  A^
b r a i n  A^
s t o m a c h  P^
i n t e s t i n e  P^
m e l a n o s o m e - a g g r e g a t i n g  n e r v e s  P^ 
m e l a n o p h o r e s  P^
m e l a n o p h o r e s  P^
l e u c o p h o r e s  A,
m e l a n o p h o r e s  P^
m e l a n o p h o r e s  P^
i n t e s t i n e

2 X
2̂X

P1/P2
P1/P2

2 Y
2̂X
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Table 10.2.2 Table demonstrating the distribution of purinoceptor 

subtypes within amphibian, reptilian and bird tissues.
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Species

A m p h i b i a

Tissue Purinoceptor
P ^ - a d e n o s i n e P g - A T P

R a n a  c a t e s b i a n a

R a n a  p i p i e n s

R a n a  r i d i b u n d a

R a n a  t e m p o r a r i a

B u f o  m a r i n u s

B u f o  m e l a n o s t i c t u s  
X e n o p u s  l a e v i s

A m b y s t o m a  m e x i c a n u m

E m y s  o r b i c u l a r i s

R e p t i l i a

a t r i u m
v e n t r i c l e
b l a d d e r
p a r a v e r t e b r a l  g a n g l i o n  
a t r i u m  
v e n t r i c l e  
s i n u s  v e n o s u s  
c u t a n e o u s - p e c t o r i s  M N J  
S c h w a n n  c e l l s  
v e s t i b u l a r  o r g a n  
h e a r t
s a r t o r i u s  m u s c l e
p i t u i t a r y  m e l a n o t r o p h s
a t r i u m
v e n t r i c l e
a o r t a
s a r t o r i u s  m u s c l e  
s t o m a c h  
d u o d e n u m  
i l e u m
s i n u s  v e n o s u s
m o t o r - n e r v e  t e r m i n a l
b l a d d e r
a t r i u m
v e n t r i c l e
a t r i u m
v e n t r i c l e
h e a r t

2 X

2 X

2 X

2 X

2 X
2̂X

A g a m a  a g a m a r e c t u m  
p o r t a l  v e i n  
i l e u m

P s e u d e m i s  s c r i p t a  e l e g a n s  c e r e b e l l u m  
T h a m n o p h i s  s i r t a l i s  a o r t a

T i l i q u a  r u g o s a

2̂X’ 2̂Y 2̂
A v e s

C a l l u s  d o m e s t i c u s

u n s p e c i f i e d  c h i c k e n

A n a s  p l a t y r h y n c h o s

o e s o p h a g u s
i l e u m
r e c t u m
f e e t  v a s c u l a t u r e
e m b r y o n i c  h e a r t
o e s o p h a g u s
s t o m a c h
r e c t u m
g r a n u l o s a  c e l l s  
f e e t  v a s c u l a t u r e

2 X

2 X
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Biochem, Biophys, Res, Comm, I87, 919-926.

Libert F., Parmentier M., Lefort A., Dinsart C., Van Sande J.,

2 8 7



Maenhaut C., Simons M.J., Dumont J.E. & Vassart G. (I989) Selective 
amplification and cloning of four new members of the G protein- 
coupled receptor family. Science 244, 569-572.

Linden J., Tucker A.L. & Lynch K.R. (1991) Molecular cloning of 
adenosine and A2 receptors. TIPS 12, 326-328.

Linden J., Jacobson M.A., Hutchins C. & Williams M. (1994) Adenosine 
receptors. In: Handbook of Receptors and Channels, G Protein 
Coupled Receptors, pp. 29-44. Ed: Peroutka S.J. CRC Press, Inc.

Linden J., Taylor H.E., Robeva A.S., Tucker A.L., Stehle J.H.,
Rivkees S.A., Fink J.S & Reppert S.M. (1993) Molecular cloning and 
functional expression of a sheep A^ adenosine receptor with 
widespread tissue distribution. Hoi. Pharmac. 44, 524-532.

Linder M.E. & Gilman A.G. (1992) G Proteins. Sci. Am. 267. 36-43.
Lindgren C.A. & Smith D.O. (I986) Increased presynaptic ATP levels 
coupled to synaptic activity at the crayfish neuromuscular 
junction. J. Neurosci. 6, 2644-2652.

Lohse M.J., Klotz K.N., Schwabe U., Cristalli G., Vittori S. & 
Grifantini M. (I988) 2-Chloro-N^-cyclopentyladenosine: a highly 
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