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Intracellular recordings were made from identifiable neurones in the 

suhoesophageal ganglionic mass of Helix aspersa. A neurone was 

identified which gcve an inhibiting post synaptic potential (ipsp) 

on stimulation of the anal nerve. Pharmacological evi.denee 

suggested that the synaptic transmitter was acetylcholine. The 

amplitude of the response was between 14-20 mV. The results from 

repetitive stimulation experiments at different frequencies suggest 

that acetylcholine is released from a single presynaptic store and 

the amount released is a constant fraction of the store by each 

stimulus. Repetitive stimulation either in the presence of 

hemic ho lini ion or in snails pretreated with hemicholinium resulted in 

the almost complete disappearance of the ipsp. It is suggested that, 

the release of acetylcholine is exponentia] and that hemicholiriiun 

blocks acetylcholine resynthesis.

Two other neurones were identified and one was found to have an 

inhibition of long duration (ill) and the other a driven ipsp via the 

anal nerve. From pharmacological analysis it can be suggested that 

doDarrdne is the transmitter in betn cases. The ILii neurone responded



to octopamlne and noradrenaline at su+'ficientl’v^ low concentrations to 

suggest they udght have phyciological actions on this cell. On 

repetitive stimulation the events did not decline. Further in the 

presence of cocaine the synaptic event was potentiated and this also 

occurred in the presence of amphetamine. 'Tiiis suggests that the 

transmitter in these synapses has a high rate of turnover which could 

he due to the reuptake of the transmitter, dopamine.

The pathway of catecholamine synthesis was followed by incubating 

the snail brain with various radioactive precursors. It was found 

that the brain was unable to metabolise tyrosine to Dcpa but the 

kidney was capable of this transformation. Tyrosine hydroxylase could 

only be assayed in the kidney and not in the brai.n. Using a radio

active assay noradrenaline and octopamine were found to be present in 

the brain and heart of Helix as'oersa. Therefore it was suggested that 

the kidney converts tyrosine to Dopa and t'nis is released into the 

blood where it is taken up by the brain and converted to dopamine and 

to noradrenaline. The breakdown of catecholamines in the brain is 

carried out by monoamine oxidase and catechcl-o-methy1 transferase.
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Abbre\dati ons

ipsp Inhibitory post synaptic potential

ILL Inhibition of long duration

IIC3 Hemicholinian

Ach Acetylcholine

Dopa Dihydroyyl phenyl acetic acid

Mao Monoamine oxidase

Cent Catechol-o-methyl transferase

Pnmt Phenyl-II-methyl transferase

Atp Adenosine triphosphate

Adp Adenosine diphosphate

Mepps Miniature end-ulate potentials
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G IT E E A I

Acetylcholine

Distribution, of Acetyltransferase

iVnalysis of nervous tissue by differential centrifugation enabled 

Gray and Whittaker (1962) to identify the tissue particles containing 

acetylcholine and choline acetyltransferase, as broken off nerve 

endings or synaptosomes. Further Whittaker (1964) suggested that 

acetylcholine was stored separately from other constituents such as 

the synthesising enzymes, le Bobertis et al (196)) using another 

method suggested that acetylcholine was associated with choline 

acetyltransferase and with the vesicles. They explained the difference 

as being due to species variation. Tubbeck (1966) analysed six species 

for districution of choline acetyltransferase and found some unbound in 

the brain of guinea pig and pigeon and bound enzyme in the brain of 

sheep, rabbit, cat and dog. Choline acetyltransferase was found bound 

mainly to the membrane fractions other than synaptic vesicles. Fonnum 

(1967, 1968) showed that binding of the enzyme was dependent on the 

pK; at low pH the enzyme binds to membranes while at high pH it is 

more soluble. Therefore Fonnum concluded tliat in intact nerve endings 

'much if not all of the choline acetyltransferase must be in a free 

form'. The one problem with this idea is that it is difficult to 

account for accumulation into vesicles.

Acetylcholine Pools

The product of synthesis, acetylcholine, is found in both free and 

bound forms. Whittaker (1969) in a review suggested three pools. One 

is the extracellular pool or fiee acetylcholine, which is about 29 per



cent of the total. The other two fractions form the total bound 

acetylcholine and are recovered from the nerve ending fraction. One 

is thought to be cytoplasmic and released by hyposmotic shock or by 

mechanical pressure and is called the labile-bound fraction by 

Y/hittaker. The other is the stable-bound fraction, which is largely 

contained in the synaptic vesicles. Prom further studies of release 

of acetylcholine from preganglionic terminals into the venous 

circulation of perfused sympathetic ganglia (Perry, 1953; Birks and 

Ivlaclntosh, 1961) another model of acetylcholine was suggested, in 

which acetylcholine was compartmentalised into two stores in the 

nervous system. The smaller store is readily depleted by nerve 

impulses, and is replenished from transmitter located in a larger 

store. Recently Bennett and llaclachan (l972a and b) using an electro- 

physiological method for measuring acetylcholine released on the 

stimulation of the cervical ganglia of guinea pigs, i.e. using the 

size of the post-synaptic event as a measure of the amount released, 

demonstrated the presence of one releasable store. Further Bourdis 

and Szerb (1972) using the prism preparation of the rat cerebral cortex 

suggested that the increase in acetylcholine incorporation into labile- 

bound fraction is due to reuptake of acetylcholine. This will also 

apply to the 'surplus acetylcholine' which accumulates in the presence 

of anticholinesterase (Birks and macintosh, 196l) which disappears 

from the ganglion during stimulation in the absence of synthesis. It 

is possible to explain the appearance of two releasable stores due to 

the presence of this surplus (Perry, 1955, and Birks and Macintosh;

1961) since these experiments are carried out in the presence of 

anticholinesterases. It would appear that there is one releasible 

store although on analysis acetylcholine is found in tT/o main regions, 

that associated with cytoplasm and that vnth the vesicles.



Substrates for Auetyluholine Synthesis

1. Acetate

Sollenberg and Sorbo (l970) found that a very small amount of 

acetylcholine can be formed from acetate by brain slices, but the 

rate of synthesis in this case is less than one per cent of the rate 

obtained Mien glucose is used. Further, Quastel (1962), using glucose, 

lactate pjmruvate, a-glycerophosphate and glutamate found that all 

support some acetylcholine synthesis in slices of cerebral cortex but 

glucose is the most effective. Glucose was used to support 

acetylcholine synthesis in the perfused superior cervical ganglion by 

Macintosh (1959) •

2. Choline

Brain tissue is unable to synthesise choline, nevertheless the 

brain is estimated to contain 20/Jimoles/gm/tissue choline. Therefore 

maintenance is dependent on the blood to supply the choline. Ansell 

and Spanner (1968 and 1971/ showed that choline was carried around in 

the blood as phosphatidylcholine. There is also free choline present 

in the blood in a concentration of lO"'^ M. Birks and Macintosh (1961) 

calculated that during repetitive stimulation of the cervical ganglj..a 

the acetylcholine released required the uptake of 20 per cent of all 

free choline. Therefore choline must be added in order to maintain 

the output of acetylcholine at a reasonable value during prolonged 

stimulation.

Formal requirement of the nervous system is met by the free 

choline in the circulation. The chief reason for believing that trh.3 

is so is the demonstration of a specific carrier mediated system tiiat 

is operated at a low choline concentration and found to be concerned



in its entry into such tissues as the squid giant axon, (llodjin and 

Martin, 1965) slices of mammalian brain (Balfour and Hebb, 1952), 

nerve ending fraction of brain homogenates (Marchbanks, I968) and some 

non-nervous tissue (Martin, 1969). Further this process could be 

inhibited competitively by heraicholinium (Butterbaugh and Spratt, I96O; 

Collier and Macintosh, I969 and Potter, 1970). This is in agreement with 

Birks and Macintosh (I96I) who found that hemicholinium inhibited 

synthesis. Therefore its effect would seem to act by preventing 

uptake of choline. Further evidence points to the fact that %is 

effect is small compared with that on acetylcholine synthesis.

Collier and Lang (I969) and recently Hemsworth (1972) suggest its 

effect is prejunctional due to its being acetylated instead of choline.

Therefore there is some doubt about the form in which choline is 

taken up into the cell, but little doubt that free choline can be 

recaptured from the synaptic cleft after release and hydrolysis of 

acetylcholine. This idea was first suggested by Perry (1953) and has 

since been confirmed by Collier and Macintosh (1969) and by Potter

(1970).

Site of Synthesis of acetylcholine

Collier and Katz (1971) showed that transmitter released from the 

vesicular store must be replaced by acetylcholine synthesised at a site 

close to the vesicle. This would represent the oxtravesicular pool, 

although no pool has been identified. Evidence for the heterogeneity 

of cytoplasmic acetylcholine has been inferred from the experinents of 

Richter and Marchbanks (1971a and b). They showed that acetylcholine 

isolated from vesicles when incubated with labelled choline has a lower 

specific activity tliaii acetylcholine from the cytoplasmic poc 

would suggest that there is some transport mechanism but only one



5d this (C-uth, 1965) • Since it is difficult 

to show acetylcholine "being transferred to vesicles there is at 

present considerable conjecture as to exactly where acetylcholine is 

synthesised, though evidence points to the cytoplasm.

Release of acetylcholine

Katz was the first to suggest that the vesicles in somatic motor 

nerve endings might constitute the storage system for acetylcholine 

released following nerve stimulation. This is reviewed by Katz (1969). 

To begin v/ith they established that the miniature end-plate potentials 

(mepps) observed to occur spontaneously at the neuromuscular junction 

were due to the release of multimolecular amount, or quanta, of 

acetylcholine. Birks et al (i960) showed that they originated from 

the presynaptic nerve endings and further analysis showed that they 

are equivalent in size to the basic unit of transmitter release.

Katz C1969) suggested the following hypothesis of release known as the 

'vesicular hypothesis'. Ee suggested thiat the vesicles were normally 

in motion and frequently collided with the axon membrane but will not 

successfully release acetylcholine unless collision occurs in such a 

fashion that an active site on the vesicle collides with the appro

priate receptor site on the membrane; fusion, then occurs in such a way 

that the vesicle opens directly onto the synaptic cleft and releases 

the transmitter into the synaptic cleft. If the hypothesis holds the 

release of transmitter should follow a Poisson distribution, since a 

large number of collisions will occur with low individual expectation 

of success. Thus has been demonstrated under varying experimental 

conditions (Chiou and Sastry, 1968; Katz, 1969; and Katz and Ivliiedi,

1965)

This theory does not seem to be able to account for the existence



of more than one pool of acetylcholine or the results of Collier (l^69) 

and Collier and -Macintosh (1969) wor’^d-ng on the perfused cervical 

ganglion who have evidence to show the preferential release of newly 

synthesised acetylcholine. Further studies on the phrenic-diaphragm 

preparation by Potter (l97o) and on the cerebral cortex in vivo 

(Barker et al, 1970) have also indicated that this is happening. The 

existence of two populations of vesicles requires careful considera

tion.

Del Castillo and Katz (1956) suggested that some vesicles had a 

larger area or number of reactive sites, so that collision with the 

terminal membrane would be more likely to occur. Whittaker (l97o) 

discussed this and suggested tliax it may explain the loss of a small 

'hot pool' of acetylcholine that occurred in the preparation of 

synaptic vesicles, that is, the high turnover vesicles are more 

fragile tnan others. Such a diiference in the vesicle structure might 

arise with age or usage, according to the number of cycles of filling 

and emptying it undergoes. Rodriguez (l970) has suggested that the 

mean life of a vesicle is twenty-one days. if this is so it may be 

expected that they will be used and reused many times.

Another argument by Uebb (1972) which can explain the discrepancies 

is that if all impulse-releasible or depot acetylcholine is contained 

in the synaptic vesicles, tnen that population of vesicles nearer the 

sympathetic membrane at the time of arrival of a nerve impulse will be 

more likely to collide with the membrane clian the vesicles funther 

away and hence liave more opportunities to discharge their contents.

Ihis interpretation fits into the accepted division of depot acetyl

choline into readily and less readily releasible pools; and further, 

that the release of transmitter from a. vesicle is Immediately followed 

by its filling up again with newly synthesised transmitter, vith a 

slowly shifting population of vesicles that discharge their contents



fnore than once "before more outlying vcsic

area.

Ic3 vrould enter the aoGJ. ve

-pur^her evidence to support the vesicle hypothesis that exocytosis 

does occur nas been carried, out on cholinergic nerve endings by fresze- 

etching technique used by nickel and Potter (l9T0). They revealed a 

picture that convincingly demonstrates the different stages of 

exocytcsis and the involvement of synaptic vesicle-like structures in 

this process.

Catecholamine

Pathway for synthesis

The correct pathway was first proposed for catecholamine 

me 1-a.Dojj-sm in mammals oy Slascko (l959) after the demonstration of the 

decarboxylation of 9,4 dihydroxyphenylalanine (30PA) by Holtz (1939) 

in guinea pi^ kidne^.-. tlascko proposed that in the formation of 

adrenaline irom tyrosine four steps are necessary, three of which must 

occur in the foflowing order:

(i-) introduction of a phenolic hydrox^/l arouc

(ii) decarboxylation of the amino acid group

(iii) h'-methylaticn;

the fourth step was the introduction of an hydroxyl group into the side 

chain, but the stage at which this happened could not be predicted. 

Gurin and feiluva (l94/’; showed that phenylalanine was a precursor of 

adrenaline using C14 and H9 phenylalanine. They administered the 

radioacui've pnenylalanine to rats and isolated radioactive adrenal!-le 

o.-iOi;- acre rial guanas. ninaiiy usiag isoicpic dilution techniiue 

Goodall and -'-irsimer (l957) confirmed the proposed pathway. All that



remained was to isolat the va-riuus eiiiivmes involved. In. fact it was 

still difficult to prove dopamine was converted to noradrenaline until 

Levin et al ^l$o0) succeeded in isolating and characterising the 

enzyme dopamine-3-hydroxylase. Further there was controversy on the 

nature of the phenolic hydroxylation, some groups suggested that a 

tyrosinase was responsible. But hagastu and Udenfriend (l964) managed 

to isolate and cnaractsrise the enzyme tyrosine hydroxylase from beef 

adrenal medulla.

Inactivation of Catecholamines.

(a) Enzymic.

The major enzymes involved are termed 'monoamine oxidases' (lie).

This term is usea uo cssignate a group of enzymes concerned in catalys

ing the oxidative deamination of tyraminO; tryptamine, serotoni-i> 

noradrenaline, dopamine and other amines. However lliO could not 

8.0count for all the inactivation. Evidence for another enzyme being 

involved was demonstrated when Armstrong et al (l957) identified 

3~methoxy-4-hydroxymanaslic acid in the urine of subjects with 

adrenaline forming tumours. This observation immediately suggested that 

catecholamines might undergo an 0-methylaticn reaction. Cantoni (l95l) 

had shown that S-adencsylmethionine formed enzymatically from ATP and 

methionine can donate its methyl group to the nitrogen of a 

nicotinamide. Therefore Axelrod (1957) added ATP and methionine to 

rat liver fraction plus l<ig and adrenaline and showed that tiris 

catecholamine was converted to a methylated derivative 5““^sthoxy-h- 

hydroxyphenylglycol. This was followed by the isolation of the 

enzyme catecnolaminff-O-.methyl transferase (mi.v.T; from rat liver bv 

Axelrod and I'cmcmck (1953). This enzyme is present in all mammalian



species examined and exist in some plants. The liver and kidney 

exlaibit highest activity and in the brain it is unequally distributed 

being highest in the area postrema and iowest in the cerebral cortex 

(Axelrod et al^ 1959). COMT occurs mainly in the soluble fraction of 

the cell, but small amounts are present in the fat cell membranes 

(Traiger and Calvert, I969) and in the microsomes (ihscoe et al, I965), 

The function of the enzyme was suggested by Kopin (I964). Since this 

enzyme acts mainly outside the neurone, Kopin (I964) suggested that 

its function was to metabolise catecholamines released into the 

circulation and also to inactivate catecholamines in tissue with 

sparse adrenergic innervation (Levin and Furchgott, 1970). It also 

appears to be associated with an extraneuronal uptake mechanism 

(uptake 2) according to Eisenfield et al (I967). Uptake 2 is a term 

design^ued for the uptake of endogenous amines into certain non—neuronal 

tissue (Iverson, 19^7)^ such as the transport of noradrenaline and 

other catecholamines into cardiac muscle cells (Farnebo and Malmfors, 

1969; Clark et al, I969). Recently CO^fT has also been shorn to be 

present in mammalian erythrocytes by Axelrod and Cohn (1971). Whereas 

MAO is localised mainly within the neurone, the kidney and liver, 

(Axelrod, 1966). Investigation of the intracellular content of MAO by 

Braudhuin et al (I964) showed that mitochondria contain about 70 per 

cent of the total MAO content.

The py sib .Logical significance of MAO is not clear, although it 

is certain that it plays a part in detoxification and degradation of 

monoamines formed by various organs. In a review Kopin (I964) it 

has been pointed out that there is experimental evidence that 

indicated that the noradrenaline more firmly bound to the storage 

granules in the nerve, and which is released either by physiological 

turnover or by reserpine treatment undergoes oxidative deamination.



The less firmly bound and exogenous noradrenaline, and that released 

hy nerve stimulation or tyramine is acted on preferentially by CCIZI. 

Under physiological conditions a small portion of intracellular amines 

is present in an unbound form in the cell plasma and is in eouilibrium 

\Yith the firmly bound portion. The unbound catecholamine is being 

continually metabolised by LUO. Therefore it is conceivable that a.n 

important function of this enzyme is the maintenance of a diffusion 

gradient in the direction of the unbound amine. This intracellular 

regulatory mechanism is necessary to maintain a constant amine 

concentration in. the cell in spite of continuous synthesis and storage 

of amines (Brodie and Feaven, 1963)•

(b) Uptake.

Inactivation of neurotransmitter can be carried out by an uptake 

mechanism. Basically the transmitter following release from the 

synaptic cleft is removed by means of a membrane transport system 

located adjacent to that region. The ability of postganglionic 

sympathetic neurones to take up exogenous catecholamines is now well 

known and has been extensively reviewed by Iverson (1970a and b, 1967)

The work on this process was made possible by the synthesis of 

tri^ated noradrenaline and adrenaline of high specific activity at the 

7 position. This made it possible for the administration of 

physiological amounts of the neurotransmitter and the study of the 

localisation and metabolism of circulating catecholamines. Axelrod et 

al (1959) found after intravenous injection of 3(rl)adrenaline into 

cats the catecholamine v/as rapidly and unequally distributed in 

tissues. Injections of 3(H)noradreaaline by Tfhitby et al (196I) gave 

similar results, hertting et al 1,196I) found that when sympathetic 

nerves to an organ were allowed to degenerate there was a share
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reduction in the uptake of 3(H) noradrenaline by the organ. Ivorsen 

(1963) demonstrated uptake of 3(H) noradrenaline in the isolated 

perfused rabbit heart. Further evidence for uptake being restricted 

to sympathetic nerves was demonstrated by the observation that the 

uptake of 3(H) noradrenaline was reduced by more than 95 per cent in 

rat hearts after sympathetic innervation was removed through 

immunosympathectomy at birth (Iversen et al^ I966). The uptake process 

is inhibited by a wide range of sympathomimetic amines structurally 

related to noradrenaline, and the results of such experimental 

information has been obtained on the structural activity relationships 

required for the optimal binding of B~phenylethylamines to the 

noradrenaline uptake sites on the sympathetic-nerve terminal (Burgen 

and Iversen, I965). Such binding occurs with very high affinity for 

certain amines such as (-)-metaraminol, which binds with an affiiity 

about four times higher than that of the natural substrate 

(-)-noradrenaline.

Uptake in the CNS

Neurones in the mammalian CNS which contain noradrenaline or 

dopamine are also capable of an uptake of exogenous catecholamines.

The kinetics of these uptalee processes have recently been studied ii 

adrenergic nerve terminals (synaptosomes) derived by homogenisation of 

brain areas rich in either noradrenaline, e.g. hypothalamus, or 

dopamine, e.g, neostriatium (Colburn et al, I968; Coyle and Sounder, 

1969 a and b; Mnite and Keen, 1970). These results suggest that the 

catecholamine uptake process for noradrenaline containing nerves is 

similar to the peripheral sympathetic neurones. Dopamine containing 

nerv'e terminals accumulate external catecholamines by a different 

mechanism. The uptake process will accumulate both noradrenaline and



dopasiine. but Has a lugher affi^iity for dcmamine, and shows no 

preference for optimal isomers. This uptake process is only slightly 

inhibited by imipramine and its analogues, but is very greatly 

inhibited by (-)-amphetamine and by certain anti-Parkinsonian drugs 

such as benzatropine, an atropine-like drug, which are not so potent 

in inhibiting uptake by noradrenaline neurones (Bamberger, 1967;

Coyle and Synder, 1969a and b).

Release of Catecholamines

The e'vidence already discussed for guantal release of 

acetylcholine has naturally led to the suggestion that the same 

system mignt hold true in the case of adrenergic neurones. The 

possibility that the entire amine content of an amine granule might be 

released following nerve stimulation is supported by the observation 

that on stimulation of the adrenal medulla there is release of 

catecholamine and AIvIP in the same ratio as catecholamines to ATP in 

the gland. The distinctive soluble proteins of the adrenal medullary 

amine granules, chromgranins and dopamina-B-hydronylase are similarly 

released (Kirshner and Tiveros, 1970; Be Potter et al, 1969). Amine 

granules are re-utilised since the turnover of noradrenaline in the 

adrenergic neurones is far more rapid than the life span of the 

granules. l.vj.dence by Glowinski (l97o) that the vesicle is not lost 

in its entirety may be found in experiments in vivo in v/hich 

persistently bound reserpine, presumably bound to the granular 

membrane, is not affected by treatment such as insulin hypoglycaemH 

viiich causes intense neurogenic stimulation.

Compartmentalisation of noradrenaline into pools within granules 

is in line uiun tns concept of a functional or 'available' noradrenaline

pool, that is more readily d by nerve impulse or by indirect



1:)

agents such as amphetamine (Kopin et ai, IS63; Sciilldki'aut et al, 1971 

and Stjarne and Weanmalin, 197o) . nopin et al (1968) showed that rapid 

stimulation of the spleen perfused with labelled tyrosine with a high 

specific activity resulted in the appearance in the perfusate of 

labelled noradrenaline of higher specific activity than that retained 

by the organ. Schilkraut et al (l97l) showed recently that either 

spontaneously or after electroshock a high percentage of intracellular 

noradrenaline is converted to normetanephrine shortly after injection 

of noradrenaline. Further the ability of a-methyl*-tyrosine, a tyrosine 

hydroxylase inhibitor, to inhibit amphetamine induced locomotive 

activity and stereotype in the rat, even without complete depletion of 

brain catecholamine stores, has been shown by Weissman et al (1966).

This supports the hypothesis that newly synthesised noradrenaline is 

more readily released by nerve stimulation and is uniquely important 

in neurotransmission. Hedq\'ist and Stj&rne (1969) suggested that 

reuptake of released noradrenaline rather than newly synthesised 

noradrenaline is the major mechanism for the maintenance of neuronal 

noradrenaline concentration rather than newly synthesised noradrenaline. 

Therefore the existence of two pools, particularly in the adrenal 

medulla, has led to the suggestion that there exist two populations of 

vesicles which represent the tv/o pools by Slotkin et al (1971).

In addition all the enzyme seems to come from the soluble dopamine- 

B-hydroxylase of the storage granules and none is particular bound 

(Kirshner and Viveros, 1970). Therefore the results suggest that 

release at least in the adrenal medulla occurs by exocytosis. Further 

it has been demonstrated that the entire contents have been released 

from the adrenal gland (fe Potter et al, 1969: Serck-Hanssen, 1971 and 

Viveros et al, 1969). In the mammalian neurone Fclkow and haggendai 

(1970) have calculated tlie.t only a small percentage of noradrenaline
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contents of one granule correspond to a single quantal packet, Tliis 

indicates that the quantum released is equivalent to a small portion 

of the granule or 'functional' compartment.
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I-STHODS

(a) The Preparation

' The suboesophageal ganglia of Helix aspersa contains mainly large 

neurones reaching a size of 200 jiA in diameter, for example the Big D 

cell. The size of the neurones makes it relatively easy to insert 

glass electrodes into them, to study the properties of this particular 

nervous system. Snails used for experimental purposes had shells 

which were approximately 3 cm. in diameter.

Dissection of the snail to remove the brain was carried out by 

first removing the shell and then extending the foot out and pinning 

it ventrally to a wax block. A, slit was made along the central line 

of the dorsal s^de. The viscera was pinned back to expose the ganglia 

which were then removed and placed on a glass slide and held in place 

by placing the cerebro-visceral commissures under a rubber band and 

the nerves not required for stimulation under a second band, see 

figure 1. They were first stained in 1 per cent methylene blue 

solution and placed in the bath. Using a low power on the binocular 

microscope the thick connective tissue over the suboesophageal ganglia 

was removed with fine forceps. The nerves to be stimulated were also 

freed from the connective tissue. A little methylene blue was added 

to the experimental bath to stain up the cells slightly so they could 

more easily be seen.

(b) The Experimental Bath

The experimental bath was constructed from perspex with a glass 

front as shown in figure 1. It was filled with wax and a platform a.t 

4-5° to the horizontal was hollowed out to firmly support the glass 

slice wi uh the brain attacned to it. ifnen changing solutions of
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Ag/AgCI Wire

Fig. 1, Diagram of Experimental Bath.
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Kinger an out $00 m]., were run tlirough; tins was sufficient to remove a 

strong solution of methylene blue.

The reference electrode was separated from the bath by placing it 

in a separate container which was in electrical contact with the bath 

through an agar bridge, a tube containing agar gel saturated with IfCl. 

The reference electrode consisted of a coil of silver wire coated with 

silver chloride, which was deposited by electrolysis from dilute hCl. 

The amount of wax was adjusted to give a bath volume of 20 ml.

(c) Observation and Illumination

The preparation was illuminated from above and slightly behind by 

a narrow beam of light focussed on the superficial cells by a moveable 

lens. In this way the lighting could be critically adjusted to show 

the cells against a dark background. A 'Prior' binocular microscope 

10.20 was positioned to observe the preparation horizontally through 

the glass front of the bath.

(d) Singer’s Soluti on

The standard Singer used throughout this investigation was thiat 

described by ^erkut and keech (1566). The solution was prepared by 

mixing varying volumes of molar stock solutions end adding distilled 

water to give the final concentration. It was made up as follows:

111 haCl 

I^KCl

11.1 CaCl2

MgClg

11.1 Tris/HOl-

(pH 7.8)

80 ml. 

4 ml. 

7 ml.

5 ml.

5 ml.
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Distilled v.ater was L’nea added tu give a final volume of i litre. 

Chloride-free Dinger used in Section 1 \vas obtained by replacing 

chloride salts v/ith their sulphate analogues. For potassium-free 

Ringer, sodium chloride was used to replace the potassium chloride,

(d) Ivlicroelsctrodes

Microelectrodes were made from 'pyrejc' glass tubing having an 

external diameter of 4 mm. The glass was cut into 7*5 cm. lengths, 

washed in hot distilled vra.ter, rinsed in acetone and finally dried in 

an oven. Single lengths of ,'’;lass were pulled on a 'Narishige' 

vertical puller. Basically this consisted of a heating coil in which 

the glass ".vas placed and held in position by two chucks. The bottom 

chuck was connected to a magnetic coil so that when the heating coil 

iiad heated the glass to the correct temperature the coil supplied a 

downward force which separated the glass in the centre leaving two 

very sharp tips on either end of the glass. The resistance of these 

tips was around 15 Meg ohms. The electrodes were normally filled with 

ri potassium acetate. This was done by first boiling under pressure 

in methanol until the electrodes had filled. They were then placed in 

distilled water and boiled under pressure to remove the methanol.

This was repeated twice to ensure that all the methanol had been 

removed. The electrodes were then left in molar potassium acetate 

overnight. Inother method used was to introduce acetate into the 

shanks of the electrode by means of a syringe and allowing it to fill 

the tip of the electrode by capillary action. Electrodes having a 

resistance of 5-50 Meg. ohms were selected for use. They were held in

9 r‘T*nr».on'i 1 o *1 i p n i ''T a * "P-ri mi r'rrvncjm* *nn *1 q 4* r>’r* P'orl p nn i 1 "r. p

accurately positioned over the preparation.
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(f) Recording and ^Display of Potentials

The arrangement of apparatus used to display and record intra

cellular potentials is shown in figure 2. Potential changes in the 

neurone were recorded relative to the hath potential. Prom the 

recording electrode, the signal was led, via a chlorided silver vdre 

to a iiedistor A-35 Electrometer Amplifier. The reference electrode 

vra.3 also connected to the rnedistcr. This electrode was a chlorided 

silver wire which was placed in a reference hath containing potassium 

chloride which was in contact with the Ringer in the experimental hath 

via an agar jelly/potassium chloride bridge. The separate reference 

hath was used to prevent the effect of changing Ringer in the hath 

from causing a shift in the resting potential and spurious potential 

changes. The amplified signal from the niedistcr was displayed on a 

Tektronix 502A oscilloscope. The oscilloscope \ms led to a ’V/atanaoe' 

wTR 211 pen recorder so that a permanent record could he obtained.

(g) Altering Membrane Potential

To alter the membrane potential required use of a bridge circuit, 

see figure $. The bridge could be swdtched off or made to give either 

hj.’-perpolarioing or depolarising current to the impaled neurone by the 

three way switch S, The magnitude of the current to the impaled 

neurone could be determined by the position of the ten-turn 

potentiometer, Po.l.

If an accurate measurement of changes in the membrane potential 

was required, the bridge had to be balanced. This was carried out by- 

placing the tip of the micro-electrode in contact with the bath 

solution. The bridge was switched off, switch 3 was placed in its 

central position and the oscilloscope beam adjusted to its reference
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REFERENCE
BATH

EXPERIMENTAL
BATH

Fig, 2. Diagram showing Circuit used for Intracellular 

Recording from the Brain of Helix aspersa.
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BRIDGE

Pig, 3« Circuit Diagram of Bridge Circuit.
(Po-potentiometer, R-resistance and S 

-switch selector,-ve or +ve.)
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position. A byperpolarising or depolarising current was applied from

the bridge by svvltching 3 up or down with the current potentiometer 

adjusted to give maxiaura current. This would cause a deflection of 

the beam because of the different potential inputs being applied tc 

the oscilloscope amplifier (inputs X and f) . The oeam \fas returned to 

its original position on the screen by adjusting a second potentio

meter Po.2. This brought the bridge into balance so that the ratio of 

the 500 Meg. ohm. resistance of the medistor probe and the electrode 

resistance was the same as the ratio of me resistance S.1 and R2.

IThen the cell was impaled any deflection of the oscilloscope beam 

caused by operation of the bridge circuit was a true measure of the 

membrane potential of the neurone, provided that the resistance of i^he 

recording electrode had not altered during impalement.

(h) Stimulation of i'Terves

A 'Grass' 58 stimulator was used to provi.de single repetitive 

stimuli to the nerves. The stimulator was always used in conjunction 

with a 'Grass' Stimulus Isolation Unit. Suction electrodes were 

placed in the bath as in figure 1. The electrode consisted of a 

glass microelectrode with the tip broken down and flame polished, to 

avoid damage to the nerves on insertion into the electrode. The 

electrodes were connected to portex tubing. The chlorided stimulus 

wire inside the electrode was connected to a vdre from tne stimurus 

isolation unit at the connection between the glass and the tubing, 

see figure 4. This connection was cemented to ensure that it was 

leakproof. Suction was provided by a 20 ml. syringe connected to

u r'l 0 UUOXlijr'.* Xlic; iiipto'’" so that

it could be easily transferred from one nerve to another. weiore v::e

jierves were sucked up the >nnective ti around them was removed to
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Pig,4. Diagram of suction electrode.
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ensure a better contact ibe voltage of the stimulation vras hetreen 

0.5 - 5'^ and adjusted to give maximal amplitude of the response. The 

duration of the pulse v;as 2 msec.

(i) Identification of cells

The cells used in the study are situated in the visceral ganglion, 

see figure 5* The major difficulty in all experiments was the 

identification of the cell as it was found tliat the size of the cell 

varied considerably from preparation to preparation. However the 

approximate location of any cne cell was constant. Cell identification 

was made on its spontaneous activity, pharmacological responses and 

synaptic inputs.

(j) Addition of Drugs

Putative transmitters were made up in Ringer at a known 

concentration and added directly over the preparation. The volume 

used was kept constant for each normally being 0.1 ml. Antagonists 

were added in a similar way but their concentration was expressed as a 

final concentration in the bath after equilibration with the volume of 

Ringer in the bath, which was 20 ml.

Iontophoresis was used to apply compounds to a specific neurone. 

Glass electrodes of low resistance (l - 2 keg. ohms) were employed and 

the pulse length controlled automatically. The electrodes were filled 

with molar concentration of the drug adjusted to a suitable pH to give 

good ionisation. The drug electrodes were filled as follo7,-s. The 

water in the shank of the electrode was removed with a syrinme and

electrod;
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Pig. 5, Diagram of sub-oesophageal ganglia of Helix aspersa,.



Ik; uo'-npoanis used and tneir Sources.

The following compounds were used in the present studv;

Acetylcholine chloride 

Choline chloride 

Hemicholinium 3 

Liorp’rdne chloride 

Tubccurarine 

Dopamine chloride

Tyramine chloride 

Noradrenaline sulphate 

Adrenaline HCl

Synephrine KCl

Cocaine

Amphetamine sulphate 

Srgometrine hi sulphate 

NSD. 1024 ECl 

NSD. 1055 ECl

3- methoxy-4-0E 

Phenylethylamine ECl

4- OE, 3CEjG, Handelie acid 

3,4 DICE Phenylacetic acid 

Eomovanillic Acid 

3,44-104 liandelic Acid

5IH

Aldrich Chemical Co. Inc. 

3.uE

1orroughs-Wellcome 

Koch-Light

Koch-Light

Koch-Light

Koch-Light

Lewis Laboratories,'Leeds

DDE

DDE

Kalewood

Smith, Nephew Research 

Smith, Nephew Research 

Smith, ^ephew Research 

Galbiochem 

Sigha

Koch-Light 

Calbiochem 

Sigma
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SECTION la

AN ELECTROPHYSIOLOGICAL ANALYSIS OF RELEASE, STORAGE 

AND SYNTHESIS OF TRANSMITTERS IN SINGLE IDENTIFIABIE 

NEURONES IN THE BRAIN OF THE SNAIL, HELIX ASPERSA

Introduction

In an attempt to study storage and release of acetylcholine. Perry 

(1953) and Birks and Macintosh (196I) stimulated the preganglionic 

terminals and collected the acetylcholine released into the venous 

circulation of the perfused cervical ganglia of the cat. From these 

results the hypothesis has been built up that acetylcholine is 

comparmentalised into two stores in the nerve terminal: a smaller 

store which is readily depleted by stimulation and is refilled by the 

larger store. Similar results have been obtained for adrenergic 

nerves by von Euler (1965) and Kopin (I968) who stimulated the splenic 

nerve and measured the catecholamines released in the perfusate from 

the spleen. However, for the acetylcholine system an electrophysio- 

logical analysis has been carried out recently by Bennett and McLachlan 

(1972a) on the cervical ganglion of the guinea pig, and they have 

demonstrated that there is a single releasable store present in the 

nerve terminals. Release of acetylcholine from this store is 

expotential.

Electrophysiological techniques were used by Elmqvist and Quastel 

(1965a and b), to measure the size of the store of transmitter in the 

motor nerve terminal at the mammalian end plate. To measure the amount 

released by the nerve terminal they used the size of the postsynaptic 

response. Ralph (1970) used the time taken to reduce the postsynaptic 

response to a constant value when in the presence 01 difierent agents 

which block transmitter synthesis as a method of identifying the 

transmitter released at the synapse in the brain of
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and d), iTSs of intracellular recording from cells in the cervical 

ganglion of the guinea pig. Ilov.'sver they were unable to identify the 

cells used. The synaptic event used is difficult to equate with the 

release of transmitter since the epsp's (excitatory post-synaptic 

potentials) tend to suamate and a correction has to be made for this.

Using mammalian preparations presents certain problems, e.g. 

identification of cells. These can in part be overcome by using 

invertebrate preparations.

k considerable amount of our knowledge of cellular neurophysiology 

has been gained using simple, invertebrate preparations. The 

advantage of a meliuscan preparation such as Helix aspersa is that it 

is relatively easy to insert intracellular electrodes into the larger 

cells and it is often possible to recognise the same cell from 

preparation to preparation. These properties facilitate the study of 

excitable membranes, with respect to ions and pharmacologically active 

substances.

in the present study an electrophysiological analysis was made by 

stimulating a single nerve and recording intracelluiarly the inhibitory 

post-synaptic potential in an identifiable neurone. The effect of 

frequency was studied on the time taken for the ipsp to be reduced to 

a constant height. For the acetylcholine system this was carried cut 

in the presence of hexicholinium and morphine. It would appear from 

the results tliat each stimulus releases a constant fraction of the 

store. The amplitude of the ipsp is dependent on the amount of 

acetylcholine present in the presynaptic terminals. Release is also 

blocked by morphine. Resynthesis of acetylcholine depends on the 

amount released and could ba blocxed in the presence of hemic ho lir-ium.

It is also suggested that acetylcholine is stored in a single
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could not be reduced to a constant size by repetitive stimulation, but 

were potentiated by cocaine and amphetamine. These results suggested 

the presence of an amine pump in the brain of helix aspersa.

Results of Ach. Neurone.

Pharmacology of identifiable Neurone

An addition of acetylcholine either directly to the bath or by 

iontophoresis causes the memorane potential to be hyperuolarised by un 

to 20 mV. The action of acetylcholine is reversibly blocked by 

5 . 10“5 gm. of tubocurarine. The activity of the cell is excited by

the addition of GA±>a and glutamic acid, but fails to respond to dopamine 

or 5LT.

The membrane potential of the cell was found to be around 45 mV. 

When the membrane potential is hyperpolarised to -SO mV, the 

acetylcholine response disappears. The effect of chloride free Ringer 

on the acetylcholine response causes little or no change in the nature 

of che response. The addition of potassium free Ringer causes 

pouentiation of the ipsp. The acetylcholine effect is therefore 

associated v/ith an increase in potassium permeability.

Pharmacology of the Stimulated kvent on the identifiable neurone

The neurone exhibits spontaneous inhibitory post-synaptic 

potentials (ipsp's). These are driven via the anal nerve, see figure 

6, and range in size from 14 mV to 20 ml. Resensitisation of the 

membrane througn addition of large doses of acetylcholine greatly 

reduces the amplitude of the ipsp. This ipsp is reversibly,' blocked by 

tubocurai'ins. As tne membrane potential was gradually hyperpolarised,
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B.

B.2

Pig. 6. Trace A : Initial effect of Repetitve Stimulation at
one every 1.75sec.

Trace A2: Effect of 15O Stimuli.

Trace B : Effect of lontophorectic Application of Ach before Stim. 
Trace B2: After Stimulation.
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Pig. 7. Graph of Time of ipsp height to reach a Constant Level 

against time between stimuli. Also the effect of SC.3 

pretreatment.
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the ipsp wae gradually reduced in size until between 60 mV and 00 mV 

it had been completely abolished, i.e. reached its equilibrium 

potentials Further, the ipsp is associated v/ith an increase in 

permeability to K ions.

Effect of Stimulation on the Size of the IPSP

Vfhen the anal nerve is stimulated at low frequencies, e.g. 0.1 Hz, 

the height of the ipsp remained constant over a period of 20 minutes. 

Ttds height varied slightly from preparation to preparation, but was 

in the range of 14 mV - 20 mV. This value was taken as the initial 

height. Vfhen the nerve was stimulated at a frequency of 1 Hz, the 

amplitude of the ipsp gradually fell until it reached a constant 

height. This final height was in the range of 4 mV - 6 mV, figure 

6 A2. About 150 stimuli are required to reduce the ipsp to this final 

value.

Effect of iontophoretically Applied Acetylcholine before and after 

Stimulation

It is possible that acetylcholine released during repetitive 

stimulation causes desensitisation of the receptor and so accounts for 

part of the decrease in amplitude of the ipsp. To check this, a 

standard dose of acetylcholine ms applied iontophorectically before 

and after tns period of repetitive stimulation. The amplitude of the 

response remained constant after a period of repetitive stimulation, 

though during this period the amplitude of the ipsp declined from 15 mV 

to 5 mV, see figure 6 B and B2.



TABLE I: RESULTS OF CElJIiirUOUS STEvFJlilTIOI] OF THE Al'JAL HERVE OF HELIX 

ON THE OHOII;ISRGIC IPS? OF A SINGLE CELL IS TEE VIS. GAEOLIOE

Time
(in seconds) 

between 
Stimuli

So.
Stimulation 

Reduce 
to Con. Ht.

rv^
J. xiuc

(in seconds) 
to reduce to 

Constant Ht.

Height
(mvs

Initial

IPS?
)

Final

0.6 178 107 15 5

0.6 167 100 14 5

0.6 160 96 15 5

0.6 150 94 16 5

99. sd ±5.7

0.9 150 158 15 5

0.9 156 142 17 5

0.9 176 160 20 5

0.9 168 150 14 - 4

0.9 155 140 12 5 1

146. sd ±9

1.25 180 225 15 5

1.25 140 175 16 5

1.25 150 187 15 5

1.25 152 190 14 5

1.25 150 197 15 4

194. sd ±19

1.75 155 240 12 4

1.75 145 254 14 5

lv:75 159 278 15 4

1.75 168 294 14 4

1.75 167 292 15 5

1
ICO 'Tn o

u au. —
o n r A
C. f X WU .-fCC. I

j j4.5 
sd ±2

Ai * / 1

“i- /-sa
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Effect of Variation, of Stimulating Rc-eguenc.v

Repetitive stimulation, was carried out at four different 

frequencies, i.e. one every 1.7/5 secs, 1.25 secs, 0.5 secs and 0.6 

secs, live values were obtained from the different preparations for 

each frequency. The results are expressed in a graph, see figure 7, 

or as a table. Table I. The number of stimuli required to reduce the 

ipsp to a constant final amplitude was found to be independent of 

frequency in the range used. The amplitude of the final height did 

not vary vrith frequency, and therefore it is also independent of the 

frequency range used. It can be seen from the figure?, that when the 

time taken to reduce the initial ipsp to a constant amplitude is 

plotted against frequency of stimulation, a linear relationship is 

obtained. This indicates that a constant number of stimuli are 

required to reduce the ipsp to a constant height. This value from 

the pooled data (see Table l) was 158, sd il2. Therefore the rate of 

reduction in amplitude is directly dependent on the frequency of 

stimulation. This would indicate that each stimulus releases a 

constant fraction of the store.

Recovery of IPSP after Stimulation

The cell was left for a minute following stimulation and then 

restimulated. This was repeated several times at different intervals 

until the ipsp returned to near its normal size. The ipsp was found to 

recover to about 12 mV, but the results tended to vary considerably 

from preparation to preparation, probably due to the system deteriora

ting since the Ringer is just a basic physiological ion solution. 

Therefore no valid conclusions could be dra-wn from these results.
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Pig, 8. Trace A t Initial effect of repetitive stimulation at

one every l,75sec after EC.5 pretreatment. 

Trace A.2: Effect of 50 stimuli after HC.3 pretreatment. 

Trace B. : Initial effect of repetitive stimulation at 

one every 1.75sec after addition of EC.5. 

Trace B,2: Effect of I30 stimuli after addition of EC,3.
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Effect of he3ichollniufi Pretreatnieiil

Snails were injected with 50hemic ho liniura in 0.05 ml Ringer 

three hours prior to dissection. In these pretreated animals the 

initial height of the ipsp was between 4 mV - 6 mV and after 

repetitive stimulation the ipsp height fell to less than 1 mV, see 

figure 8 A and A2, indicating that in the presence of hemicholinium, 

nearly all resynthesis had been blocked. In pretreated animals 

repetitive stimulation was carried out at the same four frequencies as 

in the control untreated animals. The results are shown in figure 7» 

The slope of the graph was reduced, indicating that the number of 

stimuli required to reduce the ipsp to a constant height was smaller, 

the number being 55 ^ 10, see Table II. The effect of head.oholiniurn 

pretreatment on the initial and final height and on the number of 

stimuli required to reach this constant height compared v/ith the 

control values, is shown as a histogram, figure 9*



yi

Fig. 9. Histogram showing effect of Hemicholinium pretreatment on 

amplitude of ipsp and number of stimuli required to reduce 

the height of the ipsp to a constant level.
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TABLE II: EFFECT OP ESIlLCIiOLEIOIvI ON TBS DEPLETION BATE BY COi.xINUOUS 

STItvrJLATION

Time
(in seconds) 

between 
Stimuli

No.
Stimulations 

reduce 
to Con. Ht.

Time
(in seconds) 
to reduce to 
Constant Ht.

1------------------------------
Height IPSP

(mVs)

Initial Final

0.6 61 56.6 5 1.0

0.6 65 59.0 6 0.5

0.6 40 24.0 5 1.0

0.6 55 55.0 5 1.0

55.2 8d ±6.6

0.9 62 55.8 5 1.0

0.9 68 61.2 5 0.0

0.9 50 45.0 5 0.0

0.9 40 56.0 4 0.0

0.9 54 48.6 6 1.0

49.2 sd ±9.8

1.25 50 62.5 5 1.0

1.25 48 60.0 5 1.0

1.25 60 75.0 5 0.5

1.25 55 69.0 5 0.0

1.25 55 44.0 5 1.0

1.25 59 66.0 6 0.5

62.1 sd i'll

40 70.0 5 1.0

1.75 50 87.5 4 0.5

1.75 55 95.5 5 1.0

1.75 69 112.0 4 0.5

1.75 44 ■ 78.0 6 1.0

55 sd ±10
1

88.0 sd ±16 5
3d ±0.6 sd

0.7
±0.4



Pig.10. Graph of ipsp height against number of stimuli in the presence

of Hemicholinium and in normal ringer.
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Effect of Hemicno-Linium Incu'batiun or. Ii'SP

The cell was repetitively stimulated at one every 1.75 seconds in 

the presence of 2.5 ixg/ml hemicholinium (50Jig in 0.05 ml was added 

over the preparation), and the decline rn height of the ipsp nooed.

This dose of hemicholinium had previously been shown to have no effect 

on iontophoretic application of acetylcholine, figure q B1 and B2. 

Figure 10 shows the decline of ipsp amplitude in the presence of 

hemicholinium with repetitive stimulation and decline in the control.

In the former case the ipsp amplitude declined more rapidly and was 

finally abolished. In the absence of hemicholinium the iphP 

amplitude declined to a constant level between 4 mV - 6 mV. Therefore 

the difference between the two lines must represent the rate of 

resynthesis. If the values for the ipsp amplitude in the presence of 

hemicholinium are normalised and plotted on a log plot against stimulus 

number, a straight line is obtained, see figure 11. This indicates 

that the release of acetylcholine is exponential and therefore tnat 

each stimulus releases a constant fraction of the store.

Effect of Hemicholinium on the Cholinergic Receptor

Hemicholinium was added directly to the hath to study any possible 

direct effect between it and the cholinergic post-synaptic receptor.

The addition of 1000 fig to the bath to give a final concentration oi 

50^bUr/ml EC5> hyper polarised the membrane potential oy up uo 8 ui< an^.

completely blocked lontophoretically applied acetylcholine, see figure 

12. The amplitude of the ipsp was also reduced. When lower doses of 

hemicholinium, e.g. 50/bg, to give a final concentration of 2.5/iS/ml,

were aac preparation. they h?-ct no ciirecx- ei' ecu un

phoretically applied acetylcholine, figure 12B. In animals pue.zested 

with hemicholinium, the effective concentration at the receptor woulc
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Fig.11. Graph of Log normalised height against number of stimuli
m ^ -ir*\*v* ^ ^ ^ XJ ■! ^ *U% ^ T V> nil TY^
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Fig,12. Trace A : Effect of iontophorectic application of Ach.

Trace B : Effect of iontophorectic application of Ach 

after addition of Hemicholinium.

Trace C : Effect of iontophorectic application of Ach
after addition of a large dose of Hemicholinium. 

Trace D : Effect of addition of choline to the hath.



4/

"be in. the range where Lhere would he little or no inv4 v>+->^4-4 .vecn

hemicholiniun and the cholinergic receptor. Snails pretreated with 

hemicholiniun respond to the iontophorectic application of 

acetylcholine quantitatively, as in the control untreated animals. 

Hemicholiniun was also tested on cells which were excited hy 

acetylcholine and was found to excite and depolarise the membrane 

potential when applied at high doses.

Effect of Choline on the Cholinergic Receptor

Attempts were made to incubate the brain with choline foDlowing 

repetitive stimulation and try to reverse the action of hemicholinium. 

However choline was found to interact with the cholinergic receptor 

at these doses, 0.5 AAg/ml, and to mimic the action of acetylcholine, 

see figure 121. This resulted in a partial desensitisation of the 

post-synaptic receptor and masked any possible enhancement of recovery 

following repetitive stimulation due to an increase in the supply of 

avallable choline.

Action of Morphine on the IPS?

The cell was repetitively stimulated one every 1.75 seconds in 

the presence of 100 ytAg of morphine. Initially the height of the ipsp 

was the same as that found in the controls, see figure 1)1, but after 

forty or so stimuli, the height of the ipsp was virtually abolished, 

see figure 130. Morphine added to the bath did not cause any 

hyperpolarisation of the membrane potential. The final level of the 

ipsp was also abolished but since it occurred in such a short time the 

action of morphine could not be explained in terms of preventing 

synthesis, but only by having a pre-synaptic action in blocking release 

of acetylcholine. Morphine had no effect on the amplitude of the
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A

B

C Incubation with lOOug Morphine.

D

Trace A and D effect of iontophorectically applied Ach 

•hpfn-rfi and after stimulation.
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response to iontophorectically applied acetylcholine, see figure 1>- 

and D. Thus a direct post-synaptic action of morphine could he ruled 

out.

DISCUSSIOI'I

The response of the post-synaptic memhrane can he taken as an 

indication of the amount of transmitter released, assuming that the 

sensitivity of the post-synaptic memhrane remains constant, Tliis has 

heen shown for the neuromuscular junction hy ^tsuka, Endo, Nonomura 

(1962) and Elmqvist and Quastel (l965a). However, it is possible that 

in Helix the ipsp amplitude drops during repeated stimulation due to 

desensitisation of the post-synaptic memhrane. The experiments in the 

present study in which acetylcholine was iontophoresced before and 

after stimulation, indicate that following stimulation there is no 

change in the memhrane sensitivity to acetylcholine since the amplitude 

of the acetylcholine response remained constant. The size of the 

post-synaptic response is dependent on the amount of acetylcholine in 

the presynaptic store and on the rate of resynthesis of acetylcholine. 

Thus with stimulation the acetylcholine store will gradually he 

depleted, and so the height of the ipsp will decline to a constant 

value. This constant level v/ill represent the rate of resynthesis.

This pattern of release of transmitter during stimulation has been 

observed hy several workers using different preparation: Brown anu 

Feldherg, 1956; Perry, 1955; Straughan, I960; Birks and macintosh,

I96I; Baton, 1965; Kopin, Breese, Krauss and Y/eise, 1968; Bennett and

mt. y I •*' -

Hemicholinium was found to reduce the final height of the H2I1S 

ipsp, both in pretreated animals and when it was added to the hath.
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HenacholirJ u"i has been shown to reduce the bunount of acetylcholine 

stored hy inhibiting the synthesis of acetylcholine (Macintosh, BirKs 

and Sagtry, 1956). Eemicholinium acts by competing with choline for 

the presynactic uptake mechanisEi for choline (i.^archbanks, 1^68) . 

Therefore it will deplete the acetylcholine store in the nerve terminal 

and in turn the size of the post-synaptic event which is a function of 

the amount in the store. The finding that the decline in the ipsp is 

exponential supports the assumption that tne amount of acetylcholine 

released by each stimulus would be a constant fraction of the 

releasable store. This was also observed by Bennett and McLachlan 

(1972a) in their experiments with the guinea pig cervical ganglion. 

Therefore the rate of release is dependent on the frequency of 

stimulation. The evidence both from the present study and that of 

Bennett and McLachlan (1972a) suggest a single store in the post- 

sjmaptic terminals rather than a two-component model developed from 

the overflow experiments on perfused cat ganglia (Ferry, 1955> nirks 

and Macintosh, I96I).

The constant height of the ipsp which is reached during repetitive 

stimulation, appears to be due to transmitter resynthesis (Birks and

Macintosh, I96I; Bennett and Mclachlan, 1972a and b). Bennett and 

Mclachlan suggest that synthesis is constant during stimulation since 

if they subtracted their maintained output value from their results, 

then these results were identical with those cotainec when synthesis 

is blocked. When synthesis is blocked following addition of 

hemicholinium to the bath, the initial height of the ipsp is the same 

as the control untreated value, but the amplitude drops toward zero 

rather than reaching a constant value. In the present study it would 

appear that the rate of resynthesis is dependent on the race of 

release since the final height does not vary with frequency. iniS is 

in agreement with the observations of Bennett and Mclachlan and
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suggasis a, simple homeostatic mechanism. The rates of acetylc H1 i ■

synthesis in the cat sympathetic ganglion (Bannister and Scrase, 1550j 

and in the rat diaphragm (Eehh et al, 1564) are considerably below the 

rates suggested by the activity of choline acetylase or substrate 

concentration (Potter et al, 1568) .

If the rate of acetylcholine synthesis is dependent on the law of 

mass action, then Bennett and Hcl-achlan (1972b) suggest that t he release 

of acetylcholine from the nerve terminals would decrease the acetyl

choline concentration and so accelerate synthesis. Tliis would also 

seem to occur in the Helix nerve terminal.

The present study confirms that hemicholinium has both pre- and 

post-synaptic actions on the system. At low doses there would appear 

to be no effect on the cholinergic receptors since the iontdphorectic 

application of acetylcholine in the presence of hemicholinlum was the 

same as in the control. However, large doses of hemicholinium,

1000yU_ g, added to the bath, clearly have a direct effect on the 

post-synaptic membrane of Helix neurones. This has been shown for 

mammalian tissue by Takagi et al, 1970, who demonstrated a curare-like 

effect at a high concentration. In Helix, hemicholinium at these doses 

acts as an acetylcholine agonist and also blocks the response to 

acetylcholine.

It is possible that hemicholinium could be acting by blocking the 

release of acetylcholine rather than its synthesis. However, this 

suggestion would not be compatible v/ith the observation that following 

the addition of hemicholinium to the bath, release of acetylcholine 

declined in an exponential manner. It would have been useful in trds 

context if the action of hemicholinium could have at least in part 

been reversed following application of choline to the bath, but mns

cell in the present study proved to be :icularly sensitive to
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choline. This direct agonist effect of choline masked any changes in 

amplitude of the ipsp following addition of choline to preparations 

treated v/ith hemicholinium.

The presynaptic effect of morphine on this system is in agreement 

\9ith the results, using guinea pig gut, obtained by Paton (1956), 

which suggested that its action was to inhibit the releasing mechanism. 

Further experiments are required to determine its precise action on 

the Helix system.

In conclusion it is suggested that the release of acetylcholine 

from presynaptic stores in Fnlix is exponential, and that this store 

can he depleted following treatment with hemicholinium. The release 

of acetylcholine can also he blocked presynaptically by morphine.

These observations are in good agreement with the recent findings of 

Bennett and lIcLachlan (1972a and h) using guinea pig superior cer^acal 

ganglion, and others working on mammalian tissue.
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K2SUr.CS : ’Dopam.i.ne Neuron^

Pharmacology of iLD Cell

The cell is positioned in the bottom left-hand corner of the 

•visceral ganglion, see figure 5 and was found to give a driven 

inhibitory post-synaptic response called an III) (inhibition of long 

duration) via the anal nerve, see figure 1^ . The size of the response 

was found to vary between 10 and 15 mV. The cell responded to dopamine, 

noradrenaline and octopamine, see. figure 14,at an equal concentration. 

All three compounds caused the membrane potential to hyperpolarise.

The octopamine response was found to desensitise, but the cell still 

responded to a standard dose of dopamine. The cell responded to 

tyraraine but octopamine was about 1000 times more potent than tyramine. 

Low doses of ergometrine blocked noradrenaline and dopamine, but 

larger doses were required to block octopamine. The synaptic event 

was also blocked by larger doses of ergometrine. Further on addition 

of dibenyline the response to all three compounds was blocked, b’ut 

propanolol failed to block any of the three compounds. Cocaine, 

lOydg/ml, blocked the effect of octopmaine at low doses of octopamine 

but not at high doses. The cell was also hyperpolarised by glutamate 

a.nd depolarised by acetylcholine.

Pharmacology of IPSP Cell

The cell is situated in the vicceral gang; 11 on, see figure 5 . On 

stimulation of the anal nerve an inhibitory postsynaptic event known 

as an ipsp is obtained, see figure 16. The size of the response was 

found to vary between 10 mV - 14 mV in amplitude. The addition of 

dopamine to the bath caused'a hyporpclarisation of the membrane whilst 

the addition of acetylcholine caused o. depolarisation of the membrane.
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Octopamine

V -01 ug.

m 

Pig.14

I I I I (. rti r. !■!.!. I.!.i i.f.U.I.M. I M M M M 1 I. !. ( 11 ii i i i i !■ ( IT

Effect of addition of Octopamine,Noradrenaline and 

Dopamine on ILD cell. ( Concentrations are for one ml. of

ringer.)



Normal Ringer.

KCI Electrode.

Cl Free Ringer.
//////////// iiiiiiiiiiiimiiiii iiiiiiiii II

i"' t [ I I [ I. I. I. I..- r. [ [ I, i.-r f r t

Normal Ringer.

K ^Free Ringer.

Pig.15. Effect of ions on the driven ILD,



55

[ 10 mV. I
1------ 1------ (------ '-------1------ 1------ 1-------r 1------ 1------f

c.

D.

■ 1 I I------ 1------ 1------ 1------ [------ (----- 1——I------ 1------- r------r

Pig.l6. Effect of stimulation on 'Dopamine’ipsp.

Trace A and B stimulation at two a second. 

Trace C and D stimulation at one a second.
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Both the response to dopamine and the driven ipsp were reversihly 

inliihited by the addition of 5.10 ^ gra/ml of ergometrine.

Effect of Different Ions on the Stimulated Synaptic Event

Stimulation in the presence of chloride free ringer or using a 

chloride electrode has no effect on the IID^ see figure 15. IVhile in 

the presence of potassium-free ringer the IID was potentiated. A 

similar effect was obtained for the ipsp cell.

As the membrane potential was hyperpolarised the ipsp and ILD were 

gradually reduced in amplitude until che membrane potential reached 

80 mV - 90 mV, where the events reached zero and then gradually began 

to reverse as the membrane potential was further hyperpolarised. 

Therefore potassium ions are clearly involved in both events.

Effect of Repetitive Stimulation on the IPSP and ILD cell

Figure 16 shows the effect of repetitive stimulation at two 

different frequencies, one every 0.67 seconds and one every 0.96 

seconds on the ipsp cell. The initial effect compared with the effect 

after 300 stimuli at a rate of one every O.67 seconds can be seen in 

figure 16 A and B. After 300 stimuli at this frequency the amplitude 

had only slightly fallen from 10 mV to 8 mV. Further at the slower 

frequency, see figure I6 C and D, after the same number of stimuli 

there is no appreciable change in the saze of the ipsp.

The IID cell, due to the length of the ILD, could only be stimulated 

at slow rates since the membrane potnetial must return to normal after 

each event to give constant comparable results. Thus at the frequencies 

chosen the height of the IID did not decline to a constant value.
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jiffect of Cocaine

Figure 17 A and B show the effect of repetitive stimulation on 

the I ID. Cocaine was added to the hath after 200 stimuli to give a 

final concentration of 50/hg/ml. Twenty seconds after addition the 

stimulated ilD became potentiated in size, see figure17 C. The 

amplitude of the I ID increased from 14 mV to 20 mV and the duration 

from 0.75 sec to 1.5 sec. In figureI7 D the amplitude declined 

after 50 stimuli to 8 mV. Therefore cocaine causes a potentiation and 

then a decline in amplitude. Similar results were obtained with the 

ipsp cell.

Effect of Amphetamine on the iFSP and lID Cells

The ipsp cell was stimulated at a non-fatiguing frequency of one 

every 2.75 sec. The cell was found to give an ipsp of 8 mV in 

amplitude. Forty seconds following the addition of lOO^cg amphetamine, 

giving a final bath concentration of ^g/ml, the amplitude had 

increased to 12 mV and the duration from 0.5 sec. to 0.4 sec. After 

90 sec. the amplitude reached a maximum of 16 mV,duration 0.5 sec, see 

figure IS . Therefore amphetamine potentiation of the driven ipsp.

The effect of amphetamine on the I ID is to immediately cause a 

potentiation in the duration of the I ID. 50 sec.after addition of 

amphetamine the IlD duration has increased from 1 sec. to 4 sec. but 

these results show no change in the height of I ID, see figure 19 .
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A)rnitial Effect of Stimulation

B) 200 Stimuli later. [ 10mV.

C) 20sec. After Addition Cocaine lOOOug.

D) 50 Stimuli later.

Fig.17. Effect of cocaine on the driven ILD.
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1----- r 1----- 1----- 1----- 1------1----- r----- 1------1----- r

-i----- (------(------(----- (---- 1----- r 1----- 1------ 1----- r

Fig.18. Effect of amphetamine on the 'Dopamine' ipsp.
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1--------- 1--------- 1--------- 1--------- 1 t t f f I I

Fig,19. Effect of amphetamine on the driven ILD,



Page 59 was not present in the thesis at
the time of scanning.
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Sxacu.s SI on

The action of octopanrlne on identifiable neurones of Helix 

a^spersa has not been reported by V/alker et al (l963), Woodruff and 

Vfelker (1969) or Woodruff (1971)., They demonstrated that the dopamine 

receptor was capable of bein^ blocked by alpha blockers but not by 

beta blockers. The dopamine receptor was reversibly blocked by 

ergometrine and lysergic acid; for further details see the review by 

Woodruff (1971). Further dopamine causes an increase in conductance 

probably due to an increase in potassium permeability (kerkut et al, 

1969) • Both cells in the present study have dopamine receptors and 

dopamine would appear to be the transmitter released by the 

stimulation of the anal nerve onto both cells. The effect of 

octopamine has not been tested on the ipsp cell. There could be 

several explanations for the octopamine effect on the IIB cell in 

contrast to its lack of effect on the cells studied by Walker and 

Woodruff. The cells used in their study cf the snail dopamine receptor 

were not known to have any dopamine synaptic inputs, thus a true 

physiological receptor might not be present. Secondly there could be 

two distinct dopamine receptors in the snail brain. Alternatively 

octopamine could be acting presynaptically to cause the release of 

dopamine suggesting the presence of an amine pump at the synapses in 

these cells.

The later suggestion is of considerable interest since cocaine, 

shown by Iversen (l967) to inhibit catecholamine uptake in the 

mammalian heart, blocked the action of octopamine at a low concentra

tion. This would suggest that octopmaine could be acting indirectly 

as already suggested by being taken up by the amine pump, since 

phenylethylamines have been shown to be readily taken up in the 

mammalian peripheral sympathetic nervous system (iversen, I96?) and to
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cause uisplacement of the transmitter. Therefore octopamine voiuii be 

taken up and cause the release of dopamine in the snail thus 

explaining the action of dibenyline. The action of ergometrine also 

fits ii with this hypothesis since it has been shown that higher doses 

of this antagonist are required to block sjmaptic events compared with 

the dose required to block addition of dopamine directly onto the 

cell. This could explain why higher doses of ergometrine are required 

to block octopamine.

Further the effect of repetitive stimulation of the ipsp and ILD 

cells caused only a slight decrease in the size of the postsynaptic 

event although fast repetitive stimulation could only be carried out 

on the ipsp cell. This observation is similar to that of von Euler 

(1955) who found that vigorous stimulation of the adrenergic nerves to 

the spleen did not appreciably lower the noradrenaline content of the 

organ in spite of considerable release. They attributed the effect to 

rapid resythesis but further work by Hedqvist and Stjarne (1969) 

suggests that reuptake plays an important role in the maintenance of 

transmitter content in the nerve terminals. The presence of a rapid 

turnover mechanism for dopamine is also indicated in the snail brain^ 

especially if these results are compared with the results of 

repetitive stimulation on the acetylcholine system.

The effect of high doses of cocaine on repetitive stimulation was 

initially to potentiate the amplitude of the event and subsequently to 

reduce it by half. The high dose used could cause an effect on 

conduction along the nerve, since cocaine is an anaesthetic. Further 

in the mammalian system the dopamdne uptake mechanism does differ 

from the noradrenaline mechanism since imipramine has only a slight 

inliibitjln.g effect while amphetamine inhibits quite considerably 

dopamine uptake (Coyle and Syrtder, I969 a and b). The effect of
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a-topuyLciLiij-ue ou "tus ui'*iv'Sii i.psp cxnc -Ll—' -i-G "cc poton.'tis.'ts th.s sizs Y0i’y 

considerably of the post-synaptic event. Therefore evidence indicates 

the presence of an amine pump in the snail brain.

Cottrell (1971) has also demonstrated the existence of an uptake 

mechanism for pET. Although Gerschenfield and Stefani (1968) suggest 

that diffusion of 5ET is sufficiently rapid to account for the. 

termination of the activity of 5KT in molluscan ganglia. This also 

plays an important role in the inactivation of transmitters in 

molluscan ganglia, but the presence of an amine pump could explain 

the high rate of turnover of dopamine compared with acetylcholine.

The effect of tyramine and noradrenaline could suggest that 

octopamine is acting directly on the receptor. This observation would 

be in agreement with the results obtained on mammalian tissue by Kopin 

(1968) although Lands and Grant (l952) showed it had only 1/50 of the 

pressor activity of noradrenaline in the mammal. Noradrenaline is 

more potent relative to dopamine on this cell than on the cells 

studied by Walker and Woodruff. Further studies are required 

concerning the effect of octopamine on this cell and to explain the 

differences obtained, but the results so far obtained indicate the 

presence of an amine pump.



SECTION I I
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SECTION TT. nlucidaticr. of the catecholamine pathway in Helix aspersa

Introduction

The occurence of catecholamines in molluscs v;as investigated by 

S\v'eeny (I963). He assayed for adrenaline, noradrenaline and dopamine 

by spectrofluorometry. The only catecholamine he detected was 

dopamine, Cardot (I963) also demonstrated the presence of dopamine in 

the brain of Helix pomatia. Further studies by Kerkut et al (1966) on 

Helix aspersa, Osbourne and Cottrell (1970) in Helix pomatia and 

recently by Juorio and Killich (1972) in both species have confirmed the 

presence of dopamine. The highest monoamine concentration was found 

ir the pedal ganglia by Juorio and Killich (1972). This is in 

agreement with Sedden et al (I968) who showed that the most intense 

fluorescence developed in the pedal ganglia. This is also true for 

Aplysia California (Carpenter et al, 1971) and in the lamellibranchs 

(Dahl et al, I966),

Noradrenaline has been demonstrated in Helix pomatia by Osbourne 

and Cottrell (1970) and Juorio and Killich (1972) who also demonstrated 

its presence in the octopus. The concentration of this suostance in 

Helix is about one hundredfold less than dopamine. Further octopamine 

was first isolated by Erspamer and Boretti (1952) in the salivary 

glands of the common octopus, and its distribution in the brain of tne 

octopus was determined by Juorio and Molinoff (I97I). It has also been 

demonstrated in the mammalian nervous system by Molinoff and Axelrod 

(1969 and 1972) who demonstrated its presence in the rat sympathetic 

nervous system and brain. Also they have shown it to be present in 

the thoracic and abdominal nerve cord in the lobster. Further they 

demonstrated that ir had a higii rate of turnover and this is 

consistent with the higli rate of excretion of its deaminated
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metabciito. p-hydroxymandelic acid (Armstrong et al, 1956). The 

function of octopamine in the mammalian system could be as a 

co-transmitter and even as a primary one in invertebrates (liolinoff 

and Axelrod, 1972).

The distribution of catecholamine metabolites in the snail was 

also carried out by Osbourne and Cottrell (I970). They demonstrated 

the presence of acid metabolites of noradrenaline and dopamine and 

also the methoxylated metabolites. These results therefore suggest 

the presence of ilAO and COLIT in the nervous tissue of Helix pomatia. 

Kerkut and Cottrell (1965) "■’■ore only able to show the presence of 

LIAO in the kidney of Helix aspersa, and Cardot (1966) was also unable 

to demonstrate the existence of LIAO in the nervous tissue of Helix 

pomatia. The enzyme has been found in the nervous tissue of Octopus 

vu.lgaris by Blascko and Hawkins (1952). Recently juofioand KLllich 

(1972) demonstrated the presence of acid metabolites in Helix but at 

very low concentrations, and have found that these very low 

concentrations are unaffected by LIAO inhibitors. Therefore evidence 

for inactivation of catecholamine metabolites in Helix is not clear 

and the acid metabolites formed might be rapidly eliminated or suffer 

from metabolic transformations.

In the present study incubation with radioactive precursors have 

been used to elucidate the pathv/ay. Also assays for noradrenaline and 

octopamine iiave been carried out and further tyrosine hydroxylase 

activity has been measured in the nervous tissue of the snail Helix 

asoersa. The results suggest that there are two distinct pathways, 

one in the kidney producing dihydroxyphenylalalanine (DOPA) and one 

in the brain converting J3JFA to docamine.
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Methods

Incubation of Radioactive Catecholamine Metabolites and the

Identification by Two-dimensional Autoradiography

The snails Helix aspersa prior to dissection were activated by 

placing in a beaker containing 15-20 ml. warm water. This activated 

the animals whose shells were then rapidly removed and the 

circumoesophageal gaiiglia, kidney and heart were dissected out.

The tissue was placed separately in 0.1 ml. Ringer solution at 

25°G. Half a micro curie of L-5 (5,4-bihydroxyphenyl) alanine-5-C14 

(C14-D0Pi) in the presence of ascorbic acid (50y/moles per ml.) to 

prevent auto-oxidation of the L-bOPA in 0.1 ml. of Ringer was added to 

the incubation medium. The method differs from that of Huggins and 

Woodruff (1963) in that only half the amount of radioactivity is used 

since severe streaking occurred vith the larger amounts.

Incubation was carried out in a shaking incubator for intervals 

of one and three hours. Each incubation was terminated by the 

addition of an equal volume of ethanol and boiled in a water bath for 

two to three minutes. The contents were left overnight at 5°C to 

extract. They were then centrifuged and the supernatant chromato

graphed using two-dimensional paper chromatography.

The radioactive intermediates were then visualised by 

autoradiography and the radioactivity in each compound was separately 

determined^ The compounds were required for identification of the 

spots which were counted on a paper v/ith a Geiger-Muller tube ana nou 

extracted for counting on a scintillation counter.

The solvents used were Butanol-Acetic acidtWater (4*l*l) ^0^" 

long axis followed by Phenol.KCWkiCl (20 ml. of 0.02h HOl^SO gm. 

Phenol: solution saturated in sulphur dioxide plus a few mgm. AON)



oo

COMPOUNDS. Rf’s (x100)
SOLVENTS

But/Ac/
H2O

Isoprop
/NH4AC

Phenol/
KCN/HCI

But/HCI

TYROSINE. 40 80 50 40

PHENYLALANINE. 49 70 83 -

TYRAMINE. 56 90 37 37

DOPAMINE. 43 84 50 20

OCTOPAM INE. 42 73 58 24

EPININE. 58 87 72 21

NORADRENALINE. 34 84 39 10

ADRENALINE. 45 86 58 14
DORA. 20 - 22 -

VANILLIC ACID. 87 85 91 -

40H,3CH3O

MANDELIC ACID.
69 72 82 -

40H, 3CH3O
PHENYLACETIC

ACID.

55 73 80

3,4 OH MANDELIC 
ACID.

49 75 38 68

3,4 OH PHENYL
ACETIC ACID. 78 80 66. 73

TYROSINE." 46 81 52 —

Pig#20. Rf*s of various catecholamines metabolites#
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Fig. 21, Theoretical two dimensional chromatography map of 

catecholamine metabolites.
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along the short axis. The Rf. values of various catecholamine 

metabolites are given in figure 20 and a two-dimensional map of cold 

metabolites used for identification is shown in figure 21 .

In vivo Studies

As described above the snails were first activated and 5>>^Ci of 

C-4-K)PA were then injected in 0.1 ml. of Singer into the haemocoel. 

The snails were left for three hours and the following organs 

dissected out: brain, heart, crop, salivary glands, kidney and 

hepto-pancreas, The metabolites were extracted as previously 

described.

In vitro Incubation with Inhibitors

The inhibitors were added to the incubation medium before the 

addition of the radioactive precursor at a concentration of 1 mg. The 

high amount selected was because of the failure of several workers to 

obtain any significant results with IviAC inhibitors and ICPA 

decarboxylase inhibitors. The IIAO inhibitor used was Hialamide and 

DOPA decarboxylase, iT.S.D. 1024.

Identification

The metabolites were first tentatively identified by their 

position on the chromatogram and where possible by co-chromatography 

(Smith, i960) with the authentic material being visualised by 

Nitroaniline Reagent II (Smith, i960). The metabolites were

ohe paper bjy ono Ox vlio solvents svstems useu. rne

volume was reduced by evaporation under vacuum and th e resiaue was

then taken up in a small volume of the soO V V Gli U O The solution was thei



69

spotted on a crn-omatogram together with the possible cold metabolites 

and run in one of the solvents which gave the best separation. The 

radioactive intermediate was visualised by auto-radiography. If the 

cola spot and the radioactive spot coincide tlrLs indicates the 

possible identity of the material.

Incubation with C'14 Phenylalanine and Tyrosine

The same procedure was used for these compounds as for GI4 lOPA 

except for phenylalanine where incubations were carried out for three 

and six hours.

Method to lieasure Tyrosine Hydroxylase Activity

The method used for assaying tyrosine hydroxylase activity was

developed by Nagatsu et al (l964)» The principle on which the assay 

is based is due to the availability of 1-tyrosine-),5-T, since the 

displacement of tritium from the ) position will occur when tyrosine 

is converted to L-D'OPA, as the reaction below:

L-Tyrosine-3,5-T
lydroxylase L-P0PA-5-T + T'

THO

TheTHO can be easily separated and the product very simply subjected 

to a radioassay.

The assay was first carried out on rat brain using a whole 

homogenate. Tne rat brain was homogenised in 0.)2 M, sucrose and 

vraighed, -ne volume used was 0.6 ml. As crude extracts were being 

used, an inhioitor of aromatic decarboxylase must be added. The

• Dromc oenzyloxyz

N5D 105).
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Helix uj'-aiii and kidney were also iionogenised, "but in Ringer- 

containing 0.52 M sucrose. It was found that homogenisation of snail 

"brain was difficult but if the amount used was reduced it became 

easier. The homogenate is spun at 15,000 rpm for fifteen minutes and 

the particular fraction is resuspended in the same volume.

For the assay tetrahydrofolic acid was prepared by catalytic 

reduction of folic acid and dissolved (0.05 M) in 1 mercaptoethanol 

containing 0.1 phosphate buffer, pH 7«4. The solution was prepared 

freshly once a week. A stock solution was stored at -20°C.

Procedure

The assay was carried out as follows: to a small test tube was 

added 100/X 1-tyrosine containing 1-2.10 ^ cpm. tyrosine-5,5-T;

moles tetrahydrofolate, 0moles Ferrous ammonium sulphate, 

lOOybbraoles mercaptethanol, 0.1/Xmoles N53 1055, 200yUmoles acetate, 

pH 6.0. The reaction is started by the addition cf the crude 

homogenate and the final volume is made up to 1 ml. by the addition 

of distilled water. The test tube is then placed in a shaking water 

bath at 57°C for fifteen minutes. Following incubation 0,05 ml. 

glacial acetic acid is added to stop the reaction and the proteins 

are separated by centrifugation. The supernatant solution is 

transferred quantitively with a Pasteur pipette to a small Dowex 

50 K'!- (0.5 cm X 5 cm) column. The test t'ube containing the protein 

precipitate is washed with 1 ml water and after the initial effluent 

has-,passed through, this is also added to the column. The combinec 

effluents (2 ml) are collected in a counting vial to which are then 

added IQ ml of a flurophnr solution for scintillation counting. A 

dioxane based scintillator was used since a polar liquid is being 

counted. Determination was carried out in triplicate.



A reagent ui&nK in which all adcliticns are made except the 

enzyme is used to correct for the small amount of tritium released 

rion-enzymatically.

Enzyme Assay for noradrenaline and Octopamine

This assay is based on the observation of Axelrod (1962) where 

the raethyl-C14 is transferred to the primary nitrogen in the presence 

of the enzyme phenylethanolamine-h-methyl transferase (PlilvlT) . , The 

assay was developed by Saelens et al (l967) and further modified by 

Iversen and Jarrot (1970). The assay can also be adapted to measure 

occopamine since the Km is only slightly greater and the two products 

can be separated chromatographically. This method was described by 

Axelrod and tlolinoff (1969)'

Reagents

Homogenisinm solution

Solutions were made up in Ringer containing:

1 mM Pargyline (lT-methyl-h-2-propynyroenzylamine 0.193 mgm/ml) 

1 mt.i Pyrogallol (0.126 mgm/ml)

1 rrli EDTA disodium salt (0,$72 mgm/ml)

0.05% 2-mercaptoeths.nol.

Buffer

0.1 M potassium phosphate, pH 7«4 

1 zjii EDTA disodium salt.

S-adenosy Imothioni ne-met hy 1-C14

Tlnal concentration of this substance was made up to

- 0.4 /WCi/^1.

The brains and hearts from a hundred snails were removed and 

placed in a ml. of homogenising solution; small batches of tissue ven
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homogenised separa.telv and the .final homogenised solution pooled.

This only applied to the Drain since the heart is very soft and can 

he easily homogenised. The weight of the tissue was recorded, ^nco 

the tissue was homogenised it vfas left in ice for thirty minutes. 

During tiiis period the enzyme phenylethanolamine-N-methyl-transferase 

(phi,IT) was made up in buffer at a concentration of 20 mgm/ml.

After fhirty minutes an aliquote of each suspension was taken uo 

determine the protein content using the method of Dowry (1951).

Both suspensions are then centrifuged at $,000 rpm for ten minutes.

The microtubes were prepared first by addition of 15/AL. of the 

eziract. liirther tubes were prepared with the addition of a known 

amount of octopamine and noradrenaline to prepare a standard curve. 

The concentration of standards used for the curve was as follows:

1,5 ng, 5.0 ng, 10 ng and 1.5 ng in 15/bl of distilled water. The 

microtubes containing eziract and standards fed added to them IC/il of 

enzyme PiDAT followed by 10^1 of S-aderiosyl-I-.methionine (methyl-C14) 

to each tube.

The caps were olaced on each tuce and the contents tnorougnly 

shaken before being placed in a water bath for sixty minutes at 5/ C. 

The reaction was stopped by being cooled rapidly to 0 C. The 

products synephrine (nethyl-C14 and adrenaline methyl-G14l are 

isolated by ascending chromatography on uhatmann $ 111 paper. The 

tanks are all glass and sealed at the top by silicone and contain 

500 ml of the solvent. The chromatogram paper is first spotted with 

lOyCXl of carrier adrenaline (l rngiz/ml) and tne same amount of 

synephrine. The sheet is then placed in the tank in Dutano 1/1 

and left overnight to run.

The ch—omatogram is then removed and dried and the spots 

visualised with diaxo-nitroaniline as already described. The spots



are then dried, iMit out. snredded and extracted in 4 ml of 95> 

ethanol. After at least four hours, 10 til of toluene phosphor is 

added and the radioactivity counted hy scintillation.

Results

Incubation of I-I)0PA.C14 with the Brain of Helix aspersa

The radioactive intermediates are separated by t-do-dimensional 

chromatography and visualised by autoradiography. The incubation 

demonstrated that dopamine vas formed and also an unkno-.rn intermediate 

spot 5, see figure 22 . Another compound was also identified as an

inactivation product of dopamine, 3-methoxy,4-h,ydioxy phenylacetic 

acid. The presence of this compound was not always as clear as in 

figure 22 , but sometimes could not be shown. It suggests the

presence of 1.IA0 and COl.IT' in the snail train. Incubation with 1-10PA.C14 

in the brain and other tissues formed two spots. This occurred even 

in the control incubation where no tissue was present.

After incubation for an hour the Dopamine spot represented cn 

average nine per cent of the total radioactivity present on the 

chromatogram while spot 5 represented about two per cent. After 

three hours the Dopamine spot declined to six per cent, while spot 5 

increased to four per cent, suggesting that spot 5 was a metabolic 

product of Dopamine.

Incubation of L-DOPA.C14 with the heart of nglix aspersa

The heart gave a similar pattern to the brain but breakdown 

products of dopamine did not show up on the chromatogram. Hus 

suggested that the pathway did not have such a iii-gh turnover, but it
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should be pointed out that the si-^e of the heart is also about ten 

tines less than the brain.

Incubation of L-SlipA.Gll vhth the kidney of helix aspersa

Incubation of b-bUPA.C14 gave also sirailar distribution of 

intermediates as the brain, see figure 23 • The kidney differed in 

that it was easier to identify acid metabolites such as 

dihydroxyphenolacetic acid as a major metabolite from its position on 

the chromatogram. This tissue gave more consistent results for 

appearance of acid metabolites, compared with the other t'uo tissues.

In vivo Incubation of l-bOPA.C14

The organs and tissues were dissected out after the animal had 

been injected with G-14 DOPA and had been left for three hours. The 

tissues removed were as follows: brain, heart, crop, salivary glands, 

crop and hepto-pancreas. The only significant results were those 

obtained from the kidney, see figure 24 . The metabolites could be 

tentatively identified from their position on the chromatogram as 

3-m8thoxy,4-hydroxyphenylacetic acid, 3,4 dihydroxy phenylacetic acid 

and vanillic acid. Therefore indicating that the kidney is tne main 

centre for inactivation of catecholamines.

Incubation of I-rCPA.C14 in the Presence of a lOPA Jecarboxylase

Inhibitci, hSL 1024

Only two spots were obtained on the chromatograms for brain, 

heart and kidney. These spots were the same as obtained in the 

control. Both wei-e identifi.ed as BOFA, tlierefore indiouting tInt 

spot 5 is formed from Dopamine.
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xncu'D^'iion of L-LGFi^.C14 iu llie -rebenoe of an IvLVO Inhibitor, Nial&trdde

The inhibitor had no effect on increasing the radioactivity in 

any of the spots from the brain. Although in the kidney spot 5, see 

figure 25", » had a definite increase in the total percentage of 

radioactivity in it compared with the controls. This suggests that 

spot 5 is not a metabolite but probably a stored form of Dopamine, 

i.e. Dopamine in conjunction with some substance.

IrTyrosine.C14 incubation with the Drain, Heart and Kidney of Helix

asnersa

Incubation vdth tyrosine in the heart and brain - see figures 2b 

and - revealed that these tissues do not metabolise tyrosine. The

kidney was capable of metabolising tyrosine to DOPA, see figure 28 .

L-Phenylalanine.C14 Incubation the Brain, Heart and kidney of Helix 

aspersa

These incubations took place over a period of six hours. The 

brain metabolised phenylalanine to tyrosine. No other metabolites 

were present, \7hile the kidney converted phenylalanine to tyrosine 

and then D0?A, see figure 29 .

Results for Measurement of Tyrosine Hydroxylase Activity

Measurement was first carried out on whole rat brain. Activmty 

of tyrosine hydroxylase (average of three results) is as follo'-7S-

Whole rat brain: 254/kmoles/mg/l5 mins tyrosine oxidase,

1+ 4 c +ime= ^reate^ than the results obtained by Cxcerc

et al (1972) for the whole of the rat brain.

Measurement was then carried out on the brain and kidney of fgJrg:
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asperse, I<o activity could be measured iii the snail brain, but 

activity was found in the snail kidney =

Snail kidney: 162JU:n,ole&/g-m/l5 mins tyrosine oxidase

This result is an average of three results obtained for the kidney. 

Therefore activity can only be measured in the snail kidney; no 

activity can be demonstrated to be present in the snail brain.

Noradrenaline and Octooamine levels in brain and Heart of Helix as'oersa

The level of noradrenaline in the heart and brain of Helix asyersa 

are as follows:

Heart: 2.04 - 0-ISy^gm/gm protein

Brain: 0.82 - 0.$5^^gm/gm protein

(The results are the mean of twelve determinations)

Cctoramine levels in the heart and brain were as follows:

y? Heart: 

^Brain:

0.75 - 0.15/Xgm/gm protein 

1.32 - 0.54//gnr/gm protein

(The results are a mean of six determinotions)

The standard deviation is indicated in each case.

The greater levels of noradrenaline in the heart compared with 

the brain are similar to the results obtained by Osbourne and 

Cottrell (1970) who also found larger quantities in the heart compared 

with the brain.
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x.'x s oil, s Sion

These results give .an indication of the nature of the 

catecholariiine pathway in Helix asporsa.

From the incubation studies it can be concluded that dopamine is 

probably converted to an unknown product, spot 5, which cannot be 

identified although it has been run against all possible metabolites.

The main two inactivated products identified were dihydroxy phenylacetic 

acid ana 5-niethoxy,4 hydroxy phenylacetic acid. These are the normal 

metabolites expected for a dopamine pathway. This also agrees with 

the results of Osbourne and Cottrell (1970) for the dopamine pathway 

in Helix pomatia, and indicates the presence of IvIA.0 and COMT.

Although evidence for the presence of i.LlO in the brain is fairly 

inconclusive, compared with the evidence for its existence in the 

kidney were Nialamide (UAO inhibitor) was effective in‘increasing the

amount of radioactivity in spot 5. This further indicates that spot b

is a metabolite of dopamine and this is also in agreement ?lth the 

results obtained with the fOPA decarboxylase inhibitor (N3P 1024) 

which blocks the formation of dopamine and spot 5. Therefore the 

dopamine inactivation pathway is similar to that in mammals exceot for 

the existence of a possible dopamine conjugation product, spot 5. Also 

the kidney is the main site of inactivation of catecholamines.

Tyrosine is unmetabolised by the brain and heart, and only by the 

kidney where there is conversion to LOPA. Phenylalanine is converted 

to POPA only by the kidney. Therefore with the results from the 

assay for tyrosine hydroxylase activity, where the only activity 

could be demonstrated in the kidney, it is likely that hydroxylation 

occurs outside the nervous system. This is in agreement with 

Edmonson (1965/ who suggested that hydroxylation of tryptophan occurs 

outside the brain, and with the finding of Sadden (1967) that POPA



86

COOH
phenylalanine.

^ Phenvialaninq HO^ 
hydro)Cylase.

DO PA'
decarboxylase?

Tyro
hydro

COOH
TYROSINE.

sine 
xylase.

OCTOPAMINE.

____ Suggested
pathway for Octopamine

NORADRENALINE.

Fig.50, Proposed pathway for catecholamine synthesis in the

snail, Helix aspersa.



67.

(O.iq^g’/mi) is present in the blood. Thus the site of hydroxylation 

would be the kidney in Helix asnersa.

The presence of noradrenaline has already been reported in other 

molluscan tissues (see Introduction). Its function is uncertain; 

Glaisnier (1967) has reported a cell that is affected by noradrenaline 

and not by dopamine and the cell used in section lb is also hyper- 

polarised by noradrenaline, but is also affected by octopamine and 

dopamine. It could possibly be a transmitter in the snail nervous 

system, but only a minor one since its concentration in the nervous 

system is low. The action of octopamine is probably indirect but the 

physiological action of these compounds in the nervous system of 

molluscs is far from clear and further research is required into their 

physiological action. T’nis applies especially to octopamine whose 

action even in the mammalian system is still unknown.

Therefore the results obtained indicate that the catecholamine 

pathway, see figure 30, can be divided into two main stages:

1. Conversion of phenylalanine to lOPA by the kidney which is 

either stored (spot 5) or passed into the bloodstream;

2. Uptake of lOPA by the brain and heart where it is converted to 

dopamine and stored as spot 5 a-nd also possibly converted to 

noradrenaline. Dopamine is inactivated by I/IAO and CCl,IT.

The pathway for octopamine could come direct from tyrosine which has 

been shown to occur in the blood of Helix by Cottrell (l963) but the 

presence of tyramine was not indicated in the incubations v.lth tyrosine, 

but the level of cctopamine is similar to that of noradrenaline and 

this compound could not be picked up by the method used. Its

suggest it is involved in the uptake mechanism for dopamine in the 

brain.



Conclusion

ihe observations recorded in tills thesis on the parameters of 

release, storage and synthesis of acetylcholine and dopamine show that 

both systems are similar in that they involve a single step in 

metabolism in the brain:

Acetylcholine: synthesised from choline and acetate

Dopamine: synthesised from decarboxylation of DOPA.

The release parameters of acetylcholine show the presence of a single 

store which fits in v.lth the theory of vesicular release outlined in 

the general introduction. Other parameters for tliis nervous system 

are the same as those obtained by Bennett and Molachlan (l$72a and b) 

from the guinea pig cervical ganglion; that release is exponential, 

i.e. each stimulus releases a constant fraction of the store, also 

the amplitude mid duration of the postsynaptic response is dependent 

on the amount of transmitter stored in the presynaptic terminals.

These parameters could not be determined for Dopamine by the method 

used for acetylcholine, since the store could nut be depleted by 

stimulation. This was prevented by a very quick turnover mechanism 

for the replacement of transmitter, probably due to the presence of an 

amine pump- Therefore the Dopamine system ds more efficient in 

maintaining the store at a constant concentration compared with 

acetylcholine. This could be considered as major physiological 

difference between the two systems.
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