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I. Introduction

LASSICALLY the autonomic nervous system consists of two components,

choli.nergic and adrenergic nerves. The object of this article is to review the

evidence for a third nerve component in the autonomic system, which is neither

adrenergic nor cholinergic. Since the evidence presented in this review indicates
that the principal active substance released from these nerves, at least in the

gut, is a purine nucleotide, they have been called tentatively “purinergic” (120).
This term b.as been suggested for the same reasons put forward by Dale (165)

when introducing the terms “adrenergic” and “choli.nergic” nerves, namely “to

assist clear thinking, without committing us to precise chemical identifications,

which may be long in coming”, and because their description as “non-adrenergic,

non-cholinergic” nerves is clumsy and negative.
Hints of the existence of autonomic nerves other than those of the two classical

components can be found in the early literature. In 1898, Langley (364) noted

that stimulation of the vagus nerves could produce relaxation of the stomach.
This relaxation was best revealed after blockade of the excitatory action of

cholinergic fibres with atropine (379, 400). Relaxation was also demonstrated
more easily in stomachs with high tonus (271, 375, 380), or when the vagus nerve

was stimulated with high voltage or long duration pulses (546). In this early

work, it was usually assumed that the inhibitory responses were due to nerves

of sympathetic origin run.ning in the vagal trunks. Later, it was shown that

inhibition was due largely, if not entirely, to fibres of parasympathetic origin,

since relaxation of the stomach produced by stimulation of autonomic centres

in the brain was mediated by the vagus nerve itself (197, 198, 284, 493). Relaxa-
tion of cat stomach and mouse intestine produced by nicotine after exposure to
atropine or botulinus toxin was taken to indicate the presence of inhibitory post-

ganglionic neurones in the wall of the gut, but these too were regarded as adre-

nergic (10, 13).

The first hints that some of the inhibitory fibres to the vertebrate stomach

were not adrenergic appeared when adrenergic neurone blocking drugs were

used. The inhibitory response of the guinea-pig stomach to vagus nerve stimula-

tion was not prevented by these drugs (259) except by high concentrations of

bretylium sufficient to block transmission in ganglia (see Campbell, 141). Simi-

larly, Paton and Vane (434) showed that relaxations in response to transmural

stimulation of intramural nerves in the stomachs of cats, mice and guinea-pigs

were resistant to blockade by xylocholine. However, the authors favoured the

explanation that the inhibitory responses were due to adrenergic nerves that

persisted under these conditions because the nerves were being stimulated

peripherally to the site of action of the adrenergic neurone blocking drug.

Attention was focused on these nerves in the early 1960’s when transmural

stimulation of the guinea-pig taenia coil with single pulses of short duration was

shown to produce large hyperpolarisations or inhibitory junction potentials in
smooth muscle cells, which were associated with relaxation, and which persisted
in the presence of both atropine and guanethidine (122-124). That these re-
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sponses were nerve-mediated was estabilshed since they were abolished by low

concentrations of tetrodotoxin (109, 357) or by storage of the tissue at 4#{176}Cfor

more than 100 hr (357). Inhibitory junction potentials have also been recorded
in smooth muscle cells of the stomach during stimulation of the vagus nerves

(42, 64, 65). Details of the electrophysiology of transmission from non-adrenergic

inhibitory nerves to smooth muscle cells in different regions of the gut in several

species of mammals and birds are described in section IV.

Evidence that these inhibitory responses are not due to adrenergic nerves is

now conclusive. Relaxation of intestine produced by stimulation of perivascular

sympathetic nerves is prevented by low concentrations of alpha- and beta-ache-

noceptor antagonists or by adrenergic neurone blocking drugs, without affecting

the inhibitory responses to transmural stimulation (78, 106, 125, 173, 174, 297,

342, 465). Inhibitory junction potentials and relaxations in response to trans-

mural stimulation are unimpaired in the guinea-pig colon after degeneration of

sympathetic adrenergic nerves (225; see fig. 2). Relaxation of the guinea-pig

taenia coil in response to transmural stimulation or nicotine persists in organ

cultures (462) and in anterior eye chamber transplants (129) after all adrenergic

nerves have disappeared. In addition, transmission from intrinsic inhibitory

neurones has been demonstrated in avian gizzard (55) and mammalian anal

sphincter (240a), which are contracted by catecholamines.

More recent studies of the nervous control of the stomach (4, 42, 108, 141,
321-323, 395-397, 424), and of the effect of ganglion stimulants and blockers on

isolated gut segments (125, 249) provide strong evidence that the cell bodies of

non-adrenergic inhibitory nerves are located in Auerbach’s plexus. In the stom-

ach and distal rectum, the non-adrenergic inhibitory neurones are controlled

by pregangionic, parasympathetic nerves running in the vagus and pelvic trunks

respectively, but in the colon they do not appear to have extrinsic connections

(see sections III and VI for detailed evidence).

Studies of the chemical nature of the transmitter released from non-cholinergic,

non-adrenergic nerves supplying the gut have been carried out (126, 483, 520).

Evidence that the neurotransmitter is adenosine triphosphate (ATP) is presented

in detail in section II and discussed in relation to earlier suggestions of ATP

release during antidromic stimulation of sensory nerves (299, 300).
Subsequent sections consider in more detail various aspects of purinergic

nerves, including their ultrastructure (132, 467), the electrophysiology of trans-

mission, and their possible distribution in different organs and species. The

pharmacology of purine nucleotides and nucleosides is reviewed and the possi-

bility that the non-cholinergic, non-adrenergic excitatory nerves shown to supply

some organs (e.g., urinary bladder, intestine) may also be purinergic is con-

sidered. A model of the synthesis, storage, release and inactivation of ATP during

purinergic nerve transmission is presented as a basis for future work.

II. Identification of the Transmitter Substance

Several criteria need to be satisfied before a substance can be established as a
neurotransmitter (see for example Eccles, 191): 1) the substance and the enzymes
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necessary for its formation must be present in the neurone; 2) the substance

must be released from the terminal axon when the nerve is activated ; 3) the

effect of the transmitter released on nerve stimulation must be mimicked by the

exogenous application of the substance to the effector; 4) a mechanism for mac-

tivation of the substance must be present, whether it involves enzyme action or

uptake or both; 5) drugs which reduce or potentiate nerve mediated responses

should similarly affect the responses to the exogenously applied substance.

Evidence has been put forward that adenosine triphosphate or a related nucleo-
tide is the transmitter released by non-adrenergic inhibitory nerves in the gut

(126, 135a, 482, 483, 484, 520). The authors showed that, in broad outline, all

the above criteria for ATP to be established as the transmitter substance re-

leased by non-adrenergic inhibitory nerves were fulfilled. This evidence will be
considered under each of these criteria in this section.

A variety of substances other than ATP have been explored as the possible

transmitter released from non-adrenergic, non-cholinergic inhibitory nerves in

the gut, including catecholamines, 5-hydroxytryptamine, cyclic AMP, histamine,

prostaglandins, various amino acids such as alanine, arginine, histidine, glycine,

glutamic acid and a-amino butyric acid, and the polypeptides bradykinin and

substance P (14, 16, 78, 108, 125, 126, 285, 465, 500, 563). However, these sub-
stances were rejected as contenders by most workers on the grounds that they

were either inactive or did not mimic the nerve mediated responses, that specific

blocking drugs for these substances did not affect the nerve-mediated response,

or that their action was by stimulation of nerves and not by direct action on
smooth muscle. The suggestion has been made that prostaglandin E1 may be the

inhibitory transmitter in the circular muscle coat (346), based largely on the

observation that it was released from the rat stomach during transmural stimula-
tion (52), and that it inhibits the contractile response of the circular muscle to

coaxial stimulation. However, prostaglandin E1 cannot be the transmitter re-
leased from non-adrenergic inhibitory nerves supplying the longitudinal muscle

since both prostaglandin E1 and E2 produce contraction (345). The possibility

that there is a physiological or pathological role in gut motility for prostaglandins
released from tissues other than nerves has also been discussed (49, 51, 438).

A. Formation and storage of A TP

Both ATP and the enzyme systems which synthesize ATP occur ubiquitously

in cells, so that it is not contentious that non-adrenergic inhibitory nerves too are

able to produce and store ATP. This is not significant evidence in itself for ATP

as a neurotransmitter; the important question is whether ATP is stored in ter-

minal axons in such a way that it can be released during nerve stimulation. Recent

studies with radioactive tracers indicate that this is likely (520). Strips of taenia

coli were shown to take up large amounts of tritium-labeled adenosine, adenosine

monophosphate (AMP), adenosine diphosphate (ADP) and ATP (inosine or

adenine were taken up to a much smaller extent). Adenosine was rapidly con-
verted into and retained largely as 3H-ATP (about 25 % was accountable as
3H-AMP, 10% as 3H-inosine, but there was little or no 3H-ADP). More of the

labeled ATP was located in nerves than in muscle or other tissue components.



PURINERGIC NERVES 513

This was demonstrated by analysing the radioactivity in frozen sections cut

serially at different levels through preparations of the caecal wall and overlying

taenia muscle layer (Bevan, Su and Burnstock, unpublished observations) ; peaks

of activity were located in Auerbach’s plexus and in the outer, serosal region of

the taenia where the neural component consists largely of terminal varicose
fibres (62). Further evidence comes from studies of the radioactivity in prepara-

tions of chicken gizzard exposed to 3H-adenosine, dissected in such a way to

consist predominantly of either smooth muscle, connective tissue or nervous
components; about 6 times more label was located in nerves than in the other

tissues (Wright and Lynch, personal communication’L That much of the labeled
ATP is accessible to release during nerve stimulation is explained in the following

section (II B).

Evidence will be presented that purmnergic nerve terminals are characterised

by a predominance of large vesicles with a characteristic form, designated here

as large opaque vesicles (LOV), in order to distinguish them from the large
granular vesicles (LGV) found in adrenergic and cholinergic nerves (see section

IIIB). Isolation of this vesicle fraction by differential centrifugation and its

chemical identification will be necessary [cf. Lagercrantz (360) for adrenergic

nerve vesicles composition] before vesicle-bound storage of ATP in purinergic
nerves can be confirmed.

B. Release of purine nucleotides

Stimulation of non-adrenergic inhibitory fibres to the stomach in both toads

and guinea-pigs via the vagus nerves increases the venous efflux of adenosine

and inosine (126, 483). Adenosine and inosine collected under the conditions of

these experiments are likely to be the breakdown products of adenine nucleotides,

since ATP introduced into the same perfusing system is quickly broken down

into comparable proportions of adenosine and inosine (483).

That the release of nucleosides is due to stimulation of non-adrenergic in-

hibitory fibres in the vagus nerves rather than of cholinergic fibres was demon-

strated by the use of the toad stomach preparation. In this preparation, all the
preganglionic parasympathetic fibres in the vagus nerves make synaptic con-

nection with non-adrenergic inhibitory postganglionic neurones in the wall of

the stomach, while the postganglionic cholinergic fibres running in the vagus

nerves are of sympathetic origin (142). Stimulation of the vagal roots (or of the

vagosympathetic trunks) resulted in increased nucleoside efflux, but stimulation

of the cervical sympathetic branch to the vagus nerves did not (126).

The possibility must be considered that the purine nucleotides or nucleosides

released from nerves are not neurotransmitter substances but appear for other
reasons. For example, it has been suggested that ATP is released from nerve
membranes during propagation of an action potential (3, 351, 426). However,

the amount of nucleosides collected during stimulation of non-adrenergic in-

hibitory nerves has been calculated to be at least 1000-fold greater than that

released as a direct result of the process of axon membrane activation during

impulse propagation (126, 483).

It is unlikely that the nucleoside release during non-adrenergic nerve stimula-
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tion to the gut is derived from red blood cells trapped in the tissue vasculature,

since the tissue was perfused with oxygenated nutrient medium via the coeliac

artery for 20 mm to remove all traces of blood before samples were collected.
Nor is it likely to be largely due to release from muscle, since stimulation of por-

tions of Auerbach’s plexus from turkey gizzard dissected free of the underlying

muscle resulted in efflux of purmne nucleotides, in this case mostly AMP (126).

The avian gizzard has been shown to be heavily innervated by non-adrenergic

inhibitory nerves located in Auerbach’s plexus, which contains both nerve cell

bodies and varicose fibres (63, 64). Additional evidence that most of the nucleo-
sides are not released from smooth muscle cells themselves comes from experi-

ments with tritium-labeled adenyl compounds described below.
Holton (299) reported that ATP was released in the rabbit ear in concentra-

tions sufficient to produce vasodilatation during stimulation of the great auricu-

lar nerve. She suggested that the ATP was liberated from sensory nerve endings
after antidromic stimulation (see also 166, 280). However, this seems to be an

unlikely explanation for the release of nucleotides from stomach preparations,

since the fibres in the vagal trunk mediating gastric inhibition are preganglionic,

and therefore efferent, in both guinea-pigs (108, 141, 424) and toads (142) and

no effects on motility attributable to antidromic stimulation of vagal sensory

fibres have been observed. Furthermore, it has been shown that the non-adre-

nergic inhibitory response to stimulation of the vagal nerves supplying the

rabbit stomach was abolished after degeneration of the efferent, but not the

afferent, component, achieved by vagal section above the nodose ganglion 8 days

previously (B. Cragg, personal communication). In view of these results and of

the reports of efferent fibres in the dorsal root outflow (31, 143, 275, 276, 369,

494, 532), it would be interesting to examine the possibility that there are post-

ganglionic non-adrenergic, non-cholinergic fibres in the dorsal roots which supply
parts of the vasculature and intestine (see section VI).

The possibility that ATP merely accompanies the release of the “real” traiis-

mitter substance from non-adrenergic inhibitory nerves, rather than being itself

the neurotransmitter, cannot be excluded at this stage. However, inhibitory

activity was found in only one region of chromatograms of gastric perfusates and

this was solely attributable to the purmne nucleotides and nucleosides found in this

region. ATP has been shown to be released together with catecholamines from

adrenal medullary vesicles and whole glands (185), but Stj#{228}rneand his colleagues

(517, 518) were unable to find evidence of ATP release concomittantly with

noradrenaline (NA) from sympathetic nerves of the cat spleen and they con-

cluded that there were basic differences in the mechanisms of hormone secretion

and neurotransmitter release. Relatively large amounts of ATP are known to be
present in adrenergic nerves (202, 491, 516) and to be involved in both uptake

and release of NA in isolated adrenergic nerve granules (203). However, in a

recent review, De Potter (176) concluded that, when allowance is made for

mitochondrial contamination of the fraction enriched in NA, “the ATP con-

centrations, relative to catecholamines, in the two particles (i.e., splenic nerve

storage particles and adrenal chromaffin granules) are markedly different, much
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less being in the splenic nerve particles. Perhaps this result means that ATP does

not play such an important role in the binding of NA within the storage particles

of sympathetic nerves as has generally been believed.” Nevertheless, since

evidence for the release of neurotransmitter from adrenergic nerve terminals by

exocytosis gains support (504), it is possible that some ATP will be detected in

association with release of NA, chromogranin A and dopamine $-hydroxylase in

future experiments. Adrenergic nerves in the guinea-pig gut, rabbit aorta and

pulmonary ear arteries, after exposure to 3H-adenosine, have been shown to

release tritium-labeled compounds; however, unlike non-adrenergic, inhibitory

nerves, release of labeled nucleotide (as well as NA) was prevented by guanethi-

dine ( 520). No tiucleotides or nucleosides were collected from the perfusate after

Sel(�CtiVe stimulation of cholinergic nerves to the stomach ( 126).

More direct support. for release of ATP from non-adrenergic inhibitory nerves

to the gut comes from recent studies with radioactive tracers (520). Spontaneous

relaxation or that produced either by intramural nerve stimulation or by mcotine

in the preseiice of drugs which block the resl)onscs to cholinergic and adrenergic

nerves ( 125) is accompanied by a marked increase in release of tritium-labeled

material from tacnia coli incubated in �H-adeiiosine. This release is blocked by

tetrodotoxin (as is the mechanical response), suggesting that it is mediated by

nerves. That. release is not from muscle during changes in tone has been demon-

strated, since NA and histamine, which produce relaxation and contraction of

tlw t�1(�fli�t respectively, failed to CaUSe tritium release. rFll(, situation is corn-

plicated i)V thP release of label from adrenergic nerves, which are also able to

take up 3H-adcnosine (520). However, the release of tritium resulting from trans-

mural stimulation is iiot likely to be from adrenergic nerves, since the experiments

\V(�F(’ carried out in the pr’sence of guanet.hidine whicli � shown to j)reVdflt th(!

release of tritium-laheled nucleotides as well as NA.

Spontaneous inhibitory activity of two kinds is often observed in gut prepara-

tions. The first kind, the relaxant phase of pendular contractions, is probably

myogenic, since it persists in the presence of tetrodotoxin (226). However, the
second type of activity, consisting of large relaxations sometimes lasting more

than 30 sec which occur at fairly regular intervals, may be due to spontaneous

rhythmic discharges from non-adrenergic inhibit ory neurones, since they are

accompanied by a marked increase in release of tritium-labeled ATP from tissues

previously soaked in 3H-adenosine (Su, Bevan and Burnstock, unpublished ob-

servations). It is interesting that bursts of electrical activity which appear at

comparable ml ervals have been recorded from single ganglion cells in Auerhach’s

plexus (�74, SSO; Prosser, personal communication), and trams of spontaneous

hyperpolarisations resembling inhibit ory junction potent ials have been recorded

in the longitudinal muscle coal of the carp stomach (315).

(‘. l)ireet actions of purine flue/cot ides and flUe/cosides On .siiiooth muscle

The actions of purine nueleotides and nucleosides on smooth muscle other than

those of the gut will be dealt with in sections V and VI.

The inhibitory action of the puritie nucleosi(le, adenosine, on smooth muscle,
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including that of the intestine of cats and rabbits, was reported as early as 1929

in a study of the pharmacology of nucleic acid derivatives ( 187). Since then,

inhibitory actions of purine nucleotides and nucleosides on the gut of a variety

of mammals, birds and amphibians have been described (21-23, 32, 94, 126,

135a, 186, 212, 244, 312, 514, 564).

Evidence is presented in section IV that the transmitter released by tion-

adrenergic inhibitory nerves produces transient hyperpolarisations or inhibitory

junction potentials (IJP’s). The transmitter appears to act by producing a spe-

cific increase in the potassium conductance of the postjunctional muscle mern-

brane. It is therefore interesting to note that ATP causes hyperpolarisation of

smooth muscle cells of the taenia coli (21, 312, 383a) and further that the hyper-

polarisation produced by the direct action of ATP is reduced by high concentra-

tions of j#{231}+(22). However, not much weight can be placed on the similarities of

non-adrenergic inhibitory nerve and ATP action on the membrane potential until

it is possible to make accurate estimates of the reversal potential for the muscle

membrane under the influence of nerve-released transmitter and ATP respec-

tively.

The possibility that ATP might cause relaxation indirectly by initiating action

potentials in non-adrenergic inhibitory nerves was negated by the finding that

tetrodotoxin abolished the inhibitory responses of atropinised intestinal muscle

to stimulation of either perivascular or intramural nerves without affecting the

relaxation produced by ATP (94, 126, 229). However, the possibility remains

that ATP may cause release of an inhibitory transmitter by displacing it from

transmitter stores in the terminals without initiating propagated impulses, in an

analogous way to tyramine release of NA from adrenergic terminals.

The most potent inhibitory purine compounds on gut are ATP and ADP,

which are about equipotent, with a threshold concentration for relaxation of the

taenia coli of about 10� M (21, 126). Typically, the relaxation produced by ATP

or Al)P reaches a maximum and the muscle regains normal tone on washout

more rapidly than is seen in relaxations itiduced by catecholamines; very often

recovery begins before washout (126). In this respect the effects of ATP more

closely mimic the inhibitory response of the taenia to non-adrenergic iierve

stimulation than to adrenergic stimulation (125). The transient action of adenine

nucleotides on smooth muscle may be explained in terms of their rapid deamina-

tion in tissue to inosine derivatives which are pharmacologically inactive (21,

151). Burnstock et al. (126) found that AMP and adenosine had about �Ioo the

potency of ATP in causing relaxation of the taenia coli. No effect was found with

the following related compounds even with concentrations as high as 10� M:

the purine base, adenine; the deaminated nucleoside, inosine, and its mononucleo-

tide, IMP; the pyrimidine nucleotide, uridine, and its mononucleotide UMP.

However, the related guanosine mononucleotide, GMP, causes relaxations in

concentrations of about 3 X 10� M (21, 126). It is unlikely that cyclic AMP is

the transmitter released from enteric nerves, since the sensitivity of the gut to

this compound is relatively low (368). Thus it would appear that amongst this

group of compounds, ATP and ADP are the best contenders for the transmitter
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substance in view of their high inhibitory potencies. It now seems that, of the

two, ATP is the most likely transmitter, since 3H-adenosine taken up into the

taenia coli is rapidly converted and stored largely as 3H-ATP, with only traces

of 3H-AD1� detectable (520).

The direct action of adenine compounds on smooth muscle (like the responses

to non-adrenergic, non-cholinergic nerves) is not affected by drugs that block or

potentiate cholinergic transmission ( 187, 229) or by adrenergic neurone-blocking

drugs ( 126). Alpha- and beta-adrenoceptor blocking agents also fail to abolish

the action of ATP on mammalian gut (157).

While the predominant response of mammalian gut to AlP is relaxation,

excitatory responses of two kinds are sometimes revealed. This was described iii

a study ( 126) of the effects of ATP (in the presence of hyoscine) on 12 different

gut preparations shown to contain non-adrenergic, non-cholinergic nerves, iii-

eluding guinea-pig stomach circular muscle, ileum and descending colon ( 141,
224, 297), rabbit stomach circular muscle, ileum and descending colon ( 173, 224,

297, 434), rat gastric fundus, ileum and colon (278, 298) and toad stomach (142)

One kind consisted of contractions after washout of ATP, and is probably equiv-

alent to the phenomenon of “rebound excitation” that follows non-adrenergic

inhibitory responses (54, 123, 140, 226, 229, 564) rather than a direct response

to ATP. The second type of excitatory action occurred while the nucleotide was

still present in tIW organ bath aiid is ProI)al)lY a direct excitatory effect of ATP

( 126). Occasionally a brief contraction preceded relaxation ; in some preparatior is,

especially those in which the tone was commonly low (e.g., guinea-pig ileum arid

rabl)it stomach), contractions tended to occur only when high concentrations of

ATP were applied. Similar dual effects of ATP have also been reported on other

gut segments. For example, adenyl compounds have been reported to contract

(99) or relax (383) amphibian stomach, and to excite (105, 314, 410) or inhibit

(14, 32, 206, 406) the guinea-pig ileum. The possibility that these effects are

related to the presence of excitatory purinergic nerves will he discussed in section

V B.

D. Inactivation of A TP

The relatively rapid recovery of smooth muscle after application of ATP or

stimulation of non-adrenergic inhibitory nerves and the absence of long-lasting

action despite continued stimulation (see section IV A), indicate an efficient

inactivation mechanism.

By analogy with other neuroeffector systems, if the non-adrenergic inhibitory

nerves act on the gut by releasing AT1�, the action of ATP must be terminated

by uptake into nerves or smooth muscles and/or by breakdown of ATP by

enzymes into compounds with greatly reduced potency.

When ATP was added to a perfusion fluid recycled through the vasculature of

the stomach, very little ATP was recovered, but the perfusate contained sub-

stantially increased amounts of adenosine and mosine as well as some ADP arid

AMP (126). Dephosphorylation of ATP to AMP or adenosine would decrease

inhibitory potency to 3’ioo, and further breakdown by deamination to inosine
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would decrease j)Otellcy by more than �io.ooo� No direct evidence for the break-

down of ATP by enzymic activity is available, but the gut is known to contain

5’-nucleotidase and adenosine deaminase ( 565) . 1’�Ig-activated ATPase has also

been located in0 micropinocytotic vesicles in smooth muscle membranes closely

adjacent (200 A) to non-adrenergic, non-cholinergic nerve profiles (see section

III C).

Extracellular l)reakdown of ATP released from nerves would be analogous to

the mechanism of inactivation of acetylcholine (ACh) released from cholinergic

nerves by acetylcholinesterase. However, it is well known that localisation of

ATPase is intracellular as well as extracellular (see section III C’). Thus, by

analogy with the mechanism of enzymic breakdown of NA released from adre-

nergic nerves, where monoamine oxida.se (\IAO) is located intracellularly in

nerve terminals and both MAO and catechol-O-methyltransferase (COMT) in

smooth muscle cells, the pOssil)ility must be considered that some or all the

enzymes (‘apabl(� of breaking down ATP released from non-adrenergic inhibitory

nerves are intracellular. However, there is no direct. evidence available to support

this possil)ility, and it S(’(�m5 unlikely in view of the evidence presented below

that adenosine, but not nucleotides, can be taken up by the nerves.

H adioactive t racer studies have shown that tritium-labeled adenosine, ADP,

AMl� and ATP, but not inosine or adenine are taken up by gut preparations

(520). It seems likely that nucleotides are broken down to adenosine before

being taken up, in vie�v of the evidence that adenosine, but not nucleotides, can

readily jtL�s through cell membranes (370, 568, 570). This has been tested in

recent experiments in our laboratory ( Lynch, personal communication) which

have shown that when the adenosine moiety of ATP is labeled with tritium and

the l)hOsl)hate moiety labeled with �P in either the first or third position, the

rate of uptake of 3H into taeniia cob is considerably greater than that of �P.

This supports tlw view that tlw adenine nucleotides are broken down to adenosine

before uptake occurs. However, kinetic studies will need to be carried out before

this is verified. Since uptake of both 3H-adenosine and 3H-ATP occur indistin-

guishably within half a minute of exposure of the preparation to these labeled

compounds, breakdown of ATP to adenosine appears to he a rapid process. This

is in contrast to the results of uptake studies on red blood cells, where onset of

uptake of 3H-Al)P takes about 2 mm longer than for 3H-adenosine (90).

Inactivation of transmitter released from adrenergic and cholinergic nerves is

achieved essentially by mechanisms whereby the breakdown products of iieuro-

transmitter or the transmitter itself are taken up by the nerves and re-incorpo-

rated (after resynthesis in the case of cholinergic nerves) into physiological stores

(25, 103; fig. 3 a, hi. While there is no direct evidence at this stage for this type

of rnechannsm of biological economy in purinergic nerves, some support comes

fron� the observation that the overflow of tritium-labeled compounds from taenia

cob incubated in 3H-adenosine on stimulation of nion-adrenergic inhibitory nerves

at 5 pulses /sec [which produces a maximal inhibitory response for this nerve,

(126)] is low, whereas there is high overflow of tritium-labeled compounds with

stimulation at 30 pulses �sec (520). This suggests that adenosine resulting from
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extraneuronal breakdowni of nerve-released ATP max’ be takeni up againi by

nerves under physiological conditions but that, under the nion-physiological con-

ditions of high frequency stimulation, much of the additional adenosine produced

is degraded further to inosine. lurther support for this view comes from the

potentiating effects of the adenosine-upt ake iIihil)itor dipyridamole ( discussed

below).

�E. Antagonisimi and potentiation of responses to nerve stimulation an(l A TV

While the pharmacology of non-adrenergic, non-cholinergic iier�e tranismission

is considered in more detail in section V, the parallel action of some agents in

modifying the responses to stimulation of non-adrenergic inhibitory nerves and

directly applied ATP will be briefly described here, since this represents irn-

portant supporting evidence for ATP as the neurotransmitter substance.

Tachyphylaxis to A TV. Wheii tachyphylaxis to AlP is produced in the rabbit

ileum (333, 403), there is a consistent depression of the inhibitory responses to

non-adrenergic inhibitory nerve stimulation, but not to adrenergic nerve stimula-

tion (126).

Quinidine. Quinidine ( 1-5 X 10� g/ml) reduced or abolished the relaxationi

of the taenia coli l)rOduced by iioradrenahine and by perivas(ular adrenergic

nerve stimulation ( 126). \Vhen the concentration of (julinudinle was raised to

2 X 10� g/ml, the inhibitory responses to both ATP and noni-adrenergic in-

hibitory nerve stimulation were abolished . Still higher concent rations of (juinidine

were required before the tone and activity of the taenia were impaired. Quinidine

has also been shown to antagonise the inhibitory action of ATP on the rabbit

ileum (94). The effects of quinidine must be interpreted with caution, because of

the lack of specificity. Nevertheless, quinidine is one of the few substances which

has been shown to antagonise non-adrenergic inhibitory nerve action.

Dipyridamoie. Low concentrations of dipyridamole (10� to 5 X 10s g/ml),

a drug most commonly used as a coronary vasodilator (13S, 273, 419) have

recently been shown to potentiate the responses of the guinea-pig taema (in

terms of both amplitude and duration) to both non-adrenergic inhibitory nerve

stimulation and ATP, while, if anything, reducing the responses to adrenergic

nerve stimulation and NA (482). This drug has been shown to inhibit the uptake

of adenosine into the heart (301, 338) as well as into the taenia cohi preparations

(482). The way that dipyridamole potentiates the responses is discussed more

fruitfully in relation to the model for storage, release and inactivation of tranis-

mitter proposed in section V A.

F. Summary

Evidence that ATP is the transmitter substance released from non-cholinergic,

non-adrenergic inhibitory nerves includes;

1) ATP and the enzymes necessary for its formation are present in nori-adre-

nergic, non-cholinergic nerves. Tritiated-adenosine is taken up by the nerves,

transformed into, and stored as ATP (but not ADP) in such a way that it is

available for release during nierve stimulation.
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2) ATP and its breakdown products (AMP, adenosine and inosine) are re-

leased into the perfusate during stimulation of non-cholinergic, non-adrenergic

inhibitorv nerves. Tritium-labeled compound is released during stimulation of

these nerves in tissues previously exposed to 3H-adenosine.

3) The response of smooth muscle to ATP closely mimics the response to nerve

stimulation. Both are characterised by rapid onset of action, and this effect is

transient, l)eing maintained for no more than 20 to 30 sec ; both produce hyper-

polarisationi of the smooth muscle membrane. ATP and ADP are the most active

adenyl compounds, AMP and adenosine are about 100 times less active, while

inosine and adenine are �)harmacological1y inactive.

4) Enzymes capable of breaking down ATP to less active derivatives, including

ATPase, 5’-nucleotidase and adenosine deaminase, are present in tissues inner-

vated by non-cholinergic, non-adreniergic nerves.

5) When tachyphylaxis is induced by repeated administration of ATP, the

inhibitory respoiises to nioni-adrenergic nerve stimulation are abolished, while

the inhibitory responses to periarterial adrenergic nerve stimulation persist.

Quinidine blocks and dipyridamole potenitiates the responses to both non-adre-

nergic nerve stimulation and ATP.

III. Structure of Purinergic Nerves

A . Locatz(m of purinergic neurones

Iii the gut, the cell bodies or purinergic neurones are probably localised in

Auerhach’s plexus. Terminal axons of these neurones in the taenia coli extend as

far as the serosal surface and penetrate bundles of smooth muscle as well as

running in the larger extracellular spaces (62). Electrophysiological studies have

demonstrated that smooth muscle cells of both the circular and longitudinal

muscle coats of the guinea-pig and rabbit colon are supplied by terminal axons of

purinergic neurones (224, 503a). The diameters of axon profiles in nerve bundles
in the muscle coats range from 0.3 � to 1.5 �, suggesting that the terminal regions

of purinergic nerves are varicose as has been showii for other autonomic axons

(119, 377�u). The spatial spread of I.JP’5 muthe taenia coli led Bulbring and Tomita

(109) to conclude that t.he terminal axons of non-adrenergic inhibitory nerves

were probably several millimetres long.

Purinergic neurones in the stomach are under the control of preganglionic

vagal parasympathetic fibres, but in the colon they appear to have intramural

connections with ehohinergic neurones and are not controlled by either pelvic

parasympathetic or periarterial sympathetic extrinsic nerves. Both pre- and post-

ganglionic fibres in the pelvic nerves provide extrinsic non-adrenergic inhibitory

control of the distal rectum. (see section VI A).

Neurones in Auerbach’s plexus of mammals have been classified histologically

into two or sometimes three distinct types (17, 1�2, 183, 265, 286, 488). With

methylene blue staining, type I cells are blue, but the more granular type II

cells are violet; both cell types are confined to the plexus proper (286). Neurone

cell bodies in the gut wall have also been distinguished histochemically on the

basis of monoamine oxidase activity (234). Many ganghion cells in mammalian
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enteric j)lexuses stai Ii intensely for acetyiclioliniest eras� � ( ACh E) , but sonu’ do

not (265, 319, 335, � 526). Since no adrenergic nieuronie (Sell bodies have l)eeni

seeii with the fluorescence histochemical method in the mammalian gut, apart

from those in the guinea-j)ig proximal colon ( 153, 232), uiid since sensory neurones

are apparently largely confined to Meissner’s plexus ( 265, 4S�), it seems possible

that many of the neurones in Auerbach’s plexus which do riot stain for AChE

are purinergic. There is no specific staining method available yet for identification

of pun nergic nerves, but autoradiographic st udies followi rig uptake of tnt ium-

labeled adenosine may provide ut means of differentiating the different nerve

types both in whole mount preparations of Auerbach’s j)lexus arid in enteric

neurones grown in tissue culture.

Iii additioni to j)urinergic Iieurones in the gut wall, fibres which are neither

adrenergic nor cholinergic have been shown to supply a variety of organs (see

section VI for details). Some of these nerves are excitatory (for example, those to

the urinary bladder and segments of the gut in lower vertebrates), while others

are inhibitory (for example, those to the lung, and parts of the vascular system).

1\Ianv of them are �)oStganglionic ; for example, some reach the amphibian in-

testiiie iii the sympathetic periarterial flerveS and appear to originate in the

dorsal root ganglia; others (e.g., those to the bladder and distal rectum) have

been located in the pelvic outflow; while some appear to reach the stomach and

oesophagus in the vagal outflow. However, it. is not yet known whether any,

some, or all these nerves are purinergic or whether they release yet further neuro-

transmit ters. Exploration of the origin and distribution of these nerves is in its

infancy, so that no attempt to categorise them at this stage will he made.

B. Fine structure of temmiminals

It. is now generally accepted that autonomic nerve profihi�s which contain pre-

dominantly agranular vesicles are cholinergic, while those containing predomi-

nantly small (300-500 A) granular vesicles are adreniergic, at least in mammals

(119, 135, 196, 293; fig. la). In addition both cholinergic and adrenergic profiles

contain a small number (about 3-4%) of large (600-1500 A) granular vesicles

(86) which have also been called type I granular vesicles (261) or neurosecretory

vesicles (526). It is known that the large granular vesicles, like the small granular

vesicles, in adrenergic nerves are capable of synthesis, uptake and storage of

catecholamines (35, 66, 81, 176, 210, 231, 242, 293, 538). In contrast, the large

granular vesicles in cholinergic nerves do not take up catecholamines arid their

function is not yet known (132, 155).

A thir(l type of profile, which has been characterised by large numbers of mito-

chondria, usually with only two cristae, has been identified recently in smooth

muscle systems (fig. id). These profiles probably represent sensory nerves (128,

269, 317); serial sectioning of these nerves in the anterior cerebral arteries of the

rat showed that they could be traced back to myelinated fibres (132).

In addition to the three types of profile for chohinergic, adrenergic and sensory

nerves, a fourth nerve profile in association with smooth muscle has been de-

scribed. This is characterized by a predominance of large granular vesicles, which
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differ from thOs(’ seen in small numbers iii adrenergic or cholinergic nerves in

that they are bigger (800-2000 A) and do not have a prominent electron-trans-

parent halo between the vesicle membrane and its granular core (see fig. ic, 132).

This type of nerve profile sometimes also contains some small oblate or spherical

profiles with electron transparent cores, as well as mitochondria (467). Baum-

garten et al. (36), in their careful study of the mammalian large intestine desig-

nated these profiles as “p-type” fibres because of the similarity of the large

granular vesicles to those of polypeptide-storing neurosecretory nerves (485).

Many nerve profiles of this kind have been seen in the gut of a number of verte-

brate species (36, 62, 69, 132, 270, 411, 436, 437, 469, 470, 499, 523, 526, 528) in-

eluding human foetal gut (349), and in amphibian lung (467). Occasional pro-

files of this type have also been noted in other organs, including arterioles in the

rat jejunum and mesentery ( 180). In order to distinguish these vesicles from the

large granular vesicle ( LGV) seen in adrenergic arid choliiiergic nerves, the term

large opaque vesicle (LOV) has been introduced.

The strongest evideiice that nerve profiles containing large opaque vesicles

represent purinergic nerves comes from studies of the amphibian lung and marn-

malian gut. It’ has been shown recently that when the adrenergic nerves supply-

ing the toad lung are destroyed with 6-hydroxydopamine (6-OHDA), 1)0th the

purinergic inhibitory response to vagal stimulation (see section VI B) and the

profiles containing a predominance of large opaque vesicles remain unchanged

(467). These results are supported by the observation that treatment. with two

catecholamine-depleting drugs, ( metaraminol and reserpine) , while strongly

reducing the amount of catecholamine detectable in the lung by histochemical

and chemical assay techniques, did not deplete the cores of large opaque vesicles.

Adrenergic and p-type nerve profiles in the large intestine of man, monkey and

guinea-pig, were also shown to be differentially affected by 5- and 6-OHDA

treatment (35). IJP’s have been recorded in the intestine of the guinea-pig, after

adrenergic denervation (225) and profiles containing a predominance of large

opaque vesicles also persist. (Burnstock, unpublished observations). Large opaque

vesicles found predominantly in axon profiles in the mouse colon were unaffected

by reserpine, although this treatment was sufficient to remove the granular cores

FIG. 1. Intra-axonal structure of different autonomic nerves: a. Cholinergic (C) and
adrenergic (N) nerve profiles in the circular muscle coat of the va.s deferens of a rat treated

for 30 mm with 5-hydroxydopamine (5-OHI)A) (50 mg/kg). Note that both small and large
granular vesicles in the adrenergic profile have taken up the drug, but not the agranular

or large granular vesicles in the cholinergic profile. Osmium fixation. X 38,000. b. Adrenergic

axon profile in Auerbach’s plexus of chicken gizzard. In this case large granular vesicles
(LGV) (which take up 5- and 6-OHDA) are predominant. Note the electrontransparent

halo between the intravesicular granule and the limiting vesicle membrane. Osmium fixa-

tion. X 42,000. c. Non-adrenergic, non-cholinergic axon profile, * in large intestine of toad,

treated for 45 mm with 6-OHDA (100 mg/kg). The large opaque vesicles (LOV) (char-

acterised by granulation throughout the vesicle) contained in these nerves do not take up

6-OHDA. Note also the cholinergic nerve profile, C. (lirtaraldehyde-osmitirii fixation. X

48,000. d. Nerve profile, S, probably representing the terminal portion of a sensory nerve
fibre in the finch ureter. Note the aggregation of small mitochondria, absence of vesicles

and Schwann cell investment. The other axons, C, are probably cholinergic. Osmium fixa-

tion. X 48,000. [From Burnstock and Iwayama (132)1.
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from small granular vesicles in enteric adrenergic nerve profiles (499). Heserpinie

has also been shown to deplete the large granular vesicles in adrenergic nerves

of sympathetic (242) and central (262) nervous systems, although these yes-

ides appear to be more resistant to degranulation by amine-depleting drugs

than small granular vesicles (66, 537).
That the nerves containing large opaque vesicles are purinergic has been

given further support from a study of the fine structure of nerve profiles in Auer-

bach’s plexus of the avian gizzard (67, 69, 132). Cholinergic, adrenergic arid

purinergic nerves have been demonstrated physiologically in this tissue (64) and,

in addition to profiles with largely agranular vesicles, two different types of pro-

file containing predominantly large vesicles have been described. The large

granular vesicles in one type of profile are characterised by a size range of 900

to 1200 A with a dense granular core and a prominent halo between granules

and vesicle membrane (fig. ib) ; these vesicles are associated with catecholamines

and take up 6-OHDA. The second type of profile contains vesicles, which are

larger ( 1000-2000 A) and do not have a prominent halo between granule arid

vesicle membrane ; they are closely comparable to the large opaque vesicles de-

scribed for purinergic nerves in the lung and intestine arid are unaffected by

6-OHDA.
The evidence presented above that profiles characterised by a predominance

of large opaque vesicles represent purinergic nerves needs confirmation by more

direct evidence from specific histochemical or elect.ronmicroscopic-autoradio-

graphic methods. Becognuition of purinergic nerves by their ultrastructure will

help in the determination of their distribution in the body, especially when they

are present in small numbers and therefore not easily recogmsed from pharmaco-

logical studies.

It is not known yet whether the purinergic neuromuscular junction has any

special distinguishing features. All autonomic neuromuscular junctions are

complicated by the presence of muscle effector bundles with low resistance path-

ways (represented by “nexuses”) allowing electrot.onic spread of activity be-

tween neighbouring smooth muscle cells, arid also release of neurotransmitter

“en passage” from extensive terminal varicose nerve fibres (132). In addition,

the relationship of individual nerve varicosities to adjacent smooth muscle mem-

branes varies considerably in different tissues (119). For example, in the vas

deferens and iris, adrenergic nerve and muscle membranes are often separated

by as little as 150 A and specialisation of the postjunctional muscle membrane

in the form of subsynaptic cysternae is common (458, 459, 540). The situation

in the gut is different.. Axon arid muscle membranes seldom approach closer than

1000 A in the longitudinal muscle coat, including the taenia coli (62, 363, 456,

469, 526), although close neuromuscular contacts are often seen in the circular

mu.scle coat, with separation of nerve and muscle membranes of as little as 150 A

(101, 411, 470, 529). In the toad rectum, aggregations of micropinocytotic

vesicles in the muscle membrane apposinig the nerve terminals that. contain a

predominance of large opaque vesicles are common arid many represent some

postsynaptic specialisation (132). The significance of this feature in relation to

the localisationi of ATPase will he discussed below.
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C. H istochenuical localisation of adenosine triphosphatase and 5-nucleotidase and

distribution of adenosine deamninase

The distribution of the enzymes which can degrade ATP and its derivatives

is of interest because of the possibility that ATP is the transmitter released from

purinergic nerves. The role of these enzymes in purinergic transmission is (5Jfl�

sidered in the model proposed in section V A. Many enzymes with a wide varia-

tion in specificity can act to hydrolyse ATP. These include nonspecific alkaline

phosphatases, polyphosphatases, nucleoside t riphosphatases and specific adento -

sine triphosphatases.

Intracellular, as well as extracellular, localisation of these enzymes should be

considered in relation to the transmitter inactivation mechanism (see section

II D). Under certain conditions ATPase has been localised intracellularlv in

skeletal and cardiac muscle (362, 422, 508, 509). However, most of the histo-

chemical studies described below did not reveal high levels in intracellular sites.

This seems likely to be a reflection of the staining methods available rather than

a true picture, since biochemical studies on homogenates of liver (331), kidney

(361) arid skeletal muscle (332) have demonstrated ATPase activity in mito-

chonidrial, myosin and microsomal fractions. ATPase has also been shown in

vesicles isolated from the adrenal medulla ( 29) and adrenergic nerves ( 360).
A (len osine triphosphatases. Adenosine triphosphatases ( ATPases) are known

to be associated with a variety of physiological processes in which ATP is in-

volved in energy transfer, including muscle contraction, active transport, mo-

tility, synthesis, secretion etc., but it was stressed in a recent review that the

traditional concept of ATP as an energy source may not be its only role (28).

Although an extensive literature now exists describing ATPase localisation in

different. tissues, any general correlation of the published work at this stage is

complicated by variations in experimental conditions, species variation, and

lack of information about the functional significance of Mg-activated ATPases,

nucleoside triphosphatases, alkaline phosphatases and polyphosphatases (28,

87, 89, 324, 502). The specificity of histochemical staining methods for ATPases

has also been questioned (91, 254, 390, 405, 420, 432, 472) arid this must be

borne in mind when considering the reports of ATPase activity localised histo-

chemically in a number of autonomically innervated tissues (30, 70a, 89a, 216,

217, 382, 414, 431, 432). There seems to be some general agreement that ATPase

activity in intestine and in some blood vessels differs from its activity in other

tissues in that the staining is more intense and is not easily inhibited by the

ATPase inhibitor, para-chloromercuribenzoate (pCMB). It has been suggested

that high polyphosphatase activity in these tissues may account for the lack of

sensitivity of ATPase to pCMB inhibition (216, 432).

In an ultrastructural study of the localisation of nucleoside phosphatases in

the rat small intestine, Itostgaard arid Barrnett (474) confirmed the findings of

Freiman et al. (216) that the muscularis mucosae and the inmer part of the circu-

lar muscle layer show more intense activity than the rest of the muscle layers.

The enzyme they described acts on nucleoside di- and triphosphates, arid is

resistant to osmium fixation. A similar enzyme has been described in the smooth
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muscle cells of the toad bladder (34). The reaction product was locahised in the

micropinocytotic vesicles of the smooth muscle membrane (474). There was

little evidence of intracellular deposition with this method. With mouse bladder

smooth muscle, Lane (362) confirmed these results but, by altering the mcuba-

lion conditions, he was also able to show deposition in the agranular endoplasmic

reticulum. Nucleoside phosphatase activity has also been demonstrated in micro-

pinocytotic vesicle.s of capillaries in the rat heart (388, 389). ATPase has been

described on the membranes of unmyelinated nerves in rat intestine (474) , brain

(159, 536), retina (391) and periplwral nerves (421, 503).

A study has been carried out recently of the distribution of ATPase in purin-

ergically arid non-puriniergically innervated smooth muscle preparations ( 576).

At the light microscopic level, neither the cholinergic nor purinergic nerves

supplying the smooth muscle of the chick gizzard showed any ATPase activity.

However, adrenergic nerves in the guinea-pig iris and vas deferens showed in-

tense ATPase activity which, at the electronmicroscopic level, was clearly asso-

ciated with the Schwann cell membranes enveloping unmyelinated nerves, but

not with the axonal membranes. In gut preparations of toad and chick, which

are supplied by non-adrenergic, non-cholinergic nerves, the smooth muscle mem-

brane stains heavily for ATPase. This is particularly so in the circular muscle

coat, where, unlike the longitudinal coat, there are many close (150 to 200 A)

neuromuscular junctions [see Burnstock, (1 19)]. At the electronmicroscopic level,

ATPase has been shown to be localised in micropinocytotic vesicles in the smooth

muscle membrane (89a, 362, 474, 576). This might be significant in view of the

abundance of micropinocytotic vesicles which are characteristic of the smooth

muscle membrane adjacent to axons containing large opaque vesicles at close

neuromuscular junctions in the circular muscle of the colon and rectum (132,

411).

5’-Nucleotidase. 5’-Xucleotidase was first described by Reis (452), who demon-

strated the hydrolysis of adenosine 5’-phosphate and inosine 5’-phosphate over

a wide pH range, with an optimum at pH 7.8. The enzyme is highly specific for

the 5’ position and hydrolyses all pyrimidine and purine nucleotides to ortho-

phosphoric acid and the nucleoside. In general, the histochemical demonstration

of this enzyme has escaped the controversy that has surrounded the localisation

of ATPase (253, 378, 414, 442, 554).

The levels of 5’-nucleotidase vary greatly in different species (89a, 453, 454).

In the rat it is present in almost all tissues, while in the pigeon it is only found

in the lungs; levels of 5’-nucleotidase in the rabbit are generally low. The enzyme

is abundant. in the medial layer of arteries and arterioles. In a study of 5’-nucleo-

tidase distribution in human tissues, Freiman et al. (216) found high activity in

most smooth muscles, but not in cardiac or skeletal muscle, confirming earlier

reports (46, 378). However, Beis (452) found high levels of 5’-nucleotidase in

frog and rat hearts, but much lower levels in the hearts of other species including

dog, man, calf, pig, rabbit, fowl, turkey and pigeon. Dephosphorylation of A\IP

in the heart by 5’-nucleotidase has been demonstrated in vivo (36). Striking

variations in 5’-nucleotidase activity were found in the smooth muscle of the dog
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(216). No activity was seen in the oesophagus, stomach, muscularis mucosa, the

inner zone of circular muscle throughout the gut, uterus, prostate and the great

vessels. However, activity was strong in the longitudinal muscle of the intestine

and in the outer layer of the circular muscle. Polyphosphatase activity was also

weak in the circular muscle coat and strong in blood vessels. A wide and puzzling

variation in 5’-nucleot.idase activity has been observed in the small blood vessels

of dog and man (89a, 216) and also in rat (378).

Adenosine deaminase. Adenosine deaminase is found in most tissues ( 151 , 374,

408) , where it acts on adenosine at physiological pH to produce inosine, which

is pharmacologically inert. High levels have been found in the liver, spleen, small

intestine, testis and adrenal. Conway and Cooke ( 151) found the highest con-

centrations of adenosine deaminase in the vermiform appendix, duodenum and

jejunum of the rabbit, but there are likely to be species as well as organ differ-

ences in the distribution of this enzyme. It is also present in kidney, some other

smooth muscles and in cardiac muscle, but skeletal muscle contains AMP de-

aminase.

D. Sumnmnary

1) The cell bodies of purinergic neurones are localised in the gut wall, prob-

ably in Auerbach’s plexus. Terminal axons of these neurones supply the smooth

muscle of both longitudinal and circular muscle coats.

2) The terminal regions of purinergic nerves appear to be varicose as has

been shown for other autonomic nerves, with diameters varying between 0.3 �

at intervaricosities to about 1.5 .� at varicosities.

3) According to calculations based on electrophysiological studies, the purini-

ergic terminal axons extend for several millimeters.

4) Purinergic inhibitory neurones in the stomach and distal rectum are under

the control of preganglionic parasympathetic nerve fibres in the vagus and pelvic

nerves respectively, but in the colon they appear to have intramural connections

with cholinergic neurones and are not controlled by either parasympathetic or

periarterial sympathetic extrinsic nerves.

5) Some postganglionic non-adrenergic, non-chohinergic excitatory nerves to

the bladder and inhibitory nerves to the distal rectum are located in the pelvic

outflow, while others reach the oesophagus and stomach in the vagal outflow.

Postganghionic non-adrcniergic, non-choli niergic fibres which supply parts of the

vasculature and regions of the alimentary canal (particularly in lower verte-

brates) are postganghonic, run in the sympathetic nerves and some appear to

origmate in the dorsal root ganglia.

6) Purinergic nerve Profiles appear to be characterised by a predominance of

large vesicles that differ from the large granular vesicles ( LGV) seen iii small

numbers in adreniergic arid choliriergic nerves in that they are bigger (800-2000

A) and do not have a prominent elect ron-transparent halo between the vesicle

membrane arid its granular core; they have been termed large opaque i’esicles

(LOV). Thus purinergic nerve profiles can he distinguished from profiles of cho-

linergic nerves, which contain a predominance of small (300-500 A) agranular
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vesicles (AV), adrenergic nerves, which contain a predominance of small (300-

500 A) granular vesicles (SGV) arid afferent nerves, which are characterised by

large numbers of mitochondria.

7) Profiles of nerves which contain a predominance of large opaque vesicles

have been seen in the gut of many mammalian and non-mammalian species arid

in amphibian lung, where non-adrenergic, non-cholinergic nerves have been
demonstrated physiologically.

8) Nerve profiles containing a predominance of large opaque vesicles remain

after destruction of adrenergic nerves in the amphibian lung, bird stomach and

mammalian large intestine by 6-hydroxydopamine ; purinergic nerve responses

also remain unchanged under these conditions.

9) Mg-activated adenosine triphosphatase (Mg-ATPase) has been localised

histochemically in relation to autonomic nerve bundles, particularly those con-

taming adrenergic fibres. At the electronmicroscopic level ATPase is associated

with the membranes of Schwann cells apposing unmyelinated axon membranes.

10) In purinergically innervated gut preparations, ATPase staining is heavy

on muscle membranes and at the electronmicroscopic level this can be seen to be

located in micropinocytotic vesicles. This might he significant in view of the

abundance of micropinocytotic vesicles which are characteristic of the smooth

muscle membrane at close neuromuscular junctions in the circular muscle of the

large intestine where the nerves contain bOy.

11) 5’-Nucleotidase has been localised in the media of many, but riot all,

arteries and arterioles and in most visceral smooth muscles, particularly in the

longitudinal and outer circular muscle layers of the gut., but not in skeletal muscle

or in the cardiac muscle of most species.

12) Adenosine deaminase is found in most tissues with particularly high levels

in small intestine. It degrades adenosine to inosine, which is pharmacologically

inactive.

IV. Electrophysiology of Purinergic Transmission

Most studies of the electrophysiology of purinergic nerve transmission have

been carried out on the taenia coli of the guinea-pig (see Bennett and Burnstock,

57; Holman, 296), but inhibitory junction potentials have also been recorded in

the longitudinal muscle of the guinea-pig jejunum (285, 357), in longitudinal

and circular muscle of the guinea-pig and rabbit colon (224, 225, 503a), in chicken

and pigeon gizzard (63, 64, 65), in guinea-pig stomach (42, 43, 356) and in pig

and sheep intestine (Furness, unpublished observations).

A. Inhibitory junction potentials

Stimulation of intramural purinergic nerves with single pulses of short dura-

tion (<0.3 msec) produces transient hyperpolarisations or inhibitory junction

potentials (IJP’s) of up to 25 mV in single smooth muscle cells of the gut (43,

60, 63, 64, 109, 122-124, 225, 226, 285, 356, 357, 521, 553). IJP’s have also been

recorded in the stomach in response to stimulation of vagal nerves (42, 64, 65).

IJP’s are unaffected by adrenergic neurone blocking agents or sympathetic de-

nervation (see fig. 2), but are abolished by tetrodotoxin (42, 43, 60, 109, 225,
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2 sec

FIG. 2. Inhibitory junction potentials (IJP’s) recorded in smooth muscle of the atro-

pinised guinea-pig taenia (oil in response to transmural stimulation of the intramural

nerves remaining following degeneration of the adrenergic nerves by treatment of the

animal with 6-hydroxydopamine (250 mg: kg ip. for 2 successive (lays) 7 days previously.

Upper trace, mechanical record. Lower trace, changes in membrane potential recorded with
a sucrose-gap method (13(i). The junction potentials recorded with this method are qualita-

tively, but not quantitatively, similar to those recorded with intracellular nijeroelectrodes.

a. Responses to low frequency St inuilat iou (1/see) - Note the long latency and slow time

course of individual I.JP’s, and rebound excitation (spike and cont ra(-t ion) following
cessation of stimulation. b. Response to a stimulation freqirency of 3 see. Note summation

of individual IJP ‘s and rebound con t rae t ion. c. Response of a spout auieu usly act ive prepara-

tion to stimulation at 4/sec. Note that the hyperpolarisation maintained (luring repetitive

stimulation raises the membrane potential beyond the zone of spontaneous initiation of

action potentials and leads to relaxat ion. Rebound contract iou follows cessation of St imula-
tion. d. Responses to high frequency stimulation (30/sec) Note that iuidividual IJP’s fuse

and are represented by a maintained hyperpolarisatioun followed by depolarisation and
rebound excitationi on cessation of st imirlation.
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357). In contrast, stimulation of adrenergic nerves supplying the gut with single

pulses does not elicit IJP’s (59, 245, 429) ; hyperpolarisation and associated re-

laxations usually only occur in response to repetitive stimulation at frequencies

of more than about 5 pulses/see, and the hyperpolarisation rarely exceeds 10 to

20 mY.

Repetitive stimulation of puriniergic nerves results in summation of individual

IJP,s and hyperpolarisation of up to 50 mY. There may be some facilitation

of the first 2 or 3 IJP’s in a train (224). The amplitude of IJP’s in response to
single stimuli can be graded with increasing strength of stimulation up to a

maximum of about 25 mV, whereas the maximum amplitude reached during

repetitive stimulation is about 50 mY. The time taken to reach maximum hy-

PerPolansation during repetitive stimulation (10 pulses/sec or more) is slightly
shorter than that of the rise time of a single IJP ; when maximum hyperpolarisa-

tion is reached, the response begins to decay in spite of continuing stimulation.

At stimulation frequencies of 30/sec or more, the relaxation is rarely maintained

for more than about 15 sec. Even at physiological frequencies of 5 to 10 pulses/

sec (125), the response begins to weaken after more than 20 to 30 sec.
The latency of the response to postganglionic stimulation of the intramural

�)urmergic nerves in the gut of various species is long (about 45-80 m.sec) relative

to the latencies of adrenergic excitatory junction potentials recorded in non-

intestinal smooth muscle (about 6-20 msec) and to those observed at. the mam-

malian motor end plate (about 0.2 msec) (see table 1). This long latency of the

IJP, however, appears to be comparable to that of cholinergic excitatory june-

tion potentials (E.JP’s) recorded in response to postganglionic stimulation in the

guinea-pig taenuia coli (55) and in chick oesophagus (423), although in more

recent publications (224, 285) latencies of EJP’s in the guinea-pig colon arid

jejunum have been reported to be as short as 15 to 20 msec (see table 1) . The

latency figures quoted in table 1 represent the time between stimulation of ter-

minal nerve fibres and the appearance of the junction potential. They do riot

represent synaptic delay, since they include the time taken for nerve conduction.

In a study of synaptic delay in the mouse vas deferen.s, Furness (228) plotted

latency again.st distance and the delay for zero distance was obtained by ex-

trapolation. A minimum latency of 5.1 msec was recorded when microelectrodes

were placed within 100 to 300 �m of the cathodal stimulating electrode, of which

0.1 to 0.7 msec was calculated to be due to the nerve conduction time. Thus it

was concluded that there was a synaptic delay of 4 to 5 msec for this tissue,

with a conduction velocity of 0.46 to 0.6 m/sec in the terminal regions of the

adrenergic nerve fibres. In the taenia coli, measurements of the increase in

latency of the IJP at increasing distances between stimulating arid recording

electrodes implied a conduction velocity of 10 to 20 cm/sec in the terminal

regions of purinergic nerves (109). Whether the long delay time of the IJP arid

also the EJP is due largely to presynaptic or postsynaptic factors is not yet

known (57, 131, 296). It seems unlikely to represent the time required for tranis-

mitter to diffuse from nerve-terminals to the effector sites [see Furness (228),

who calculated a negligible delay of 10� sec for diffusion of transmitter across a
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TABLE 1

Comparison of the latency and time course of junction potentials in response to
stimulation of posiganglionic nerves

� Mini-
Preparation mum � Rise Time Total Ref-

Latency � Duration erence

msec msec msec

Inhibitory junction Guinea-pig taenia coli 80 200-500 1000 60

potentials (pu- 140 200-300 109
rinergic) Rabbit colon 80 150-250 800-1200 224

Guinea-pig colon 45 150-250 800-1300 224

Pigeon gizzard (anoxic) 70 150-250 500-1500 64
Guinea-pig jejunum 50 120-280 1000 357
Guinea-pig stomach 150t 200-300 1000-1800 42

Excitatoryjunction Guinea-pig colon 15 150-200 400-700 226

potentials (cho- Guinea-pig taenia coli 100 100-200 500-800 54
linergic) Chick oesophagus 90 150-250 700-950 423

Pigeon gizzard (anoxic) 70 430-900 64
Guinea-pig jejunum 20 285
Guinea-pig stomach 150t 200 400-500 42

Excitatory junction Guinea-pig vas deferens 20 15-20 (half 1000 130

potentials (adre- rise time)
nergic) 6 40 500 354

Mouse vas deferens 10 10-20 100-250 296
5 28-34 228

Cat nictitating membrane 20 50-80 500 192
Rabbit ear and mesenteric 12 70-100 500-1000 512

arteries
Guinea-pig uterine artery 20 900-1000 48

End-platepotential Cat skeletal neuromuscu- 0.2 0.6 2-3 97
lar junction

* The figures tabled for autonomic junctions do not represent synaptic delay, since they

include the time taken for nerve conduction (see text page 530).

t These figures for the latency of junction potentials in the guinea-pig stomach were

recorded following preganglionic stimulation of the vagus nerves.

200 A synaptic cleft in the vas deferens] even though the minimum separation

of nerve and muscle in the taenia appears to be of the order of 1000 A (62).

Latency measurements are highly temperature dependent (228).

The time course of IJP appears to be comparable, or perhaps slightly longer,

than that of cholinergic EJP’s recorded in the gut, but considerably longer than

that of adrenergic EJP’s recorded in the vas deferens and very much longer

than the end plate potential (see table 1). The rise time of the IJP is about 150

to 250 msec; the decay time to half maximum is 200 to 400 msec and is approxi-

mately exponential, while the total duration of the IJP is of the order of 1 sec.

The long time course of the IJP has a functional basis; the maximum rate of

spontaneously firing action potentials in the taenia coli is about 1/sec (115, 295,
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325), so that an IJP lasting for about 1 sec would inhibit spike initiation and

thus bring about relaxation.
The reasons for the long time course of the 1W, or for that matter all auto-

nomic junction potentials, need further exploration. It seems unlikely, according

to calculations made from measurements taken from serial electronmicroscopy
of autonomic neuromuscular junctions, that the long time course is due to

asynchronous release of transmitter from the varicosities as a result of slow

conduction of the action potential along the terminal regions of the nerves, or to

the time for diffusion of transmitter from the varicosities to the muscle cells
(57, 61, 131, 228). Two further possibilities remain: that the time course of the
junction potential is determined by the rate of inactivation of the neurotrans-

mitter or that it is determined by the electrical properties of the smooth muscle

effector bundle. Fumess (228) argues against the first possibility for the vas

deferens largely on the grounds that there is a striking decrease in decay time of

the EJP when the potassium concentration is increased and that high potassium

would, if anything, reduce the rate of uptake of NA released from the nerve (85).

The explanation for the long time course of junction potentials most favoured

at the present time is that it is determined largely by the passive electrical prop-
erties of smooth muscle (57, 229, 296). Tomita (533) has shown that an electrotonic
potential set up in the smooth muscle cells of the vas deferens by large external

electrodes decays with a time constant of 100 rnsec, which is of the same order

as the decay constant for the EJP in this tissue.
When the membrane potential of a single smooth muscle cell in the taenia coli

is increased or decreased by passing current across the membrane, the amplitude

of the liP in the majority of cells is not altered (62). This result implies a high

degree of electrotonic coupling between neighbouring muscle cells and is con-
sistent with the observation of many “nexuses” or areas of low resistance be-

tween muscle cells in the taenia (62, 469, 534, 535).
Spontaneous hyperpolarisations with about the same time course and ampli-

tude as IJP’s have been observed on rare occasions (59, 224, 315). They may

represent the spontaneous release of packages of transmitter from terminal

regions of nerves, but it is possible that they are the result of nerve impulses
generated spontaneously in purinergic neurones in the myenteric ganglia (see
section II B).

B. Rebound excitation

A characteristic feature of the responses to stimulation of purinergic nerves is

the rebound excitation which follows the main inhibitory response (42, 54, 122,
140, 226, 229, 564). Rebound excitation usually occurs at the end of stimulation,

but may also “break through” during a period of repetitive stimulation, especially

at high frequency. The electrical activity associated with rebound contractions
consists of depolarisation after cessation of the hyperpolarisation produced by
purinergic inhibitory nerve stimulation (see fig. 2). The membrane potential

usually depolarises beyond its original level, with the result that the frequency
of spike discharge, and therefore contraction, is greater than that seen before
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nerve stimulation. In preparations where there are no spontaneous spikes and

associated contractions, stimulation of the inhibitory purinergic nerves still pro-

duces hyperpolarisation. Since this is followed by rebound depolarisation and

subsequent initiation of spike activity, the result is to produce contraction rather

than relaxation. The mechanism of rebound excitation is not known (57, 226,

229), but it is significant that it also occurs after hyperpolarisation induced by
both external and intracellularly applied currents (226, 358, 533).

C. Postsynaptic action of transmitter

Studies have been made of the ionic basis of the IJP (56, 58, 285). The results

of varying the ionic composition of the bathing solution suggested that the trans-
mitter caused a specific increase in K+ conductance, i.e., the equilibrium potential

for transmitter action was approximately the same as the K� equilibrium po-
tential (EK). No evidence was found for increase in anion conductance. Deter-

minations of the increase in membrane conductance in response to purinergic

nerve stimulation are complicated by the low resistance pathways between mus-

cle cells. This makes observations of 1W amplitude in cells difficult to interpret,
since changes in membrane potential induced by current flow from intracellular

electrodes depend on the extent of coupling with neighbouring cells (62). The
hyperpolarisation produced by catecholamines or sympathetic stimulation of the
taenia coli is slower and smaller than that produced by purinergic nerve stimu-

lation. There is evidence that noradrenaline increases both K� and Cl conduct-
ance of smooth muscle in addition to its metabolic action (355). This might

explain the difference in degree of hyperpolarisation produced by stimulation of
adrenergic and purinergic nerves, i.e., the membrane potential might be at

equilibrium somewhere between E� and Ecr under the inhibitory action of

adrenergic nerves, but close to E� during the action of purinergic nerves.

Low (Ca)o and high (Mg)o have been reported to have no effect on the IJP

(285); this surprising observation needs further exploration.

D. Interaction of purinergic with cholinergic and adrenergic responses in single cells

In the absence of specific blocking agents, the response of most smooth muscle

cells of the taenia coli to transmural stimulation appears to be a mixture of in-
hibitory and excitatory junction potentials. Only small groups of cells are en-

countered which receive a predominantly cholinergic excitatory innervation
(55). Occasionally, cells are found which respond to transmural stimulation with

a diphasic response consisting of depolarisation followed by hyperpolarisation.
In the presence of atropine, IJP’s in response to single pulses can be seen in con-
sistent form and amplitude in the majority of cells (60).

Stimulation of the pelvic nerves in rabbit and guinea-pig evoke EJP’s in most

cells of both the longitudinal (224, 245, 246) and circular muscle coats (224) of

the colon, but transmural stimulation produces EJP’s in only about 5% of the

cells, liP’s being recorded in the remainder (224). It seems likely therefore that
cholinergic nerves innervate all the muscle cells, but that when transmural
stimulating electrodes are used, the IJP dominates the response. This conclusion
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has been supported by experiments with the guinea-pig colon in which the inter-

action of EJP’s and IJP’s in individual smooth muscle cells was studied during

extrinsic stimulation of cholinergic nerves and transmural stimulation of purin-

ergic nerves (224). It was shown that the liP was capable of obliterating the

EJP, but the reverse situation was never observed. This suggests that the con-

ductance change underlying the IJP may be considerably greater than that of

the EJP. The possibility of occlusion at a ganglionic level, as suggested by the
hypothesis of Kottegoda (345), seems unlikely, since stimulation of intrinsic in-

hibitory nerves by transmural electrodes is largely postganglionic (224).

Studies of the interaction of nerve-mediated excitation and inhibition of single
smooth muscle cells have also been carried out in the avian (chick and pigeon)

gizzard (65) and in guinea-pig stomach (42). In contrast to the situation in the

colon (224), the EJP appeared to dominate the IJP in most muscle cells of the
guinea-pig stomach when both cholinergic and purmnergic nerves were stimulated

together (42). This difference may be accounted for in terms of the smaller

amplitude of IJP’s evoked by preganglionic nerve stimulation in the stomach,

compared with the larger IJP’s recorded in the colon resulting from transmural
stimulation of many postganglionic purmnergic nerves. Some cells in the guinea-

pig stomach receive only vagal inhibitory innervation; other cells are innervated

solely by cholinergic excitatory nerves (42). Purinergic nerves may selectively

innervate pacemaker regions in the stomach, since spontaneous action potentials

were blocked by stimulation of purinergic nerves even in cells where IJP’s were

not recorded. In the bird gizzard, transmural stimulation frequently evoked an

EJP followed by an liP in the same cell (65). Cells were encountered which
responded to stimulation of the vagus nerve with an EJP and to perivascular

nerve stimulation with an liP; other cells showed the opposite responses. EJP’s

evoked in the same cell by both vagal and perivascular stimulation summed

with each other. Some cells responded with IJP’s to both vagal and perivascular

stimulation.

E. Summary

1) Transient hyperpolarisations or inhibitory junction potentials (IJP’s) have

been recorded in single smooth muscle cells in both the circular and longitudinal

muscle coats of the guinea-pig, rabbit, pig, sheep, chick and pigeon gut in re-

sponse to stimulation of enteric nerves.

2) IJP’s persist in the presence of atropine and adrenergic neurone-blocking

agents or after degeneration of sympathetic adrenergic nerves, but are abolished

when nerve conduction is blocked by tetrodotoxin.

3) Repetitive stimulation of purmnergic nerves results in summation of in-

dividual IJP’s and hyperpolarisations of up to 50 mV; there may be facilitation
of the first 2 or 3 IJP’s in a train.

4) A feature of purinergic transmission is the rapid decay of the response to
repetitive nerve stimulation; the amplitude of response is rarely maintained for
more than 20 to 30 sec even at physiological frequencies of 5 to 10 pulses/sec.

5) The latency of the IJP in response to stimulation of postganglionic purin-
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ergic nerves is about 45 to 80 msec. This latency appears to be slightly longer

than that recorded for cholinergic EJP’s recorded in gut. It is long compared to

the latency of adrenergic EJP’s in non-intestinal smooth muscle (about 10 macc)

and of end plate potentials at the mammalian skeletal neuromuscular junction
(about 0.2 msec).

6) The terminal regions of purmnergic nerves conduct impulses at 10 to 20

cm/sec.

7) The time course of IJP’s recorded in smooth muscle of the gut has a rise

time of 150 to 250 macc and a total duration of 800 to 1200 macc. This is com-
parable to the time course of cholinergic EJP’s recorded in gut muscle, but long

compared to adrenergic EJP’s recorded in the vas deferens. The reasons for this

long time course (and also for long synaptic delay) are discussed.

8) There is evidence for spread of IJP’s between neighbouring smooth muscle

cells through low resistance pathways which correspond morphologically to
‘ ‘nexuses.”

9) Spontaneous IJP’s occur, but mostly only in low frequency trains.
10) A characteristic feature of the response to stimulation of purinergic nerves

is rebound depolarization associated with spikes and contraction, following the
hyperpolarisation produced during the main inhibitory response. Consequently
in low tone preparations, particularly those with little or no spontaneous spike

activity, stimulation of inhibitory purmnergic nerves can result in long latency
contraction rather than relaxation.

11) There is evidence that the transmitter released from purmnergic nerves

acts by producing a specific increase in K+ conductance; this is in contrast to

evidence for the action of noradrenaline released from adrenergic nerves which
produces an increase in both K+ and C1 conductance. Low Ca� and high Mg++

appear to have little, if any, effect on the IJP.

12) Studies of the interaction of responses of single muscle cells to stimulation

of enteric, intrinsic and extrinsic nerves suggest that most cells receive both
cholinergic excitatory and purinergic inhibitory innervation. When both nerves
are stimulated together postganglionically, the IJP usually dominates in the

colon, but the reverse occurs in the stomach in response to preganglionic stimu-
lation of the nerves. A few groups of cells appear to be supplied exclusively by

excitatory cholinergic nerves; other cells appear to be innervated solely by

purinergic inhibitory nerves. The inhibitory response of muscle cells to sym-

pathetic nerve stimulation is weak even with repetitive stimulation and, in

many regions of the gut, is probably largely the result of overflow of NA from

directly innervated structures such as enteric neurones and blood vessels.

V. Pharmacology of Adenyl Compounds and Purinergic Transmission

The high sensitivity of various smooth muscles to adenyl compounds was

recognised long before the existence of purinergic nerves was suggested. How-

ever, there have been few studies on drugs which affect responses to purine

nucleotides that help in the search for compounds that will block or potentiate

purmnergic transmission.
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A. Model of synthesis, storage, release and inactivation of ATP at the purinergic

neuromuscular junction

On the basis of the information summarised in the earlier chapters and by

analogy with the pathways known for cholinergic and adrenergic systems (fig.

3 A, B), a tentative model of the synthesis, storage, release and inactivation of

ATP during purinergic nerve transmission is proposed in figure 3C. This is in-

tended to provide a basis for discussing the action of a variety of different drugs

and to act as a stimulus to further studies in the field.

In this section of the review, drugs will be considered which have been shown

to antagonize the action of adenyl compounds and those which have been shown

to potentiate their action on a variety of preparations, although these drugs con-

sist of a remarkable collection of largely unrelated compounds. Reports of the

actions of these drugs on the responses of smooth muscle to stimulation of

purinergic nerves will be included, wherever they have been examined. Even-

tually drugs may be found which reduce or augment purinergic transmission by

acting at specific stages such as: ATP synthesis (although, unless these drugs

are selective for the transmission process, they are unlikely to be useful); ATP

release; ATP breakdown by ATPase, 5’-nucleotidase and adenosine dearninase;

postsynaptic ATP receptor action (including analogues and derivatives of ATP);
and adenosine uptake.

Fia. 3. Schematic representations of synthesis, storage, release and inactivation of

autonomic neurotransmitters at: A, cholinergic; B, adrenergic; and C, purinergic neuro-
muscular junctions.
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Experiments with blockers or potentiators of a substance like ATP, which is
widely involved in a number of vital cellular processes, including muscle con-

traction, must be interpreted with great care. In particular, even if a drug is

shown to have parallel actions on the responses to purinergic nerve stimulation

and to ATP, it is important to eliminate the possibility that the effect may be

non-specific by also examining its affect on responses to unrelated excitatory and

inhibitory substances such as histamine or noradrenaline. In spontaneously

active gut preparations, care must also be taken that apparent changes in ampli-

tude of a response in the presence of a blocking or potentiating drug are not
secondary effects due to changes in tone.

B. Inhibitory and excitatory action of adenyl compounds

If the extrinsic or intramural autonomic nerves supplying a large variety of
isolated smooth muscle preparations are stimulated in the presence of atropine

and adrenergic neurone blocking agents, nerve responses are often revealed
which may be inhibitory or excitatory or a mixture of both. In most prepara-

tions so far examined, these responses are mimicked by the direct action of

ATP (16, 126, 127, 135a, 507) : if the nerve-mediated response is relaxation (as it

is in most mammalian gut segments), then ATP causes a mimicking relaxation;

if the nerve-mediated response is contraction (as is the case in the intestine of

lower vertebrates or in the urinary bladder), then ATP also causes contraction;
if the nerve-mediated response is diphasic (usually relaxation followed by con-

traction), then ATP produces an identical diphasic response. In those prepara-
tions which are supplied by both non-adrenergic inhibitory and non-cholinergic

excitatory nerves (e.g., guinea-pig ileum, toad stomach), the responses to trans-

mural stimulation and applied ATP do not always concur, but this may be
explicable in terms of the geometry of electrode placement in relation to the two

types of nerve fibres. This situation may be comparable to adrenergic excitatory

and inhibitory control of adjacent regions of the gastrointestinal tract [see Furness

and Burnstock (230)].

Atropine-resistant contractions of the longitudinal muscle of the intestine in

response to nerve stimulation have been demonstrated in the guinea-pig (14, 50,

78, 178, 226, 229, 344) and cat (220-222). It has been shown that these contrac-

tions are not mediated by histamine, 5-HT, prostaglandins or catecholamines

(15, 49). Some of the contractions appear to be due to rebound excitation follow-

ing stimulation of non-adrenergic inhibitory nerves (229). The response of in-

testinal segments to ATP in fish, amphibians and reptiles is predominantly or

exclusively excitatory, as are also the responses to nerve stimulation in the

presence of adrenergic and cholinergic blocking agents (135a, 507).

In recent studies of the mammalian bladder, the excitatory response to non-

cholinergic pelvic nerve stimulation has been shown to be mimicked by ATP

more closely than by any other excitatory substances tested so far (16, 127,

190).

These observations raise the possibility that receptors mediating either relaxa-

tion or contraction may exist for ATP released from purmnergic nerves. This
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would not be surprising, since comparable dual effects are already established for

the action of both cholinergic and adrenergic nerves on autonomic effectors (8).

Receptors for catecholamines have been separated into two types, alpha and

beta, which are distinguished by the relative potencies of adrenaline, nor-

adrenaline and isoprenaline (8). These receptors may mediate excitation or in-

hibition, depending on the tissue, and in many tissues mediate antagonistic

responses (9, 539). The possibility has been examined that two types of ATP

receptors can be distinguished by the criteria developed for adrenoceptors. Thus

the potencies of different members of the adenine nucleotide series (ATP, ADP,
AMP and adenosine) were studied on a variety of tissues, including guinea-pig

taenia coli and bladder and lizard and toad ileum (135a, 505, 507). In these prep-
arations, regardless of whether the response was inhibitory or excitatory, ATP
was usually the most potent, the order being ATP � ADP > AMP � adenosine.

Studies of the relative potencies of nucleotides and nucleosides on other tissues

have generally given the same result. This has been shown for cardiac responses

(260), vasodilatation of coronary vessels (260, 514, 571, 572), vasoconstriction

of lung vessels (236), and responses of uterus (244, 556) and bronchiolar muscle
(79). Thus, the different actions of adenine nucleotides in causing contraction or

relaxation of smooth muscle do not appear to reflect different receptor types

which are distinguishable on the basis of relative potencies as is the case for

adrenoceptors. However, in view of the recent evidence for rapid uptake of

adenosine, but not adenine nucleotides or inosine into purmnergic nerves (section

II D) it is possible that the true order of potency is being obscured in isolated

organ experiments.

The possibility of distinguishing different muscle receptors for adenyl com-

pounds on the basis of the differential action of blocking agents has also been

explored (see table 2). In a careful study of the effect of adenyl compounds and

their antagonists on the isolated uterus of guinea-pigs, kittens, rats and rabbits,

Arulappu (20) concluded that two different receptors were involved: one re-

ceptor (related to the contractile action of adenosine) was blocked by the pheno-

thiazines and the dibenzazepines; another receptor (related to the relaxing action

TABLE 2

Excitatory and inhibitory actions of adenyl compound8: blocking action of

quinidine and phenothiazine*

Quinidine
Phenothiazine

Gut Bladder Uterus

ATP
relaxation

(mammals)

+t
-

ATP Cont�5c
tion (lower

vertebrates)

+
I -

ATP Adenosine

COntraCtion relaxation

+ -i

- I

Adenosine
relaxation

+

-

I Adenosine
contraction

-

I +

* [From Arulappu (20), Burnstock et al. (126, 127), and Sneddon et al. (507)].

t +, Block.
-, No effect.
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of adenosine) was blocked by quinidine. Quinidine has been shown to block the

excitatory action of ATP on the gut of lower vertebrates (507) as well as the

inhibitory action of ATP on mammalian gut preparations (126). In the bladder,

the contraction produced by ATP or by non-cholinergic, non-adrenergic nerves

was blocked by quinidine, but the inhibitory action of adenosine was not (127).

A few observations have been made about structure-action relationships

among purine derivatives (see fig. 4). Activity is increased by attaching a ribose

a) Purine b)Adenine

0�00 I
OPOPOPOCH

000

OH OH

OH

Fio. 4. Molecular structure of: a) purine; b) adenine; c) adenosine; d) adenosine 5-
triphosphate; e) inosine.
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group to the purine nucleus; adenine (fig. 4b) has Mo to -�o the potency of the

adenine-ribose complex, adenosine (fig. 4c), in producing heart block in guinea-

pigs (53). The ribose residue itself is not active (522). The presence of an amino

group on the purmne ring is necessary for the activity of these compounds (53,
320, 522); inosine (fig. 4e), the deaminated metabolite of adenosine, has little

pharmacological action on smooth muscle (see section II C). The position of the

amino group on the ring also affects activity ; 2-amino purine riboside produces
a positive chronotropic effect, while 6-amino purine riboside (adenosine) gives

the opposite effect (320). A phosphate group attached to the D-ribose is not
essential for the negative chronotropic effect of adenosine, but its position never-
theless modifies the nature of the effect (320). The addition of phosphate groups

to adenosine increases its pharmacological activity (236; Satchel, personal corn-
munication). Boyd (95a) has recently pointed out that the separation of 4 to

6A between the charged centres in the ATP molecule is similar to the separa-

tion of charged centres in the established neurotransmitters, noradrenaline and

acetyicholine, as well as in 5-hydroxytryptamine, “y-aminobutyric acid and gly-
cine. This similarity in molecular conformation, while not constituting proof of
similarity of action, was taken as support for the hypothesis that nucleotides

may serve as nerve transmitter substances. In the urinary bladder, adenyl corn-

pounds containing a pyrophosphate bond produced excitation only. However,

sodium pyrophoshate alone had no effect on the bladder, indicating that both a

purine compound and a pyrophosphate group are necessary for excitatory activity
(127). In contrast, adenosine (but not inosine or guanosine) caused inhibition of

the bladder.
Some studies have been carried out on the coronary dilator effects of ana-

logues of adenosine and AMP (195). Alkylthio- and alkylamino-substitutions

reduced the dilator activity of adenosine. 2-Methyl-thio and 2-methyl-

amino adenosines were less potent than the corresponding ethyl analogues. A

further increase in length of the alkylthio-side chain enhanced dilator activity,

but branching of the propyl chain reduced this effect. The duration of coronary

dilator activity was increased by these compounds to 5 to 15 times that of adeno-

sine. Conversion of the adenosine analogues to their monophosphorylated de-
rivatives generally reduced their dilator activity to about one third.

C. Drugs that antagonise the action of adenyl compounds

Mepacrine, quinine and quinidine. Raventos (448) was the first to observe that
antimalarial drugs, in particular quinine and mepacrine, inhibit the action of

adenosine on the guinea-pig heart. Both quinine and mepacrine greatly reduced
the effect of adenosine and ATP on the heart-rate of the guinea-pig (260). Madi-
naveitia and Raventos (381), with a variety of antimalarial drugs, found that

most of them inhibited the relaxation of the fowl rectal caecum produced by

adenosine and reduced the duration of the auriculoventricular block produced

by intravenous administration of adenosine in the anaesthetised guinea-pig.
When quinine sulphate was injected intramuscularly or intravenously into cats,

it decreased the effect of ATP not only on the heart, but also on the blood pres-

sure (557). The respiratory response, however, was not affected either in the cat
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or the rat. The actual mode of action of the antimalarials in inhibiting adenyl

compounds was not satisfactorily explained by any of these workers. Quinine in
concentrations up to 10� g/ml had no effect on the responses of the guinea-pig

taenia coli to purmnergic nerve stimulation, but neither did it block the direct

action of ATP on this tissue (126).
Antagonism of the actions of adenosine by quinidine (a dextro-rotatory stereo-

isomer of quinine) on the cardiovascular system has been observed by several

authors (260, 381, 557). Quinidine has also been shown to antagonise the inhibi-

tory action of adenosine on the isolated guinea-pig and kitten uterus (20) and of

ATP on the rabbit ileum (94). As discussed in more detail earlier (sections II E

and V B), quinidine blocks responses to both ATP and non-cholinergic, non-
adrenergic nerve stimulation in the gut (126, 507) and urinary bladder (127).

Phentolamine and imida.zole. It was shown in a recent publication (464a) that

high concentrations of imidazole (3.5 X 10� g/ml) and phentolamine (5 X 10�

g/ml) blocked the relaxations of the guinea-pig tacnia coli to exogenously applied

ATP (1 to 5 sm), but did not block the maximal relaxations resulting from

stimulation of non-adrenergic inhibitory nerves at a frequency of 5 to 10 pulses!

Sec. This result has been confirmed in our laboratory, although there was always

some reduction of the nerve-mediated relaxations (Satchell and Dana, unpub-
lished). However, further experiments revealed that the relaxation in response

to lower frequencies of stimulation of non-adrenergic nerves (0.2 to 0.8 pulses!
sec.) were markedly reduced by the same concentration of phentolamine (5 X

10-6 g/ml), and further that higher concentrations of ATP (greater than 5 �m)

overcame the blocking action of phentolamine. It is likely that part, at least,
of the blocking action of this concentration of phentolamine is non-specific,

since the relaxations in response to nitroglycerine and amyl nitrite were usually

also reduced. In view of these results, it appears that the action of phentolamine

on the taenia coli cannot be taken as significant evidence either for or against

the purinergic nerve hypothesis.
Caffeine and aminophylline. Caffeine and related compounds antagonise the

auriculoventricular block produced by adenosine in the guinea-pig heart (530).
Nichols and Walaszek (415) found that the fall in blood pressure in chickens,
rabbits, cats and dogs caused by intravenous injection of adenosine, AMP, ADP
and ATP was blocked by intravenous injection of caffeine. They also found that
caffeine blocked the inhibitory effect of ATP on the rhythmic contractions of the

isolated rabbit jejunum. De Gubareff and Sleator (175) showed that caffeine

antagonized the powerful depressant effects of adenosine, AMP, ADP and ATP
on contraction and action potentials of guinea-pig and human atrial muscle.
They postulated that caffeine and adenosine derivatives have opposite effects on

the binding of Ca� at the critical site from which it is mobilised during activa-
tion.

Caffeine in concentrations up to 5 X 10� g/mJ did not affect relaxations of
the guinea-pig taenia coli in response to either ATP or purinergic nerve stimula-

tion (126). Higher concentrations of caffeine lowered the tone of the preparation

and still had no selective blocking action on ATP or nerve stimulation.
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Aminophylline has been reported to decrease coronary dilatation produced by

intravenous administration of adenosine (6, 83), but this drug has not yet been

tested on purmnergic transmission.

Dinitrophenol and related substances. A variety of drugs known to be uncouplers

of oxidative phosphorylation and inhibitors of electron transport (310, 558) have
been tested for their effects on ATP action and, in some cases, purinergic trans-

mission (126, 277, 373). In general, they produce non-specific depression of

smooth muscle and do not appear to be a promising group of substances in the

search for specific blockers of purmnergic transmission.

Noradrenaline. It was argued in a recent communication (480b), that a rela-

tively greater reduction of the response to non-adrenergic inhibitory nerve stimu-

lation compared to the response to exogenously applied ATP in the presence of

NA constitutes evidence against the purmnergic nerve hypothesis.

D. Drugs that potentiate the actions of the adenyl compounds

Adenoeine uptake inhibitors. Dipyridamole (100) has been shown to potentiate

the effects of adenosine and its derivatives on the guinea-pig heart and rabbit

intestine (292, 514), the coronary arteries of dog and cat (138, 273, 419, 443,

489, 514), cat nictitating membrane (95) and renal vessels in dogs (138, 273).

The mechanism underlying this potentiation has usually been explained in terms

of blockade of intracellular uptake of adenosine (337, 339, 435), although inter-
pretation of experiments on whole animals is complicated by the presence of

red blood cells. Papaverine, like dipyridamole, inhibits the uptake of adenosine

into red blood cells (339), but produced only slight potentiation of the effect of

adenosine on the guinea-pig heart in situ (514). It has been shown recently that,

whereas potentiation of adenosine action on the heart by dipyridamole and
hexobendine (348) is due to competition with adenosine for the uptake process,

the potentiation by lidoflazine (7) could not be explained either by block of

adenosine uptake or by inhibition of adenosine deaminase (301). There are

species differences in the action of these drugs. For example, the action of adeno-

sine in reducing the heart rate of both guinea-pig and rats was potentiated by

dipyridamole and hexobendine in the guinea-pig, but not in the rat (302, 338,

514). Dipyridamole has also been reported to act as an inhibitor of phosphodi-

esterase (495, 551) and of adenosine deaminase (514). However, in a recent

study of guinea-pig hearts, neither dipyridamole nor lidoflazine were shown to
inhibit adenosine deaminase (301).

The possibility that adenosine uptake may be part of the normal physiological

inactivation mechanism for purinergic nerves has been discussed in section II D.

Such a mechanism would be analogous to the uptake of choline in cholinergic

transmission after degradation of released ACh by acetylcholinestcrase (441)

and with the uptake and reutilization of nerve-released NA in adrenergic trans-

mission (84, 316). If this does occur, inhibitors of adenosine uptake would be

expected to potentiate the responses to purinergic nerve stimulation by making

more nucleotides and nucleosides available to postsynaptic receptors. As de-

scribed earlier (section II E), dipyridamole and hexobendine potentiate the



544 BURNSTOCK

effects of both ATP and purinergic nerve stimulation on the guinea-pig taenia

coli without affecting the responses to sympathetic nerve stimulation or to NA
(482).

ATPase inhibitors. Inhibitors of ATPase fall into two main categories; those
which act on Na/K-activated ATPase and those which act on Mg-activated

ATPaSe. In general, Na/K-activated ATPases are considered to be associated

with Na and K transport in membranes. On the other hand, the role of Mg-acti-

vated ATPase is poorly understood ; its distribution is discussed in detail in
section III C.

It is of interest to examine the effect of ATPase inhibitors on relaxations pro-

duced by both purinergic nerves and ATP, in view of the likelihood that ATPases

are involved in the degradation of ATP released from nerves. If this is the case,

ATPase inhibitors would be expected to potentiate both responses. Unfortunately

many of these drugs are potent inhibitors of many cellular activities and mostly

depress all activity of smooth muscle preparations in a general way, except for
thiourea which appears to potentiate both nerve-mediated and ATP-induced

relaxations (Lederer, unpublished observations).

Low doses of ouabain, a cardiac glycoside which inhibits Na/K-activated
ATPase (88, 501) potentiates the inhibitory effect of ATP on the guinea-pig

heart (446). These authors suggested that this action of ouabain might be due

to inhibition of adenosine deaminase in the heart. However, identical potentiation

of the responses to adenosine and ACh by ouabain described in a later publication

(445) provided strong evidence against this hypothesis. Ouabain was reported

not to affect the inhibition produced by ATP in the guinea-pig taenia coil (21).
Inhibitors of adenosine d.eaminase. The actions of adenosine and the adenine

nucleotides are usually short-lasting. One explanation for this might be that

they are readily deaminated in blood and tissues to their corresponding inosine
derivatives, which are pharmacologically inactive (151), but there may well be

other factors involved, such as receptor or uptake mechanisms. By analogy with

the role and sites of action of monoamine oxidase and catechol-O-methyl trans-
ferase in adrenergic transmission [see Iversen, (316)], it would clearly be unwise
at this stage to make too many assumptions about the role of adenosine deami-
nase in purinergic transmission. Investigation of this role will be easier when more

reliable adenosine deaminase inhibitors have been found. 8-Azaguanine has been

claimed to be an inhibitor of intestinal adenosine deaminase, but little potentia-
tion of adenosine action on heart was detected (514).

Magnesium and calcium. The effects of Mg� on the pharmacological actions

of the adenyl compounds have been studied extensively (189, 260, 557). These

workers found that high Mg� prolonged the heart block produced by adenosine

in the guinea-pig and rat. Mg� has also been claimed to inhibit adenosine

deaminase (80), but Stafford (513) found Mg� had no effect on the rate of

dearnination of adenosine by bovine ventricle muscle deaminase and proposed
that the potentiation of the adenyl compounds by Mg�� is due to the inhibition
of dephosphorylation and not to deamination.

I\Iagnesium has been shown to produce little consistent change in the response
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of the gut to purmnergic nerve stimulation (505), but in this case there may be
presynaptic effects on release of transmitter as well as postsynaptic actions.

Low Ca�� and high Mg+� were reported to have little effect on the IJP recorded

in guinea-pig jejunum (285).

Since ATP is an efficient chelator of calcium (76), it has been suggested that

in some cases the action of adenine nucleotides is not a direct action on the tissue,

but is due to alteration of the calcium concentration by chelation or precipitation
(207, 208). It has been suggested that the contractile effect of ATP on some

smooth muscles may be due to its ability to complex magnesium present in the

cell membrane, thereby favouring calcium entry and subsequently contraction
(169).

ATP-induced contraction of the isolated perfused rat renal artery is dependent

on the concentration of external Ca++ ; increase of the Ca�/Mg++ ratio in

perfusion fluid enhances the contractile response to ATP, while reduction of

Ca++ concentration markedly reduced the contractions induced by ATP, but
not by Na (306).

E. Summary

1) A model of ATP synthesis, storage, release and inactivation is proposed as

a basis for examination of the effect of drugs on purinergic transmission.
2) Inhibitory or excitatory responses to ATP and non-adrenergic, non-cholin-

ergic nerve stimulation occur in different preparations. Evidence for distin-

guishing two types of muscle receptors for adenyl compounds is discussed.
3) Various drugs have been shown to antagonize or potentiate the direct

action of adenyl compounds on smooth and heart muscle ; these are considered

in relation to purmnergic transmission.

VI. Distribution and Evolution of Purinergic Nerves

The presence of purinergic nerves has been determined largely on the basis

that nerve-mediated responses remain after stimulation of either extrinsic or

intramural autonomic nerve fibres in the presence of cholinergic and both adre-

nergic neurone and adrenoceptor blocking agents. However, it does not follow

that nerve fibres which are neither adrenergic nor cholinergic are all of the same

type, releasing the same transmitter substance. Similarly, it would be unwise to

assume from studies of neighbouring regions of one organ, such as the gut, that
non-adrenergic, non-cholinergic inhibitory and excitatory responses are due to

neurotransmitter released from one nerve type acting on different receptors. A
comparative study of the anatomical origin of non-adrenergic, non-cholinergic
fibres in different systems might help to clarify the situation. In some cases,
information concerning the fine structural identification of nerves and the

mimicking action of directly applied purine nucleotides gives additional evidence

for the presence of purinergic nerves. It must be recognised that the direct re-

sponse of tissues to purmne nucleotides is not in itself sufficient evidence for the

presence of purinergic nerves. For example, the non-innervated smooth muscle

of the chick amnion is activated by ACh (37, 161, 204, 359), while that of the



546 BURNSTOCK

umbilical artery is affected by noradrenaline (511, 525). Nevertheless, an account

of the effects of adenine nucleotides on various autonomic effector tissues has

been included, since it may encourage exploration for purinergic nerves in systems
which appear to be particularly sensitive to these compounds. When specific
drugs are found which will reliably block or potentiate purinergic responses it

will be much easier to survey purinergic nerve participation in a wide range of

organ systems.

A. Alimentary canal

Stomach. Evidence is now available to support the view that there is purinergic
inhibitory nervous control of the stomach in fish (116, 117, 145, 315), amphibians

(126, 142, 483) and birds (63-65, 68, 412, 484a), as well as in mammals (4, 5, 42,

108, 141, 218a, 259, 278, 321, 322, 323, 395, 396, 401, 425, 434). The cell bodies of

these neurones appear to be located in Auerbach’s plexus and many, if not all,

are controlled by preganglionic parasympathetic nerves running in the vagus

trunks. Concentrations of adrenoceptor or neurone blocking drugs which abolish

the response to sympathetic (adrenergic) nerve stimulation do not block the in-
hibitory responses to vagal stimulation (42, 108, 141, 396) or reflex relaxation of

the stomach (321, 322, 424, 425). The frequency of stimulation of vagal in-

hibitory fibres giving maximal responses is low (about 5-10 pulses/sec) com-

pared to the stimulation frequencies (about 30 pulses/sec or more) required
for maximal responses to sympathetic nerve stimulation (141). This is closely

comparable to the earlier observations on the optimal stimulation frequencies

of the two types of nerve fibres in the taenia coli (124, 125).

Preganglionic terminals on purinergic neurones appear to be cholinergic, since

the inhibitory responses to stimulation of the vagus nerves (141, 259, 395, 396,

434) or resulting from vago-vagal reflexes (425) are blocked by nicotinic ganglion

blocking agents. B#{252}lbring and Gershon (108) have presented evidence to support

the view that some at least of the vagal connections with postganglionic purin-
ergic neurones in the stomach may be tryptaminergic. However, while Beam et

al. (42) confirmed the existence of a small component of hexamethonium-resistant

vagal inhibition, they were unable to repeat the experiments that were taken as

evidence that this was due to the presence of tryptaminergic synapses in the

vagal pathway (see also 411a). Furthermore i\Iartinson (396) was unable to mimic

the vagal relaxation of the stomach with 5HT, and fluorescence histochemical

studies of the mammalian vagal nerve trunks failed to show more than a few

fluorescent fibres which supply the stomach (409, 416). An alternative expla-

nation would be the presence of a small component of postganglionic, nonadre-

nergic inhibitory fibres in the vagus nerves, which may or may not be purmnergic.

In a recent review of the evolution of the vertebrate autonomic nervous system,

Burnstock (118) showed that the vagal pathway to the stomach in lower verte-

brates consists largely, if not entirely, of preganglionic cholinergic nerves forming

synapses with purinergic inhibitory neurones in the gut wall. Antagonistic ex-

citatory control of gastric motility is represented by both cholinergic and adre-

nergic nerve fibres of sympathetic origin. During the course of vertebrate
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evolution, the purmnergic inhibitory pathway in the vagus nerve has been

retained; antagonistic excitatory control of gastric motility in mammals has

been taken over by parasympathetic cholinergic neurones in the wall of the gut,
while most of the sympathetic adrenergic nerves have come to form terminals

about nerve cell bodies in Auerbach’s plexus and arc concerned with modulating

intramural neurone activity (323).

Oesophagus. Stimulation of longitudinal and mucosal muscle strips from the

oesophagus of the opossum revealed both cholinergic excitatory responses and
rebound contraction mediated by non-adrenergic inhibitory nerves (372). A

hyoscine-resistant contraction of the isolated oesophagus of the chicken in re-

spouse to stimulation of the parasympathetic nerves has also been described

(274). These responses were not blocked by bretylium or hexamethonium, but

were abolished by nerve section; this implies that there is a non-cholinergic,

non-adrenergic postganglionic component in the vagal pathway. Non-adrenergic,

non-cholinergic nerves have been implicated in reflex relaxation of the oesophago-

gastric junction (150a).

Small intestine. Non-adrenergic inhibitory responses resembling those produced

by purinergic nerves in other regions of the gut have been demonstrated in the

small intestine of a variety of mammalian species, following the early recognition

of intramural inhibitory neurones (10, 13, 38). These include: guinea-pig (224,

297, 342, 357, 506) ; mouse (297) ; rat (297, 298) ; rabbit (173, 174, 255, 297, 564);

and cat (173, 174). No purinergic inhibitory responses have been demonstrated

to date in the small intestine of lower vertebrates (135a, 148, 507). It is interesting
in this respect that, in lower vertebrates, the vagus nerve does not extend so far

down the gut as in marmnals, where it is generally considered to reach the proxi-
mal colon (350, 404, 436). In teleost fish, it does not extend beyond the pyloric

sphincter (117), in amphibians it is limited to the anterior duodenum (264), while

in reptiles and birds it appears to extend into the ileum (417).

If the purinergic inhibitory nerves in the small intestine of mammals are con-

trolled by preganglionic, parasympathetic fibres, it is still not clear what pathway

the vagal fibres follow to reach different segments of the intestine. Stimulation of
the vagus nerves in the presence of atropine produces relaxation of the intestine

(38, 40, 111, 251), but there is evidence that the mediating nerves do not travel

down within the gut wall, since inhibition in response to vagal stimulation per-

sists in intestinal loops isolated from the stomach (38, 111). It seems unlikely

that the parasympathetic fibres connecting with inhibitory purmnergic neurones

follow the perivascular plexuses, since the inhibitory responses of Finkleman

preparations of small intestine to stimulation of perivascular nerves are abolished

by adrenergic blocking agents (70, 172). However, Kewenter (330) found that

the inhibitory responses of the cat small intestine to stimulation of the intra-

thoracic vagus only occurred when the sympathetic innervation of the intestine

was intact. Further work will show whether these conflicting results are due to

species variation or whether some more complex reflex pathways might be in-

volved. Some of the reports of inhibitory responses of the intestine to vagus

stimulation in non-atropinised animals may have been due to compensatory
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release of catecholarnine from the adrenal medulla after cardiac slowing and fall

in blood pressure ; even a slight rise in circulating catecholamines results in tension

changes in gastrointestinal muscle [see Furness and Burnatock (230)].
Non-cholinergic, non-adrenergic excitatory nerves have also been shown to

supply the small intestine of mammals, including rabbit (174, 252, 486), guinea-

pig (14-16, 229, 250, 252, 343, 345, 407, 433), dog (38, 40, 258) and cat (174),

amphibians (148, 507), reptiles (135a, 507), birds (63, 205) and cyclostome fish

(Costa and Campbell, unpublished observations). Whether some, or all of these
excitatory nerves are purinergic or whether they are nerves releasing yet another

neurotransmitter substance has not yet been clearly resolved. “Atropine-resist-

ance” in the rabbit must be treated cautiously because of the euzymic destruction
of atropine observed in this species (11).

In lower vertebrates where non-cholinergic, non-adrenergic excitatory re-

spouses of the intestine are a prominent feature, there is some evidence that they

may be mediated by purinergic nerves (507). The nerve-mediated contraction is

closely mimicked by ATP and blocked by quiLnidine. The possibility that these
nerves release catecholamines, 5-hydroxytryptamine, histamine, bradykinin or

prostaglandin E1 has been excluded (507). In mammals, the possibility that a
prostaglandin is the transmitter released during atropine-resistant, nerve-medi-

ated contractions of the intestine has been considered (65). However, patulin, a
prostaglandni antagonist, does not block the nerve-mediated contractions of

the guinea-pig ileum (14).

Unlike the inhibitory purmnergic neurones, the cell bodies of non-cholinergic
excitatory neurones do not appear to be in the wall of the small intestine in lower
vertebrates; postganglionic fibres reach the gut via sympathetic periarterial

nerves. Whether the non-cholinergic non-adrenergic responses to stimulation of

periarterial nerves are due to fibres of sympathetic origin, to parasympathetic
fibres invading the sympathetic trunks or possibly to antidromic stimulation of

sensory fibres is not yet known. There are some clues from extensive early studies

of the excitatory responses of the amphibian gut to stimulation of spinal auto-

nomic nerves [see Campbell and Burnstock (145)]. It has been stated that there

are no efferent fibres supplying the gut which run in the dorsal roots of the spinal

nerves (163, 304, 367). However, there is now convincing evidence that the

excitatory nerve fibres emerge from the cord almost exclusively in the dorsal

roots (82, 275, 494, 515). The origin of these fibres is not known, but there is

evidence that their cell bodies are in the dorsal root ganglia (82) and that cholin-

ergic fibres leave the cord in the dorsal roots and form synapses with them (275,

276).

In mammals, there is evidence to suggest that some, at least, of the non-

cholinergic excitatory responses are mediated by intramural neurones (14-16,
248, 343). However, responses can be elicited by extrinsic nerve stimulation.

The non-adrenergic, non-cholinergic excitatory responses in the small intestine

of mammals have been shown to be activated by stimulation of the vagus nerves

(38,40, 160,258, 281,318). However, it is possible that this is an indirect response
resulting from stimulation of other nerves (40). Non-cholinergic excitation of the
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longitudinal muscle of the distal ileum of the guinea-pig has been shown to be

mediated by perivascular sympathetic nerves (407). In the guinea-pig ileum,

two pharmacologically distinguishable non-cholinergic excitatory responses were

defined, one being prominent at high frequencies of stimulation (50/sec ; desig-

nated the A response by the authors) and the other being prominent at low fre-

quencies (5/see; designated the B response) (15, 16). Histamine was reported

to be an antagonist of the type A response, and this seems specific, because con-

tractions caused by bradykinin, 5-hydroxytryptamine, prostaglandin E2, nicotine
or dimethyiphenylpiperazinium were unaffected. However, this action of hista-
mine was abolished by nicotine. The type A response in guinea-pig ileum has

been confirmed by Furness (229) who has presented further evidence that it is

not cholinergic since it is antagonized by drugs which inhibit cholinesterases.

The identification of the type A excitatory response is still uncertain. It seems

unlikely to be due to excitatory purinergic nerves in this case and it is not yet
clear whether it constitutes a physiological response. It seems likely that the

type B excitatory response is a secondary (rebound) contraction resulting from
stimulation of intramural inhibitory purinergic nerves.

Large intestine. Non-adrenergic inhibitory responses to transmural stimulation
have been demonstrated in the large intestine of guinea-pig (41, 77, 78, 152, 224-
226, 297), pig and chimpanzee (463), dog (366), rabbit (503a), mouse and rat
(297, 506), Mongolian gerbil (249) and man (107, 157, 240, 464) as well as in the

guinea-pig taenia coli [see Campbell (143)]. They have also been shown to supply

the internal anal sphincter of monkey (449) and cat (240a), and possibly the rat
anococcygeus muscle (246a).

The bulk of evidence supports the view that the sacral parasympathetic
nerves do not mediate the purinergic inhibitory responses of the large intestine,

with the exception of a short segment of the distal rectum. No inhibition was

observed upon pelvic nerve stimulation of the main body of the colon in rabbit (39,

241, 246), cat (221, 311c) or guinea-pig (77, 444). In a careful study of the possible

extrinsic connections of the intramural inhibitory neurones, Furness (224, 226)
failed to record inhibitory junction potentials in smooth muscle cells of the

guinea-pig colon in response to stimulation of the sacral parasympathetic nerves

or periarterial sympathetic nerves. Thus it would appear that the purinergic
neurones located in Auerbach’s plexus of the colon are intramural, either es-

tablished independently in the embryo or perhaps losing their association with

extrinisic nerves at some later stage of development. The reduction in amplitude

of purinergic inhibitory responses to transmural stimulation by ganglion-blocking
agents (226) suggests that terminals of intramural cholinergic neurones are likely

to be located on purinergic neurones, implying their involvement in enteric

reflex activity. A tryptaminergic link for the activation of the intramural inhibi-

tory neurones in the guinea-pig colon has also been proposed (78).

Non-adrenergic inhibition of a limited distal portion of the guinea-pig rectum

in response to stimulation of the pelvic nerves has been demonstrated recently

(Costa, personal communication); the non-adrenergic component in these nerves

appears to be partly postganglionic and partly preganglionic.
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The non-adrenergic inhibitory responses demonstrated in muscle taken from

human large intestine (107, 157, 238-240), were not seen in aganglionic bowel

taken from patients with Hirschsprung’s disease (240).
Primary, non-cholinergic contractions to nerve stimulation were observed in

the proximal colon (92, 93, 152, 229, 233) but were weak or absent in the distal

colon of the guinea-pig (50, 226, 229). Ambache and Zar (16) examined hyoscine-

resistant contractions of the distal colon of the guinea-pig. They found that

contractions elicited at 50 pulses/sec were not significantly affected by histamine,

unlike the type A responses described in the ileum, and it seems likely that they
were secondary rebound contractions following the stimulation of intrinsic
inhibitory nerves (226). However, non-cholinergic excitatory nerves appear to

be present in the distal colon of cats (219, 221, 222) and dogs (251, 258). There
is some evidence that in the cat and dog these excitatory nerves are controlled

by fibres running in the pelvic nerves (219, 222, 251, 258), while in the guinea-pig

they are activated by fibres in the perivascular nerves (152, 444). Non-cholinergic,

non-adrenergic excitatory nerves have also been demonstrated in the large

intestine of amphibians (135a, 507), reptiles (135a, 507) and birds (33).

B. Lung

There is good evidence for the presence of a purinergic inhibitory nerve supply
to the interstitial musculature of the lung of amphibians (144, 467, 487, 575) and

reptiles (71). Relaxation of the lung in response to stimulation of the vagus nerves

is unaffected by adrenergic neurone and cholinergic blocking agents and persists

after destruction of adrenergic nerves with 6-hydroxydopamine, as do nerve

profiles containing a predominance of large opaque vesicles. ATP causes relaxa-

tion of the frog lung (402). Although there have been reports of bronchodilator

responses to vagal stimulation in mammals (569), pharmacological and ultra-

structural studies which would help decide whether or not the nerves involved

are purinergic have not yet been carried out. Bennett and Drury (53) found that

adenosine and AMP dilated the bronchioles.

It is interesting to note that Emmelin and Feldberg (199) found that intra-

venous injection of ATP produced profound changes in pulmonary ventilation

in decerebrate cats, in some cases causing complete cessation of respiratory

movements. They were of the opinion that this action was due to ATP acting

on the respiratory centre, both directly as well as reflexly by impulses in the

vagi probably originating in the lungs.

C. Urinogenital system

Urinary bladder. The pelvic nerves provide excitatory control of the urinary

bladder and it was assumed for many years that this was mediated by classical

cholinergic nerves, even though most of the response was resistant to blockade by

atropine (365). It is also known that excitatory fibres in the hypogastric nerve

supply (263) are not adrenergic, at least in the guinea-pig, and that the con-

tractions are resistant to muscariic receptor blockade (386, 387). “Atropine
resistance” to the excitatory autonomic nerves supplying the bladder appears
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to be a characteristic feature throughout the vertebrates, having been demon-

strated in amphibians (134), reptiles (137) and marsupials (121), as well as

placental mammals (11, 16, 127, 147, 150, 190, 193, 194, 263, 266, 282, 283, 311,

365, 542, 545). One explanation is that the ACh receptors at the neuromuscular

junctions are inaccessible to atropine (147) ; another is that atropine is displaced

from the receptors competitively by high local concentrations of ACh (311).

Another explanation for atropine resistance, favoured by most recent workers

in the field, is that the majority of the excitatory nerves supplying the bladder

are non-cholinergic (16, 127, 149, 190, 282). ATP (but not ACh) closely mimics

the response to non-cholinergic excitatory nerve stimulation in terms of both

its rate of onset and decline (16, 105, 399) and has been proposed as the trans-

mitter released by these nerves (127, 190). As in the gut, the sensitivity of the
bladder is greatest to ATP; ADP and AMP appear to have �o to 3’�oo of the

potency respectively (16) ; cyclic AMP and 5-adenosyl-methionine are inactive.
Further evidence for a purinergic nerve supply to the bladder comes from experi-

ments in which the excitatory responses of the guinea-pig bladder to both pelvic

nerve stimulation and ATP were abolished by quinidine, without blocking the

excitatory response to applied ACh (127).

When tachyphylaxis to contractions by ATP is produced in the guinea-pig

bladder, there is usually some reduction of the excitatory responses to non-
cholinergic nerve stimulation (127), although Ambache and Zar (16) did not
find this to be the case under the conditions of their experiments. The different
degree of reduction of responses to nerve stimulation after development of

tachyphylaxis to ATP in the ileum and bladder may be explicable in terms of
the differences in neuromuscular relationships in the two preparations. The
minimum separation of nerve and muscle membranes in the longitudinal layer

of the gut is rarely less than 1000 A (62, 101, 363, 455, 457, 526, 528, 529, 577,
578) whereas there are many close (200 A) neuromuscular contacts in the bladder
(133, 135, 139, 411, 466, 528). The presence of narrow junctional clefts in the

bladder may mean that ATP tachyphylaxis is more easily overcome by high
concentrations of transmitter which accumulate in the junctional region after

release from the nerves. In contrast, the purinergic receptors may be more widely

dispersed along the muscle membrane in the gut, where the synaptic cleft is

wide, so that transmitter released from nerves acts on an area of muscle similar

to that reached by applied ATP.

Evidence that 5-hydroxytryptamine, bradykinin, histamine and catecholamine

are not excitatory neurotransmitters in the bladder has been documented (16

127, 194, 266, 311).

Reproductive organs. Parasympathetic inhibitory fibres to the dog retractor

penis, which are neither adrenergic nor cholinergic have been described and

compared to those known in the gut (371). However, ATP does not appear to be

the transmitter (371a).

Adenyl compounds cause contraction of the uterine smooth muscle of most

species (20, 53, 112, 169, 179, 244, 556). ATP was most potent, AMP less so and

adenosine least potent. IMP had about 3’lo the potency of AI\1P, while adenine
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and hypoxanthine were inactive (244). Barsoum and Gaddum (32) found that

adenosine caused relaxation of the uteri of dogs, cats and rabbits, but in a more

recent study, Arulappu (20) distinguished both excitatory and inhibitory re-

ceptors to adenosine in uterine muscle and showed selective block with pheno-

thiazine and quinidine respectively (see table 2).

D. Cardiovascular sy8tem

Heart. Adenyl compounds have pronounced effects on the heart. There is no

evidence yet for innervation by purinergic nerves and this seems unlikely in view

of the long history of studies of heart innervation which include few reports of
deviation from the classical picture. If they do supply the heart, they are likely

to be fibres running in the vagal trunks to the sinus node, but in very small

numbers compared to the vagal cholinergic component. Negative chronotropic

and inotropic effects of adenyl compounds on isolated mammalian hearts have

been described many times; they have been shown to affect the sinus more than

atrioventricular conducting tissue in most species except guinea-pig and so cause

a sinus bradycardia (53, 186, 187, 244, 260, 320, 337, 446, 498, 549, 550, 562).
Negative chronotropic effects of adenyl compounds have also been demonstrated

in the heart of frog (244, 430, 473, 547, 548, 549), and turtle (562).
A positive inotropic effect sometimes appears after the negative inotropic

response of the heart to adenyl compounds (244, 260, 550). These workers attrib-

uted this effect either to direct action on the muscles or to a secondary reaction

following dilatation of the coronary vessels. However, it may turn out to be
explicable in terms of rebound excitation (see section IV B) which character-
istically follows the inhibitory responses to both ATP and purinergic nerve

stimulation of smooth muscle of the gut. Adenine nucleotides have positive
inotropic effects on the hypodynamic frog heart (394, 430, 547, 548).

Some of the chronotropic effects on the heart seen in situ (80, 199, 260, 550)

appear to be due to reflex action on the cardioinhibitory centre via cholinergic

nerves, but in some species (e.g., rat) this element is lacking, since atropine or

section of the vagi had no effect on the response to adenyl compounds.
In most species, ATP was found to be the most potent of the adenyl com-

pounds in its action on the heart (260). There is some indication (from a com-
parison of the effects of adenyl compounds, including ATP injected intravenously
or into the sinus node artery) that injected ATP is broken down to AMP or

adenosine in the heart (26, 320).
Blood vessele. It is recognised that the sympathetic nervous system has both

dilator and constrictor components. While vasoconstriction is usually mediated

by noradrenaline released from adrenergic nerves, the mechanism of vasodilata-
tion is less well understood. Several different substances have been implicated
in different parts of the vascular system: acetylcholine (543); histamine (45, 102,
168); noradrenaline which acts on beta-adrenoceptors (552); bradykinin (215,

290); prostaglandins (201, 303) and angiotensin (247). However, these mecha-

nisms do not seem to explain adequately some reports of vasodilatation. Thus

the possibility that purinergic nerves might also be involved will be considered.
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Adenyl compounds cause dilatation of most blood vessels (268, 510), but they

have been found to constrict vessels in the lung (199, 373, 451) and possibly

spleen (393) and to contract the isolated renal arteries of the rat (306, 307) and

helical strips of dog portal vein (555). In isolated strips of rabbit aorta, ATP has

a biphasic effect, depending on the initial state of contraction (223). The doses

required to produce vasodilatation in vivo are usually lower than the threshold

doses which produce slowing of the heart (213, 392, 572).

Strong evidence has been presented recently for the existence of non-adrenergic,

non-cholinergic inhibitory fibres to the portal vein of the rabbit (308, 309). The
inhibitory responses induced by either electrical stimulation or nicotine are

blocked by tetrodotoxin, and mimicked by the direct action of ATP. Thus, they
appear to fit into the pattern already established for purinergic nerves in the gut,

but the possibility that vasodilatation is the result of ATP released during anti-
dromic stimulation of sensory nerves cannot be discounted (299).

There have been many reports of vasodilatation of skin vessels, either by reflex

or in response to nerve stimulation, which is not wholly abolished by atropine
(1, 27, 44, 102, 167, 468). Intra-arterial infusion of adenyl compounds in intact

animals has led to increased flow rates and vascular dilatation of rabbit ear (53),

cat hind limb (213), human finger and ear (171), and human hand and forearm

(189, 257, 519). Similarly adenyl compounds cause a fall in perfusion pressure in

isolated preparations of rabbit ear (53, 260, 300), dog forelimb (218) and hind

leg (53, 273, 393). ATP causes constriction of isolated perfused segments of dog

saphenous vein (544). When ATP is combined with magnesium, its vasodilator
action is potentiated (189, 260), so much so, that Shepherd (496) remarked in

his review that “if it is desired to increase the blood flow through the limb by

intra-arterial infusion of drugs, Mg-ATP would be preferable to either acetyl-

choline or histamine.”
Most workers agree that dilatation in response to adenyl compounds occurs

predominantly in the smaller arterioles in muscle and skin, with some species

differences in the relative sensitivities of the two vascular beds (268). The posai-
bility of innervation of these vessels by purinergic nerve fibres has not been
examined, but ATP has been found in the venous effluent from the rabbit ear

during stimulation of the great auricular nerve (299).

Zimmerman (582) reported that stimulation of the lumbar chain in the pres-

ence of bretylium produced vasodilatation of the dog’s paw. He suggested as

did Beck (45) and Ryan and Brody (480), that histaminergic nerves might be

involved in this response. Purine nucleotides cause vasodilatation of prevenous
resistance vessels in the dog paw, and these have also been considered, amongst
a variety of other substances, as possible mediators of the non-cholinergic, non-
adrenergic dilator system which supplies them (27).

It is well known that skeletal muscle contraction is accompanied or followed by

vasodilatation, which in fast muscles can commonly be great enough to cause
an 8-fold increase in blood flow (289). A similar vasodilatation is common in

stress situations and during fainting (496). The cause of this vasodilatation is

not clear. Some appears to be mediated by cholinergic dilator fibres to the re-
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sistance vessels (543), but most cannot be explained by either adrenergic or

cholinergic innervation of the vessels (27, 327) and it is usually assumed that a

dilator agent is associated with, and released during muscle contraction (268).

Several agents have been considered as the cause of this vasodilatation (287,

291, 334) including adenine nucleotides, particularly ATP (96, 181a, 213a, 214,

287, 288, 313).

ATP- and adenosine-induced vasodilatation in the coronary artery has been
studied extensively, because of its possible implication in coronary occlusion

and relevance to the treatment of angina (18, 53, 73, 170, 187, 188, 211, 213, 244,

260, 273, 413, 477, 489, 514, 559, 560, 561, 571, 572). Most workers found ATP

and ADP to be the most potent adenyl compounds on coronary vessel muscula-
ture; AMP, adenosine and cyclic AMP are from � to � as potent as ATP, while

adenine, hypoxanthene, guanine, cytosine, and uracil are either inactive or of

very low potency (514, 555, 571, 572). This order of potency of the adenyl corn-

pounds is comparable to that observed in preparations of purinergically innerv-

ated gut. Uridine nucleotides may dilate (UTP, UDP) or constrict (UMP) the

canine coronary bed (273). Both 5’-nucleotidase and adenosine deaminase have
been found in the heart.

The view that purine nucleotides have a physiological role in the regulation of

blood flow in the coronary arteries has been proposed (74, 75a, 461, 477). In the
intact blood-perfused heart, transient occlusion of the left common coronary

artery produces enough vasodilator activity in coronary sinus blood to lower

resistance on perfusion into other organs. This lowering of resistance is similar

to that produced by intra-arterial injection of adenosine or AMP (492). In the
presence of the adenosine deaminase inhibitor 8-azaguanine, adenosine appears

in the perfusates of anoxic isolated cat and guinea-pig hearts (328), and in the

venous effluent of rabbit heart (460). The adenosine content of cardiac muscle

tissue increases following or during coronary occlusion (427, 478). Adenosine, mo-

sine, hypoxanthine and IMP appear in the myocardium during ischemia of the

heart of rat (243) and rabbit (75). Finally, it has been demonstrated that adeno-

sine appears in coronary sinus blood during reactive hyperem.ia in the blood-
perfused dog heart, the assumption being that it originates in the cardiac muscle

(476, 478). It is clear that extrinsic nerves supplying the heart are not responsible
for such a regulatory process, but the possibility of intramural purinergic nerves

being involved has not yet been investigated.

Vasodilatation of mesenteric and intestinal vessels is produced by adenyl com-

pounds (162, 213, 267, 326, 392) in many cases with doses lower than those

required to relax the intestine (213). No specific experiments have been carried

out yet to see if there is a purinergic component in the innervation of these

vessels. However, nerve proffles containing a predominance of large opaque

vesicles have been described in arterioles in the jejunum and mesentery of the

rat (180) and it has been known for many years that low frequency stimulation

of splanchnic nerves reveals a vasodilator innervation of vessels in the small

intestine and stomach (111, 164, 352, 353). It appears that the origin of these

atropine-resistant vasodilator fibres is in the dorsal roots of lumbar nerves I to
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IV and VI (352). Reflex vasodilatation of intestinal vessels by non-adrenergic,
non-cholinergic nerves has also been reported (79a, 311b).

Following blockade of the adrenergic constrictor nerves to guinea-pig uterine

arteries, a dilatation was revealed which was associated with hyperpolarisation

and was resistant to hyoscine (47, 48). The transmitter responsible for this

response remains obscure, but the pharmacological findings suggest that it is

not histamine, serotonin or a catecholamine that stimulates beta-receptors (47).

The cerebral vasenlature is relatively insensitive to intravenous injection of

adenosine (138).

Adenyl compounds appear to cause both vasoconstriction of lung vessels (187,

199, 260, 373, 451) and vasodilatation (53, 475) especially after previous vaso-

constriction with serotonin (479). The nature of the response is dose-dependent,

at least in dog and cat, since Gaddum and Holtz (236) showed that ATP, adeno-
sine and AMP caused vasodilatation in low doses, but vasoconstriction in higher

doses. Hauge et al. (277) found that the initial response of the perfused rabbit

lung to ATP injected into the pulmonary arterial tubing was vasodilatation,

while after 10 ruin to 2 hr, this response changed to vasoconstriction.

Adenyl compounds have been reported to have variable and inconsistent

effects on net blood flow through the kidney (53, 138, 187, 272, 275, 326, 329,

393, 428, 531). Studies of the effects of adenyl compounds on renal clearances

have proved more informative ( 171 , 305, 524) and it was concluded from the

results that afferent glomerular arterioles constrict while efferent glomerular

arterioles dilate. However, Tagawa and Vander (524) could find no arteriolar

constriction with ATP. In whole perfused kidney, ATP and ADP were shown

to cause vasodilatation, while adenosine and AMP induced vasoconstriction

(273, 579). In contrast, the excised and perfused renal artery from the same

animal did not respond to adenosine (579). Helical strips of renal arteries of the

dog relax in response to ATP, adenosine and cyclic AMP (555). These findings
suggest that different vessels, even in the same organ, may display different

responses to adenyl compounds.

If adenine nucleotides have a physiological role in the regulation of blood flow

through the renal vascular bed, ATP would be the logical candidate because it is

the only one that consistently produces vasodilatation on intra-arterial adminis-

tration (268, 492). AMP appears in the renal venous effluent after release of

renal artery occlusion (256) and during both autoregulation and reactive hyper-

emia (480a, 492), and could represent the breakdown product of physiologically

released ATP. This may be analogous to the finding of high levels of AMP in

perfusates of Auerbach’s plexus following stimulation of purinergic nerves (126).
An additional finding that suggests that nucleotides participate in renal blood

flow regulation is that spontaneous disappearance of autoregulation in the dog

kidney can be restored with dipyridamole (428), an agent that potentiates the

effects of adenine nucleotides (110) and purinergic nerve responses in the gut

(482). The splanchnic nerve contains dilator fibres to kidney vessels (98, 352).

It has been known for many years that stimulation of the chorda tympani

produces vasodilatation of the vessels of the salivary gland, which is not abolished
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by concentrations of atropine that prevent salivary secretion (279). Perhaps the

most popular contender for the vasodilator agent is bradykinin (290).

There is evidence that the parasympathetic fibres which control the vessels

concerned with erection of the penis of dogs are neither adrenergic nor cholin-

ergic (184) ; these vessels are sensitive to ATP.

E. Eye

Although there is no direct evidence for purinergic innervation of structures

in the eye, some indirect evidence comes from a study of the reinnervation of
ganglion-free transplants of guinea-pig taenia coli into the anterior chamber of

the eye (129). As with other transplants of autonomically innervated smooth
muscle into the anterior eye chamber (384, 385), the nerves in the transplant

degenerate during the first day or two after transplantation. Nerves which
normally supply the eye begin to reinnervate the transplant after about 1 week

and by 2 to 4 weeks transmission is re-established.

A surprising result from analysis of the reinnervation of transplants of taenia

coli was that, in addition to reinnervation by adrenergic and cholinergic nerves,
there was physiological and pharmacological evidence for reinnervation by
purinergic nerves (129). This result suggests that purinergic nerves are normally

present, supplying some structures in the eye. It is conceivable that the non-

adrenergic inhibition seen in the taenia transplants might be due to antidromic
stimulation of ocular sensory fibres which have penetrated the transplant. These

might release ATP as is reported in vascular smooth muscle (299) or prosta-

glandins as is reported for the trigeminal sensory fibres in the iris (12, 19, 72).
However, it seems unlikely that the non-adrenergic response is due to sensory

nerves growing into the taenia transplants, in view of the close similarity of the
inhibitory responses in transplanted taenia to those recorded in control tissue
where they have been shown not to be due to sensory nerves (125, 129). It is

interesting in this respect that it has been suggested recently that the fall in
intraocular pressure and hyperemia of the iris in the rabbit eye following degener-

ation of the adrenergic nerve supply, is due to the release of a non-adrenergic,

non-cholinergic transmitter substance (538a) probably from nerves of para-

sympathetic origin (542a).

F. Summary

Evidence for the presence of purinergic inhibitory and excitatory nerves in a

variety of tissues of the vertebrate visceral and cardiovascular system is dis-

cussed.

1) Purinergic inhibitory neurones are present in the stomach of fish, amphib-
ians, reptiles and birds, but in mammals extend throughout the alimentary tract.
In the stomach and distal rectum these neurones are controlled by preganglionic

cholinergic fibres in the vagus and pelvic nerves respectively, but in the mam-
malian large intestine they do not appear to have extrinsic connections and are

controlled by intramural cholinergic neurones. The extrinsic connections of

purinergic inhibitory neurotics in the mammalian small intestine are not yet

fully understood.



PURINERGIC NERVES 557

2) Postganglionic, non-cholinergic excitatory nerves running in the periarterial
sympathetic nerves are a prominent feature in the autonomic nervous control of

the gut in lower vertebrates. In fish, amphibians and reptiles they reach all
regions of the gut and may originate in the dorsal roots. ATP mimics the excita-

tory action of these nerves. In mammals they appear to be restricted to the
colon (particularly the proximal region) and possibly the distal ileum; intra-

mural non-cholinergic excitatory neurones are also present in the mammalian
intestine. A small number of postganglionic, non-adrenergic inhibitory nerves

appear to reach the oesophagus and stomach, and the distal rectum in the vagal

and pelvic outflows respectively. Whether these nerves represent purinergic

nerves or are nerves releasing another as yet unknown transmitter substance is

considered.

3) There is evidence for purinergic inhibitory control of the lung of amphibians

and reptiles. No search has been made yet for purinergic nerves in the mam-
malian lung.

4) The urinary bladders of fish, amphibians, reptiles, marsupials and placental
mammals are supplied by excitatory nerves the effects of which are not blocked

by atropine. There are indications that many of the nerves reaching the urinary
bladder in the pelvic parasympathetic supply may be purinergic excitatory
nerves rather than “atropine-resistant cholinergic fibres” as previously thought.

5) The possibility of purinergic nerve participation in control of parts of the

cardiovascular system is discussed.

6) Indirect evidence for purinergic innervation in the eye largely from studies

of the reinnervation of intestine in anterior eye chamber transplants is presented�

VII. Conclusions-Current Problems

It must be abundantly clear by now that knowledge of purinergic neurotics is

in its infancy. In contrast to the voluminous literature on the biochemistry,

electrophysiology and pharmacology of transmission and morphology of adre-

nergic and cholinergic nerves, less than about 300 papers have appeared in rela-

tion to purinergic nerves. This figure includes earlier studies such as investigations
of the direct action of ATP and related compounds on autonomic effector systems
before purinergic nerves were postulated. Nevertheless, certain features of
purinergic nerves are already clearly established. By drawing together what is

known of these nerves in different disciplines and reinterpreting some earlier
literature in the light of this knowledge, it is hoped that a stimulus will be

provided for a concerted attack on the outstanding problems. Fortunately we

have available, by analogy with the work already carried out on adrenergic and
cholinergic systems, some clear guidelines for study (25). We have also the

advantages of modern cellular methods of analysis not enjoyed by workers who

first examined the classical autonomic components.
It may now be useful to summarise what is known about purinergic nerves,

before suggesting some experimental approaches which might help to fill some

of the many gaps in our knowledge of this system and clarify its physiological

role.

1) Evidence that ATP is the transmitter released from non-adrenergic inhibi-
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tory neurones in the gut includes the following : a) synthesis and storage of ATP

in nerve terminals in such a way that is is available for release upon stimulation

of the nerves ; b) the release of endogenous purine nucleotides, and of tritium-
labeled compounds during stimulation of purmnergic nerves after exposure of

nerves to 3H-adenosine; c) the parallel effects of low concentrations of ATP

and purinergic nerve stimulation; d) the presence in purinergically-innervated

tissues of enzymes that degrade ATP, including ATPase, 5’-nucleotidase and

adenosine deaminase; e) the demonstration that various drugs produce parallel

blocking and potentiating actions on the responses to purinergic nerve stimulation

and directly applied ATP.
2) The cell bodies of purinergic inhibitory neurones are located in Auerbach’s

plexus throughout the gut in mammals, but are limited to the stomach in lower

vertebrates. In the stomach of all groups, they are controlled by preganglionic

parasympathetic fibres running in the vagus nerves; in the mammalian large

intestine they are controlled by intramural cholinergic nerves, but appear to be

without extrinsic nerve connections, except in the distal rectum. Terminal van-

cosities of puninergic nerves appear to be charactenised by a predominance of

large vesicles. These have been termed here large opaque vesicles (LOV) in order

to distinguish them from the large granular vesicles (LGV) found in small num-

bers in both adrenengic and cholinergic nerves, which are smaller and charac-

tensed by a prominent electron-transparent halo between the dense granule and

vesicle membrane. ATPase is localised in micropinocytotic vesicles often ag-

gregated in the smooth muscle membrane closely apposed to nerve profiles con-

taining LOV.

3) Pre- on postganglionic stimulation of purinergic inhibitory nerves with

single pulses produce inhibitory junction potentials (IJP’s) in single smooth

muscle cells of the gut. With repetitive stimulation UP’s sum and facilitate to
produce an overall hyperpolarisation which inhibits spike activity and leads to

relaxation.

4) Many autonomically innervated preparations are sensitive to adenyl

compounds and it seems likely that smooth muscle has two receptors for ATP,
mediating inhibitory or excitatory responses, depending on the organ system.

5) In addition to puriner�ic neurones in the gut wall, fibres which are neither
adrenergic nor cholinergic have been shown to supply a variety of organs. Some

of these nerves are excitatory (for example, those to the urinary bladder and

segments of the gut in lower vertebrates), while others are inhibitory (for exam-

ple, those to the lung, and parts of the vascular system). Many of them are

postganglionic; for example, some reach the amphibian intestine in the sym-

pathetic periarterial nerves and appear to originate in the dorsal root ganglia;

others (e.g., those to the bladder and distal rectum) have been located in the

pelvic outflow; while some appear to reach the stomach and oesophagus in the

vagal outflow. ATP mimics the nerve-mediated responses of most of these prepa-

rations; however, it is not yet known whether any, some, or all of these nerves

are purinergic, or whether they release yet further neurotransmitters.
Some studies have been made of the physiological role of purinergic nerves
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supplying I he a1in�enI ary t ract . Sinc� t he fluorescence list ochPmical m(�I hOd

for localising n�()noamin(�s has been at)1)1i�d to gut pr(�paraIions. it has h�en

recognised that adr�n�rgic nerv4�s do not forni the major inhibitors- l)�1thWt1Y

to tlW gut muscle as �va� acceptPd as the classical ConCPpt for many v�ars. Rat lwr,

most a(lrPnergic nerves form terminal IIPt\vorks about ganglion cells in th� (�11teric

Pl(�X11Se5 (2, :�s, 227, 235, 294, :119, 41S, 450) and ar� concerned Iarg(�Iy with
modulation of local reflex activity (246, 322, 323, 340, 341). Thus, purinPrgic

rat lwr t lUtfl adreii�rgic nerves are t he main antagonistic inhibit � )ry svst �m I o

cl�)li1�rgic excitatory nerves in the Cofltr()1 of gut motility (fig. �). Purinergic

ii��rves ar� ProbablY concerned in the j)hase of “descending inhibition” of p�ri-

stalsis (40, 156, 29S, 581), which is unaffected by sympathetic denervatioii ( l5S4).

lhP powerful rebound contractions following the relaxation of the intestine

pn)(lucecl by activation of purinergic nerves could provide an appropriate mech-

aiiism for assist ing t he passage of boluses further down I he jut est me during

peristaltic propagation (31 la). Purinergic nerves have also been implicated in

th(� nwchanism of “receptive relaxation” of the stomach (146a, 321, 322, 425),

and r(�flPX relaxation of the anal sphincter (240a) and of the oesophago-gastric

jUflCtiOfl (lSOa).

Perhaps th(� most outstanding gap in our knowledge of the purinergic system at

this stage is the discovery of drugs which can selectively block or augment tratis-

mission. ihis gap �vi11 not he easy to fill, as pharmacologists who have studied

drugs \VhiCh modify adrenergic and cholinergic transmission processes will realise,

atid is likely to he particularly difficult since ATP is involved in so many cellular

l)roc�ss�s. It is hoped that the tentative model proposed in section V (fig. 3C)
will provide a framework and stimulus to systematic studies in this field.

Sitice it is IH�)W known that enteric nerves take up 3H-labeled adenosine, where

it is rapidly converted and stored as labeled �VFP ( 520) , the �)oSsihility exists for

localising ATP by autoradiographic methods. The procedure for combining

microautoradiography and the histochemical fluorescence metlmd for flU)flO-

arnines Oil the same section ( 398) should he particularly informative . It should

also he possible to localise acetylcholinesterase in these sections (200), thus pro-

viditig au opportuiiity to compare the distribution and relationships of adrener-

gic, purinergic and cholinergic neurones. The recent synthesis of a highly fiuores-

cent adcnosine triphosphate analogue , 1 , N6-ethanoadenosine t riphosplmte

( 492a), provides an exciting possibility for the development of a fluorescence

histocheniical method for the detection of purinergic nerves. At the electron-

microscopic level, the possibility that ATP is contained in the large opaque

vesicles �vhich �1PI)(�t�r to be characteristic of purinergic nerves (section III B)
can be tested with autoradiographic methods. This study, unlike those concerned

with the relation of labeled XA and small granular vesicles (250-600 A) (181,

527, 573), has the advantage that the smallest silver grain size available with

current emulsions (about 850 A) is capable of being completely contained by the

large opaque vesicles (800-2000 A), although the spread of particles in emulsion

(481) �vilI need to be taken into account. A further way of investigating the

identity of the large opaque vesicles would be to apply gradient ultracentrifuga-
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tion methods to separate a granular fraction from maccrated tissues for bio-

chemical analysis in a manner comparable to that described for separation of

vesicles containing other neurotransmitter substances (177, 203,440, 566, 567).

Another approach, currently being developed in our own laboratory, is to grow

enteric neurones in tissue culture. Xeurones of different types can he distin-

C LASSICAL

CRANIAL
PARASYMPATHETIC

INNERVATION OF THE GUT

I Inhibitory
E - Excitatory

� Cholinergic
, � Adrenergic

._ . Purinergic
/

Ftc . 5. Diagranunat I c IeI)1esetl t at iou of t he ri�aj or (()fl1I)OItctltS � II t lie i ii t�(�ivat 1011 of t he

gut, incorporating the results of recent studies of the distrihutioti of both adreneigic and

purinergic nerves (see textp.559). The following qualifications to this simplified picture are

necessary: 1) Early workers (146, 364) recognised the existarice of some inhibitory fibres in

the vagal outflow to the stomach, but they were usually assumed to be of sympathetic

origi n , so that , for t he sake of si mplici t y , t hey have not 1)eett i tici lIde(1 i it t he di agram rep-

resenting the cla�ssica1 situation. 2) Some adrenergic nerves are knowti to directly innervate

the circular muscle coat of parts of the intestine of most vertebrates and of the stomach of

some species (118, 154, 450). 3) The non-cholinergic, non-adrenergic excitatory innervation

of regions of the gut (particularly in lower vergebrates) have not l�eeit included. Nor have

the postganglionic, noti-adrettergic inhibitory fibres iii the vagal nerves to the stomach or in

the pelvic nerves to the distal rectum. Extrinsic (pelvic nerve) control of some purinergic

nerves in the distal rectum has also lweti omitted.
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guished in these cultures and their differentiation into (liolinergic, purinergic

and sensory neurones is heing investigated on the l)asis of histochemical, auto-

radiographic , t ransmission and stereoscanni rig elect.ronmicroscopic analysis . If

this is established, it should he possible to study the proces�e� of synthesis,

storage, release and ul)take of ATP and related sul)stances on individual puriner-

gic neurotics. A method of measuring the �\TP cont�tit of cultivated neurotics,

using the luciferase technique descrihed by Rasmussen mid Nielsen (447) , was

recently reported (490). Studies of th(� eml)ryonic origin and development of the

different tVl)es of enteric neurotics would also l)e valuable [see Andrew ( 17)].

It \VO1.1l(l he interesting to extend studies of tlw distribution of purinergic

nerves not only within vertel)rate visceral tuid cardiovascular systems, hut also

in glands (347), in the central nervous system (24, 104, 166, 199, 209, 237, 376,

377, 497) atid in the more l)rimitive nervous systems of invertehratcs.

To end OH a particularly speculative note, one might consider the possibility

that a purine nucleotide represents the l)rimitive neurotransmitter developed

early in the evolution of nervous communication systems; that as the needs of

animals became more sophisticated and it became a selective advantage to de-

velop differential neurocontrol systems, new enzyme-forming systems were estab-

lished in neurones, capable of producing other neurotransmitters. In this way

various catecholamines, ACh, GABA, 5HT, glycine, glutamate and probably

other transmitter substances as yet unidentified may have developed independ-

ently as neurotransmitters in different Phyla during the course of evolution.

Whether ATP is the most primitive transmitter in this series of compounds or

not , the question is, what is the mechanism whereby new neurotransmitter sys-

tems evolve? It seems most unlikely that a new nerve type with a structurally

distinct form suddenly appeared during the course of evolution. It is more likely

that there was a gradual evolutionary transition from one neurotransmitter to

another within homologous neurotics. If this is true, then one might begin to

look more carefully over a wide range of animals for nerves showing gradations of

transmitter mixtures, although, as Burn and Rand (1 13, 1 14) have already

pointed out, this concept challenges the widely accepted view that each nerve

releases only one transmitter (166, 471).
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Addendum

Since this review was submitted, experiments carried out in our laboratory

(Costa and Burristock, unpublished) give further support to the hypothesis that

a purme compound is released from non-adrenergic inhibitory nerves. Following
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a

FIG. (L a) l)iagram of experimental set-up. b) Correlated changes in length of (lonor

taenia PreParation (tipper trace) with recipient taenia PreParation (lower trace) (lilting

ransmural elect neal stimulat ion (white squares) of t he donor preparation. Note short -

lasting relaxation of a recipient prepatatioti after stimulation at 30/sec and smaller relaxa-

I mu at 5/sec. Guanethidine (1O� g� ml) and hyoscine (2 X 10� g/ml) present. e) Comparable

records in the presence of dipyridamole 1O� gml (as well as guanethidine and hyoscine).

Note that larger and longer lasting responses to stimulation at both 5 and 30 Pulses sec.

occur in the recipient preparat ion (for explanation see text). The cont ractiouts seen in the

donor preparation in I his record are not primary (out tact mOltS but rat her ‘‘rebound cuui-

I ra(t ions’’ followi uig tin’ pul mary tton-adrenergic inhibit orv response (see Sect ion I V B
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the classical approach of Loewi (369a), two strips of taenia coli were arranged

in series so that the perfusate of one preparation flowed over the second as tie-

scribed by Gaddum (235a). Hyoscine (2 X 10� g/ml) and guanethidine ( 106

g/ml) were iii the perfusing solution. The upper preparation (donor) was stimu-

lated transmurallv, and the changes of length of the upper and lower taenia

preparations were recorded isotonically on a smoked drum. In two out of twelve

experiments, a short lasting relaxation of the lower PreParation (recipient) �vas

observed following stimulation of the donor preparation at 30 pulses/sec and in

one experiment, the recipient preparation also gave a small relaxation at 5 pulses/

S(’C. After addition of dipyridamole, which potentiates the responses of both

purinergic nerves and exogenously applied ATP, probably by blocking the re-

uptake of adenosine into the nerves (482), the recipient preparation relaxed

following stimulation of the donor preparation at both 5 pulses/sec and 30

pulses/sec in 10 out of 1 1 experiments. The relaxation was prolonged, as re-

ported for the effect of dipyiidamole on the responses to ATP and adenosine, but

not on the responses to sympathetic nerve stimulation or NA (482). The results

are illustrated in figure 6.

REFERENCES

I. ABBOAI), F. M. ANt) ECKMTEIN, J. W : Reflex vatoeo)nstrictor and vaxudilatur responses in man. Circ. Res. 18-19:
suppl. 1, 96-103, 1966.

2. ABERO, G. AND ERiNKO, 0. : Localization of noradrenaline and aeetylchulinesteraae in the taenia of the guinea-
pig eaccum. Acta Pliysiul. Seand. 69: 383-384, 1967.

3. ABOOD, L. G., KOKETaL, K. AND MlYoMoTo, S. : Outfiux of various phusphatex (luring membrane depolarisat ion

of excitable tissues. Amer. J . Ptiysiol. 202: 469-474, 1962.

4. ABRAHAMMsON, H. AND JANMaON, G. : Elicitation of reflex vagal relaxation of the stomach from pharynx and

esophagus in the cat. �tcta Physiol. Scand. 77: 172-178, 1969.
5. ABRAHAMSIiON, H.,JANMsON, G. AND MARTINSON,J.: Vagal relaxation of the stomach in(Iuced by apomorphine.

Rend. Romani Gaxtroenterol. 3: 114, 1971.

6. AFONSO. S. : Inhibition of coronary vasodilating action of dipyridamole and adenosine by aminophylline in the

dog. Circ. Rex. 26: 743-754, 1970.
7. AFONSO, S. , O’BRIEN, G. S. AND CRLMPTON, C. Vi. : Enhancement of coronary vasodilating action of .tTP and

adenosine by lidoflazine. Circ. Rex. 22: 43-48, 1968.
8. AHLQUIST, R. P. : A study of the adrenotropic receptors. Amer. J. Pliysiol. 153: 586-600, 1948.

9. AHLQUIST, R. P.: The adrenergic receptor. J. Pharm. Sci. 55: 359-367, 1966.
10. AMBACHE, N. : Unmaxking, after cholinergic paralysis by botulinum toxin, of a reverxed action of nicotine ott the

mammalian intextine, reverling the prol)able presence of local inhibitory ganglion cells in the enteric plexuxes.

Brit. J. Pharmacol. Chemother. 6: 51-67, 1951.
11. AMIJACHE, N. : The use and limitations of atropine for pharmacological studies on autonomic effectors. Pharma�l.

Re�. 7: 467-494. 1955.

12. AMI3ACHE, N.: Properties of inn, a physiological constituent of the rabbit’s irixJ. Physiol. (London) 135: 114-132.

1957.

13. AM13ACHE, N. AND EDWARDS, J.: Reversal of nicotine action on the intestine by atropine. Brit. J. PharmacoT.

Chemother. 6: 311-317. 1951.

14. AMBACHE. N. AND FREEMAN, M. A. : Atropine-resistant longitudinal muscle spasms (hue to excitation 0f non-

cholinergic neuronex in Auerhacli’s plexus. J. Physiol. (London) 199: 705-728, 1968.
15. AMBACHE, N., VERNEY, J. ANt) ZAR, M. A. : Evidence for the release of two atropine-rexixtant spasmogena from

Auerbach’s plexus. J. Physiol. (London) 207: 761-782, 1970.

16. AMHACHE, N. AND ZAR, M. A. : Non-cholinergic transmisxionby postganglionic motor neuronesin the mammalian
bladder. J. Physiol. (London) 210: 761-783, 1970.

17. ANDREW, A.: The origin of intramural ganglia. J. Anat. 108: 169-184, 1971.

18. ANGELAKOS, E. T. AND GLASSMAN, P. M.: Hypotensive and cardiac effects of adenosine and it8 phosphi rylated

derivatives. Arch. mt. Pharmacodyn. Th#{233}r.154: 82-88, 1965.

19. ANGGARD, E. AND SAMUELSSON, B.: 5rnootli muscle stimulating lipids in sheep iris. The identification f prosta-
glandin F�,. Biochem. Pharmacol. 13: 281-283, 1964.

20. ARULAPPU, R. G. S.: The Actions of Nucleic Acid I)erivatives on Smooth Muscle. Fellowship Thesis, Pharma.

ceutical Society of Victoria, Melbourne, 1967.

21. AxEassox, J. AND HOLMHERG, B.: The effects of extracellularly applied ATP and related compounds on the
electrical and mechanical activity of the smooth muscle of taenia roll of the guinea�pig. Acta Physil. Seand.

75: 149-156, 1969.



564 BURNSTOCK

22. AXELSSON, J., HOLMBERG, B. AND IIUGBERG, G. : Some effects of ATP and adrenaline on intestinal smooth

muscle. Life Sci. 4: 817-821, 1965.

23. AXELSSON, J., IIOLMBERO, B. AND HOGBERG, G. : ATP and intestinal smooth muscle. Acta Physiol. Scand. 68:

suppl. 227, 19, 1966.
24. BABSKu, E. B. AND MALKIMAN, I. I. : Effect of adenosine-triphosphoric acid on the chronaxy of the motor zone

of the cerebral cortex. (Cited in Chein. Ahstr. 45: 7247f, 1951.) C. R. Acad. Sd. U.S.S.R., 74: 1135-1137, 1950.

25. BACQ, Z. M. : Fundamentals of Biochemical Pharmacology, pp. 221-365, Pergamon Press, Oxford and New York,

1970.

26. BAER, H. P. AND DRUMMOND, G. I. : Catabolism of adenine nucleotides by the isolated perfused rat heart. Proc.

Soc. Exp. Biol. Med. 127: 33-36, 1968.

27. BALLARD, D. R., ARBOAD, F. M. AND MAYER, H. E. : Release of immoral vasodilator substance during neurogenic
Vaso(lilatatiofl. Amer.J. Physiol. 219: 1451-1457, 1970.

28. BANKs, B. E. C. AND VERNON, C. A.: Reassessment of the role of ATP ‘in vivo’. J. Theor. Biol. 29: 301-326, 1970.

29. BANKS, P. : The adenosine-triphosphatase activity of adrenal chromaffin granules. Biochem. J. 95: 490-496, 1965.

30. BARDEN, H. AND LAZARUS, S. S. : Histochemical characteristics of adenosine triphosphate dephosphorylating
enzymes in rabl)it pancrease. J. Hisnchem. Cytochem. 11: 578-589, 1963.

31. BARRON, D. H. AND MATTHEWS, B. H. C.: ‘Recurrent fibres’ of the dorsal roots.J. Physiol. (London) 85: 104-108,

1935.

32. BARSOUM, G. S. AND GADDUM, J. H. : The pharmacological estimation of adenosine and histamine in blood. J.

Physiol. (London) 85: 1-14, 1935.

33. BARTLET, A. L. AND HASSAN, T. : Contraction of chicken rectum to nerve stimulation after blockade of sympa-

thetic and parasympathetic transmission. Quart. J. Exp. Physiol. Cog. Med. Sci. 56: 178-183, 1971.
34. BARTOSZEWICZ, W. AND BARRNETT, R. J. : Fine structural localization of nucleoside phosphataxe activity in the

urinary bladder of the toad. J. Ultrastruct. Res. 10: 599-609, 1964.

35. BAUMGARTEN, H. G. : iYber die Verteilung von Catecholaminen im I)arm des Menschen. Z. Zellforsch. Mikro.

skop. Anat. 83: 133-146, 1967.
36. BAUMOARTEN, H. G., HOLSTEIN, A. F. AND OWMAN, Cii. : Auerbach’s plexus of mammals and man: electron

microscopic identification of three different types of neuronal processes in myenteric ganglia of the large in-
t.estine from Rhesus monkeys, guinea.pigs and man. Z. Zellforscli. Mikroskop. Anat. 106: 376-397, 1970.

37. BAUR, M. : Versuche am Amnion von Huhn und Gans. (Pharmakologische Untersuchungen an einem nerven-

freien glatten Muskel.) Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol. 134: 49-65, 1928.

38. BAYLISS, W. M. AND STARLING, E. H.: The movement and innervation of thesmall intestine.J. Physiol. (London)

24: 99-143, 1899.

39. BAYLISS, W. M. AND STARLING, E. 11.: The movements and the innervation of the large intestine. J. Physiol.

(London) 26: 107-118, 1900.

40. BAYLISS, W. M. AND STARLING, E. H. : The movements and innervation of the small intestine. J. Physiol. (Lon-

don) 26: 125-138, 1901.
41. BEANI, L., BIANcHI, C. AND CREMA, C. : Effects of metoclopramide on isolated guinea-pig colon. 1) Peripheral

sensitization to acetylcholine. Eur. J. Pharmacol. 12: 320-331, 1970.

42. BEANI, L., BIANCIII, C. AND CREMA, A. : Vagal non-adrenergic inhibition of guinea-pig stomach. J. Pliysiol.

(London) 217: 259-279, 1971.

43. BECK, C. S. AND O.�A, T. : Membrane activity in guinea-pig gastric sling muscle: a nerve-dependent phenomenon.
Amer. J. Physiol. 220: 1397-l403, 1971.

44. BECK, L.: Active reflex dilatation of the innervated perfused hindlimb of the dog. Amer. J. Physiol. 201: 123-128,

1961.

45. BECK, L. : Histamine as the potential mediator of active reflex vasodilatation. Fed. Proc. 24: 1298-1310, 1965.

46. BECKETT, E. B. AND BOURNE, G. H. : 5’-Nucleotidase in normal and (1ise�ed human skeletal muscle. J. Neuro-

pathol. Exp. Neurol. 17: 199, 1918.

47. BELL, C. : Dual vasoconstrictor and vaR)dilator innervation of the uterine arterial supply in guinea-pig. Circ.

Rex. 23: 279-289, 1968.

48. BELL, C. : Transmission from vasoconstrictur and vasodilat.or nerves to single smooth muscle cells of the guinea-

pig uterine artery. J. Physiol. (London) 205: 695-708, 1969.

49. BENNETT, A. : Control of gsstrointestinal motility by substances occurring in the gut wall. Rend. Romani Gastro-

enterol. 2: 133-142, 1970.

50. BENNETT, A. AND FLESHLER. B. : A hyoscine resistant nerve pathway in guinea-pig colon. J. Physiol. (London)
288: 62-63P, 1969.

51. BENNETT, A. AND FLESHLER. B. : Prostaglandins and the gastrointestinal tract. Gastroenterology 59: 790-800,

1970.

52. BENNETT, A., FRIEDMAN, C. A. AND VANE, J. R.: Release of prostaglandin E1 from the rat stomach. Nature

(London) 216: 873-876, 1967.

53. BENNETT, r). W. AND DRURY, A. N.: Further observations relating to the physiological activity of adenosine

compounds. J. Physiol. (London) 72: 288-320, 1931.

54. BENNETT, M. R.: Rebound excitation of the smooth muscle cells of the guinea-pig taenia coli after stimulation of

intramural inhibitory nerves. J. Physiol. (London) 185: 124- 131, 1966a.

55. BENNETT, M. R.: Transmission from intramural excitatory nerves to the smooth muscle cells of the guinea-pig
taenia coli. J. Physiol. (London) 185: 132-147, l966b.

56. BENNETT, M. R.: Model of the membrane of smooth muscle cells of the guinea-pig taenia coli muscle during
transmission from inhibitory and excitatory nerves. Nature (London) 211: 1149-1152, 1966c.



PURINERGIC NERVES 565

57. BENNETT, M. R. AND BURNSTOCX, G. : Electrophysiology of the innervation of intestinal smooth muscle. In
‘Handbook of Physiology’ Section 6, Alimentary Canal IV Motility. pp. 1709-1732. Publ. American Physiologi-

cal Society, Washington, 1968.

58. BENNETT, M. R., BURNSTOCK, G. AND HOLMAN, M. E. : The effect of potassium and chloride ions on the inhibitory

potential recorded in the guinea-pig taenia coli. J. Physiol. (London) 169: 33-34P, 1963.
59. BENNETT, M. R.. BURNSTOCK, 0. AND HOLMAN, M. E. : Transmission from perivascular inhibitory nerves to the

smooth muscle of the guinea-pig taenia coli. J. Physiol. (London) 182: 527-540, 1966a.

60. BENNETT, M. R., BtTRNSTOCE, G. AND HOLMAN, M. E. : Transmission from intramural inhibitory nerves to the
smooth muscle of the guinea-pig taenia coli. J. Physiol. (London) 182: 541-558, 1966b.

61. BENNETT, M. R. AND MERRILLEES, N. C. R. : An analysis of the transmission of excitation from autonomic nerves
to smooth muscle. J. Physiol. (London) 185: 520-535, 1966.

62. BENNETT, M. R. AND ROGERS, D. C. : A study of the innervation of the taenia coli. J. Cell Biol. 33: 573-598, 1967.
63. BENNETT, T. : The effects of hyoscine and anticholinesterases on cholinergic transmission to the smooth muscle

cells of the avian gizzard. Brit. .J. Pharmacol. Chemother. 37: 585-594, 1969a.

61. BENNETT, T. : Nerve-mediated excitation and inhibition of the smooth muscle cells of the avian gizzard. J . Phys-

ioi. (London) 204: 669-686, 1969h.
65. BENNETT, T. : Interaction of nerve-mediated excitation and inhibition of single smooth muscle cells of the avian

gizzard. Comp. Biochem. Physiol. 32: 669-680, 1970.

66. BENNETT, T., BURNSTOCE, G., COBB,J. L. S. AND MALMFORS, T.: An ultrastructural and histochemical study of
the short term effects of 6-hydroxydopamine on adrenergic nerves in the domestic fowl. Brit. J. Pharmacol.

Chemother. 38: 802-809, 1970.

67. BENNETr, T. AND COBB, J. L. S. : Studies on the avian gizzard: Auerbach’s plexus. Z. Zellforsch. Mikroskop.
Anat. 99: 109-120, 1969.

68. BENNETT, T. AND COBB,J. L. S.: Studies on the avian gizzard: Morphology and innervation of the smooth muscle.

z. Zellforsch. Mikroskop. Anat. 96: 173-185, 1969.

69. BENNETT, T., COBB, J. L. S. AND MALMFORS, T. : Experimental studies on Auerbach’s plexus, with particulsr
reference to the adrenergic component. Referred to in Burnxtock and Iwayama, 1971 (132).

70. BENTLEY, G. A. : Studies on sympathetic mechanisms in isolated intestinal and vax deferens preparations. Brit.

J. Pharmacol. Chemother. 19: 85-98, 1962.

7th. BERG, G. 0., LYON, D. AND CAMPBELL, M. : Faster histochemical reaction for ATPase in presence of chloride

salts, with studies of the mechanism of precipitation. J. Histochem. Cytochem. 20: 39-55, 1972.
71. BERGER, P. J. : The vagal and sympathetic innervation of the heart of the lizard. Tiliqua rugosa. Aust. J. Exp.

Biol. Med. Sci. 49: 297-304, 1971.
72. BERGSTROM, S., CARLSON, L. A. AND WEEKS, J. R. : The prostaglandins: a family of biologically active lipids.

Pharmacol. Rev. 20: 1-48, 1968.

73. BERNE, R. M. : Cardiac nucleotides in hypoxia: possible role in regulation of coronary blood flow. Amer.J. Physiol.

204: 317-322, 1963.

74. BERNE, R. M. : Regulation Gf coronary flow. Physiol. Rev. 44: 1-29, 1964.

75. BERNE, R. M., IMAI, 5. AND RILEY, A. L. : Adenine nucleotides and their derivatives in anoxic cardiac and skeletal

muscle. Physiologist 6: 138, 1963.

75a. BERNE, R. M., RUBI0, R., DOBSON,J. C. AND CORNISH, R. R.: Adenosine and adenine nucleotides of possible
mediator of cardiac and skeletal muscle blood flow regulation. Circ. Res. 28 and 29: suppl I, 115-131, 1971.

76. BERNEIS, K. H., PLETSCHER, A. AND DA PRADA, M. : Metal-dependent aggregation of biogenic amines: a hypothe-

six for their storage and release. Nature (London) 224: 281-283, 1969.

77. BlANCH!, C., BEANI, L. AND CREMA, C. : Effects of metoclopramide on isolated guinea-pig colon. II. Interference
with ganglionic stimulant drugs. Eur. J. Pharmacol. 12: 332-341, 1970.

78. BlANCH!, C., BEANI, L., FRIGO, G. M. AND CREMA, C. : Further evidence for the presence of non-adrenergic
inhibitory structures in the guinea-pig colon. Eur. J. Pharmacol. 4: 51-61, 1968.

79. BIANCHI, A., DE NATALE, G. AND GIAQOINT0, S. : The effects of adenosine and its phosphorylated derivatives

sipon the respiratory apparatus. Arch. mt. Pharmacodyn. Th#{233}r. 145: 498-517, 1963.
79a. BIBER, B., LUNDOREN, 0. AND SVANI, K. J. : Studies on the intestinal vasodilatation observed after mechanical

stimulation of the mucosa of the gut. Acta. Physiol. Scand. 82: 177-190, 1971.

80. BIELSCHOWSKY, M., GREEN, H. N. AND STONER, H. B. : Effect of magnesium and calcium on physiological

properties of certain purine derivatives. J. Physiol. (London) 104: 239-252, 1946.

81. BISBY, M. A. AND FILLENZ, M.: The storage of endogenous noradrenaline in sympathetic nerve terminals. J.

Physiol. (London) 215: 163-179, 1971.

82. BtSsxoP, E. H. AND O’LEARY, J. : Pathways through the sympathetic nervous system in the bull frog. J. Neuro-

physiol. 1: 442-454, 1938.

83. BITTAR, N. AND PAULY, T. J. : Role of adenosine in reactive hyperemia of the dog heart. Experientia (Basel) 27:
153-154, 1971.

84. BLAKELEY, A. G. H., BROWN, L. AND GEFFEN, L. B. : Uptake and reuse of sympathetic transmitter in the cat’s
spleen. Proc. Roy. Soc. 5cr. B Biol. Sci. 174: 51-68, 1969.

85. BOGDANSKI, D. F. AND BRODIE, B. B.: The effects of inorganic ions on the storage and uptake of H1-norepi-
nephrine by rat heart slices. J. Pharmacol. Exp. Ther. 165: 181-189, 1969.

86. BONDAREFF, W.: Submicroscopic morphology of granular vesicles in sympathetic nerves of rat pineal body. Z.
Zellforsch. Mikroskop. Anat. 67: 211-218, 1965.

87. BONTING, S. L.: Sodium-potassium activated adeno�ine triphosphatase and cation transport. In Membranes

and Ion Transport, ed. by E. Bittar, vol. 1, pp. 286-394, Wiley-Interscience (John Wiley & Sons Ltd.), London,

1970.



566 BURXSTOCK

88. BONTING, S. L., CARRAVAGGIO, L. L. AND HAWKINS, N. M. : Studies on sodium-potassium-activated adenosine-

triphosphatase. IV. Correlation with cation transport sensitive to cardiac glyrosides. Arch. Biocliem. Biophys.

98: 413-419, 1962.

89. Box’rINo, S. L., SIMoN, K. A. AND HAWKINS, N. M. : Studies on sodium-potassium-activated a(lenosine triphos-

phatase. I. Quantitative distribution in several tissues of the cat. Arch. Biochem. Biophys. 95: 416-423, 1961.
89a. BORGERS, M. : Cytochemistry and histochemistry of growing collaterals in chronic coronary artery occlusion.

In The Collateral Circulation of the Heart, pp. 117-150, W. Schaper, North Holland (Amsterdam), 1971.
90. BORN, G. V. R. : Platelets in thrombogenesis: mechanism and inhibition of platelet aggregation. Ann. Roy.

Coll. Surg. Engl. 36: 200-206, 1965.
91. BoscH, R., SALIBAN, A. ANI) ROMEU, F. G.: On the histochemical demonstration of Na activated ATPase. J.

Histochem. Cytochem. 15: 114-115, 1967.

92. BOTTING, J. H. AND TURMER, A. D. : Mode of action of vasopressin on isolated proximal cohn of the guinea-pig.
Brit. J. Pharmacol. Chemother. 28: 197-206, 1966.

93. BOTTING, J. H. AND TURMER, A. D. : Studies on the mode of action of vasopressin (In the isolated proximal colon
of the guinea-pig. Brit. J. Pharmacol. Chemother. 37: 306-313, 1969.

94. BOWMAN, W. C. AND HALL, M. T. : Inhibition of rabbit intestine mediated by a- and �.adren((recel)tor5. Brit. J.
Pharmacol. Chemother. 38: 399-415, 1970.

95. BOWMAN, W. C. AND STAFFORD, A.: Effects of dipyridamole on contractions of the cat’s nictitating membrane.

Eur. J. Pharmacol. 3: 131-138, 1968.
OSa. BOYD, H. : ATP as a nerve transmitter substance. J. Theoret. Biol., submitted for publication.

96. BOYD, I. A. AND FORRESTER, T. : The release of adenosine triphosphate from frog skeletal muscle in vitro. J.

Physiol. (London) 199: 115-13.5, 1968.
97. BOYD, I. A. AND MARTIN, A. R.: Theend-plate potentialin mammalian muscle.J. Physiol. (London) 132: 74-91,

1956.
98. BRADFORD,J. R.: The innervation of the renal blood vessels. .1. Physiol. (London) 10: 358-407, 1889.
99. BRECHT, K. AND EPPLE, 0. : Uber die Wirkung von Acetylcholin und Adenosintriphosphat auf isolierte lebende

und mit Wasser-Glycerin extrahierte (Juergestreifte und glatte Muskeln des Frosches. Pflugers Arch. Gesamte

Physiol. Menschen Tiere 255: 315-326, 1952.

100. BRETSCHNEIDER, H.J., FRANK, A., BERNARD, U., KOCHSIEK, K. AND SCHELER, F. : Die Wirkung eines Pyrimido-
pyrimidin-Derivates auf die Sauerstoff-Versorgung des Herzmuskels. Arzneimittel-Forschung 9: 49-59, 1959.

101. BRETTSCHNEIDER, H. : Elektronenmikroskopische Untersuchungen Cber die Innervation der glatten Muskulatur
des Darmes. Z. Zellforsch. Mikroskop. Anat. 68: 333-360, 1962.

102. BRODY, M. J. : Neurohumoral mediation of active reflex vasodilation. Fed. Proc. 25: 1583-1592, 1966.

103. BROWN, G. L. : The release and fate of the transmitter liberated by adrenergic nerves. Proc. Roy. �,oc. 5cr. B
Biol. Sci. 162: 1-19, 1965.

104. BUCHTHAL, F., ENGBAEE, L., STEN-KNL�DSEN, 0. AND THOMASEN, E. : Application of adenosinetriphosphate

and related compounds to the spinal cord of tile cat. J. Physiol. (London) 106: 3-4P, 1947.

105. BUCHTHAL, F. AND KAHLSON, G. : The motor effect of adenosine triphosphate and allied phosphorus compounds

on smooth mammalian muscle. Acta Pliysiol. Scand. 8: 325-334, 1944.

106. BUCKNELL, A.: Effects of direct and indirect stimulation on isolated colon.J. Physiol. (London) 177: 58-59P, 1964.

107. BUCKNELL, A. AND WHITNEY, B. : A preliminary investigation of the pharmacology of the human isolated taenia

coli preparation. Brit. J. Pharmacol. Chemother. 23: 164-175, 1964.

108. BCLBRING, E. AND GERSHON, M. D. : 5.Hydroxvtryptainine participation in the vagal inhibitory innervation

of the stomach. J. Physiol. (London) 192: 823-846, 1967.

109. BCLBRING, E. ANt) TOMITA, T. : Properties of the inhibitory potentialofsmooth muscle as observed in the response
to field stimulation of the guinea-pig taenia coli. J. Physiol. (London) 189: 299-316, 1967.

110. BUNAG, R. D., DOUGLAS, C. R., IMAI, S. AND BERNE, R. M. : Influence of a pyrimidopyrimidine derivative (In

deamination of adenosine t)% blood. Circ. Rex. 15: 83-88, 1964.
111. BUNcH, J. L. : On the vas()tnotor nerves (If the small intestine. J. Physiol. (London) 24: 72-98, 1899.

112. BUNDAY, P. V., CARR, C. J. AND MIYA, T. S. : A pharmacological study of some nucleosides and nucleotides. J.

Pharm. Pharmacol. 13: 290-299, 1961.

113. BURN, J. H. AND RAND, M. J. : Sympathetic postganglionic mechanism. Nature (London) 184: 163-165, 1959.

114. BURN,J. H. AND RAND, M.J.:Acetylcholine in adrenergictransmission. Annu. Rev. Pharmacol. 5: 163-182, 1965.

115. BURNSTOCK, G. : The effects of acetylcholine on membrane potential, spike frequency, conduction, velocity and

excital)ihty in the taenia coli of the guinea-pig. J. Physiol. (London) 143: 165-182, l958a.

116. BURNSTOCK, G. : The effect of drugs on spontaneous motility and on response to stimulation of the extrinsic
nerves of the gut of a teleostean fish. Brit. J. Pharmacol. Chemother. 13: 216-226, 1958b.

117. BURNSTOCE, G. : The innervation of the gut of the brown trout (Salmo trutta). Quart. J. Microscop. Sri. 100: 199-
220, 1959.

118. BURNSTOCK, G. : Evolution of the autonomic innervation of visceral and cardio-vascular systems in vertel)rates.

Pharmacol. Rev. 21: 247-324, 1969.

119. BURNSTOCK, G. : Structure of smooth muscle and its innervation. In Smooth Muscle, pp. 1-69, ed. by E. BUl.
bring, A. F. Brading, A. W. Jones and T. Tomita, Edward Arnold, London, 1970.

120. BURNSTOCK, G.: Neural nomenclature. Nature (London) 229: 282-283, 1971.

121. BURNSTOCK, G. AND CAMPBELL, G.: Comparative physiology of the vertebrate autonomic nervous system. II.

Innervation of the urinary bladder of the ringtail possum (Pseudocheiru.� peregrinus). J. Exp. Biol. 40: 421-436.

1963.

122. BURNPITOCK, G., CAMPBELL, G., BENNETT, M. AND HOLMAN, M. E.: Tile effects of drugs on the transmission of



PURINERGIC NERVES 567

inhibition from autonomic nerves to the smooth muscle of the guinea-pig taenia coli. Biochem. Pharmacol.

12: suppl., 134, 1963a.

123. BURNBTOCX, G., CAMPBELL, G., BENNETT, M. AND HOLMAN, M. E. : Inhibition of the smooth muscle of the taenia

coil. Nature (London) 200: 581-582, 1963b.

124. BUBNSTOCK, G., CAMPBELL, G., BENNETT, M. AND HOLMAN, M. E. : Innervation of the guinea-pig taenia coIl:

are there intrinsic inhibitory nerves which are distinct from sympathetic nerves? mt. J. Neuropharmacol. 3:
163-166, 1964.

125. BUBNST0cK, G., CAMPBELL, G. �.zm RAND, M. J. : The inhibitory innervation of the taenia of the guinea-pig

caecum. J. Physiol. (London) 182: 504-626, 1966.
126. BURNBTOCK, G., CAMPBELL, G., SATGHELL, D. G. AND SMYTHE, A. : Evidence that adeno�ine triphosphate or a

related nucleotide is the transmitter substance released by non-adrenergic inhibitory nerves in the gut. Brit.

J. Pharmacol. Chemother. 40: 668-688, 1970.

127. BURNSTOCK, 0., DtTMSDAY, B. � SMymE, A. : Atropine-resistant excitation of the urinary bladder: the poesi-
bility of transmission via nerves releasing a purine nucleotide. Brit. J. Pharmacol. Chemother. 44: 451-461, 1972.

128. BUENSTOCK, G., GANNON, B. J. �.rw IWAYAMA, T. : Pattern of sympathetic innervation of vascular smooth

muscle in normal and hypertensive animals. In Symposium on Hypertensive Mechanisms, Circ. Rex. 27:

suppl. 11, 5-24, 1970.
129. BURNSTOCK, 0., GANNON, B. J., M�tzasi�ons, T. AND ROGERS, D. C. : Changes in the physiology and fine structure

of the taenia of the guinea-pig caecum following transplantation into the anterior eye chamber. J. Physiol.
(London) 219: 139-154, 1971.

130. BUENSTOCK, G. AND Honswe, M. E. : The transmission of excitation from autonomic nerve to smooth muscle.

J. PhysioL (London) 155: 115-133, 1981.

131. BURNBTOCX, G. AND HOLMAN, M. E. : Junction potentials at adrenergic synapses. Pharmacol. Rev. 18: 481-493,
1986.

132. BURNSTOCX, G. AND IWATAMA, T. : Fine structural identification of autonomic nerves and their relation to smooth
muscle. In Symposium on Histochemistry of Nervous Transmission. Progr. Brain Rae. 34: 389-408, 1971.

133. BUENSTOCa, G. AND MEREILLEES, N. C. R. : Structural and experimental studies on autonomic nerve endings

in smooth muscle. In Pharmacology of Smooth Muscle, pp. 1-17, Pergamon Press, Oxford, 1964.

134. BURN8TOC�, G., O’SHEA, J. AND WooD, M. : Comparative physiology of the vertebrate autonomic nervous sys-
tem. I. Innervation of the urinary bladder of the toad (Bufo marinus). J. Exp. Biol. 40: 403-419, 1963.

135. BuRN8TOcX, G. AND ROBINSON, P. M. : Localization of catecholaminee and acetylcholinesteraee in autonomic
nerves. In American Heart Association Monograph (No. 17). Circ. Rex. 21: suppl. 3, 43-55, 1967.

l35a. BURNSTOCK, G., SATCHELL, D. G. AND SMYTRE, A. : A comparison of the excitatory and inhibitory effects of

non-adrenergic, non-cholinergic nerve stimulation and exogenously applied ATP on a variety of smooth muscle

preparations from different vertebrate species. Brit. J. Pharmacol. Chemother. in press, 1972.

136. BUEN5T0cK, 0. AND STRAUII, R. W. : A method for studying the effects of ions and drugs on the resting and action
potentials in smooth muscle with external electrodes. J. Physiol. (London) 140: 158-167, 1958.

137. BURNSTOCK, G. AND WOOD, M. E. : Innervation of the urinary bladder of the sleepy lizard (Trachya.aurus rugoac).
II. Physiology and pharmacology. Comp. Biochem. Physiol. 20: 675-690, 1967.

138. BUTINSKI, J. P. AND RAPELA, C. E. : Cerebral and renal vascular smooth muscle responses to adenosine. Amer.
J. PhysioL 217: 1660-1664, 1969.

139. CAESER, R., EDWARDS, G. A. AND Rus�.a, H. : Architecture and nerve supply of mammalian smooth muscle
tissue. J. Biophys. Biochem. Cytol. 3: 867-878, 1957.

140. CAMPBELL, G. : Nerve-mediated excitation of the taenla of the guinea-pig caecum. J. Physiol. (London) 185:
148-159, 1966a.

141. CAMPBELL, G. : The inhibitory nerve fibres in the vagal supply to the guinea-pig stomach. J. Physiol. (London)
185: 600-612, 196Gb.

142. CAMPBELL, G. : The autonomic innervation of the stomach of a toad (Bufo marinas). Comp. Biochem. Physiol.
31: 693-706, 1989.

143. CAMPBELL, G. : Autonomic nervous supply to effector tissues. In Smooth Muscle, pp. 451-495, ed. by E. Bulbring,
A. F. Brading, A. W. Jones and T. Tomita, Edward Arnold, London, 1970.

144. CAMPBELL, G. : Autonomic innervation of the lung musculature of a toad (Bufo marinas). Comp. Gen. Pharma-
col. 2: 281-286, 1971.

145. CAMPBELL, G. AND BURNSTOCX, G. : The comparative physiology of gastrointestinal motility. In Handbook of

Physiology, Section 6: Alimentary Canal, vol. IX, pp. 2213-2266, American Physiological Society, Wash-
ington, D. C., 1968.

146. CANNON, W. B. : The Mechanical Factors of Digestion, Edward Arnold, London, 1911.

146a. CANNON, W. B. AND LIEB, C. W.: The receptive relaxation of the stomach. Amer. J. Physiol. 29: 267-273, 1911.

147. CARPENTER, F. G. AND RAND, S. A.: Relation of acetylcholine release to responses of the rat urinary bladder.
J. Physiol. (London) 180: 371-382, 1965.

148. CARTER, R. H. : Resistance to tetrodotoxin in toad sympathetic nerves. J. Pharm. Pharmacol. 21: 394-395, 1969.
149. CHESRER, 0. B. : Acetylcholine in extracts and perfusates of urinary bladder. J. Pharm. Pharmacol. 19: 445-455,

1987.

150. CRaSHER, G. B. AND THom’, R. H.: The atropine-resistance of the response to intrinsic nerve stimulation of
the guinea-pig bladder. Brit. J. Pharmacol. Chemother. 25: 288-294, 1965.

150a. CODE, C. F. AND SCRLEGEL, J. F.: Motor action of the esophagus and its sphincters. In Handbook of Physi-
ology. Section 6: Alimentary Canal, vol.4, ed. by C. F. Code, pp. 1821-1839, American Physiology Society,

Washington, D.C., 1968.



568 BURNSTOCK

151. CONWAY, E. J. AND Cooxa, R. : The deaminasee of adenosine and adenylic acid in blood and tissues. Biochem.

J. 33: 479-492, 1939.

152. COSTA, M. AND Fumesas, J. B. : The innervation of the proximal colon of the guinea-pig. Proc. Anat. Physiol.

Pharmacol. Soc. 2: 29-30, 1971.
153. COSTA, M., FURNESS, J. B. �m GABELLA, A. : Catecholamine containing nerve cells inthe mammalian myenterio

plexus. Histochemie 25: 103-106, 1971.

154. COSTA, M. AND GABELLA, G. : Adrenergic innervation of the alimentary canal. Z. Zeilforach. Mikroekop. Anat.
122: 357-377, 1971.

155. CouPLawn, R. E. : The Natural History of the Chromaffin Cell, ad. by Longmans Green, & Co. Ltd., London,
1965.

156. CRza&a, A. : On the polarity of the peristaltic reflex in the colon. In Smooth Muscle, pp. 542-548, ad. by E. Bill-
bring, A. Brading, A. Jones and T. Tomita, Edward Arnold, London, 1970.

167. Cane.a, A., Dan TAcc�, M., Fmoo, G. M. AND Laccanix, S. : Presence of a non-adrenergic inhibitory system

in the human colon. Gut 9: 633-637, 1968.

168. Cax*�, A., Fiuco, G. M. AND Laccmm, S. : A pharmacological analysis of the periataltic reflex in the isOlated
colon of the guinea-pig or cat. Brit. J. PharmacoL Chemother. 39: 334-345, 1970.

169. CmnszNs,J. AND HTD�N, M. : ATP levels and ATPaaes in neurons, glia and neuronal membranes of the vestibular
nucleus. Biochim. Biophys. Acts 60: 271-283, 1962.

160. CUSHNET, A. R. : The action of atrophic, pilocarpine and physoetigmine. J. Physiob (London) 41: 233-246, 1910.

161. CuTHBEET, A. W. : Electrical activity of the smooth muscle of the chick amnion. J. PhysioL (London) lfl: 264-
273, 1964.

162. DABNaY, J. M., Scoi’r, J. B. AND CR00, C. C. : Action of adenosine and ATP on ileal wall tension and blood

flow. Physiologist 10: 150-151, 1967.

163. Ds.L�, H. H. : Obeervatlons chiefly by the degeneration method, on possible eferent fibres in the dorsal nerve-

roots of the toad and frog. J. Physiol. (London) 27: 350-355, 1901.

164. DALE, H. H. : On the action of ergotoxine; with special reference to the existence of sympathetic vaeodilatore.
J. Phyeiol. (London) 46: 291-300, 1913.

185. DALE, H. H. : Nomenclature of fibres in the autonomic system and their effects. J. Physiob (London) SI: 10-11P,

1933.

166. DAna, H. H. : Pharmacology and nerve-endings. Proc. Roy. Soc. Med. 28: 319-332, 1935.

167. D�tLa, H. H. AND GADDUM, J. H. : Reactions of denervated voluntary muscle, and their bearing on the mode

of action of parasympathetic and related nerves. J. PhysioL (London) 70: 109-144, 1930.

168. DALLEMAGNa, M. J. : Histamine. In Fundamentals of Biochemieal Pharmacology, pp. 326-330, ad. by Z. M.
Bacq, Pergamon Press, Oxford, 1970.

169. DAmaL, E. E. AND IRWIN, J.: On the mechanism whereby certain nucleotidea produce contractions of smooth
muscle. Can. J. Physiol. PharInacOL 43: 89-136, 1965.

170. DAUGHnaTY, R. M., Ja., Scove, J. B., DABN�T, J. M., SWINDALL, B. T. AND HADDT, F. J. : Direct effects of

0�, CO,, nucleotides and ischemia on comnary resistance and ventricular force in the intact heart. Circulation

31-32. Suppl. II: 74, 1965.

171. DAvz�8, D. F., Gaorna, A. AND Scuaoanaa, H. : Circulatory and respiratory effects of adenoeine tniphosphate

in man. Circulation 3: 543-650, 1951.

172. DAY, M. D. AND RAND, M. J. : Effect of guanethidine in revealing cholinergic sympathetic fibres. Brit. J. Pharma-
coL Chemother. 17: 245-260, 1961.

173. DAY, M. D. AND WARREN, P. R. : Inhibitory responses to tranamural stimulation in isOlated intestinal prepara-

tions. J. Pharm. Pharmacol. 19: 408-410, 1967.

174. DAY, M. D. AND WARREN, P. H. : A pharmacological analysis of the responses to tranamural stimulation in iso-
lated intestinal preparations. Brit. J. PharmaCOl. Chemother. 32: 227-240, 1968.

175. D� GUBAREYP, T. AND SLEATOR, W. : Effects of caffeine on mammalian atrial muscle and its interaction with
adenosine and ealcium. J. Pharmacol. Exp. Ther. 148: 202-214, 1965.

176. Da Pce’rza, W. P. : Noradrenaline storage particles in splenic nerve. Phil. Trans. Roy. Soc. London Bar. B BIG!.
Sci. 261: 313-317, 197!.

177. Da Rosaa�ria, E. : Adrenergic endings and vesicles isOlated from brain. PharmacoL Rev. 18: 413-424, 1966.
178. DEL TACCA, M., Lzccsmn, S., Fmoo, G. M., Caas&&, A. AND Basizi, G. : Antagonism of atropine towards endoge.

nous and exogenous acetylcholine before and after sympathetic system blockade in the isOlated distal guinea-

pig colon. Eur. J. Pharmacol. 4: 188-197, 1968.

179. DEUTIcEE, H. J. : lYber den Einfluse von Adenosin und Adenoeinphoaphorefturen auf den isolierten Meerschwein-
chenuterus. Pflhlgere. Arch. Geeamte Physiol. Menachen Tiere 230: 537-555, 1932.

180. DaviNa, C. E. AND SixspsoN, F. 0. : The fine structure of vascular sympathetic neuromuscular contacts in the
rat. Amer. J. Anat. 121: 153-174, 1967.

181. Davnsz, C. E. AND SnapsoN, F. 0.: Localization of tritiated norepinephrine in vascular sympathetic axons of

the rat intnetine and meeentery by electron microscope radioautography. J. Cell Bin!. 38: 184-192, 1968.

18!a. DoasoN, J. G., Ja., Rimxo, R. AND Bamea, R. M.: Role of adenine nucleotide, adenosine and inorganic phos-
phate in the regulation of skeletal muscle blood flow. Circ. Bee. 29: 375-384, 1971.

182. DOGIEL, A. 8.: Zur Frage fiber die Ganglien der Darmgeflechte bet den SAugetieren. Anat. Auz. 10: 617428,1895.

183. Doozan, A. 8.: 1)ber den Bau der Ganglien in den Geflechten des Darmes und der Gallenblaxe des Menechen

und der SAugetieren. Arch. Gesamte Anat. PhysioL Anat. Abth. 130-158, 1899.

184. Doan, L D. AND BRODY, M. J.: Haemodynamic mechanisms of erection in the canine penis. Amer. J. Physiol.

213: 1526-1531, 1967.



PURINERGIC NERVES 569

185. DoUGLAS, W. W. : Stimulus-secretion coupling: the concept and clues from chromaffin and other exile. Brit. J.
Pharmacol. 34: 451-474, 1968.

186. Dauay, A. N. : The physiological activity of nucleic acid and its derivatives. Physiol. Rev. 16: 292-825, 1936.

187. Dauav, A. N. AND SZENT-GYOROYI, A. : The physiological activity of adenine compounda with especial reference
to their action upon the mammalian heart. J. PhysioL (London) 68: 213-237, 1929.

188. Dauay, A. N. AND WEDD, A. M. : The influence of adenosine and related compounds upon the coronary arteries

in the perfused rabbit heart. J. Physiol. (London), 70: 28-29P, 1930.

189. Durx, F., PATTERSON, G. C. AND Saapaann, J. T. : A quantitative study of the response to AlT of the blood

vessels of the human hand and forearm. J. Physiol. (London) 125: 581489, 1954.

190. DUMSDAY, B. : Atropine-resiatance of the urinary bladder. J. Pharm. Pharmacol. 23: 222-225, 1971.

191. EcuLES, J. C. : The Physiology of Synapses, Springer-Verlag, Berlin, 1964.
192. EccLaa, J. C. AND MAGLADERY, J. W.: The excitation and responae of smooth muacle. J. Phyxiol. (London) 90:

31-67, 1937.

193. EDGE, N. D. : A contribution to the innervation of the urinary bladder of the cat. J. PhysioL (London) 127: 54-

68, 1955.

194. EDVAHDSEN, P. : Nervous controlof urinary bladder in cats. IV. Effect of autonomic blocking agents on responees

to peripheral nerve stimulation. Acta Physiol. Seand. 72: 234-247, 1968.

195. EINSTaIN, R., COBBIN, L. B., ANGUS,J. A. AND MAGUIRE, M. H.: Furtherstudies on the ooronary dilator effects
of adenosine and AMP analogues. Proc. Austr. PhysioL Pharmacol. Soc., Sept. 1970, 1: 2P, 1970.

196. ELa’vzN, L.-G. : The structure and composition of motor, sensory and autonomic nerves and nerve fibres. In
The Structure and Function of Nervous Tissue, vol. I, Structure I, pp. 325-377, ed. by Geoffrey H. Bourne,

Academic Press, New York, 1968.

197. ELIASSON, S. : Cerebral influence on gastric motility in the cat. Acts PhysioL Seand. 26: suppi. 95, 1-70, 1962.

198. ELIASSON, S. : Activation of gastric motility from the brainatem of the cat. Acts Physiol. Scand. 30: 199-214, 1964.

199. EMMELIN, N. AND FZLDBaRG, W. : Systemic effects of adenosine triphosphate. Brit. J. Pharmacol. Chemother.

3: 273-284, 1948.

200. ERINKO, 0. : Hietochemiatry of nervous tissues, catecholamines and cholinesteraaea. Annu. Rev. Pharmacol.

7: 203-222, 1967.

201. Eui�za, U. 8. VON AND ELIAxSON, R. : Proetaglandina, pp. 61-100, Academic Press, New York, 1967.

208. EuLER, U. S. VON AND Huz.aap, N.-A.: Evidence for the presence of noradrenaline in submicroscopic structures
in adrenergic axona. Nature (London) 177: 44-45, 1956.

203. ElmER, U. 8. VON AND Lxawxo, F.: Effect of adenine nucleotides on catecholamine release and uptake in lao-
lated adrenergic nerve granules. Acta PhysioL Scand. 59: 464-461, 1963.

204. EVANS, D. M. L., Scan,n, M. 0. AND THESLEFF, S. : Effects of drugs on depolarized plain muscle. J. Physiol.
(London) 143: 474-485, 1958.

205. Evana�, S. D. : Pharmacological responees of the belated innervated intestine and rectal caecum of the chick.
Brit. J. PharmacOL Chemother. 33: 342-356, 1968.

206. Ewuxo, P. L., ScaLalci, F. AND Easaasow, G. A. : Comparison of smooth muscle effects of crotonoeide (isoguano-
sine) and adenosine. J. Pharmacol. Exp. Ther. 97: 379-383, 1949.

207. F�ca, G. : Nonapecificity of ATP-contraction of living muscle. Science 123: 632-633, 1966.
208. FELDBERG, W. AND Hams, C.: The stimulating action of phosphate compounds on the perfused superior cervical

ganglion of the cat. J. Physiol. (London) 107: 210-221, 1948.

209. FELDBEHO, W. AND SHERWOOD, 8. L.: Injections of drugs into the lateral ventricle of the cat. J. PhyxioL (London)

123: 148-167, 1954.

210. FILLENZ, M. : Fine Structure of noradrenaline storage vesicles in nerve terminala of the rat vax deferena. Phil.

Trans. Roy. Soc. London Ser. B BIG!. Sd. 261: 318-324, 1971.
211. Fnzxaca, A. AND Weoxa, P. : Die geflaserweiterude Wirkung der phosphorylierten Stoffwechaelprodukte. Pflflgees

Arch. Gesamte Physiol. Menschen Tiara 239: 362-369, 1937.

212. FLOssNaB, 0. : Die physiologiachen Wirkungen der NucleinaAuren und ihrer Derivate. Naunyn-Schmiedebergs
Arch. Pharmakol. Exp. PathoL 174: 246-264, 1934.

213. FoLEow, B. : The vasodilator action of adenosine triphosphate. Ante Physiol. Scand. 17: 311-316, 1949.
2l3a. FoaRasTaB, T. : A quantitative estimation of adenosine triphoaphate released from human forearm muscle

during sustained exercise. J. PhYSIOL (London) 220: 26-27P, 1972.

214. FoRaESTER, T. AND LIND, A. R.: Identification of adenosine triphosphate in human plasma and the concentra-

tion in the venous effluent of forearm muscles before, during and after sustained contraction. J. PhysioL (Lon-
don) 204: 347-364, 1969.

215. Fox, R. H. AND HILTON, S. M. : Bradykinin formation in human skin as a factor in heat vasodilatation.J. Physiol.
(London) 142: 219-232, 1958.

216. FEansAN, D. 0., GOLDMAN, H. AND Mumx.&y, S.: Histochemicel studies on hydrolytic enzyme distribution in
canine and human muscle and in some human mesenchymal tumors. Lab. Invest. 10: 7217-1234, 1961.

217. FRan&AN, D. G. AND KAPLAN, N.: Studies on the histochemical differentiation of enzymes hydrolysing adenosine

triphosphate. J. Hiatochem. Cytochem. 8: 159-170, 1960.

218. FRoELIcH, E. D.: Local effect of adenosine mono-, di-, and triphosphate on vessel resistance. Amer. J. Physiol.
204: 28-30, 1963.

218a. FuKUDA, H.: On the relationship of the inhibitory neurone concerned with the intestinal intrinsic reflexes and

vegal inhibition. J. Physiol. (Japan) 30: 702-709, 1968.

219. FULoEe.sv, G. AND Scaasrnx, L.: Untersuchungen fiber die atroplnre Istente fibertragung am pelvicus-colon-
prAparet der Katze in vitro. Arch. mt. Pharmacodyn. Thdr. 149: 552-569, 1964.



570 BURNSPOCK

220. FOLGRArF, G. AND SCHMIDT, L. : t�ber die Hemmung einen atropinresistenten nicht adrenergischen neuromusku-
llren Ubertragung durch Guanethidin. Med. Exp. 9: 371-377, 1963a.

221. FULGL&,p, G. AND ScHMIDT, L.: Die Wirkung elektrischer Reizung sympathischer und parasympathischer
Nerven auf das proximale und distale Colon und thre pharmakologische Beeinflussbarkeit. Naunyn-Schmiede-

bergs Arch. PharmakoL Exp. Pathol. 245: 106-107, 196Gb.
222. Ffli,oae.�,, G., Scmsm’r, L. AND AZOEUV, Pa. : t)ber die atropin-resistente neuromuskulAre ubertragung am

pelvicus-colon-prAparat der Katze. Arch. hit. Pharmacodyn. Th#{233}r.149:537-551,1964.

223. Fuaciaoo’rr, R.: Metabolic factors that influence contractility of vascular smooth muscle. Bull. N. Y. Aced.
Med. 42: 996-1006, 1966.

224. Fumrzss, J. B. : An electrophyslologicel study of the innervation of the smooth muscle of the colon. J. Physiol.

(London) 205: 649-662, 1969a.

225. Funaass, J. B.: The presence of inhibitory fibres in the colon after sympathetic denervation. Eur. J . PharmacoL

6: 349-352, 196Gb.

226. Funazas, J. B. : An examination of nerve-mediated, hyoscine-resistant excitation of the guinea-pig colon. J.

PhysioL (London) 207: 803-822, l970a.
227. Fuasrass, J. B. : The origin and distribution of adrenergic nerve fibres in the guinea-pig colon. Hiatochemie 21:

295-309, l970b.

228. FuRNass, J. B. : The effect of external potassium ion concentration on autonomic neuro-muscular transmission.

Pflflgers Arch. Gesamte PhysioL Menschen Tiere 317: 310-326, 1970c.

229. Fumeass, J. B.: Secondary excitation of intestinal smooth muscle. Brit. J. Pharmacol. Chemother. 41: 213-226,
1971.

230. Funaass, J. B. AND BtTENSTOCX, G. : The role of circulating catecholamines in the gastrointestinal tract. InrHandbook of Physiology, Section 7: Endocrinology, ad. by H. Blaschko and A. D. Smith, American P1IySiOL

Society, Washington, D. C., in pr�, 1972.
231. Fuaxass, J. B., CAMPBeLL, G. R., GILLARD, S. M., M�u�ona, T. �an Bunawrocx, G. : Cellular studies of the

sympathetic denervation produced by 6-hydroxydopamine In the vax deferens. J. Pharmacol. Exp. Ther.

174: 111-122, 1970.

232. Funazss, J. B. AND COSTA, M. : Morphology and distribution of intrinsic adrenergic neurones in the proximal
colon of the guinea-pig. Z. Zeliforech. Mikroskop. Anat. 120: 346-363, 1971.

233. Fu�uesss,J. B. AND COsTA, M. : The responses of the proximal colon of the guinea-pig to the activation of intrinsic
and extrinsic nerves. Eur. J. Pharmacol., submitted for publication, 1972.

234. FuaNass, J. B. AND COSTA, M. : Monoamine oxidase histochemistry of enteric neurones in the guinea-pig. Histo-

chemie. 28: 324-336, 1972.

235. GABZLLA, G. AND COSTA, M. : Lx fibre adrenergiche nel canals alimentare. G. Accad. Med. Torino CXXX: fssc.

1-6, 1967.
23k. GADDUM, J. H.: The technique of superfusion. Brit. J. Pharmacol. 8: 321-326, 1953.
236. GADDVM, J. H. AND HoLTa, P. : The localization of the action of drugs on the pulmonary vessels of dogs and

cats. J. Physiol. (London) 77: 139-158, 1933.

237. GAL1NDO, A., Kastazvxc, K. AND Sciiw,tnvz, S. : Micro-iontophoretic studies on neurones in the cuneate nucleus.

J. PhysioL (London) 192: 359-377, 1967.

238. G�.meoN, B. J., BiinasTocE, 0., NOBLIITT, H. R. AND CAMPBELL, P. E. : Histochemical diagnosis in Hirsch-
sprung’s Disease. Lanoet 1: 894-895, 1969.

239. GANISON, B.J., NoaLrrr, H. R. AND BUENSTOCK, G. : Adrenergic innervation of bowel in Hirsehaprung’s disease.
Brit. Med. J. 3: 338-340, 1969.

240. GANNON, B.J., IwAYAMA, T., NOBLETT, H. AND Bumcerocx, G.: Changes in the innervation of thegut in Hirsch-

sprung’s disease. Gastroenterology, in preparation, 1972.
24i�. GAaerrr,J. R. AND HOWARD, E. R. : Effects of rectal distension ontheinternalanal sphincter of cats. J. Physiol.

(London) 222: 85-86P, 1972.

241. GARBT, R. C. AND GILLESPIE, J. S. : The responses of the musculature of the colon of the rabbit to stimulation
‘in vitro’ of the parasympathetic and of the sympathetic outflow. J. Physiol. (London) 128: 557-576, 1955.

242. OmEN, L. B. AND OSTEERO, A. : Distribution of granular vesicles in normal and constricted sympathetic neu-

runes. J. Physiol. (London) 204: 583-592, 1969.

243. GIaL.tcH, E., Dzu’rzc�.z, B. �.zD DREISBACK, R. H. : Der Nucleotid-Abbau im Herzmuskel bei Sauerstoffmangel

und seine mogliche Bedeutung f#{252}rdie Coronardurchblutung. Naturwiasenschaften 50: 228-229, 1963.

244. Gn.i�aspzz,J. H. : The biological significance of the linkages in adenosine triphosphoric acid. J. Physiol. (London)

80: 345-369, 1934.
245. Gn�nzspiz, J. S. : The electrical and mechanical responses of intestinal smooth muscle cells to stimulation of their

extrinsic parasympathetic nerves. J. Physiol. (London) 162: 76-92, 1962.
246. Gn.i.aspiz, J. S.: Electrical activity in the colon. In Handbook of Physiology, Section 6: Alimentary Canal,

voL IV, ad. by C. F. Code, pp. 2093-2120, American Physiological Society, Washington, D. C., 1968.

246a. Gznazspxz,J. S. : The rat anococcygeus; a new, densely innervated smooth muscle preparation. Brit. J. Pharma-

col. Chemother. 43: 430P, 1971.
247. GODFRAIND, T.: Angiotensins. In Fundamentals of Biochemical Pharmacology, ad. by Z. M. Bacq, pp. 340-347,

Pergamon Press, Oxford, 1970.
248. GoLDawazEe, M. M.: Effects of atropine, morphine and epinephrine on electrically stimulated contractions of

isolated small intestines of several species. Fed. Proc. 24: 710,1964.
249. Goi�nzNBzao, M. M.: Analysis of the inhibitory innervation of the isolated gerbil colon. Arch. let. Pharmacodyn.

ThGr. 175: 347-364, 1968.



PURINERGIC NERVES 571

260. GOLDENBEEG, M. M. : Effect of atropine and DMAE (a hemicholinium derivative) on contractile responses of
the guinea-pig ileum. Can. J. PhysioL Pharmacol. 47: 185-192, 1969.

251. GOLDENBEBO, M. M. AND BURNS, R. H. : Effect of atropine on parasympathetic responses of the gastrointestinal

tract of the dog. Arch. Jet. Pharmacodyn. ThGr. 174: 342-349, 1968.
252. GOLDENBHRO, M. M. AND ELLIS, S. : Effects of atropine, morphine, and epinephrine on nicotine-induced contrac-

tions of intestines of various species. Pharmacologist 6: 199, 1964.
253. GoMoal, G. : Further studies on the hiatochemical specificity of phosphatases. Proc. Soc. Exp. Biol. Med. 72:

449-450, 1949.
254. GoMoal, G. : Microscopic Histochemistry, Principles and Practice, Cambridge University Press, London, 1952.

255. GONELLA, J. : Modifications of the electricalactivity of the longitudinal muscle of the rabbit duodenum following

contraction of the circular muscle. Rend. Romani Gastroenterol. 3: 127, 1971.
256. GoanoN, D. B. : Vasodilator products in blood resulting from nucleotide breakdown in ischemic tissue. In Pro-

ceeding of the 22nd International Congress of Physiological Science, Leyden, 1962. Excerpts Med. Found. vol.

ml, p. 196, Amsterdam, 1962.
257. G0T’rsTzIN, U., Fzux, R., FL�n, H. D. AND SEDLMEYER, I. : Untersuchungen zur Wirkung von NikotinsAure

und Adenosinmonophosphat auf Haut-und Muskeldurchblutung von Gefaasgesunden und Kranken mit

peripheren DurchblutungsstGrungen. Z. Kreislaufforsch. 55: 970-987, 1966.
258. Ga.av, G. W., HENDERSHOT, L. C., WRITROCE, R. M., and SEEVENS, M. H. : Influence of the parasympathetic

nerve and their relation to the action of atropine in the ileum and colon of the dog. Amer. J. Physiol. 181 : 679-687,
1955.

269. GREEFF, K., KASPERAT, H. AND OSSWALD, W. : Paradoxe Wirkungen der elektrischen Vagusreizung am isolierten

Magen-und HerzvorhofprAparat des Meerschweinchena sowie deren Beeinflussung durch Ganglien blocker,

Sympathicolytica, Reserpin und Cocain. Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol. 343: 528-
545, 1962.

260. GREEN, H. N. AND STONER, H. B. : Biological Actions of the Adenine Nucleotides, Lewis, London, 1950.

261. Gan�Lo, M. A. AND PALAY, S. L. : Granule-containing vesicles in the autonomic nervous system. In Proceedings

of the 5th International Congress of Electron Microscopy, vol. 2, U-I, ad. by S. S. Breese, Academic Press,

New York, 1962.
262. Gaorois.&, I. AND RINvIE, E. : Effect of reserpine on large dense-core vesicles in the boutons in the cat’s substantia

nigra. Neurobiologia 1: 6-16, 1971.
268. GRunEE, C. M. : The autonomic innervation of the genito-urinary system. Physiol. Rev. 13: 497409, 1933.

264. Gumi, M. : A study of enteric plexuses in some amphibians. Quart. J. Microscop. Sri. 92: 65-78, 1961.
265. Gums, M. : Histological and histochemical observations on the myenteric and submucous plexuses of mammals.

J. Anat. 102: 223-239, 1968.

266. Gyzaxeax, L.: Action of 5-hydroxytryptamine on the urinary bladder of the dog. Arch. Tnt. Pharmacodyn.

Th#{233}r.137: 137-144, 1962.

267. HADDY, F.J., CHOU, C. C., SCOTT,J. B. AND DABNEY,J. M.: Intestinal vascular responses to naturally occurring

vasoactive substances. Gastroenterology 52: 444-450, 1967.
268. HADDY, F. J. �ro Scox�, J. B. : Metabolically linked vasoactive chemicals in local regulation of blood flow. Phyx-

ioL Rev. 48: 688-707, 1968.

269. HAGEN, E. AND WITTKOWSLI, W. : LIGht- und elektronenmikroskopische Untersuchungen zur Innervation der

Piagefasse. Z. Zellforsch. Mikroskop. Anat. 95: 429-444, 1969.

270. HAGER, H. AND T�um, W. L. : Elektronoptischer Nachweis sog. neurosekretorischer Elementargranula in
markloxen Nervenfasem des Plexus myentericus (Auerbach) des Meerschweinchens. Naturwiasensehaften 49:

332-333, 1969.

271. HARRISON, J. S. AND MCSWINET, B. A. : The chemical transmitter of motor impulses to the stomach. J. Physiol.
(London) 87: 79-86, 1936.

272. HARVEY, R. B. : Effects of adenosine triphoaphate on autoregulation of renal blood flow and glomerular filtration.

Circ. Rex. 14: suppl. 1, 178-182, 1964.

273. HAsunsoTo, K., KUMAXUBA, S. AND TANEMURA, I. : Mode of action of adenine, uridine and cytidine nucleot,ides
and 2 ,6-bis(diethanol-amino)-4 ,8-dipiperidino-pyrimidino (5, 4-cl) pyrimidine on the coronary, renal and

femoral arteries. Arzneimittel-Forschung 14: 1252, 1964.

274. H�.sa.aN, T.: A hyoscine-resistant contraction of isOlated chicken oeeophagus in response to stimulation of pars-
sympathetic nerves. Brit. J. Pharmacol. Chemother. 36: 268-276, 1969.

275. HATO, H. : Effects of the electric stimulation of the peripheral cut end of the spinal ventral and dorsal roots upon

the movements of the frog’s stomach. J. PhysioL Soc. Jap. 20: 397-400, 1958.

276. HATO, H. : On the motor fibres of the gastric movements passing via the posterior roots of the frog. J. PhysioL

Soc. Jap. 20: 416-421, 1958.
277. HAUGE, A., Luxnz, P. K. M., WAALER, B. A. AND W�.u�oz, L. : The inhibitory effect of various phenols upon

ATP induced vasoconstrictions in isolated perfused lungs. Ante PhysioL Scand. 68: suppL 277, 70, 1966.

278. HE�tzzLL, M. A.: A non-adrenergic component to the inhibitory innervation of the fundus of the rat stomach.
Brit. J. Pharmacol. Chemother. 36: 186-l87P, 1969.

279. HEIDENHAIN, R.: Ueber die Wirkung einiger Gifte auf die Nerven der glandula submaxillaris. PflQgers Arch.

Gesamte Physiol. Menschen Tiere 5: 309-318, 1872.

280. HELLAUVER, H. F. AND UMRATH, K.: �)ber die Aktionssubatanz der sensiblen Nerven. Pflugers Arch. Geeamte
Physiol. Menschen Tiers 249: 619-630, 1948.

281. HENDERSON, V. E.: The action of atropine on intestine and urinary bladder. Arch. Tnt. Pharmacodyn. Th#{233}r.
27: 205-211, 1923.



572 BURNSTOCK

282. HENDERSON, V. E. AND Ro��xz, M. H. : The role of acetylcholine in bladder contractile mechanisms and in

parasympathetic gangila. J. Pharmacol. Exp. Ther. 51: 97-111, 1934.
283. HzwnazsoN, V. E. AND Rospx.z, M. H. : The urinary bladder mechanisms. J. Pharmacol. Exp. TIler. 54: 408-

414, 1935.
284. HEssza, F. H. AND Pzaarr, 0. E. : Studies on gastric motility in the cat. II. Cerebral and infracerebral influence

in control, vagectomy and cervical cord preparations. Gastroenterology 38: 231-246, 1960.

285. HIDAXA, T. �m KURITAMA, H.: Responses of the smooth muscle cell membrane of the guinea-pig jejunum to
the field stimulation. J. Gee. PhysioL 53: 471-486, 1969.

286. HiLL, C. J. : Review of enteric plexusss. Phil. Trans. Roy. Soc. London Ser. B Biol. Sd. 215: 855-388, 1927.
287. HILToN, S. M. : Local mechanisms regulating peripheral blood flow. Physic!. Rev. 42: 265-282, 1962.

288. HadroN, S. 3!. : The search for the cause of functional hyperaemia in skeletal muscle. In Circulation in Skeletal
Muscle, ad. by 0. HudlickA, pp. 137-140, Proceedings of an International Symposium (1966), Pergasnon Pr�,

London, 1968.
289. Hwrow, S. M., Jsrn.iza, M. 0. AND Vasovk, 0. : Functional specialisatlons of the vascular bed of soleus. J.

Physiol. (London) 206: 543-562, 1970.

290. HILToN, S. M. AND Lzwis, C. P. : Functional vasodilatation in the submandibular salivary gland. Brit. Med.

Bull. 13: 189-196, 1957.

291. HILTON, S. M. AND VanovA, G. : Inorganic phosphate-a new candidate for mediator of functional vasodilatation

in skeletal muscle. J. Physiol. (London) 206: 29P, 1970.

292. Hocxws, vox T. AND BOGELMANN, G. : Untersuchungen fiber die Wirkung von 2 ,6-Bis(diaethanolamino)-4 ,8-
dipiperidino-pyrimido (5, 4-d) pyri.midin auf Hera und Kreislauf. Arzneimittel-Forschung 9: 47-49, 1969.

293. HOmLT, T.: In vitro studies on central and peripheral monoamine neurons at the ultrastructural level. Z.
Zellforsch. Mikroskop. Anat. 91: 1-74, 1968.

294. Hozwroe, B. C. S. � Va.ssov, S. : Localization of catechol amines in visceral organs and ganglia of the rat,

guinea-pig and rabbit. Brit. J. Pharmacul. Chemother. 25: 307-316, 1965.

295. Houtaw, M. B.: Membrane potentials recorded with high-resistance microelectrodes and the effects of changes

in ionic environment on the electrical and mechanical activity of the smooth muscle of the taenia coli of the
guinea-pig. J. PhysioL (London) 141: 484-488, 1958.

296. H0usAN, M. E.: Junction potentials in smooth muscle. In Smooth Muscle, ed. by E. Blllbring, A. F. Brading,

A. W. Jones and T. Tomita, pp. 344-288, Edward Arnold, London, 1970.

297. Hou&&N, M. E. AND Huoazs, J. R.: Inhibition of intestinal smooth muscle. Aust. J. Exp. BIG!. Med. Sd. 43:
277-290, 1965.

298. ROLMAN, M. E. AND Hucass, J. R. : An inhibitory component of the response to distension of rat ileum. Nature

(London) 207: 641-642, 1965.
299. H0LToN, P. : The liberation of adenosine triphosphate on antidromic stimulation of sensory nerves. J. Physiol.

(London) 145: 494-504, 1959.
300. HOLTON, F. A. AND Hourosr, P. : The capillary dilator substances in dry powders of spinal roots: a possible role

of adenosine triphosphate in chemical transmission from nerve endings. J. Physiol. (London) 126: 124-140, 1954.

301. HoPx.nee, S. V. : The relationship between block of uptake and potentiation of adenosine in heart. Biochem.
PharmacOL, in press, 1972.

369. Hoi’xnes, S. V. AND GOLDIS, R. C. : A species difference in the uptake of adenosine by heart. Biochem. Pharma-

coL 20: 8359-3366, 1971.

303. Hoa�rox, E. W.: Hypothesis on physiological roles of prostaglandins. PhysioL Rev. 4�: 122-161, 1969.

304. H0RT0N-SasrrH, R. J. : On the efferent fibres in the posterior roots of the frog. J. PhysioL (London) 21: 101-111,
1897.

306. Houc�, C. R., BING, R. J., Casio, F. N. AND Visacisas, F. E. : Renal hyperaemla after the intravenous infusion

of adenylic acid, adenosine or adenosine-triphosphate in the dog. Amer. J. PhysioL 153: 169-168, 1948.
308. HRDINA, P. D., BoNAccossl, A. AND Bm’vzprv’ri, F. : Role of Ca’s and Mg*# in contractile effect of AlP on

isolated perfused renal artery. Eur. J. PharmacoL 12: 249-252, 1970.
307. HRDINA, P. D., BoNAccoas!, A. AND GAa�rIsn, S. : Pharmacological studies on isolated and perfused rat renal

arteries. Eur. J. Pharmacol. 1: 99-108, 1967.
308. Huomas, J. AND VANE, J. R. : An analysis of the responses of the isOlated portal vein of the rabbit to electrical

stimulation and to drugs. Brit. J. Pharmacol. Chemother. 30: 46-66, 1967.
309. Huonss,J. �.wn V�&zes,J. R. : Relaxations of the isolated portal vein of the rabbit induced by nicotine and electri-

cal stimulation. Brit. J. Pharmacol. Chemother. 39: 476-489, 1970.

310. Huunso, F. AND SLATER, E. C. : The use of oligomycin as an inhibitor of oxidative phosphorylation. J. Biochem.
(Tokyo) 4�: 493401, 1961.

311. Huxovth, S., RAND, At. J. AND VANOY, S. : Observations on an isolated innervated preparation of rat urinary

bladder. Brit. J. PharmacoI. Chemother. 24: 178-188, 1965.
3lla. HUXUHARA, T. AND MITAKE T.: Intrinsic reflexes in the colon. Jap. J. Physiol. 9: 49-56. 1959.

3llb. HuLT�N, L.: Reflex control of colonic motility and blood flow. Acts. Phyxiol. Scand. Suppl.335: 77-93, 1969.
311c. HtYLTtN, L. AND JODAL, M.: Extrinsic nervous controlof colonic motility. Acts. Physiol. Scand. Suppl. 335: 21-

38, 1969.
312. THAI, S. AND TAREDA, K.: Actions of calcium and certain multivalent cations on potassium contracture of guinea-

pig’s taenla coIl. J. PhysioL (London) 190: 155-169, 1967.

313. THAI, S., RILEY, A. L. AND BERNE, R. M.: Effect of ischemia on adenine nucleotides in cardiac and skeletal

muscle. Ciro. Res. 15: 443-450, 1964.
314. Iso,T., YAMAUCHI, H., UDA, K. ANDT05HI0KA, N.: Effects of 5’-AMP and its related compounds on the ATP-

induced contraction of isolated guinea-pig ileum. Jap. J. Pharmacol. 21: 393-400, 1971.



PURINERGIC NERVES 573

315. ITo, Y. AND KURIYAMA, H. : Nervous control of the motility of the alimentary canal of the silver carp. J. Exp.
Biol. 55: 469-487, 1971.

316. IVERSEN, L. L. : The Uptake and Storage of Noradrenaline in Sympathetic Nerves, Cambridge University Press,
London, 1967.

317. IWATAMA, T., FURNESS, J. B. AND BUENSTOCH, G.: Dual adrenergic and cbolinergic innervation ofthecerebral
arteries of the rat. An ultrastructural study. Cire. Rex. 26: 635-646, 1970.

318. JACOBJ, C. : Beitrage zur physiologiachen und pharmakoiogischen Kenntniss der Darmbewegungen mit beson-

derer Berficksichtigung der Beziehung der Nebenniere zu denselben. Naunyn-Schmiedebergs Arch. Pharmak.

Exp. Path. 29: 171-211, 1892.

319. JACOBOWITZ, D. : Histochemical studies of the autonomic innervation of the gut. J. Pharmaool. Exp. Ther. 149:
368-364, 1966.

320. JAMEs, T. N. : The chronotropic action of ATP and related compounds studied by direct perfusion of the sinus
node. J. Pharmacol. Exp. Ther. 149: 233-247, 1966.

321. JANB5ON, G. : Vaso-vagal reflex relaxation of the stomach in the cat. Acts Physiol. Scand. 75: 245-252, 1969.

322. JANSSON, G. : Extrinsic nervous control of gastric motility. An experimental study in the cat. Acts Phystol.
Scand. suppl. 326, 1-42, 1969.

323. JAN5S0N, G. AND MARTINSON, J. : Studies on the ganglionic site of action of sympathetic outflow to the stomach.
Acts Physiol. Scand. suppL 68, 184-192, 1966.

324. .JARNEFELT, J. : Conversion of the Na� and K� independent part of the brain microsomal ATPase to a form re-

quiring added Na� and K�. Biochem. Biophys. Has. Commun. 17: 330, 1964.

325. JENKINSON, D. H. AND MowroN, I. K. M. : Effects of noradrenaline and isoprenaline on the permeability of

depolarized intestinal smooth muscle to inorganic ions. Nature (London) 305: 605-606, 1965.

326. JOHNsON, W. D. AND LEPLEY, D. : Effect of adenine nucleotides on regional flow. Amer. J. Surg. ill: 825-829, 1966.
327. JoNEs, R. D. AND BERNE, R. M. : Vasodilatation in skeletal muscle. Amer. J. Physiol. 204: 461-466, 1963.

328. KATORI, M. AND BERNE, R. M. : Release of adenosine from anoxic hearts. Ciro. Rex. 19: 420-425, 1956.

329. KEELs, C. A. AND SLOHE, D. : Adenosine triphosphate and renal blood flow. J. PhysioL (London) 104: 26P, 1945.

330. Kzwzw’rzs, J. : The vagal control of the jejunal and ileal motility and blood flow. Acts Physiol. Scand. 65: suppL
251, 1966.

331. KIELLEY, W. W. AND KIELLEY, R. K. : A specific adenosine-triphosphatase of liver mitochondria. J. Blol. Chess.

200: 213-222, 1963.

332. KIELLEY, W. W. AND METEZusoP, 0. : Studies on adenosine-triphosphatase of muscle. II. A new magnesium-
activated “ATPase.” J. B1O1. Chem, 176: 691-601, 1948.

333. Kus, T. S., SHULMAN, J. AND LEVINE, R. A. : Relaxant effect of cyclic adenosine-3’,S’-monophosphate on the
isolated rabbit Scum. J. PharmacoL Exp. Ther. 163: 36-42, 1968.

334. KJzLuaER, I. AND ODELRAM, A. : The effect of some physiological vasodilators on the vascular bed of skeletal

muscle. Acts PhysioL Scand. 63: 94-102, 1966.

335. KOELLE, G. B.: The histochemical identification of acetylcholinesterase in cholinergic, adrenergic and sensory

neurones. J. PharmacoL Exp. Ther. 114: 167-184, 1955.

336. KOELLE, 0. B., KOELLE, E. S. AND FRIEDENWALD, J. S. : The effect of inhibition of specific and non-specific
cholinesterase on motility of the isolated ileum. J. Pharmacol. Exp. Ther. 100: 180-191, 1950.

337. KOLA5SA, N., PFLEGER, K. AND RUMMEL, W. : Specificity of adenosine uptake into the heart and inhibition by
dipyridamole. Eur. J. PharmacoL 9: 265-268, 1970.

338. KOLAS5A, N., PPLEGER, K. AND TRIM, M. : Species differences in action and elimination of adenosine after dipy-
ridamole and hexobensine. Eur. J. PharmacoL 13: 320-325, 1971.

339. Kosa, F. W. von, BEISENRERZ, G. AND MAERKISCH, R. : Die Eliminierung von Adenosin aus dem Blut unter dem

Einfluss von 2,6-Bis (diflthanolamino)-4,8-dipiperidino-pyrimido (6,4-d) pyrimidin und Papaverin. Arinel-
mittel-Forschung 12: 1130-1131, 1962.

340. KOSTERLITZ, H. W. : Intrinsic intestinal reflexes. Amer. J. DIg. Die. 12: 245-254, 1967.
341. KOSTERLITZ, H. W. AND Lzzs, G. M. : Pharmacological analysis of intrinsic intestinal reflexes. Pharmacol. Rev.

16: 301-339, 1964.

342. KOSTERLITZ, H. W. AND LYDON, R. J . : Spontaneous electrical activity and nerve-mediated inhibition in the

innervated longitudinal muscle strip of the guinea-pig ileum. J. PhysioL (London) 200: 126-12W, 1969.

343, KOSTERLITE, H. W. AND WATT, A. J. : Reflex contractions of the iongitudinal muscle of isOlated guinea-pig ileum
resistent to the inhibitory action of morphine and hyoscine. J. Physiol. (London) 169: ll5-ll6P, 1963.

344. KOTTEGODA, S. R. : Are the excitatory nerves to the circular muscle of the guinea-pig ileum cholinergic? J. Physiol.

(London) 197: 17-18P, 1968.
345. KOTTEGODA, S. R. : An analysis of possible nervous mechanisms involved in the peristaltic reflex. J. Physiol.

(London) 200: 687-712, 1969.

346. KOTTEGODA, S. R. : Peristalsis of the small intestine. In Smooth Muscle, ed by E. Bulbring, A. F. Bradlng, A. W.

Jones and T. Tomita, pp. 525-541, Edward Arnold, London, 1970.
347. KRAINTZ, L. AND PUlL, E. A. : The effect of adenoxine triphosphate on salivation in the dog. Arch. Oral BioL 11:

269-271, 1966.

348. KRAuPP, 0. VON, WOLNER, E., ADLER-KASTNER, L., CHIRIEDJIAN, J. J., PLOSZCZANSXI, B. AND Tuisu, E.: Die
Wirkung von Hexobendin aul Sauerstoffverbrauch, Energetik und Substratsfoffwechsel des Hersens. Aranol-
mittel-Forechung 16: 692-696, 1966.

349. KuBozoE, T., DAIxoxu, S. AND TAKITA, S.: Electronmicroscopic observations on Auerbach’s plexus in a 12 mm
human embryo. J. Neuro-visc. Re!. 31: 291-307, 1969.

350. KUNTZ, A.: The Autonomic Nervous System, 4th ad., Lea & Febiger, Philadelphia, 1963.
361. KUPERMAN, A. S., VOLPERT, W. A. AND OxAMoxo, M.: Release of adenine nucleotide from nerve axons. Nature

(London) 204: 1000-1001, 1964.



574 BURNSTOCK

352. KuRt, K., IKEDA, R., Icuixo, K. �ro WADA, Y. : On the spinal parasympathetic. Fifth article. Physiological

significance of the spinal parasympathetic. The spinal parasympathetic as vasodilator for the stomach and

intestines. Quart.J. Exp. Physiol. Cog. Med. Sci. 21: 119-121, 1931.
353. KuRt, K., SAtGUSA, G., KAwAGUCIII, K. AND SHIxAreHI, K. : On the parasympathetic (spinal parasympathetic)

fibres in the dorsal roots and their cells of origin in the spinal cord. Quart. J. Exp. Physiol. Cog. Med. Sci. 20:

61-66, 1930.

364. KURIYAMA, H. : Electrophysiological observations on the motor innervation of the smooth muscle cells in the
guinea-pig vax deferens. J. Physiol. (London) 169: 213-228, 1963.

365. Kuiuy�ue�, H. : Effects of ions and drugs on the electrical activity of smooth muscle. In Smooth Muscle, ad. by
E. Bfilbring, A. F. Brading, A. W. Jones and T. Tomita, pp. 366-395, Edward Arnold, London, 1970.

356. KuBrr�J&a, H., Gsa, T. AND T�ta.txx, H. : Electrophysiological studies of the antrum muscle fibres of the guinea-
pig stomach. J. Gen. Physiol. 55: 48-62, 1970.

367. KUBJYAMA, H., OSA, T. AND TOIDA, N. : Nervous factors influencing the membrane activity of intestinal smooth
muscle. J. Physiol. (London) 191: 257-270, 1967.

358. KUBIYAMA, H. AND TOMITA, T. : The responses of single smooth muscle cells of guinea-pig taenia coil to intra-
cellularly applied currents, and their effects on spontaneous electrical activity. J. Physiol. (London) 178: 270-

289, 1966.

359. KuscnlNsxy, G., LOLLMAN, H. AND MuscnoLL, E. : Untersuchungen fiber die Einwirkung von verachiedenen

Pharmaka auf die Spontanrhythmik des isolierten Hfihneramnion. Nounyn-Schmiedebergs Arch. Pharmakol.
Exp. Pathol. 223: 369-374, 1954.

360. LAGERCRANTZ, H. : Isolation and characterisation of sympathetic nerve trunk vesicles. Acta PhysioL Scand. 82:
suppL 366, 1-44, 1971.

361. LANDON, E. J. AND NoRRis, J. L. : Sodium- and potassium-dependent adenosine triphosphatase activity in a rat-

kidney endoplasmic reticulum fraction. BiOcIIim. Biophys. Acts 71: 266, 1963.

362. Liirz, B. P. : Localization of products of ATP hydrolysis in mammalian smooth muscle cells. J. Cell Biol. 34:
713-720, 1967.

363. Le�iz, B. P. AND RH0DIN, J. A. G. : Cellular interrelationships and electrical activity in two types of smooth
muscle. J. Ultrastruct. lIes. 10: 470-488, 1964.

364. LA1coLET,J. N.: On inhibitory fibres in the vagus to the end of the oesophagus and stomach. J . Physiol. (London)
23: 407-414, 1898.

365. LANGLEY, J. N. AND ANDERSON, H. K.: The innervation of the pelvic and adjoining viscera. IV. The internal
generative organs. J. PhysioL (London) 19: 122-130, 1895.

366. LANGLEY,J. N. AND MAGNUS, R. : Some observations of the movements of the intestine before and after degenera-

live section of the mesenteric nerves. J. PhysioL (London) 33: 34-51, 1906.

367. LANGLEY, J. N. AND ORBELI, L. A. : Some observations on the degeneration in the sympathetic and sacral auto-
nomic nervous system of amphibia following nerve section. J. PhysiOL (London) 42: 113-124, 1911.

368. LEVINE, R. A.: The role of cyclicAMP in hepatic and gastrointestinal function. Gastroenterology 59: 280-300, 1970.
369. Lawis, T. : Observations upon the vascular axon reflex in human skin, as exhibited by a case of urticaria, with

remarks upon the nocifensor nerve hypothesis. Clin. Sci. (London) 4: 365-384, 1942.

369a. Lozwl, 0. : t)ber humorale lYbertragbarkeit der Herznervenwirkung. I. Mitteilung. PflUgere. Arch. Ges. Physiol.
189: 239-242, 1921.

370. Lowr, B. A., DAVOLL, J. AND BROWN, G. B. : The utilization of purine nucleosides for nucleic acid synthesis in
the rat. J. Biol. Chem. 197: 591-600, 1962.

371. LUDUENA, F. P. AND Gacoas, E. 0. : Pharmacological study of autonomic innervation of dog retractor penis.

Amer. J. Physiol. 210: 436-445, 1966.
371a. LUDuENA, F. P. AND GRIGAS, E. 0. : Effect of some biological substances on the dog retractor penis in vitro.

Arch. Tnt. Pharmacodyn. 196: 269-274, 1972.

372. LuND, C. F. �w CHRISTENSEN,J. : Electrical stimulation of oesophagealsmooth muscle and effects of antagonists.

Amer. J. PhysiOL 217: 1369-1374, 1969.
373. LDNDE, P. K. M., W�LER, B. A. AND WALL#{216}E, L.: The inhibitory effect of various phenols upon ATP-induced

vasoconstriction in isolated perfused rabbit lungs. Acts Physiol. Scand. 72: 331-337, 1968.

374. MA, P. F. AND Fisuza, J. R. : Adenosine deaminases: some evolutionary trends among vertebrates. Comp. Bio-

diem. Physiol. 19: 799-807, 1966.

375. MctJREA, E. D., MCSWINEY, B. A. AND STOPFORD,J. S. B.: Theeffectonthestomach ofstimulationofthe periph-
eral end of the vagus nerve. Quart. J. Exp. Physiol. Cog. Med. Sci. 15: 201-233, 1925.

376. McILwAIN, H. AND PULL, I. : Release of adenine derivatives on electrical stimulation of superfused tissues from
the brain.J. Physiol. (London). 221: 9-lOP, 1972.

377. MCLENNAN, H. : In Synaptic Transmission, 2nd ad. pp. 132-133, W. B. Saunders Co., Philadelphia, London,
Toronto, 1970.

377a. MCMAHAN, U. J. AND KumER, S. W. : Visual identification of synaptic boutona on living ganglion cells and of
varicosities in postganglionic axons in the heart of the frog. Proc. Roy. Soc. 5cr. B. 177: 485-508, 1971.

378. McMANU5, J. F. A., LUPTON, C. H. AND HARDEN, G.: Histochemical studies of 5-nucleotidase. I. Method and
specificity. Lab. Invest. 1: 480-481, 1952.

379. MCSWINEY, B. A. AND ROBSON, J. H.: The response of smooth muscle to stimulation of the vagus nerve. J.

Physiol. (London) 68: 124-131, 1929.

380. MCSWINEY, B. A. AND WADGE, W. J.: Effects of variations in intensity and frequency on the contractions of the
stomach obtained by stimulation of the vagus nerve. J. Physiol. (London) 65: 350-356, 1928.



PURINERGIC NERVES 575

381. MADINAVEITIA, J. AND RAvENT0S, J. : Antimalarial compounds as antagonists of adenosine. Brit. J. Pharmacol.
Chemother. 4: 81-92, 1949.

382. MAENGWYN-DAVIES, G. D., FREIDENWALD, J. S. AND WRITE, H. T. : I. Histochemical studies of alkaline phos-
phatases in the tissues of the rat using frozen sections. II. Substrate specificity ATPase. J. Cell Comp. Physiol.

39: 395-448, 1952.

383. MALcHIK0vA, L. S. �ro PoSxoNovA, M. A. : Adrenaline and adenil nucleotide effect on spontaneous activity and
acetylcholine contraction of smooth muscles. Fi.ziol. Zh. SSSR, Im. I.M. Sechenova 55: 1378-1384, 1969.

383a. MALCHIROVA, L. S., AND PosxoNovA, M. A.: Study of the mechanism of the inhibitory influence of adenosine
triphosphate on the smooth muscles of the guinea-pig. J. Evol. Biochem. Physiol. 7: 294-302, 1971.

384. MALMP0BS, T., Ftra.rass, J. B., CAMPBELL, 0. R. AND BURNSTOCK, 0. : Reinnervation of smooth muscle of the
vas deferens transplanted into the anterior chamber of the eye. J. Neurobiol. 2: 193-207, 1971.

385. M�.us�oiia, T. AND OLPoN, L. : Growth characteristics of adrenergic nerves in the adult rat. Acts Physiol. Scand.
suppl. 348, 9-112, 1970.

386. MANTEGAZZA, P. AND NAIMZADA, K. M. : Observations on an isolated preparation of guinea-pig urinary bladder
stimulated through the hypogastric nerves. Eur. J. Pharmacol. 1: 396-401, 1967a.

387. MANTEGAZZA, P. AND NAIMZADA, K. M. : Responses of the guinea-pig vas deferens and urinary bladder to hypo-
gastric nerve stimulation in vivo. Eur. J. PharmacoL 1: 402-406, 1967b.

388. MARcHES!, V. T. AND BARRNETT, R. J. : The demonstration of enzymatic activity in pinocytotic vesicles of blood
capillaries with the electronmicroscope. J. Cell Biol. 17: 547-556, 1963.

389. MARcHES!, V. T. AND BARBNETT, R. J. : Localization of nucleoside-phosphatase activity in different types of small
blood vessels. J. Ultrastruct. Has. 10: 103-115, 1964.

390. MARcHESI, V. T. AND P�.L.&DE, G. E.: The localisation of Mg-Na-K-activated adenosine triphosphat.ase on red cell

ghost membranes. J. Cell Biol. 35: 385-404, 1967.

391. MARcHESI, V. T., SEARS, M. L. AND BARRNETT, R. J. : Electronmicroscope studies of nucleoside phosphatase

activity in blood vessels and glia of the retina. Invest. Ophthalmol. 3: 1-21, 1964.

392. MARCOU, I. : Sur l’adenosine et son action hypotensive. C. R. Seances Soc. B1OL 109:788-790,1932.

393. MARCOU, I.: Sur l’action vasculaire elective de I’adenosine. C. R. Seances Soc. BiO1. 109: 985-989, 1932.

394. MARSHALL, J. M. AND ANDRUS, E. L. : Comparison of effects of various phosphate compounds and aluminum
silicate on isolated frog’s heart. Proc. Soc. Rip. BIOL Med. 82: 228-231, 1953.

395. MARTINSON, J.: Vagal relaxation of the stomach. Experimental reinvestigation of the concept of the transmis-

sion mechanism. Acts Physiol. Scand. 64: 453-462, 1965.
396. MARTINSON, J. : Studies on the efferent vega! control of the stomach. Ante Physiol. Scand. 65: suppl. 255, 1-23,

1965.

397. MARTINSON, J. AND MUREN, A. : Excitatory and inhibitory effects of vagal stimulation on gastric motility in the

cat. Acts PhysioL Scand. 57: 309-316, 1963.

398. M�taUoxA, D. AND PLACIDI, G-F: A combined procedure for the histochemical fluorescence demonstration of
monoamines and microautoradiography of water-soluble drugs. J. Histochem. Cytochem. 16: 659-662, 1968.

399. MATSUMURA, S., TAIRA, N. � H�tsmuoTo, K. : The pharmacological behaviour of the urinary bladder and its
vasculature of the dog. Tohoku J. Exp. Med. 96: 247-258, 1968.

400. MAY, W. P. : The innervation of the sphincters and musculature of the stomach. J. Physiol. (London) 31: 260-271,

1904.
401. METc�usE, H. L. AND BENNETT, A. : Non-adrenergic inhibitory neuron in longitudinal muscle of human stomach.

Rend. Romani Gastroenterol. 3: 132-133, 1971.

402. METES, H.: Die Wirkung von Adrenalin und Adrenallnverwandten auf Gethase und Muskulatur der Froschlunge.
Pflfigers Arch. Gesamte Physiol. Menachen Tiers 258: 200-210, 1953.

403. Muucx, E., Ci�.&Rxz, D. A. �ro PHILIPS, F. S. : Effect of adenosine analogs on isolated intestine and uterus. J.
PharmaeoL Exp. Ther. 111: 335-342, 1964.

404. MITcHELL, G. A. G. : Anatomy of the Autonomic Nervous System, E. & S. Livingstone, Edinburgh, 1953.

405. Mooc, F. AND SxznraAcso, M. B. : Notes on the possibility of a histochemical method for localizing ATPase. Sci-
ence 103: 144, 1946.

406. MOULTON, R., SPECTOR, W. G. AND WILLOUGHBY, D. A. : Histamine release and pain production by xanthosine
and related compounds. Brit. J. Pharmacol. Chemother. 12: 365-370, 1957.

407. MUNRO, A. F. : Effect of autonomic durgs on the responses of isolated preparations from the guinea-pig intestine

to electrical stimulation. J. Physiol. (London) 120: 41-62, 1953.

408. Muaiusy, P. M., NOONAN, M., CoLLnra, P., TULLY, E. AND BRADY, T. G. : Preparative isolation of the iaoenzymes

of adenoai.ne deaminase from bovine mucosa by ion-exchange chromatography. Biochim. Biophys. Acts 171:
157-166, 1969.

409. MURYOBATASHI, T., THoni, M. AND FUJIWARA, K. : Fluorescence histochemical demonstration ofadrenergic nerve
fibres in the vagus nerve of cats and dogs. Jap. J. Pharmacol. 18: 285-293, 1968.

410. NARSS, K. AND SCHANCHE, S. : The action of barbiturates on the intestine. Acts Pharmacol. Toxicol. 13: 90-95,

1957.
411. NAGA8AWA, J. AND Mrro, S.: Electron microscopic observations on the innervation of the smooth muscle. Tohoku

J. Exp. Med. 91: 277-293, 1967.

411a. NAKAZATO, Y. AND OHGA, A.: Relationshipe between 5-hydroxytryptamine and vagal relaxation in the dog
stomach. Jap. J. Pharmacol. 21: 829-832, 1971.

412. NARAZATO, Y., SATO, H. AND ORGA, A.: Evidence for a neurogenic “rebound” contraction of the smooth muscle

of the chicken proventriculus. Experientia (Basel) 26: 50-51, 1970.



576 BURNSTOCK

413. NAThER, W. G., PRICE,J. M. AND Lowz, T. E.: Inhibition of adenosine induced coronary vasodilatation. Cardio-
vasc. Rae. 1: 63-66, 1967.

414. Nzwiwr, W., FEIGIN, L., WoLP, A. AND KARAT, E. A. : IV. Distribution of some enzyme systems which liberate

phosphate at pH 9.2 as determined with various substrates and inhibitors; demonstration of three groups of

enzymes. Amer. J. Pathol. 26: 257-307, 1950.

415. Nicnons, R. E. AND W�aszzx, E. S. : Antagonism of the vaso-depressor effect of ATP by caffeine. Fed. Proc.

22: 308, 1963.

416. NIELsEN, K. C., Owsv.&N, CE. �m SANTnrI, Y.: Anastomosing adrenergic nerves from the sympathetic trunk to
the vagus of the cervical level in the cat. Brain lies. 12: 1-9, 1969.

417. Noia, P. : Lee nerfs extrinsSques de l’intestin ches l’oiseau. I. Lee nerfs vagues. Arch. mt. PhysioL 39: 113-164,

1934.

418. NORBERG, K-A. : Adrenergic innervation of the intestinal wall studied by thiorescence microscopy. let. J. Neuro-
pharmacol. 3: 379-382. 1964.

419. Noi’r, M. W. : The possible role of adenosine in the coronary dilator action of some pyrimidio pyrimidines and

pteridlnes. Brit. J. PharmacoL Chemother. 39: 287-295, 1970.
420. No�ixosw, A. B. : Enzyme localizations with Gomori type lead phosphate procedures: real or artifact. J. Histo-

chem. Cytochem . 18: 366-369, 1970.
421. Novixort, A. B., QUINTANA, N., VILLAYERDE, M. AND FoascinaM, R.: Nucleoside phosphatase and cholinester-

ass activities in dorsal root ganglia and peripheral nerve. J. Cell Biol. 29: 525-645, 1966.
422. OGAWA, K. AND MAYAHARA, H.: Intramitochondriallocalizationof “ATP”aseactivity.J. Histochem. Cytochem.

17: 487-490, 1969.
423. Onasni, H. AND OHGA, A.: Transmission of excitation from the parasympathetic nerve to the smooth muscle.

Nature (London) 216: 291-292, 1967.
424. ORGA, A., NAKAZATO, Y. AND S�s.cro, K. : An analysis of the vagovagal reflex relaxation of the stomach. J. Physiol.

Soc. Jap. 31: 92-93, 1969.
425. ORGA, A., NARAZATO, Y. AND Se�:To, K. : Considerations of the efferent nervous mechanism of the vago-vagal

reflex relaxation of the stomach in the dog. Jap. J. PharmacoL 20: 116-130, 1970.

426. Ox.utovo, M., ASEARI, A. � KUPEBMAN, A. S.: The stabilizing actions of adenosine triphosphate and related

nucleotides on calcium-deficient nerve. J. PharmacoL Exp. Ther. 144: 229-235, 1964.
427. OLSON, R. A. : Changes in content of purine nucleoside in canine myocardium during coronary occlusion. Circ.

Has. 26: 301-306, 1970.
428. ONo, H., INAGAHI, K. AND HASHIMOTO, K.: A pharmacological approach to the nature of the autoregulation of

the renal blood flow. Jap. J. PhYSIOL 16: 625-634, 1966.

429. OaLov, R. S. : Transmission of inhibitory impulses from nerve to smooth muscle. FiZIOI. Zh. SSSR In I.M. Seche-

nova 49: 575482 , 1963.

430. OsTaRle, P. AND PARNAS, J. K.: t�ber die Auswertung von Adenosin derivatioen am fiberlibenden Froschhers.
Biochem. Z. 248: 389, 1932.

431. PADYKULA, H. A. AND HERMAN, E. : Factors affecting the activity of ATPase and other phosphatases as measured

by histochemica! techniques. J. Histochem. Cytochem. 3: 161-169, 1955.
432. PADYEULA, H. A. AND HERMAN, E. : The specificity of the histochemical method for ATPase. J. Histochem. Cyto-

chem. 3: 170-183, 1955.

433. PATON, W. D. M.: The response of the guinea-pig Scum to electrical stimulation by coaxial electrodes. J. Physiol.

(London) 127: 40-4lP, 1955.
434. PATON, W. D. M. AND VANE, J. R. : An analysis of the responses of the isolated stomach to electrical stimulation

and to drugs. J. PhysioL (London) 165: 10-46, 1963.
435. PrLEGER, K. VON AND ScHONDORP, H. : Zur AulkiArung des Wirkungsmech anismus von DipyridamoL Arznei-

mittel-Forschung 19: 97-98, 1969.

436. Picx, J.: The autonomic Nervous System. Morphological, Comparative Clinical and Surgical Aspects. J. B. Lip-

pincott Co., Philadelphia, 1970.
437. Pica, J., Dz LEM0S, C. AND CIANNELLA, A.: Fine structure of nerve terminals in the human gut. Anat. Rae. 159:

131-138, 1967.

438. PIPER, P. AND VANE, J . : The release of prostaglandins from lung and other tissues. In ‘Prostaglandins’, ad. by P.

Ramwell and J. E. Shaw. Ann. N. Y. Aced. Sci. 180: 863-385, 1971.
440. PoTTER, L. T. : Storage of norepinephrine in sympathetic nerves. PharmacoL Rev. 18: 439-451, 1966.

441. POrrER, L. T.: Synthesis, storage and release of (‘1C) acetylcholine in isolated rat diaphragm muacles.J. PhysioL
(London) 206: 145-166, 1970.

442. PR.�’rr, 0. E. : The proportion of phosphatase activity demonstrable in brain by histological techniques. Biochem.

J. 55: 140-145, 1953.
443. RABERGER, G. AND KaauPp, 0. : Enhancement of the coronary dilator effect of intravenous and intracoronary

administered adenosine by hexobendine in dogs. Eur. J. PharmacoL 13: 312-319, 1971.

444. RAND, M. J. AND RIDEHALGH, A. : Actions of hemicholinium and triethylcholine on responses of guinea-pig colon
to stimulation of autonomic nerves. J. Pharm. Pharmacol. 17: 144-156, 1965.

445. RAND, M. J. AND STAFfORD, A.: The influence of ouabain on the response of the guinea-pig heart to acetylcholine,

adenosine and vagal stimulation. Arch. tnt. Pharmacodyn. Ther. 99: 3-4, 1957.
446. RAND, M. J., STAFFORD, A. �ro Thoap, R. H.: The potentiation of the action of adenosine on the guinea-pig

heart by ousbain. J. Pharm.acol. Exp. Ther. 114: 119-125, 1955.
447. RASMUSSEN, H. AND NIELSEN, R.: An improved analysis of adenosine triphosphate by the luciferase method.

Acts Chem. Scand. fl: 1745-1756, 1968.



PURINERGIC NERVES 577

448. RAVENTOS, J. : Oral communication, Pharmacological Society, January, 1947, cited in Green and Stoner, 1950
(260).

449. RAYNER, V. : Observations on the functional internal anal sphincter of the vervet monkey. J. Physiol. (London)

213: 27-28P, 1970.
450. READ, J. B. AND BURNSTOCX, G. : Comparative histochemical studies of adrenergic nerves in the enteric plexuses

of vertebrate large intestine. Comp. Biochem. Physiol. 27: 505-517, 1968.

451. REEvxS,J. T.,JoxL, P., MERIDA, J. AND LEA�1sEas,J. E. : Pulmonary vascular obstruction following administra-

tion of high energy nucleotides. J. App!. Physiol. 22: 475-479, 1967.

452. Rare, J. L. : La nucl#{233}otidase et sa relation avec is d#{233}samination des nucl#{233}otides dane Is ooeur et dens Ic muscle.
Bull. Soc. Chim. Biol. 16: 385-399, 1934.

453. Rus, J. L. : t�ber die ActivitAt der 5-Nukleotidase in den tierisehen und menschlichen Geweben. Enzymoiogia

2: 183-190, 1937.
454. REI5,J. L.: The specificity of phosphomonoesterases in human tissues. Biochem.J. 48: 548-551, 1951.

455. RH0DIN, J. A. G. : Fine structure of vascular walls in mammals, with special reference to smooth muscle corn-

ponent. Physiol. Rev. 42: suppl. 5, 48-81, 1962.

456. RIcHARDSoN, K. C.: Electronmicroscopic observations on Auerbach’s plexus in the rabbit, with special reference

to the problems of smooth muscle innervation. Amer. J. Anat. 103: 99-136, 1958.

457. RICHARDSON, K. C.: Studies on the structure of autonomic nerves in the small intestine correlating the silver-

impregnated image in the light microscopy with the permanganate fixed ultrastructure in electron microscopy.

J. Anat. 94: 457-472, 1960.

458. RIcHARDSON, K. C. : The fine structure of autonomic nerve endings in smooth muscle of the rat vas deferens. J.

Anat. 96: 427-442, 1962.

459. RICHARDSON, K. C. : The fine structure of the albino rabbit iris with special reference to the identification of ad-

renergic and cholinergic nerves and nerve endings in its intrinsic muscles. Amer. J. Anat. 114: 173-205, 1964.

460. RIcHNAN, H. G. AND WYBORNY, L. : Adenine nucleotide degradation in the rabbit heart. Amer. J. Physiol. 207:
1139-1145, 1964.

461. RIGLER, R. : Uber die Ursache der vermehrten Durchblutung des Muskels wAhrend der Arbeit. Nau-

nyn-Schmiedebergs Arch. Pharmakol. Rip. Pathol. 167: 54-56, 1932.
462. RIEJMARU, A. : Contractile properties of organ-cultured intestinal smooth muscle. Tohoku J. Exp. Med. 113: 317-

329, 1971.

463. RILIMARU, A. : Relaxing response to tranamural stimulation of isOlated taenia coil of the chimpanzee and pig.
Tohoku J. Exp. Med. 103: 115-116, 1971.

464. RIXHIARU, A., Fuxusm, Y. AND Suzuxi, T. : Evidence for the presence of nonadrenergic inhibitory nerves in the
human taenia coil. Tohoku J. Exp. Med. 104: 199-200, 1971.

464a. RIxIMARU, A., Fuxueai, Y. AND Suzux�, T. : Effects of imidazole and phentolamine on the relaxant responses of

guinea-pig taenia coil to transmursl stimulation and to ademeine triphosphate. Tohoku J. Exp. Med. 105:
199-200, 1971.

465. RIXIMARU, A. �ro Suxuxi, T. : Neural mechanism of the relaxing responses of guinea-pig taenia coil. Tohoku J.

Exp. Med. 103: 303-315, 1971.

466. RoBINSoN, P. M. AND Bau�, C. : The localization of acetylcholinesterase at the autonomic neuromuscular juno-

tion. J. Cell Biol. 33: 93-102, 1967.
467. RoBINSoN, P. M., MCLEAN,J. R. AND BURNSTOCK, G. : Ultrastructural identification of non-adrenergic inhibitory

nerve fibres. J. Pharmacol. Exp. Ther. 179: 149-160, 1971.

468. RODDIE, I. C., SHEPHERD, J. T. AND WHELAN, R. F. : The contribution of constrictor and dilator nerves to the

skin vasodilatation during body heating. J. Physiol. (London) 136: 489-497, 1957.

469. ROGERS, D. C. ��rn BURN5’rocx, G.: The interstitial cell and its place in the concept of the autonomic ground
plexus. J. Comp. Neurol. 126: 255-284, 1966.

470. ROGERS, D. C. AND BUENSTOCK, G. : Multiaxonal autonomic junctions in intestinal smooth muscle of the toad
(Bufo ,narinue). J. Comp. Neurol. 126: 625-652, 1966.

471. ROSENBLUETH, A.: The Transmission of Nerve Impulses at Neuroeffector Junctions and Peripheral Synapses,
Technology Press, New York, 1950.

472. ROSENTHAL, A. S., Moans, M. L. AND GANOTE, C. E. : Interpretation of phosphatase cytochemical data. J. Histo-
chem. Cytochem. 18: 915, 1970.

473. ROSSI, A. AND Dase.aux, G.: Effete de 1’ATP, de l’AMP et de l’ITP sur l’electrogramme du coeur de Grenouille
isole. C. R. Seances Soc. Biol. 160: 2147-2150, 1966.

474. R0STGAARD,J. AND B�zivax’�, R. J. : Fine structure localisation of nucleoside phosphatases in relation to smooth
muscle cells and unmyelinated nerves in the small intestine of the rat. J. Ultrastruct. lIes. II: 193-207, 1964.

475. Rowz, G. G., AroNso, S., GUETNER, H. P., Cmax�xus, C. T., LOWE, W. C., Ce.am,i�o, C. A. AND CRUMPTON,

C. W. : The systemic and coronary hemodynamic effects of adenosine triphosphate and adenosine. Amer. Heart

J. 64: 228-234, 1962.

476. RUBIO, R. �ro BERNE, R. M. : The release of adenosine by the ischemic dog heart. Fed. Proc. 26: 772, 1967.

477. RuB:o, R. AND BERNE, R. M.: Release of adenosine by normal myocardium in dogs and its relationship to regula-

tion of coronary resistance. Circ. Res. 25: 407-415, 1969.

478. RuBlo, R., BERNE, R. M. AND KATORI, M.: Release of adenosine in reactive hyperaemia of the dog heart. Amer.
J. PhysioL 216: 56-62, 1969.

479. RUDOLPH, A. M., KUBLAND, M. D., AULD, P. A. M. AND PAUL, M. H.: Effects of vasodilator drugs on normal and

serotonin-constricted pulmonary vessels of the dog. Amer. J. PhysioL 197: 617-623, 1959.

480. RYAN, M. J. AND BR0DY, M. J.: Distribution of histamine in the canine autonomic nervous system. J. Pharmacol.
Exp. Ther. 174: 123-132, 1970.



578 BURNSTOCK

480a. SAKAI, K., YASUDA, K. AND HASEIMOTO, K. : Role of catecholamine and adenosine in the ischemic response fol-
lowing release of renal artery occlusion. Jap. J. Physiol. 18: 673-685, 1968.

480b. SARATO, M., Snuso, Y. AND BANDO, T. : Effect of noradrenaline on non-adrenergic inhibitory response of guinea-

pig taenia coli. Jap. J. Pharmacol. 22: 137-138, 1972.

481. SAIa’ETER, M. M., BAcHMANN, L. AND SALPETER, E. E. : Resolution in electron microscope radioautography. J.

Cell Biol. 41: 1-20, 1969.

482. SAi�cHm.L, D. G., L�ccu, A., B0URNE, P. AND BURNSTOCK, G. : Potentiation of the effects of exogenously applied
ATP and purinergic nerve stimulation on the guinea-pig taenia coil by dipyridamole and hexobendine. Eur. J.

Pharmacol., in press, 1972.

483. SA’rcum�L, D. G. AND BURNSTOCK, G. : Quantitative studies ofhe release of purine compounds following stimula-
tion of non-adrenergic inhibitory nerves in the stomach. Biochem. PharmacoL 20: 1694-1697, 1971.

484. SATOHELL, D. G., BUENSTOCK, G. AND CAMPBELL, G. D. : Evidence for a purine compound as the transmitter in
non-adrenergic inhibitory neurones in the gut. Aust. J. Exp. Biol. Med. Sci. 47: 24P, 1969.

484a. SATO, H., OHGA, A. AND NAKAZATO, Y. : The excitatory and inhibitory innervation of the stomachs of the do-

mestic fowL Jap. J. Pharmacol. 20: 382-397, 1970.

485. SOHAREER, B. AND WEITZMAN, M.: Current problems in invertebrate neurosecretion. ln Aspects of Neuroendo-
crinology (Vth Tnt. Symposium on Neurosecretion, mel, 1969) Springer-Verlag, Berlin, Heidelberg and New

York, eds. W. Bargmann and B. Scharrer, pp. 1-23, 1970.

486. ScHAUMANN, W. : The paralysing action of morphine on the guinea-pig ileum. Brit. J. Pharmacol. Chemother.

10: 456-461, 1955.

487. SCRNIZER, W., HOANG, N-O. AND BRECHT, K. : Transmitter in der Froschlunge. Pflfigers Arch. Gesamte Physiol.

Menschen Tiers 304: 271-283, 1968.

488. ScHOFIELD, G. C.: Anatomy of muscular and neural tissues in the alimentary canal. In Handbook of Physiology,
Section 6: Alimentary Canal, vol. IV, ed. C. F. Code. pp. 1579-1628, American Physiological Society, Washing-

ton, D. C., 1968.

489. SOHOLTHOLT,J., Busas&aRN, W. D. AND LOOHNER, W. : Untersuchungen fiber die Coronarwirksamkeit des Adeno-
sin und der Adeninnucleotide sowie ihre Beeinflussung durch zwei Substanzen mit starker Coronarwirkung.
Pflfigers. Arch. Gesamte Physiol. Menschen Tiers 285: 274-286, 1965.

490. SCROUSBOE, A., BOOHER, J. AND HERTZ, L. : Content of ATP in cultivated neurons and astrocytes exposed to
balanced and potassium-rich media. J. Neurochem. 17: 1501-1504, 1970.

491. Sca�NN, H. J.: t�ber den Noradrenalin-und ATP-Gehalt sympathischer Nerven. Naunyn-Schmiedebergss

Arch. PharInakOL Exp. PathoL 233: 296-300, 1958.
492. Sco’r!r, J. B., DAUGHERTY, R. M., Ja., DABNEY, J. M. AND HADDY, F. J. : Role of chemical factors in regulation

of flow through kidney, hindlimb and heart. Amer. J. Physiol. 208: 813-824, 1965.

492a. SacRSaT, J. A., m, BABEIO, J. R. AND LEONARD, N. J. : A fluorescent modification of adenosine triphosphate
with activity in enzyme systems: 1 ,N-ethenoadenosine triphosphate. Science 175: 646-647, 1972.

493. SaMBA, T., Furu, K. AND Kiuuiu�, N. : The vagal inhibitory responses of the stomach to stimulation of the dog’s

medulla oblongata. Jap. J. Physiol. 14: 319-327, 1964.

494. SaMBA, T. AND Hra.�ox.t, T.: Motor responses of the stomach and small intestine caused by stimulation of the
peripheral end of the splanchnic nerve, thoracic sympathetic trunk and spinal roots. Jap. J. Physiol. 7: 64-71,

1957.

495. SENrr, G.: Biochemical aspects of the hyperglycemic action of diazoxide. Ann. N. Y. Aced. Sci. 150: 242-255,
1968.

496. SHEPHERD,J. T.: In Physiology of the Circulation in Human Limbs in Health and Disease, W. B. Saunders Co.

Philadelphia and London, 1963.
497. SRSra0UR, E. A. AND HANSEN, I. M. : Inhibition by nucleotides of mouse brain UDP galactose 4-epimerase in

vitro. J. Neurochem. 18: 1345-1349, 1971.

498. SHOrmoRN, H., R�EL, W. AND PFLEGER, K. : Dosis-Wirkungs-Beziehungen zwischen koronardurchflusz und
Herzfrequenz f#{252}rAdenosin. Experientia (Basel) 25: 44-46, 1969.

499. SILVA, D. G., FARRELL, K. E. AND SMITH, G. C. : Ultrastructural and histochemical studies on the innervation

of the mucous membrane of the mouse colon. Anat. Rec. 162: 157-176, 1968.

500. SINGE, I. AND SINGE, A.: Neurones histaminergiques, kininergiques et hydroxytryptaminergiques dens les gan-
glions intramuraux du muscle gastrique et du muscle vesical de in Grenouille. J. Physiol. (Paris) 62: 431-439,

1970.
501. Sxou,J. C.: Further investigations on a Mg7� and Na�-activated adenosintriphosphatase, possibly related to the

active, linked transport of Na� and + � the nerve membrane. Biochim. Biophys. Acts 42: 6-23, 1960.

502. SxoU, J. C. �m HILBERG, C. : The effect of sulphydryl-blocking reagents and of urea on the (Nat and K�-acti-

vated enzyme system. Biochim. Biophys. Acts 110: 359-369, 1965.

503. SLUGA, E. �.wn TOMONAGA, M. : Darstellung und Lokalisation der MgATPase in peripheren Nerven. Histochemie

22: 187-197, 1970.

503a. Su.azn, R. C. : Transmission from intramural inhibitory neurones to circular smooth muscle of the rabbit caecum

and the effects of catecholamines. Brit. J. PharmacoL Chemother. in press, 1972.

504. 5Mm!, A. D.: Secretion of proteins (chromogranin A and dopamine fl-hydroxylase) from a sympathetic neuron.
Phil. Trans. Roy. Soc. Lond. Ser. B Biol. Sci. 261:363-370, 1971.

505. S*TTRE, A. E.: Studies on the Nature of Transmitter Substances Released by Non-adrenergic, Non-cholinergic

Nerves to Smooth Muscle. M. Sc. Thesis, University of Melbourne, 1971.
506. Reference deleted in proof.

507. SNEDDON, J. D., SMYTRE, A. E. AND BURNSTOCE, G., SATCHELL, D. S.: Non-cholinergic excitation of the gut of



PURINERGIC NERVES 579

amphibians--an assessment of the evidence that they are purinergic. Comp. (len. Pharmacol., submitted for

publication, 1972.

508. SOMAGYI, E., SoToNyl, P. AND BUJDOS#{212}, G. Y. : Electron-microscope histochemical examination of potassium-

sodium-dependent myocardial ATPase activity. Acts Histochem. 40: 64-72, 1971.
509. SoM.�Gvx, E., SOTONYI, P. AND BUJDOS#{212}, G. Y. : Enzymatic-histochemicalexamination of magnesium dependent

myocardial ATPase activity under the electron microscope. Acts Histochem. 39: 286-297, 1971.

510. SOMLYO, A. P. AND Soao��o, A. V. : Vascular smooth muscle. H. Pharmacology of normal and hypertensive yes-
eels. PbarmacoL Rev. 22: 249-353, 1970.

511. Som�vo, A. V., Woo, Cu. AND Soar.i�Yo, A. P.: Responses of nerve-free vessels to vasoactive amines and poly-

peptides. Amer. J. Physiol. 208: 748-753, 1965.

512. SPEDEN, R. N. : Adrenergic transmission in small arteries. Nature (London) 216: 289-290, 1967.
513. STAFFORD, A. : Adenosine Deaminase in Cardiac Muscle. M. Sc. Thesis, Sydney University, 1955.

514. STAFFORD, A. : Potentiation of adenosine and the adenine nucleotides by dipyridamole. Brit. J. Pharmacol. Chem-

other. 28: 218-227, 1966.
515. STEINAcH, E.: tYber die viscero-motorischen Funktionen der Hinterwurseln und fiber tonische Hemmungawir-

kung der Medulla oblongata auf den Darm des Froeches. Pflugers. Arch. Gesamte Physiol. Menschen Tiers 71:

523-554, 1898.
516. STJARNx, L. S. : Studies of catecholamine uptake, storage and release mechanisms. Acts Pbysiol. Scand. 62: suppl.

228, 1-97, 1964.

517. STJARNE, L. S.: Release of catecholamines from adrenal medulla as compared to that from sympathetic nerves.
Acts PhysioL Scand. 77: suppl. 330, 27. 1969.

518. STJARNE, L. S., HEDQUIST, P. AND LAGEBCBANTZ, H. : Catecholamines and adenosine nucleotides material in
effluent from stimulated adrenal medulla and spleen-a study of the exocytosis hypothesis for hormone secre-

tion and neurotranamitter release. Biochem. Pharmacol. 19: 1147-1158, 1970.
519. STONER, H. B. AND GREEN, H. N. : Experimental limb ischaemia in man with especial reference to the role of

adenose triphosphate. Clin. Sci. (London) 5: 159, 1945.

520. So, C., BEVAN, J. AND BURNSTOCE, G. : (5HlAdenosine: release during stimulation of enteric nerves. Science 173:

337-339, 1971.
521. Suxux:, T. AND INOMATA, H. : The inhibitory post-synaptic potential in intestinal smooth muscle investigated

with intracellular microelectrodes. Tohoku J. Exp. Med. 82: 48-51, 1964.

522. SYDow, V. AND AHLQUIST, R. P. : Cardiovascular actions of some simple nucleic acid derivatives. J. Amer. Pharm.

Ass. Sci. Ed. 43: 166-170, 1954.
523. TAFURI, W. L. : Ultrastructure of the vesicular component in the intramural nervous system of the guinea-pig’s

intestines. Z. Naturforach . 19: 622-625, 1964.
524. TAGAWA, H. AND VANDER, A. J. : Effects of adenosine compounds on renal function and renin secretion in dogs.

Circ. Res. 26: 327-338, 1970.
525. TAKENAKA, F. : Response of vascular strip preparations to noradrenaline and tyramine. Jap. J. Pharmacol. 13:

274-281, 1963.
526. TaxI, J. : Contribution a l’#{233}tudedes connexions des neurons moteurs du systeme nerveux autonome. Ann. Sci.

Natur. Zoo!. Biol. Anim. VIII: 413-674, 1965.
527. TAXI, J. AND Daoz, B. : Etude de l’incorporation de noradr#{233}naline-3H (Na-5H) et de 5-hydroxytryptophane-5H

(5-HTP-2H) dens lee fibres nerveuses du canal d#{233}f#{233}rentet de l’intestin. CR. Hebd. Seances Aced. Sci. Paris

263: 1237-1240, 1966.
528. ThAEMERT, J. C. : The ultrastructure and disposition of vesiculated nerve processes in smooth muscle. J. Cell

Biol. 16: 361-377, 1963.
529. TNAEMERT, J. C. : Ultrastructural interrelationships of nerve processes and smooth muscle cells in three dimen-

sions. J. Cell Biol. 28: 37-49, 1966.
530. TREE, L., Mtraca.&wxx, R. AND HERGOTT, J. : Antagonismus zwischen Adenosin und Methyl-Xanthinen am

Reizleitungssystem des Herzens. Naunyn-Schmiedebergs Arch. Pharmakol. Exp. Pathol. 231: 586-590, 1957.
531. TEURAU, K. : Renal hemodynamics. Amer. J. Med. 36:698-715,1964.
532. TOENNIES, J. F. : Reflex discharge from the spinal cord over the dorsal roots. J. Neurophysiol. 1: 378-390, 1938.

533. TOMITA, T. : Electrical responses of smooth muscle to external stimulation in hypertonic solution. J. Physiol.

(London) 183: 450-468, 1966.

534. TOMITA, T. : Current spread in the smooth muscle of the guinea-pig vas deferens. J. Physiol. (London) 189: 163 -

176, 1967.
535. TOMITA, T. : The longitudinal tissue impedance of the smooth muscle of guinea-pig taenia coli. J. Physiol. (Lon.

don) 201: 145-159, 1969.
536. ToxAcK, R. M. AND BARRNETT, R. J. : Nucleoside phosphatase activity in membranous fine structures of neurons

and glia. J. Histochem. Cytochem. 11: 763-772, 1963.

537. TRANZER, J. P. AND ThOENEH, H. : Various types of amine-storing vesicles in peripheral adrenergic nerve termi-

nals. Experientia (Base!) 24: 484-486, 1968.

538. TRANZER,J. P., ThOENEN, H., S�cu’ss, R. AND RICEARDS,J.: Recent deveiopments on the ultrastructural aspect

of adrenergic nerve endings in various experimental conditions. Progr. Brain Bee. 31: 33-46, 1969.
538a. TREISTER, G. AND BARA.NY, E. H.: Degeneration mydriasis and hyperemia of the iris after Superior cervical

ganglionectomy in the rabbit. Invest. Ophthalmol. 9: 873-887, 1970.
539. TRIGOLE, D. J.: ‘Chemical Aspects of the Autonomic Nervous System.’ Academic Press, London, 1965.
540. UEHARA, Y., AND BURNSTOCK, 0.: Posteynaptic specialization of smooth muscle at close neuromuscular junctions

in the guinea-pig sphincter pupillae. J. Cell Biol. 53: 849-854, 1972.



580 BURNSTOCK

541. UEsIu�o, R. C. : Electrical activity of the isOlated nerve-urinary bladder strip preparation of the rabbit. Amer.

J. PhysioL 201: 408-412, 1961.
542. Uaszz.no, R. C. �.im CLARE, P. B. : The action of atropine on the urinary bladder of the dog and on isOlated nerve-

bladder strip preparation of the rabbit. J. PharmacoL Exp. Ther. 118: 338-347, 1956.
542a. UUsrnaLo, R. AND PALK.&MA, A. : Evidence for the nervous control of secretion in the diary processes. Progr.

Brain Res. 34: 513-521, 1971.
543. UvivAs, B.: Sympathetic vasodilator outflow. PhysioL Rev. 34: 608-618, 1954.
544. Vaimotrrrs, P. M. AND SHEPHERD, J. T. : Effect of temperature on reactivity of cutaneous veins to vasoactive

agents. Fed. Proc. 28: 519, 1969.
545. VAN0v, S. : Responses of the rat urinary bladder in situ to drugs and to nerve stimulation. Brit. J. Pharmacol.

Chemother. 24: 591-600, 1965.

546. VEAcH, H. 0. : Studies on the innervation of smooth muscle. Amer. J. Physiol. 71: 229-264, 1925.

547. VEESPRILLE, A. : The influence of uridine nucleotides upon the isolated frog heart. PflQgers. Arch. Gesamte Phys-

iol. Menschen Tiers 277: 285-292, 1963.
548. VEBSPRILLE, A. : The effect of c.ytosine and guanine nucleotides on the isOlated frog heart. PflUgers Arch. Gesamte

PhysioL Menschen Tiers 278: 575485, 1964.

549. VEESPRILLE, A. : The chronotropic effect of adenine and hypoxanthine derivatives on isolated rat hearts before

and after removing the sinoauricular node. Pflugers Arch. Geaamte Physiol. Mensohen Tiers 291: 261-267, 1966.

550. VERSPEILLE, A. AND VAN DUYN, C. D. : The negative chronotropic effect of adenine derivatives and acetylcholine

on frog and rat hearts. Pflugers Arch. Gas. Physiol. Menschen Tiers 292: 288-296, 1966.
551. VIGDAHL, R. L., MONGIN, JR. J. AND MARQUIS, N. H. : Platelet aggregation IV. Platelet phosphodiesterase and

its inhibition by vasodilators. Biochem. Biophys. R.es. Commun. 42: 1088-1094, 1971.
552. Vrvnaos, 0. H., G�tas�acx, D. 0. AND RENKIN, E. M. : Sympathetic beta adrenergic vasodilatation in skeletal

muscle of the dog. Amer. J. PhysioL 215: 1218-1225, 1968.
553. VLADIMIEOVA, I. A. AND SHUBA, M. F. : Potentials synaptiques inhibiteurs des cellules musculaires lisses, muscle

longitudinal de colon de cobaye. Neurofiziol. USSR SSSR 2: 544-551, 1970.
554. WAcESTEIN, M. AND MaisEL, E. : Histochemistry of hepatic phosphatases at a physiologic pH. Amer. J. Clin.

Path. 27: 13-22, 1957.
555. WaLTaR, P. AND BASSENGE, E.: Wirkung von ATP, A-3, 5-MP, adenosin und Dipyridamol an Streifenpraparaten

der A. coronaria, A. TCIUIUS und der V. portse. Pflugers Arch. Gesamte. PhysioL Menschen Tiers 299: 52-65, 1968.

556. WATTS, D. T. : Stimulation of uterine muscle by ATP. Amer. J. PhysioL 173: 291-296, 1953.

557. WAT�va, E. J., GOODWIN, J. F. � STONER, H. B.: Effect of adenosine triphosphate on electrocardiogram of man

and animals. Brit. Heart. J. 11: 55-67, 1949.

568. WEBB, J. L. : Effects of 2-deoxy-D-glucose on carbohydrate metabolism. In Enzyme and Metabolic Inhibitors, vol.

2, pp. 386-403, Academic Press, New York, 1966.
559. WEDD, A. M.: The action of adenosine and certain related compounds on the coronary flow of the perfused heart

of the rabbit. J. Pharmacol. Exp. Ther. 41: 355-366, 1931.

560. WanD, A. M.: Further observations on the action of adenosine on the perfused heart. Proc. Soc. Exp. Biol. Med.

32: 1065, 1935.
561. WEDD, A. M. AND DRURY, A. N. : The action of certain nucleic acid derivatives on the coronary flow in the dog.

J. Pharmacol. Exp. Ther. 50: 157-164, 1934.

562. WEDD, A. M. �.an FERN, W. 0. : The action on cardiac musculature and the vagomimetic behaviour of adenosine.
J. Pharmacol. Exp. Ther. 47: 365-375, 1933.

563. WEaazvrn�.n, L. M., HUG,JR., C. C., WEISBRODT, N. W. AND BAss, P.: Adrenergi mechanisms in the relaxation

of guinea-pig taenia coli in vitro. J. Pharmacol. Exp. Ther. 178: 497-508, 1971.
564. WESTON, A. H. : Inhibition of the longitudinal muscle of rabbit duodenum. Brit. J. Pbarmacol. Chemother. 43:

428-�429P, 1971.
565. WHITE, A., HANDLER, P. AND SMITH, E. L. : In Principles of Biochemistry, 4th ad., pp. 619-644, McGraw-Hill,

New York, 1968.
566. WIHTTARER, V. P. : The isolation and characterisation of acetylcholin-containing particles from brain. Biochem.

J. 72: 694-706, 1959.
567. Wun’re.xsa, V. P. : Catecholamine storage particles in the central nervous system. Pharmacol. Rev. 18:401-412,

1966.
568. WmrrAN, R.: The high permeability of human red cells to adenine and hypoxanthine and their ribosides. J.

PhysioL (London) 154: 614-623, 1960.
569. WIDDICOMBE, J. 0.: Regulation of tracheobronchial smooth muscle. Physiol. Rev. 43: 1-37, 1963.
570. Wn.uasss, A. M. AND LE PAGE, 0. A. : Purine metabolism in mouse ascites tumor cells. II. In vitro incorpora-

tion of preformed purines into nucleotides and polynucleotides. Cancer Rae. 18: 554-661, 1958.
571. WINBURT, M. M., PAFraasx, D. H., HEMMER, M. L. AND HAMBOURGER, W. 0. : Coronary dilator action of the

adenine-ATP series. J. PharmacoL Exp. Ther. 109: 255, 1953.
572. Woe.,, M. M. AND BEENE, R. M.: Coronary vasodilator properties of purine and pyrimidine derivatives. Circ.

Res. 4: 343-348, 1956.

573. WoLPE, D. E., POTTER, L. T., RICHARDSON, K. C. AND AXELROD, J.: Localizing tritiated norepinephrine in sym-
pathetic axons by electron microscopic autoradiography. Science 138: 440-444, 1962.

574. WooD, J. D.: Electrical activity from single neurons in Auerbach’a plexus. Amer. J. PhysioL 219: 159-169, 1970.

575. Woor�, M. J. AND BuasvsTocx, 0.: Innervation of the lungs of the toad (Bufo marinas). I. Physiology and phar-

macology. Comp. Biochern. Physiol. 22: 755-766, 1967.



PURINERGIC NERVES 581

576. WRIGHT, M. E., IWATAMA, T. .tiw BU�tsToc�, 0.: The histochemical localisation ATPsse at autonomic neuro-

muscular junctions: a light and electronmicroscopy study. In preparation, 1972.
577. Y.tuauo�ro, T.: Electron microscopic investigation on the relationship betweenthesmcoth muscle cell of the Proc.

vermiformis and the autonomic peripheral nerves. Acts Neuroveg. 21: 406-425, 1960.
578. Y.tu.aUCHI, A.: Electron microscopic studies on the autonomic neuromuscular junction in the tsenia coil of the

guinea-pig. Acts Anat. Nippon. 39: 22-28, 1964.
579. YASUDA, K., SATCH, S., TAIRA, N. AND HASHIMoTO, K.: Potentiation of norepinephrine and adenosine in the

renal circulation by 2,6-bis (diethanolamine)-4,8-dipiparidino-pyrimido (5,4-d) pyrimidine (Dipyridamole)

treatment (preliminary report). Tohoku J. Exp. Med. 96: 161-164, 1968.

580. YoEoT�a&a, S.: Aktionspotentiale der Ganglienzelle des Auerbachschen Plexus im Kaninchendfinndarm. Pflfi-

gers Arch. Gesamte PhysioL Menschen Tiers 288: 95-102, 1966.

581. YoUMANS, W. B., MEal, W. J. �ro Hanm�i, R. C.: Extrinsic and intrinsic pathways concerned with intestinal

inhibition during intestinal distension. Amer. J. PhysioL 124: 470-477, 1938.

582. Znwamea.zr, B. 0.: Influence of sympathetic stimulation on segmental vascular resistance before and after ad-
renergic neuronal blockade. Arch. tnt. Pharmacodyn. Th#{233}r.160: 68-82, 1966.




