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nucleotide is the transmitter substance released
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Summary

1. Stimulation of the vagal non-adrenergic inhibitory innervation caused the
release of adenosine and inosine into vascular perfusates from the stomachs of
guinea-pigs and toads.

2. Stimulation of portions of Auerbach’s plexus isolated from turkey gizzard
caused the release of adenosine triphosphate (ATP), adenosine diphosphate
(ADP) and adenosine monophosphate (AMP).

3. ATP, added to solutions perfused through the toad stomach vasculature,
was broken down to adenosine, inosine and adenine.

4. Of a series of purine and pyrimidine derivatives tested for inhibitory activity
on the guinea-pig isolated taenia coli, ATP and ADP were the most potent.

5. ATP caused inhibition of twelve other gut preparations previously shown
to contain non-adrenergic inhibitory nerves. The inhibitory action of ATP was
not prevented by tetrodotoxin.

6. Quinidine antagonized relaxations of the guinea-pig taenia coli caused by
catecholamines or adrenergic nerve stimulation. Higher concentrations of
quinidine antagonized relaxations caused by ATP or non-adrenergic inhibitory
nerve stimulation.

7. When tachyphylaxis to ATP had been produced in the rabbit ileum, there
was a consistent depression of the responses to non-adrenergic inhibitory nerve
stimulation but not of responses to adrenergic nerve stimulation.

8. It is suggested that ATP or a related nucleotide is the transmitter substance
released by the non-adrenergic inhibitory innervation of the gut.

Introduction

For many years it was assumed that the only inhibitory control of mammalian
gastrointestinal smooth muscle is exerted by adrenergic sympathetic nerve fibres. It
was only recently realized that a second type of inhibitory neurone of parasympa-
thetic or intrinsic origin innervates the gut (see, for example, Burnstock, Campbell,
Bennett & Holman, 1964 ; Holman & Hughes, 1965 ; Martinson, 1965 ; Bennett,
Burnstock & Holman, 1966 ; Burnstock, Campbell & Rand, 1966). This type of
nerve fibre is not cholinergic, nor is it adrenergic, as is shown by the combined
results of pharmacological, electrophysiological and histochemical studies (Camp-
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ATP as an inhibitory transmitter substance in gut 669

bell, 1970). However, as yet, no evidence has been presented to show what trans-
mitter substance is released by these inhibitory nerves. Experiments designed to
determine the nature of the inhibitory transmitter substance are reported in this
paper. The approach used is that which Loewi (1921) applied to the cardiac vagus,
namely stimulation of the nerve supply to a perfused organ and examination of the
perfusate for substances which mimic the nerve action. A brief report of part of
the study has already been made (Satchell, Burnstock & Campbell, 1969).

Methods
Nutrient media

Isolated preparations from toads were perfused with McKenzie's solution
(Campbell, Burnstock & Wood, 1964) kept at room temperature. Mammalian
preparations were perfused with or mounted in a modified Krebs solution (Biilbring,
1953) kept at 35° C. Preparations of Auerbach’s plexus isolated from turkey
gizzards were placed in the medium described by Ginsborg (1960) kept at 38° C.
All media were bubbled with a mixture of 95% oxygen and 5% carbon dioxide.

Preparations

For tests of the biological activity of perfusates or of known purine and pyrimidine
derivatives the following isolated preparations of mammalian gut were suspended as
strips or as Magnus preparations: guinea-pig stomach, ileum, taenia coli and colon ;
rabbit stomach, ileum and colon ; rat stomach, duodenum and colon ; mouse ileum
and colon. To test the effects of stimulation of extrinsic sympathetic or intramural
nerves, preparations of guinea-pig taenia coli and rabbit ileum were set up as
described by Burnstock et al. (1966) and Holman & Hughes (1965) respectively.
In all these experiments, the Krebs solution contained hyoscine (10~7 to 10~¢ g/ml).
Muscle activity was recorded either with an isotonic lever writing on a smoked drum
or with Grass FT 0-03 tension transducers recording on a Gilson polygraph. Grass S5
stimulators were used to deliver rectangular pulses for nerve stimulation, as described
in the text.

Isolated preparations of guinea-pig stomach—vagus nerves and of toad stomach—
vagosympathetic nerves were perfused via the coeliac artery for 20 min to remove
traces of blood. The preparations were then placed in small chambers and 25 mi
of nutrient medium was recycled through each preparation for 30 min, using the
apparatus shown in Fig. 1. Electrical stimuli were applied to the nerves via platinum
ring electrodes shielded in plastic. Some preparations of toad stomach were
dissected to allow stimulation of either the intracranial portion of the vagus nerves
or the cervical sympathetic contribution to the vagosympathetic trunks, Effects of
ATP on the perfused toad stomach were recorded with an intraluminal catheter
connected to a water manometer, recording on a smoked drum.

Gizzards were obtained from freshly killed turkeys and approximately 200 mg of
Auerbach’s plexus was dissected from the margins of four large gizzards. The tissue
was weighed into two 100 mg portions. Each portion was placed in a small bath
containing 0-6 ml of oxygenated nutrient medium at 38° C. The test bath contained
platinum wire electrodes which were used to apply stimuli to the preparations.
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Purification of perfusates

In the initial stages of the study, gastric perfusates were concentrated by freeze-
drying and subjected to paper chromatography. Developed chromatograms were
divided into areas which were eluted by shaking with water ; the eluates were con-
centrated and tested for pharmacological activity on guinea-pig taenia coli prepara-
tions. Following the location of an inhibitory fraction and its identification as a
purine nucleoside, optimum yields of the compound were obtained by making the
perfusates 39 with respect to perchloric acid and shaking them with activated
charcoal (0-5 mg/ml extract) for 1 hour. The charcoal was then centrifuged down
and washed once with distilled water ; the purines were recovered by suspending the
charcoal in 10% aqueous pyridine solution at 37° C for 3 hours. Solutions were
concentrated by freeze-drying, applied to Whatman No. 1 chromatography paper
and run for 12 h in ascending solvents, either (1) n-butanol, acetic acid, water
(120:30:50) or (2) iso-butyric acid, water, 0-880 ammonia, 0-1 M versene
(100:55-8:4-2:1'6).

Stimulating
electrode 95% O,

Heating
——
water
Roller
pump
o

Millipore filter

FIG. 1. Diagram of apparatus used for closed-circuit perfusion of stomach preparations. A
small volume (2:5 ml) of nutrient solution is pumped gy the roller pump through a cannula
into the coeliac artery. Fluid draining from the gastric veins collects in the bottom of the
constant temperature organ bath where it is bubbled with 95% oxygen and 5% carbon dioxide.
The fluid is then drawn through a Millipore filter to be recycled. Shielded platinum wire
ring-electrodes are placed around the vagus nerves for stimulation.
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Drugs

Drugs used were adenine, adenosine, adenosine-5’-monophosphate disodium salt
(AMP), adenosine-5’-diphosphate trisodium salt (ADP), adenosine-5’-triphosphate
disodium salt (ATP), adrenaline bitartrate, caffeine, inosine, inosine-5’-monophos-
phate disodium salt (IMP), guanosine-5’-monophosphate disodium salt (GMP),
hyoscine hydrobromide, noradrenaline bitartrate, quinidine sulphate, quinine
sulphate, tetrodotoxin, uridine, uridine-5’-monophosphate disodium salt (UMP),
2, 6-xylenol.

All concentrations are expressed in terms of the forms given above.

Results
Release of inhibitory substances on nerve stimulation

The best established approach to determining the nature of a transmitter substance
released by a particular set of nerves is that used initially by Loewi (1921) in his
discovery of “ Vagusstoff ”. The nerve supply to a perfused organ is stimulated and
the perfusate is examined for the presence of biologically active material which
mimics the effects of nerve stimulation. This approach was applied to the non-
adrenergic inhibitory innervation of the stomach.

Release of inhibitory material from the stomach. Non-adrenergic inhibitory
nerves are present in the vagal supply to the stomach of both guinea-pigs (Campbell,
1966b) and toads (Campbell, 1969), the organs which were chosen for study. Initial
experiments were carried out on perfused toad stomachs ; the vagosympathetic nerve
trunks were stimulated for 45 s in every 2 min with pulses of 2 ms duration at 30 Hz.
Over the 30 min collection period the stimulus voltage was raised progressively from
5 to 40 V. As controls, preparations taken from animals of similar weight were
perfused for 30 min without nerve stimulation. The biological activity of perfusates
from stimulated and non-stimulated stomachs was tested on atropinized preparations
of guinea-pig taenia coli ; the perfusate from stimulated stomachs caused relaxation
whereas the perfusate from non-stimulated preparations was not effective.

Inhibitory activity was found in only one area of the paper chromatogram with an
R, value of 048 (solvent 1). A second area at R, 0-72 (solvent 1) was found to
contain a substance which caused contraction of the taenia coli, but no further
studies of this substance have been made.

A series of tests were made with a variety of reagents to give a preliminary identi-
fication of the active substance in the inhibitory area of the chromatograms. Use
of the silver nitrate-bromophenol blue reagent (Wood, 1955) caused the appearance
of two blue spots in the area of inhibitory activity, indicating the presence of purine
compounds. At this stage further purification was achieved by adsorption of nucleo-
tides and nucleosides on activated charcoal and it was possible to identify the purine
materials as adenosine and inosine. The presence of these compounds was confirmed
by estimation of the specific absorption maxima in ultraviolet light, which are 260
and 2485 nm respectively, and by the comparison of their R, values with those of
authentic adenosine and inosine chromatographed in a variety of solvent systems.
Adenosine, but not inosine, caused relaxation of the taenia coli (sec below) and
would explain the biological activity of the inhibitory area.
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Using extracts purified on activated charcoal, a chromatographic comparison was
made between the amounts of purine compounds released from stimulated and non-
stimulated stomachs. Figure 2 is an ultraviolet photoprint of such a chromatogram.
showing that adenosine is present in trace amounts in the perfusate from the non-
stimulated stomach but in appreciably larger amounts in the perfusate from the
stimulated preparation. Inosine is also present in the control perfusate and appears
in greater amounts in perfusate from the stimulated stomach. This experiment was

FIG. 2. Chromatographic evidence for purine release from toad stomach stimulated via the
vagosympathetic nerve. The figure shows an ultraviolet photoprint of a chromatogram
spotted with (from the left) AMP, ATP, perfusate from unstimulated stomach, perfusate from
stimulated stomach, adenosine. Chromatogram run for 12 h ascending in solvent 1 (see text).
Vagosympathetic nerve trunks were stimulated for 45 s in every 2 min for a total of 30 min
with pulses of 2 ms duration, at 30 Hz; the voltage was progressively increased from 5 to

40 V. Note that stimulation increases the amounts of adenosine and inosine released from
the stomach.
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carried out four times on toad stomachs with similar results. In addition, two com-
parisons were made between perfusates from guinea-pig stomachs stimulated via the
vagus nerves or not stimulated. Vagal stimulation caused an increase in the release
of adenosine and inosine, comparable to that seen in the toad stomach.

Source of the nucleoside efflux on stimulation. Both the vagosympathetic trunk
of the toad and the guinea-pig vagus nerve are mixed nerves, containing both non-
adrenergic inhibitory and cholinergic excitatory nerve fibres. It was not possible in
the above experiments to determine which type of nerve fibre was causing the release
of nucleosides. However, the toad vagus nerve proper, accessible as the intracranial
vagal roots, provides only the non-adrenergic inhibitory innervation of the stomach ;
the cholinergic innervation may be stimulated separately in the cervical sympathetic
contribution to the vagosympathetic trunk (Campbell, 1969). To solve the problem
of which type of nerve fibre mediates the nucleoside release, a further four chromato-
graphic comparisons were carried out. In two experiments, perfusate from non-
stimulated preparations was compared with perfusate from stomachs stimulated via
the vagus nerve roots of one side. In the other two experiments, the cervical
sympathetic trunk was stimulated. Stimulation was for 45 s every 2 min at 10 Hz
and 10 V throughout the period of collection. Stimulation of the intracranial vagal
roots caused a marked increase in the amounts of adenosine and inosine released.
In contrast, stimulation of the cervical sympathetic chain did not increase the release
of nucleosides ; in fact, it appeared that slightly less nucleoside was released during
sympathetic stimulation, an observation which might be explained by changes in
regional perfusion. It is clear that the nucleoside release is a specific result of
stimulating the non-adrenergic inhibitory nerves.

Nucleotide release from isolated Auerbach’s plexus. The results described above,
while indicating that activity in non-adrenergic inhibitory nerves causes an increased
nucleoside efflux, do not indicate the source of the nucleoside. It was possible that
the nucleosides were released from the gastric muscle as part of the response to the
inhibitory nerves, or that stimulation had opened new perfusion channels and freed
entrapped blood cells containing nucleosides. To clarify this problem, the effect of
electrical stimulation on the release of purine compounds from isolated portions of
Auerbach’s plexus was determined.

Auerbach’s plexus in the mammalian gut is too fine and too firmly buried in the
muscle layers for isolation. However, the plexus in the gizzard of birds is concen-
trated in a thick layer on the margins lying just beneath the serosa (Malinovsky,
1963). This plexus must contain a considerable number of non-adrenergic inhibitory
neurons to provide the dense innervation of the gizzard musculature by these nerves,
demonstrated by Bennett (1969). To study the release of purine compounds from
stimulated inhibitory nerves in the absence of muscle and vascular sources of ATP.
pieces of thick lateral enteric plexus were dissected from the gizzard of turkeys, as
described under Methods. Purines were isolated from the nutrient media by adsorp-
tion on activated charcoal and chromatography as described for gastric perfusate.
The resting isolated plexus did not release detectable amounts of any purine nucleotide
or nucleoside into the medium. However, when the isolated plexus was stimulated with
pulses of 2 ms at 50 Hz for 45 s cvery 2 min, the medium collected after 30 min
contained an appreciable amount of AMP and also traces of ATP and ADP (Fig. 3).
Both the resting and the stimulated nerve preparations, extracted with perchloric
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acid after the experimental period, were found to contain considerable quantities of
ATP, ADP and AMP.

Breakdown of ATP in stomach preparations

As shown above, adenosine and inosine were released from stimulated stomachs
of toad or guinea-pig whereas the main purine compound released on stimulation
from isolated Auerbach’s plexus of the avian gizzard was AMP. These results might
indicate that the inhibitory nerves act by releasing AMP, which is broken down by
gastric tissues to adenosine and inosine. However, the possibility arises that the
AMP coming from the plexus represents a release of ATP which is broken down
either by the conditions of incubation or by ATPase in the plexus. To determine
whether such a breakdown of ATP does occur in the stomach, ATP was added to

FIG. 3. Release of nucleotides from isolated Auerbach’s plexus of turkey gizzard. The figure
shows an ultraviolet photoprint of a chromatogram spotted with, from the left, AMP, ADP,
ATP, extracted unstimulated plexus, extracted stimulated plexus, medium of unstimulated
lexus, medium of stimulated plexus (pulses of 2 ms at 50 Hz, trains of 45 s every 2 min
or 30 min, voltage progressively increasing from 5 to 50 V), adenine. Note that stimulation
causes the release of AMP and traces of ADP and ATP into the medium. Comparable levels
of nucleotides were found in extracts of stimulated and unstimulated plexuses. Chromatogram
run for 12 h ascending in solvent 2 (see text).
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25 ml of nutrient solution which was recycled through the toad stomach vasculature
for 30 min. Figure 4 shows an ultraviolet photoprint of the chromatographed
perfusate. It can be seen that the ATP added to the perfusate was converted to
adenosine, inosine and a trace of adenine. This result implies that, if the inhibitory
transmitter substance were ATP, it would be degraded to the nucleosides which are
found in perfusates of stimulated preparations. However, the result cannot be taken
as evidence against the role of AMP as the transmitter substance.

Actions of applied purine and pyrimidine derivatives

In the previous section it was shown that stimulation of the non-adrenergic
inhibitory nerves is associated with the release of purine derivatives. To determine
whether any of these compounds could act as an inhibitory transmitter substance,
a study was made of the actions of purine and pyrimidine derivatives on gut muscle.

. Breakdown of ATP perfused through the toad stomach vascular bed. The figure
;:}llgw‘; an ultraviolet photoprint of a chromatogram spotted with (from the left) AMP, ATP +-
ADP, control perfusate, perfusate with ATP added before recycling, adenosine, inosine, IMP,
adenfne. Chromatogram run for 12 h ascending in solvent I. Note that the ATP added
to the medium was broken down to adenosine and inosine.
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Relative inhibitory potencies. The inhibitory action of the purine nucleoside
adenosine on mammalian gut muscle was first shown by Drury & Szent-Gyérgi
(1929). Barsoum & Gaddum (1935) reported that adenosine had inhibitory actions
on the gut of a variety of mammals, birds and amphibians. Some other nucleosides
and nucleotides were also found to relax the gut (Drury, 1936). If any compound
of this group were the non-adrenergic inhibitory transmitter substance, it would
probably have a relatively strong inhibitory potency. Accordingly, the potencies of
a range of naturally-occurring purine and pyrimidine compounds in causing relaxa-
tion of the guinea-pig isolated atropinized taenia coli were examined.

The results of the study are closely comparable with those reported for the same
tissue by Axelsson & Holmberg (1969). The most potent inhibitory compounds
tested were ATP and ADP; these compounds were about equipotent and the
threshold concentration for causing relaxation was about 10~"™™ (Fig. 5). Typically,
the relaxation caused by ATP or ADP reached its maximum more rapidly than did
relaxations induced by catecholamines (Fig. 6). In a comparable manner, the taenia
often contracted back to normal tone more rapidly after ATP or ADP was
washed from the bath than after catecholamine responses. In these respects the
nucleotide effects are reminiscent of the response of the taenia to non-adrenergic

100 -
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FIG. 5. Relative potencies of purine compounds in causing relaxation of the isolated guinea-
pig taenia coli. Ordinate: amplitude of relaxation as a percentage of the response to ATP
(10—5M). Abscissa: molar concentration (log scale). Dose-response curves are shown for

ATP (A), ADP (O), AMP (A), adenosine (ll) and GMP ((J). The tissues were exposed to
the agonists for 30 s. Each point is the mean of values obtained on three preparations.

345



ATP as an inhibitory transmitter substance in gut 677

inhibitory nerve stimulation, which has been shown previously to be more rapid in
onset and offset than responses to adrenergic nerve stimulation (Burnstock et al.,
1966). Both AMP and adenosine were about 100 times less potent than ATP in
causing relaxation of the taenia, acting above a threshold concentration of about
10~°M. The relaxations caused by these compounds were rather slow in onset. The
purine base adenine, the deaminated nucleoside inosine and its mononucleotide
IMP, had no effect on the taenia in concentrations as high as 10~2M. However, the
related mononucleotide GMP caused relaxation when applied in concentrations
greater than about 3 x 10~*M (compare Axelsson & Holmberg, 1969). The pyrimi-
dine nucleoside uridine and its mononucleotide UMP were without effect in concen-
trations up to 10~°M. It can be seen that, of this group of compounds, ATP and
ADP are most likely to be able to act as a transmitter substance in view of their
high inhibitory potencies.

Site of action of ATP. Nicotinic stimulant drugs appear to cause relaxation of
gut muscle by stimulating the non-adrenergic inhibitory neurones within the gut wall
(Burnstock et al., 1966). The possibility arises that ATP might also cause relaxation
of the gut indirectly, acting via inhibitory nerves. To test this, the effects of tetrodo-
toxin on ATP responses were studied. It was found that tetrodotoxin (2% 10~7 g/ml)
abolished the inhibitory responses of the atropinized taenia coli to stimulation of
either perivascular or of intramural nerves without affecting the relaxation produced
by ATP (Fig. 7). This result shows that the inhibitory effect of ATP is not caused
by the initiation of action potentials in inhibitory nerves, although the possibility
still remains that ATP has a ¢ tyramine-like *” action—that is, it releases an inhibitory
transmitter substance by displacement from transmitter stores without initiating
neuronal action potentials (Bell, 1968).

Effects of ATP on selected gut segments. If the inhibitory transmitter substance
is a nucleoside or a nucleotide, the compound must be able to induce relaxation of
all gut segments innervated by non-adrenergic inhibitory nerves. A study was there-
fore made of the effects of ATP, as one of the most potent compounds in this group,
on the following tissues known to contain non-adrenergic inhibitory nerves: guinea-
pig stomach circular muscle (Campbell, 1966b), ileum (Holman & Hughes, 1965)
and descending colon (Holman & Hughes, 1965 ; Furness, 1969) ; rabbit stomach
circular muscle (Paton & Vane, 1963), ileum (Holman & Hughes, 1965 ; Day &

—
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FIG. 6. Relative rapidity of gut responses to ATP. Consecutive, approximately equal sub-

i tions of a guinea-pig isolated taenia coli, (a) caused by ATP (10~% g /ml) and
{%‘)‘xﬁ?ﬂoﬁ?ﬁ;‘l’ﬁe (NA,SIO'7 gp/§1|). Drugs were applied for 1 min, as shown by the bars.

Note that the ATP response reaches its maximum after 19 s whereas the response to nor-
adrenaline takes 28 s to become maximal. Time marker, 1 minute.
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Warren, 1968) and descending colon (Holman & Hughes, 1965 ; Furness, 1969) ;
rat gastric fundus (Heazell, 1969), ileum and colon (Holman & Hughes, 1965);
mouse duodenum and colon (Holman & Hughes, 1965); toad (Bufo marinus)
stomach (Campbell, 1969). The gut segments were mounted either as strips with
the mucosa dissected off or as Magnus preparations. Contractions of the saline-
perfused isolated toad stomach were recorded by means of an intraluminal catheter.
All media contained hyoscine (10~% g/ml).

ATP (107% to 10™* g/ml) caused relaxation of all twelve gut segments tested
(Table 1). The inhibitory responses to ATP were complicated by excitatory actions
which were of two types. Preparations indicated as having only inhibitory responses
to ATP often showed a contraction or a period of increased spontaneous activity
after the ATP had been washed from the organ bath. Similar, but generally smaller,
contractions occurred after inhibitory concentrations of noradrenaline had been
washed out (Fig. 8a) and it is thought that the contraction is a ‘rebound’
phenomenon, as proposed for nerve-mediated responses of the taenia coli (Bennett,
1966 ; Campbell, 1966a), and not a direct response to ATP.

[
L ] L
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FIG. 7. Isolated guinea-pig taenia coli treated with hyoscine (4 X 10~7 g/ml). Control respon-
ses to transmural stimulation (T, 10 Hz for 10 s), perivascular nerve stimulation (P, 10 Hz for
10 s) and ATP (bar, 2X 10~¢ g/ml) are shown at the left of the trace. At the arrow, tetrodo-
toxin (TTX, 1-5%X10-7 g/ml) was added to the organ bath. Responses to both transmural
and perivascular nerve stimulation were rapidly abolished, but the response to ATP was not
reduced. Time marker, 10 minutes.

- -

TABLE 1. Effects of ATP on segments of gastrointestinal tract

Animal Gut segment ATP (g/ml) Response
Guinea-pig stomach 10 5—10-¢ _ .
ileum 10-5-104 —(low conc,)+(high conc.)
colon Sx10-¢-2x10°¢ -
Rabbit stomach 10-5-10 ¢ —(low conc.)+(high conc.)
ileum 10--10-* —
colon 10-5-10-¢
Rat stomach 2x10 %-2x 108 —followed by +
duodenum 2x10-8-10-5 -
colon 2x10-8 —
Mouse ileum 5x10-%-2x10-8 —
colon 5%x10°-5%x10°% —(low conc.)-+(high conc.)
Toad stomach 5x10-7-5x10-¢ —, +, or + followed by —

+ =contraction during application of ATP.
— =relaxation or inhibition of spontaneous movements.
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The second type of excitatory action of ATP occurred while the nucleotide was
still present in the organ bath and is regarded as a direct excitatory effect. In the
rat gastric fundus strip preparation, all effective concentrations of ATP caused a
relaxation followed by a contraction before the organ bath was washed out (Fig. 8b).
The perfused toad stomach responded to intravascular ATP with either contraction
or relaxation in different preparations ; occasionally a brief contraction preceded
the relaxation (Fig. 8c). There was no obvious relationship between the concentra-
tion of ATP infused and the type of response seen. In the remaining three prepara-
tions showing an excitatory response to ATP, the guinea-pig ileum, the rabbit
stomach and the mouse colon, contractions tended to occur only when high concen-
trations of ATP were applied. The preparations of guinea-pig ileum and rabbit
stomach commonly had low tone. In these preparations low concentrations of ATP
had no effect and high concentrations caused contraction ; in preparations with raised
tone, the lower concentrations were seen to cause relaxation (Fig. 8d, ). It should be
noted that similar dual effects of ATP on gut segments have been reported previous-
ly. For instance, adenine compounds have been reported to contract (Brecht &
Epple, 1952) or relax (Malchikova & Poskonova, 1969) the amphibian stomach, and
to excite (Buchthal & Kahlson, 1944 ; Naess & Schanche, 1957) or inhibit (Barsoum

(a) (b) ©
—_—
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\\
NA A ATP ATP

T

ATP
(d) (e)
~—- — .
ATP ATP H ATP H ATP
10-5 10-4 10-4 106

FIG. 8. Responses of selected gut segments to ATP. Preparations treated with hyoscine
(10-¢ g/ml). (a), Guinea-pig isolated taenia coli. Both noradrenaline (NA, 2x10~" g/ml)
and ATP (ATP, 10~ g/ml), applied for 15 s (bars) caused relaxation. followed by a secondary
“rebound ” contraction when the drugs were washed from the organ bath. (b), Isolated rat
gastric fundus strip. ATP (10—% g/ml), applied for 1 min between arrows. caused an initial
slight relaxation followed by a contraction while the drug was still in the organ bath. (c).
Isolated, Ringer-perfused toad stomach. ATP (25X 10~7 g/ml in perfusate). applied for
6 min between the arrows, caused a slight initial rise followed by a marked fall in intragastric
pressure. (d), (e), Guinea-pig isolated ileum. In a Jow-lone preparation (d) ATP (10~% g ‘'ml)
applied for 60 s (bar) was without cffect. A higher concentration (10~! g/ml) caused contrac-
tion. (e), When the preparation was contracted with histamine (H. 6:5x10~% g/ml, apghed
between arrows), ATP 10—! g ml still caused contraction but 10~% g/ml caused a brief
relaxation. Time markers, 5 minutes, The time marker for (a) also refers to (d) and (e).
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& Gaddum, 1935 ; Ewing, Schlenk & Emerson, 1949 ; Moulton, Spector & Willough-
by, 1957 ; Ambache & Freeman, 1968) the guinea-pig ileum. These observations
raise the possibility that there are at least two types of receptor for ATP, comparable
to a- and B-adrenoceptors.

Blockade of the inhibitory action of ATP

If the non-adrenergic inhibitory nerves act by releasing ATP, any procedure which
prevents responses to ATP should also inhibit transmission from the inhibitory
nerves to smooth muscle.

Substances which prevent ATP actions. A variety of compounds have been
reported to antagonize the actions of adenosine or ATP on gut muscle and other
tissues. We have tested the actions of some of these compounds on the guinea-pig
atropinized taenia coli. Caffeine has been reported to antagonize ATP-induced
inhibition of the rabbit small intestine (Nichols & Walaszek, 1963). However,
caffeine, in concentrations as high as 5X 10~° g/ml, did not affect relaxations of the
taenia coli induced by ATP (2x10~° g/ml) or by perivascular or transmural
stimulation of adrenergic or non-adrenergic nerves respectively. At a concentration
of 10~ g/ml, caffeine lowered the tone of the muscle considerably but did not have
any selective blocking action on the responses.

Quinine was reported to antagonize the relaxing effects of adenosine on the fowl
rectal caecum (Madinaveitia & Raventos, 1949) but in concentrations up to 10~* g/ml
quinine had no effect on responses of the taenia coli to ATP or to stimulation of
adrenergic or non-adrenergic inhibitory nerves. Similarly, 2,6-xylenol (2 x 10-*
g/ml), a phenol reported to antagonize ATP-induced pulmonary vasoconstriction
(Lunde, Waaler & Wallge, 1968), was without effect on the inhibitory responses of
the taenia coli.

More encouraging results were obtained with quinidine, a drug shown to block
the inhibitory effects of ATP on the rabbit ileum (Bowman & Hall, 1970). Quinidine
(1-5x10~* g/ml) reduced or abolished the effects of adrenaline or noradrenaline
(10~% to 1077 g/ml) and of perivascular adrenergic nerve stimulation on the taenia
coli, usually without reducing responses to ATP (107°-2X 10" g/ml) or to trans-
mural stimulation of the non-adrenergic inhibitory nerves (Fig. 9a, b). When the
concentration of quinidine was raised to 2 x 10~ g/ml, the responses to both ATP
and stimulation of non-adrenergic inhibitory nerves were consistently reduced and
occasionally they were abolished (Fig. 9¢). At a concentration of 3X10~* g/ml,
quinidine impaired the activity and tone of the taenia.

Tachyphylaxis to ATP. It has been reported that the inhibitory action of ATP
on the rabbit ileum shows marked tachyphylaxis (Mihich, Clarke & Philips, 1954 ;
Kim, Shulman & Levine, 1968). Attempts were made to produce tachyphylaxis to
ATP in the guinea-pig taenia coli but no desensitization was ever seen. However,
ATP tachyphylaxis could readily be achieved in segments of rabbit ileum. Rabbit
ileum desensitized to high concentrations of ATP showed very low tone and irregular
spontaneous activity, and these effects were partially counteracted by increasing the
Ca?* concentration of the medium 2-4 fold (Burn & Gibbons, 1964).

Almost complete desensitization of the rabbit ileum to any particular dose of ATP
could be achieved by repeatedly adding the dose to the organ bath at 3-5 min
intervals without washing out the bath. Six Finkleman preparations of ileum were
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desensitized to ATP (10~ g/ml, four preparations; 10~* g/ml, two preparations)
without any reduction of the inhibitory response to perivascular adrenergic nerve
stimulation (Fig. 10c, d). In one further preparation, the perivascular nerve effects
were abolished after the muscle had been desensitized to ATP (10~* g/ml) and the
response was partially restored when the stimulating voltage was increased. This
result suggested that ATP might act-as a local anaesthetic drug. To test this, the
perivascular adrenergic innervation of two preparations was stimulated with alternate
bursts of pulses of submaximal and supramaximal voltage ; in neither preparation
did desensitization to ATP (10~* g/ml) cause an appreciable reduction of the
responses.

The effect of ATP desensitization on the non-adrenergic inhibitory innervation
was tested on transmurally stimulated preparations in which adrenergic transmission

@
—t
—+— —+ - —a--
P T NA ATP
(®)
+ 4 - -
T P NA ATP

t —— . -

P T NA ATP
FIG. 9. Effects of quinidine on inhibitory responses of the guinea-pig taenia coli, treated
with hyoscine (10— g/ml). Panel (a) shows control responses to perivascular nerve stimula-
tion (P, 20 Hz for 10 s), transmural stimulation (T, 10 Hz for 10 s), noradrenaline (NA,
5% 10—% g/ml for 40 s) and ATP (ATP, 4 x10~* g ml for 40 s). In (b). the preparation had
been treated with quinidine (5 10~ g/ml) for 65 minutes. The responses to perivascular nerve
stimulation and to noradrenaline were virtually a‘bohshed,. whereas the responses to trans-
mural stimulation and to ATP were not reduced in amplitude. In (c), the preparation had
been treated with quinidine (2x10~' g ml) for a further 20 minutes. The responses to trans-
mural stimulation and to ATP were now also abolished. Time marker. 5 minutes.
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had been prevented by treatment with guanethidine (5 10~* g/ml, four preparations)
or by degenerative 'section of the perivascular innervation 6 days previously (one
preparation). When desensitization to ATP (10~° g/ml) had been achieved, the
inhibitory response to transmural stimulation was abolished in three of the prepara-
tions (Fig. 10a, b) and was reduced in the remaining two. Increasing the desensi-
tizing dose of ATP to 10~* g/ml in the latter two preparations caused an abolition
of the response to stimulation in one case, although it did not reduce the response
any further in the other. It seems clear that when the rabbit ileum was desensitized
to ATP, there was a selective reduction of the inhibitory effects of the non-adrenergic
innervation.

Discussion

In this paper the nature of the transmitter substance released by the non-adrenergic
inhibitory nerves supplying gastro-intestinal muscle has been examined. The results
suggest that either ATP or some closely related compound is involved. The following
criteria, based on the summary given by Eccles (1964) would need to be satisfied
before ATP could be established as the non-adrenergic inhibitory transmitter sub-

s -
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@ ‘ | (b)
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T ATP
© 100 g (d) 100 ug
P ATP P ATP
100 ug 1,000 ng

FIG. 10. Effects of desensitization of rabbit isolated ileum to ATP. Preparations treated with
hyoscine (10—% g/ml). Panels (a) and (b) show responses of a preparation subjected to
degenerative section of the perivascular adrenergic innervation 6 days previously. In (a), trans-
mural stimulation (T, 10 Hz for 20 sz‘ caused inhibition. At the arrow, ATP (100 ug to make
105 g/ml) added to the organ bath and left in contact with the tissue caused a transient
inhibition. Panel (b) starts 15 min after (a). In the interval, three further applications of
ATP (100 pg) had besen made. The responses to both transmural stimulation and ATP
(100 ug) are virtually abolished. Calcium concentration of medium four times normal. Panels
(¢) and (d) show responses of a preparation with normal perivascular adrenergic innervation.
In (c), pertvascular nerve stimulation (P, 10 Hz for 20 s) and ATP (100 ug to make 10-% g/ml,
added at arrow and left in) caused inhibition. Panel (d) starts 40 min after (c), after five
100 ug and two 1,000 ug applications of ATP. ATP (1,000 ug applied at the arrow) was
ineffective but the response to pzrivascular nerve stimulation was still present. Calcium
concentration of medium twice normal. Time marker, 5 minutes.
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stance: ATP and the enzymes necessary for its formation must be present in the
inhibitory nerves ; ATP must be released from the nerves when they are activated ;
ATP and the transmitter substance released on nerve stimulation must have the
same effect on gastro-intestinal muscle ; an enzyme which inactivates ATP should
occur in the tissue ; drugs which are found to alter the normal nerve-muscle trans-
mission should similarly alter the effects of applied ATP. We shall examine the
extent to which these criteria have been satisfied.

Formation and storage of ATP. With regard to the formation and presence of
ATP within the non-adrenergic inhibitory nerves, little need be said. Both ATP and
enzymic systems which can produce ATP have been found in all cellular tissues
examined. It would, therefore, be surprising to find that the inhibitory nerve fibres
were unable to produce and retain ATP. The critical question is whether ATP is
stored in the nerve terminals in such a way that it can be released during nerve
actlivity. The most obvious approach to this question would be to try to isolate an
ATP-storing granular fraction, comparable with °synaptic vesicles’, from tissues
containing the non-adrenergic inhibitory nerves.

Evidence has been presented recently that large granular vesicles found pre-
dominantly in some axon profiles in the toad lung are associated with the non-
adrenergic inhibitory transmitter substance (Robinson, McLean & Burnstock, 1970).
Comparable vesicle composition has been described for axon profiles in the gut of
both toad (Rogers & Burnstock, 1966) and mammals (Bennett & Rogers, 1967). An
attempt to isolate and identify this vesicular fraction is being carried out.

Release of ATP. The second criterion for ATP, or a related compound, as the
transmitter substance has been satisfied, since it has been shown that stimulation of
the vagal non-adrenergic inhibitory nerves of the stomachs of both toads and guinea-
pigs causes an increase in the venous efflux of adenosine and inosine from these
organs. As is discussed below, the adenosine and inosine released are likely to be
products of the breakdown of adenosine nucleotides. The efflux of nucleosides from
the guinea-pig stomach could conceivably have resulted from stimulation not of the
non-adrenergic inhibitory innervation but of the cholinergic excitatory fibres which
run in the vagus (Greeff & Holtz, 1956). However, this problem does not arise in
the studies on the toad stomach. The vagal innervation of the toad gastric muscle
is solely of the non-adrenergic inhibitory type (Campbell, 1969) and stimulation of
the vagal roots, like stimulation of the mixed vago-sympathetic trunk, caused
increased nucleoside efflux. In contrast, stimulation of the cholinergic gastric fibres
in the cervical sympathetic contribution to the vagosympthetic trunk does not
increase the resting efflux of nucleosides. The stimulated release of nucleosides is
therefore a specific concomitant of activity in the non-adrenergic inhibitory fibres.

Several explanations of the increased efflux of nucleosides from the stomach, other
than that ATP is the inhibitory transmitter substance, should be considered. First,
the original ATP might have been released not as a transmitter substance but as
a direct result of the process of axon membrane activation, in the manner suggested
by Abood, Koketsu & Miyamoto (1962). Second, the nucleotide might have been
released from the muscle cells as part of the specific response of the muscle fibres
to stimulation of the non-adrenergic inhibitory innervation. Third, the ATP might
have been released from trapped red blood cells in vascular backwaters which
become perfused only when the vagus nerves are stimulated. Fourth, the ATP
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might have been released not as the transmitter substance proper, but as a component
of the vesicular storage system for the true transmitter, as occurs during release
of catecholamines from the adrenal medulla (Douglas, 1968). Finally the nucleotide
might have been released not from the non-adrenergic inhibitory nerves, but from
antidromically-stimulated sensory nerve fibres in the vagus nerve (Holton & Holton,
1954).

Two lines of argument indicate that the increased nucleoside efflux is not due
simply to the release of ATP from nerve membranes, an event which is claimed to
occur as any excitable membrane undergoes the permeability changes responsible
for the action current (Abood ef al., 1962). First, the efflux does not increase when
the cervical sympathetic supply to the toad stomach is stimulated, but only when the
vagal fibres are active. Second, the amount of nucleotide released from the stomach
appears to be much greater than can be explained by membrane release alone. We
have not yet attempted to give quantitative values for the amounts of nucleoside
recovered in the gastric perfusate, although a quantitative study is now in progress.
However, an examination of chromatographic spot size and density has been made,
showing that the adenosine output from the toad stomach increases from about 20
nmol in resting preparations to about 50 nmol in preparations stimulated via the
vagosympathetic nerve. During the 30 min collection period, the preparations were
stimulated with 20,250 pulses which elicited an increase of about 30 nmol in adeno-
sine output. These figures give a value for stimulated adenosine release of about
1-5 pmol/pulse. In contrast, Abood et al. (1962) found that the output of ATP from
stimulated frog ventral nerve roots exceeded the unstimulated output by about
(1 nmol/g)/h. Their preparations were stimulated at 50 Hz, giving an ATP release
of 0-006 (pmol/g)/pulse. To obtain the release per pulse observed in the toad
stomach, one would have to stimulate 250 g of nerve releasing at the rate observed
in the sciatic roots. In a toad stomach, weighing a few grams, the weight of nervous
tissue must be more like 0-25 g.

There is no direct evidence to disprove that the nucleoside release is coming from
the muscle cells or from entrapped red blood cells, because there are no drugs which
are known to prevent specifically the action of the inhibitory transmitter substance.
The best evidence against these possibilities is that stimulation of isolated portions
of Auerbach’s plexus from turkey gizzards, dissected away from the underlying
muscle layers, causes a greatly increased efflux of purine compounds. Since the
plexus, which contains non-adrenergic inhibitory neurones supplying the gizzard
musculature (Bennett, 1969), releases nucleotide, there is no reason at this stage to
propose a further release of purine compounds from any cell type other than the
nerves.

There is little reason to think that ATP is released from the non-adrenergic inhibi-
tory nerves as part of the ejected intracellular storage site for another transmitter
substance. First, although ATP does have such a binding function in the catechol-
amine-containing vesicles of adrenergic neurones, Stjarne (1969) has been unable to
find evidence of ATP release from the spleen when the adrenergic nerves are stimu-
lated. He expressed the belief that catecholamine release from neuronal stores is
qualitatively different from release of adrenal medullary amines (Douglas, 1968).
Second, if the release of nucleoside reported here represents the storage-ATP for
the true inhibitory transmitter substance, it might be expected that the substance
would be found in the perfusates after nerve stimulation. In fact, inhibitory activity
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was found in only one region of chromatograms of the gastric perfusates, and this
activity could be attributed to the nucleosides found in the region.

It is not likely that the nucleoside efflux from the stomach is derived from ATP
released from antidromically stimulated afferent neurones in the vagus nerve.
Holton (1959) showed that ATP is released from mammalian afferent dendritic ter-
minals in concentrations sufficient to cause regional vasodilatation. .If the gastric
adenosine were derived from this source, it would be expected that.some sign of
the pharmacological action of the released ATP on the stomach should appear. In
fact, the fibres in the vagal trunk mediating gastric inhibition are preganglionic, and
therefore efferent, in both guinea-pigs (Biilbring & Gershon, 1967 ; Ohga, Nakazato
& Saito, 1969) and toads (Campbell, 1969), and no effects on motility attributable to
the antidromic stimulation of vagus sensory fibres have been observed.

Effects of ATP on gastro-intestinal muscle. It has been shown that ATP and
the transmitter substance released from the non-adrenergic inhibitory nerves have
similar actions on gut muscle. In each of twelve different gut segments, all of which
have previously been shown to contain non-adrenergic inhibitory nerves, taken from
guinea-pigs, rabbits, rats, mice and toads, ATP was found to have inhibitory actions.
By using tetrodotoxin, it was established that ATP does not exert its inhibitory
action indirectly, either by stimulating the non-adrenergic or the adrenergic inhibitory
innervation. The story is complicated by the fact that excitatory actions of ATP
on some of the tissues were also found, but this is no argument against the hypothesis
that ATP is the inhibitory transmitter substance. For example, noradrenaline, acting
on a-adrenoceptors, is well established as the transmitter substance released by
sympathetic vasoconstrictor nerves, in gpite of the fact that 8-adrenoceptors mediat-
ing vasodilatation occur in the same tissues.

The inhibitory non-adrenergic nerves in the gut have been shown to cause hyper-
polarization of the smooth muscle cell membranes in the taenia coli (Bennett, et al.,
1966). It has already been shown that ATP causes hyperpolarization of taenia coli
cells (Imai & Takeda, 1967 ; Axelsson & Holmberg, 1969), so again there is a
parallelism between the actions of ATP and the nerve released transmitter substance.
Not much weight can be placed on the similarities until it is possible to determine
the muscle membrane reversal potential for the action of both ATP and the endo-
genous transmitter substance. However, smooth muscle cells are elecrically coupled
to a variable degree and part or even all of the post-synaptic membrane potential
change recorded in any one cell with intracellular microelectrodes during transmission
may in fact be electrotonically propagated from other cells (Bennett & Merrillees,
1966 ; Bennett, 1967). Under these conditions, it is not possible to make an accurate
estimation of the equlibrium potential for the membrane under the influence of the
transmitter substance.

Inactivation of ATP. If the non-adrenergic inhibitory nerves act on the gut. by
releasing ATP, the action of the ATP must be terminated by recapture of ATP into
the nerve fibres or by breakdown of ATP into compounds with greatly refiuced
inhibitory potencies. No evidence relating to nervous uptake of ATP is available,
but there is clear evidence that ATP can be broken down in the tissue. When ATP
is added to a perfusion fluid recycled through the vasculature of the tgad .stomach,
very little unaltered ATP is recovered. Instead the perfusate contains increased
amounts of ADP, AMP and especially adenosine and inosine. Dephosphorylation
of ATP to form AMP or adenosine would decrease inhibitory potency 100-times,
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judging from the potency ratios observed on the guinea-pig taenia coli. Further
breakdown by deamination to form inosine would decrease potency by more than
10,000 times. No evidence has been presented that the observed breakdown of ATP
is due to enzymic activity, but the gut is known to contain both 5’-nucleotidase and
adenosine deaminase (White, Handler & Smith, 1968). It can therefore be concluded
that this criterion for considering ATP as the inhibitory transmitter substance has
been fulfilled.

The extensive breakdown of ATP could explain the fact that ATP itself does not
form part of the increased efflux of purine compounds from stimulated organs. For
instance, the adenosine and inosine recovered from perfused stomachs could well be
breakdown products of ATP or some other purine nucleotide released from the
nerves. The fact that AMP is released on stimulation of isolated Auerbach’s plexus
might Jead one to believe that the transmitter substance is AMP itself, but it should
be remembered that ATP is labile in solution and, if released, could well have broken
down to AMP during the experiment.

Blockade of ATP. One line of experiments has apparently been successful in
demonstrating that when the action of ATP is prevented, transmission from the non-
adrenergic inhibitory nerves is also antagonized. The rabbit ileum shows tachy-
phylaxis to ATP and the induction of tachyphylaxis causes a consistent reduction
of responses to stimulation of the non-adrenergic, but not of the adrenergic, inhibi-
tory innervation. This evidence suggests strongly that the non-adrenergic inhibitory
nerves act by releasing ATP. Evidence consistent with this hypothesis was obtained
from experiments with quinidine. Quinidine, in moderate concentrations, prevents the
effects of applied noradrenaline. In high concentrations, quinidine antagonizes both the
action of ATP and the response to non-adrenergic inhibitory nerve stimulation.
Because of the lack of specificity, the effects of quinidine must be interpreted with
caution. However, the fact remains that quinidine antagonized the nerve action as
it would have to do if the nerves acted by releasing ATP.

It can be seen that, in broad outline, all five criteria for ATP as the transmitter
substance released by the non-adrenergic nerves have been fulfilled. In the above
discussion, for convenience, we have based the argument on the hypothesis that
ATP is the non-adrenergic inhibitory substance. In fact the evidence presented
would hold equally well for AMP, ADP and probably other purine nucleotides.
There is no valid reason for choosing between these nucleotides, but we favour ATP
and ADP in view of their high inhibitory potency.

This work was supported by the Australian Research Grants Committee and by the National
Heart Foundation of Australia,
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