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INTERACTION BETWEEN ADENOSINE TRIPHOSPHATE AND
NORADRENALINE IN THE ISOLATED VAS DEFERENS OF THE
GUINEA-PIG

TOMISLAV KAZIC & DRAGICA MILOSAVLJEVIC

Department of Pharmacology, Medical Faculty, Belgrade, Yugoslavia

1 An interaction between adenosine triphosphate (ATP) and noradrenaline (NA) was investigated in
the isolated vas deferens of the guinea-pig.

2 ATP (1.7 to 50 pM) enhanced contractions due to transmural electrical stimulation (ES; par-
ameters: 30 Hz, 0.2 to 0.3 ms, 10 to 30 V; 1 s train duration). Responses to exogenous NA (12 pm)
were also potentiated by ATP while contractions to acetylcholine (6 uM) were inhibited.

3 NA (1.2 pm) potentiated ATP-induced contractions and prevented the development of tachyphy-
laxis to ATP (510 pm).

4 Phentolamine (12.5 pM) prevented the potentiation by NA of ATP-induced contractions; these
contractions were insensitive to phentolamine (up to 25 pm).

5 Removal of potassium chloride from the Tyrode solution for 10 min abolished the potentiating
actions of both ATP and NA.

6 The present results suggest that the effect of ATP may be functionally closely related to that of NA

at a-adrenoceptors in the vas deferens of the guinea-pig.

Introduction

The vas deferens contains an unusually high concen-
tration of noradrenaline (NA) which is about 10 to 20
times that found in the brain, kidney, uterus and
spleen, and five times that in the heart (Swedin, 1971;
Holzbauer & Sharman, 1972). NA stored in the vesi-
cular compartment of adrenergic neurones is closely
bound in a macromolecular complex with adenosine
triphosphate (ATP), calcium and a protein com-
ponent (Hilarp, 1958; Winkler & Hortnagl, 1973), al-
though the molar ratios are still controversial
(Winkler, 1976; Van Dyke, Robinson, Urquilla,
Smith, Taylor, Trush & Wilson, 1977). There is
increasing evidence that ATP may regulate the con-
tractility of sympathetically innervated smooth
muscle.

The picture of neurotransmission in the vas
deferens differs considerably from that in most
smooth muscle organs and is the subject of an
unsolved controversy. Although the postganglionic
innervation of this organ has been classified anatomi-
cally as sympathetic and physiologically as predomi-
nantly adrenergic (Hukovié, 1961; Burnstock & Hol-
man, 1961; Birmingham & Wilson, 1963; Sj6strand,
1965; Jones & Spriggs, 1975), some pharmacological
results disagree with the prevalent view that the
motor transmitter is noradrenaline (Ambache & Zar,
1971; Euler & Hedqvist, 1975). The unidentified
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motor transmitter may be released from the same
neurone as noradrenaline and its release may be
under the control of noradrenaline (Jenkins, Marshall
& Nasmyth, 1976).

During nerve stimulation ATP and NA are simul-
taneously released by exocytosis from adrenergic
nerves (Douglas, 1968; Geffen & Livett, 1971; John-
son, Thoa, Weinshilbaum, Axelrod & Kopin, 1971).
Adrenergic nerves have been shown to take up tri-
tiated adenosine and to release labelled nucleotides as
well as NA; the release of both NA and ATP was
prevented by guanethidine (Su, Bevan & Burnstock,
1971). Relatively large amounts of ATP are known to
be present in adrenergic nerves and to be involved in
both uptake and release of NA in isolated granules
(Euler & Lishajko, 1963). ATP might also have
several intraneuronal actions important for the
release of NA (supply of energy for the transport of
granules, role in formation of cyclic adenosine
3,5-monophosphate (cyclic AMP), role in fusion of
granules with the plasma membranes; Poisner, 1973).
Quite independent of adrenergic innervation, ATP
may be a neurotransmitter released from purinergic
nerves (Burnstock, 1972).

The aim of this study was to investigate possible
interactions between ATP and NA in regulating the
contractility of the smooth muscle of the vas deferens.
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Figure 1 Potentiation by ATP of contractions elicited
by electrical stimulation (ES) of the isolated vas
deferens of the guinea-pig. Ordinate scale: percentage
increase of ES-induced contractions. Abscissa scale:
ATP concentration, log scale. Each point is the mean
obtained from at least 6 experiments; vertical lines
show s.e. mean.

Some receptor and ionic mechanisms which might
underly the interactions have also been considered.

Methods

Vasa deferentia were removed from guinea-pigs
weighing 300 to 600 g. The organs were carefully
desheathed rendering them ganglion-free, and were
suspended in a 10 ml organ bath containing Tyrode
solution of the following composition (mM): NaCl
137, KCl 2.67, NaHCO; 12, CaCl, 1.80, MgCl, 0.11,
NaH,PO, 042 and glucose 5.56. The solution was
bubbled with pure O, and kept at a constant tem-
perature of 36°C. For the electrical stimulation (ES)
experiments, platinum electrodes were placed co-
axially: one in the lumen of the organ while the other
was positioned parallel to the first electrode in the
bath. The repetitive transmural ES was carried out at
30 Hz with square wave pulses of 0.2 to 0.3 ms dur-
ation and voltage of 10 to 30 V; the differences are
due to variations in sensitivity of preparations. Trains
of pulses (1 s duration) were delivered from a Grass
S8 electronic stimulator; they were spaced at 100 s
intervals. Contractor responses were recorded on a
smoked drum by means of an auxotonic frontal writ-
ing lever with a 20 fold magnification or an isometric
transducer and amplifier (Microdynamometer 7001,
Ugo Basile). The same result was obtained by either
method of recording. Agonists were added to the bath
at 3 to 5 min intervals. ATP was allowed 15 s in
contact with the preparation while the other agonists
were left in contact for 30 s.

The following drugs were used: acetylcholine chlor-
ide, adenosine triphosphate disodium salt (Koch-
Light), adrenaline hydrochloride, noradrenaline bitar-
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Figure 2 Reversal of tachyphylaxis to ATP by incuba-
tion with noradrenaline (NA). Ordinate scale: magni-
tude of ATP-induced contractions expressed as %, of
the first control contraction produced by ATP. Arrows
indicate application of ATP 510 um. After the broken
line the application of ATP was preceded for 30 s by
NA 1.2 pMm of (upper line). Unconnected points are the
corresponding control responses to ATP alone. Each
point is the mean from 6 experiments; vertical lines
show s.e. mean.

trate, phentolamine methanesulphonate, potassium
chloride and guanethidine chloride.

Results
Facilitation of neurotransmission by ATP

ATP (1.7 to 50 um) singificantly potentiated the ES-
induced contractions (Figure 1). In this series of ex-
periments ATP was added to the bath during the 100
s intervals between the trains of pulses and left in
contact for 6 to 10 min (4 to 6 trains of pulses). Re-
sponses to ES were readily blocked by guanethidine
(10 uMm) and therefore could be regarded as nerve-
mediated contractions. There was some tachyphylaxis
to the ATP-induced potentiation in a few experi-
ments.

Tachyphylaxis to ATP and influence of noradrenaline

ATP contracted the isolated vas deferens if sufficiently
high concentrations of the nucleotide were used. Al-
though very sensitive preparations responded well to
10 to 20 uM, most preparations required 200 to 800
uM ATP to elicit a contraction. The response to ATP
was rapid and the contraction was followed by relax-
ation; both responses took place within 10 to 20 s.
The magnitude of these contractions progressively
diminished to about 20 to 30% of the initial control
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Figure 3 Differential effects of ATP on contractor re-
sponses to noradrenaline (NA) and acetylcholine (ACh).
Open columns are control responses to either NA (12
uM) or ACh (6 pMm); filled columns are responses in the
presence of ATP shown as percentages of control re-
sponses. Heights of the columns are the means from
6-8 experiments; vertical lines show s.e. mean.

contraction (Figure 2) or sometimes disappeared com-
pletely.

Since the twitch-like responses to ATP closely
resembled responses to ES, ¢xperiments were per-
formed to see whether tachyphylaxis developed to
both phenomena. Contractions produced by ES were
not significantly reduced (P > 0.05; t-test) when
tachyphylaxis to ATP was fully developed.

To see whether NA was involved in the develop-
ment of tachyphylaxis, the preparation was incubated
with NA 20 pm for 5 min intervals between appli-
cations of ATP (NA was washed out 60 s before ap-
plication of ATP) and this procedure prevented the
development of tachyphylaxis or restored the ATP
contractions to the initial level. In addition, when
tachyphylaxis to ATP had developed, successive ad-
ministrations of NA (1.2 pm) 30 s before ATP restored
the contractions almost to control levels (Figure 2).
This concentration of NA was below that producing a
contraction.

When the order of drug administration was
reversed, ATP significantly potentiated the contrac-
tions produced by exogenously applied NA. ATP (17
uM) potentiated the responses to NA (12 um) by
108 + 20% (Figure 3); ATP was added 60 s before
NA. A satisfactory dose-response curve could not be
obtained because the ability of ATP to produce this
potentiation diminished during repeated application
of increasing concentrations of the nucleotide; this
resembled tachyphylaxis observed with the use of
ATP as agonist.
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Figure 4 Potassium dependence of the potentiation of
ATP-induced contractions by noradrenaline (NA) and
vice versa. Ordinate scale: percentage increase in mag-
nitude of (a) ATP-induced contractions and (b) NA-
induced contractions. In (a) open columns represent
contraction to ATP (510 uM) alonc; hatched columns
show effect of NA (12 uM) given 30 s before ATP (510
uM). In (b) stippled columns show effect of NA (12 pm)
alone; solid columns show effect of NA (12 pum) plus
ATP (17 uMm). Each column is the mean of 6 experi-
ments; vertical lines show s e. mean.

To see whether this ATP-NA interaction was
specific, experiments with acetylcholine were per-
formed. Acetylcholine-induced contractions were sig-
nificantly inhibited in a dose-dependent manner: 1.7
pM ATP produced an inhibition of 16 + 6% and 17
uM ATP of 63 + 49 (Figure 3).

Purine receptors and adrenoceptors

The residual ATP contraction remaining after the full
development of tachyphylaxis was resistant to the
a-adrenoceptor antagonist, phentolamine (up to 25
um) which completely abolished contractor responses
to exogenous NA (20 uM). Phentolamine was added to
the bath 60 s before ATP or NA.

NA (0.6, 1.2 and 12 pum) potentiated contractions to
ATP (62 + 6, 97 + 12 and 230 + 509 respectively).
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Phentolamine (12.5 uM) prevented the potentiation of
ATP-induced contractions by NA (1.2 pum).

Effect of changes in the ionic composition of the Tyrode
solution

In the search for a mechanism of the ATP-NA
interactions observed in the present experiments, we
investigated the influence of changes in the Tyrode
solution of magnesium and potassium, ions which
play a role in the action of ATP on smooth muscle
(Bennett, Burnstock & Holman, 1963; Daniel &
Irwin, 1965). i

The omission of magnesium resulted in an
enhanced contractor response to agonists, but the
potentiating ability of either ATP or NA was not im-
paired. In contrast, a brief removal (10 min) of potas-
sium chloride produced no change in control contrac-
tions but the potentiation of both ATP-induced con-
tractions by NA and NA-induced contractions by
ATP was completely abolished (Figure 4).

Discussion

The idea that adenine nucleotides could be locally
active has recently been suggested (Van Dyke et al.,
1977; Holck & Marks, 1978). In the present study,
interactions between ATP and NA were observed in
the isolated vas deferens of the guinea-pig. Both com-
pounds were shown to potentiate contractions
induced by ATP, NA or by repetitive ES. The inter-
action appeared to be selective, because the concen-
tration of ATP that doubled the responses to exoge-
nous NA significantly inhibited acetylcholine-induced
contractions.

In many tissues purine compounds have been
shown to produce a presynaptic inhibition of the
mechanical response and of neurotransmitter release
in the sympathetic nervous system (Kazié¢, 1974;
Enero & Saidman, 1977), and in the cholinergic sys-
tem (Sawynok & Jhamandas, 1976; Vizi & Knoll,
1976). In the vas deferens, Hedqvist & Fredholm
(1976) have shown that adenosine inhibits adrenergic
neurotransmission presynaptically and potentiates it
by a postsynaptic action. Since in the present study
low concentrations of ATP enhanced neurotransmis-
sion (potentiated ES-induced contractions) and poten-
tiated the contractions produced by exogenous NA,
we assume that the observed interaction in both cases
took place at the postsynaptic membrane, ie. via
postsynaptic purine receptors and a-adrenoceptors. In
support of this view, the ATP-induced contractions
were insensitive to the a-adrenoceptor antagonist,
phentolamine, in concentrations that completely abol-
ished the responses to NA. The potentiation of ATP-
induced contractions by NA was selectively prevented

by phentolamine. Having observed the same, Holck
& Marks (1978) proposed that the site of action of
phentolamine was on the postsynaptic membrane
because the action of phentolamine was unaffected by
reserpine pretreatment. Therefore, an unchanged in-
tegrity of postsynaptic a-adrenoceptors appeared to
be an essential prerequisite for the ATP-NA inter-
action.

One of the most impressive features in the action of
ATP on the vas deferens was the development of
autodesensitization or tachyphylaxis. However, rather
high concentrations of ATP (0.1 to 1 mM) were
required to produce a contraction which was fast in
onset, of short duration and thus resembled the twitch
response to ES, which is supposed to be due to an
activation of junctional receptors by the released
transmitter (Hotta, 1969). Thus, ATP-induced con-
tractions could have been at least partly due to pre-
synaptic stimulation and NA release followed by de-
pletion. However, these contractions were insensitive
to phentolamine and could not be regarded as re-
sponses to released NA. It has been shown that ATP
and adenosine inhibit the efflux of labelled NA from
the rat portal vein and the guinea-pig vas deferens,
respectively (Enero & Saidman, 1977; Hedqvist &
Fredholm, 1976). However, our finding that neuro-
transmission was still well maintained when the
tachyphylaxis to ATP was fully developed shows that
the tachyphylaxis was not due to a depletion of NA
stores. If any depletion was present at all, it was not
sufficient to impair neurotransmission, or alterna-
tively might imply that the motor transmitter is not
noradrenaline.

The facts that the observed tachyphylaxis could be
overcome by incubating the preparation with NA or
by exposing it to low and subthreshold concen-
trations of NA, strongly suggest that the effect of ATP
might be coupled with NA action. In addition to this,
Holck & Marks (1978) found that adenosine and
AMP (which are otherwise devoid of agonist activity)
produced contractions in the presence of NA; the
contractions produced by ATP and ADP were pro-
foundly enhanced.

The structure of neuromuscular junctions in the vas
deferens distinguishes this organ from intestinal and
vascular smooth muscle. In the guinea-pig vas
deferens, about one half of the smooth muscle cells
have close neuromuscular contacts with a gap width of
about 200 A. The junctional gap in the intestinal and
vascular muscle is rarely less than 800 A (Burnstock,
1970). Thus, the minimum separation of nerve and
muscle membranes in the vas deferens might provide
the morphological basis for the development of tachy-
phylaxis to ATP. Although the present results rule
out the possibility of the presynaptic action of ATP, it
is still intriguing that tachyphylaxis to ATP has not
been seen in the intestinal muscle where the junctio-



nal gap is several times wider (Burnstock, Satchell &
Smythe, 1972; Kazi¢, 1973; 1974).

Catecholamines are generally believed 'o produce
depolarization and contraction due to an increased
membrane conductance to several ions. In the vas
deferens, NA has been shown to increase ion conduc-
tance of the membrane to K*, Na* and Ca2* (Shuba,
Gurkovskaya, Klevetz, Kochemasova & Taranenko,
1976). We have found that both potentiating abilities
of ATP on NA contractions and vice versa are
potassium-dependent, which might imply that these
two substances share a common mechanism. Finally,
the removal of potassium from the bathing solution
did not change the magnitude of control contractions
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