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SUMMARY

1. Effects of adenosine and the adenosine nucleotides (ATP, ADP, AMP and
CoA) on the guinea-pig taenia caecum were studied by measuring simultaneously the
changes in membrane potential and in contractility induced by these agents using
the sucrose-gap technique.

2. In the presence of carbachol (5 x 10—8 M) the hyperpolarization and the relaxa-
tion induced by these agents was found to be closely correlated . Their different
potencies suggested an action on the P, type purinoceptor: ATP > ADP > AMP >
CoA > AD.

3. The transmitter released endogenously in the presence of carbachol (5 x 108 M)
by the non-adrenergic inhibitory (n.a.i.) nerves after half-maximal stimulation
induced an inhibitory junction potential (i.j.p.) which transiently counteracted the
carbachol-induced depolarization. This i.j.p. was mimicked by ATP, ADP, and AMP
applied exogenously in concentrations of about 3 x 105 M, by CoA (3 x 104 M) and
by adenosine (3 x 103 M).

4. The results presented are in agreement with the hypothesis that the transmitter
substance released by the n.a.i. nerves is a purine nucleotide, which in the guinea-pig
taenia caecum affects the smooth muscle cell membrane via the P,-purinoceptor. Of
the putative transmitters studied, ATP, ADP and AMP seem the most likely.

INTRODUCTION

The presence of non-adrenergic inhibitory (n.a.i.) nerves within the gastro-intestinal
wall has been proved beyond reasonable doubt (Biilbring & Tomita, 1967). The
identity of the transmitter substance, released by these nerves (Jager & Den Hertog,
1974), is less certain. Currently only the purinergic nerve hypothesis (Satchell,
Burnstock & Campbell, 1969; Burnstock, 1977) meets most of the criteria given by
Eccles (1964) to the extent that the response profiles of intestinal smooth muscle to
n.a.i. nerve stimulation (Den Hertog & Jager, 1975) are mimicked qualitatively by
those to exogenously applied purine nucleotides (Tomita & Watanabe, 1973; Jager,
1979). However, the membrane hyperpolarization (i.j.p.) caused by K efflux, which
is responsible for n.a.i. nerve-mediated relaxation response in intestinal muscle, is
not evident with a dose of ATP causing relaxation (Tomita & Watanabe, 1973). This
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observation is corroborated by comparing the dose-response curve of ATP con-
cerning relaxation (Satchell & Burnstock, 1975) with that concerning membrane
hyperpolarization (Jager, 1974) both measured with the guinea-pig’s taenia caecum.
Only high doses of exogenously applied purine nucleotides above 100 uM cause
membrane potential changes, comparable to those caused by the physiological n.a.i.
transmitter.

Recently Burnstock (1978) proposed that there are two types of purinergic re-
ceptors, having different affinities for the adenosine moiety and for the phosphoryl-
ated group. Following a suggestion made by Tomita & Watanabe (1973) this pro-
position was extended by supposing that (i) the relaxation induced with adenosine
and low concentrations of adenosine nucleotides is mediated via readily accessible
P, purinoceptors, not affecting membrane hyperpolarization but increasing the
cyclic AMP content of smooth muscle cells; (ii) the relaxation induced with high
concentrations of adenosine nucleotides and by n.a.i. nerve stimulation is mediated
via relatively inaccessible P, purinoceptors, hyperpolarizing the smooth muscle cell
membrane (Jager, 1979).

To test this hypothesis simultaneous measurements of muscle relaxation and
membrane hyperpolarization induced by n.a.i. nerve stimulation or by exogenously
applied adenosine and adenosine nucleotides were made. Because coenzyme A (CoA)
has also been implicated in the purinergic nerve hypothesis (Cook, Hamilton &
Okwuasaba, 1978) this substituted adenosine nucleotide was included in the present
study.

METHODS

Guinea-pigs (CPB-TNO, Zeist, the Netherlands) of either sex (250-300 g) were stunned and
bled. Strips of the taenia caecum of about 1 mm thick and 4 cm long were used throughout.

The composition of the Locke solution used was (mm): NaCl 155-6, KC1 4, CaCl, 2-2, NaHCO,
1-8, glucose 5-6 Hepes 4, and guanethidine, 2-5 x 10—3. The solution was equilibrated with 100 9, O,
at 30 + 0-2 °C and the pH of the solution was adjusted to 7-3.

The sucrose gap method was used to measure changes in membrane potential and con-
tractility simultaneously. All experiments were carried out at 30 °C because at this temperature
the preparations were generally maximally relaxed and electrically quiescent on which bursts of
spontaneous electrical and mechanical activity were superposed. Furthermore, at this tempera-
ture carbachol- (5 x 10~8 M) induced depolarizations and contractions (8-1 +0-5 mV; 20+ 3 mN;
n = 6) which remained constant for minutes. Potential changes across the sucrose gap were
measured by means of calomel electrodes making contact with the test solution and the
reference solution (isotonic KCl). Potential changes were recorded, via a cathode follower
(WPI 750), with a multichannel potentiometric recorder (W + W 314). Changes in contractility
were measured isometrically, preload 5 mN, via a force transducer (Hottinger-Baldwin 0-5 W
with 3080 amplifier) and recorded with the same recorder. All signals were monitored on a storage
oscilloscope (Textronic 5115) to measure time courses.

Responses mediated via n.a.i. nerves were elicited by field stimulation (pulse rate 30 sec™!;
pulse duration 0-3 msec; supramaximal intensity: about 15 V.mm™?).

After mounting the preparation was allowed to stabilize for an hour; it was superfused with
Locke solution. Then the superfusion medium was changed to Locke solution containing
carbachol. When a steady depolarization and contraction was observed (after + 3 min) the super-
fusion medium was changed to Locke solution containing carbachol and the agonist. The pre-
paration was studied during 2 min, after which superfusion was resumed with Locke solution
containing carbachol. The change to Locke solution was made when the steady state contraction
and depolarization was reached again ( + 2 min). This sequence was then repeated after 25 min
using another concentration of agonist.
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Generally one preparation was used for one complete series of concentrations of an agonist,
the sequence of the concentrations was chosen at random.

All data are given as mean + standard error of the mean (m +s.E. of mean). In the figures
the s.E. of mean is only presented if it exceeds the dimensions of the symbol. Statistical analysis
of the concentration—response curves was based on regression lines, calculated with the method
of least squares, for that part of the concentration range where the mean response lies between
25 and 759, of the maximal response including at least three concentrations. Statistical tests
were made according to the procedures given by Diem & Lentner (1969). Differences were
assumed to be real when tests gave probability levels smaller than 59,.

The drugs used were: ATP (adenosine-5-triphosphate di-Na salt, Sigma); ADP (adenosine-5-
diphosphate di-Na salt, Sigma); AMP (adenosine-5-monophosphate di-Na salt, Sigma) ; adeno-
sine (Sigma) ; coenzyme A (Na salt, Sigma), carbachol (carbamoylcholine hydrochloride, Merck) ;
guanethidine sulphate (Ciba); Hepes (2-[4-(2-hydroxy-ethyl)-1-piperacinyl]-ethanesulphonic
acid, Merck). After addition of the drugs the pH of the solutions was adjusted to 7-3 with NaOH
or HCl.

RESULTS

General

In order to obtain preparations with a constant contracture carbachol (5x 108 m)
was added to induce reproducible half-maximal contractures. The membrane de-
polarization evoked with carbachol was also constant throughout the experiments.
The carbachol contracture and depolarization of individual experiments were used
as reference and to calibrate the ordinates of the concentration-response curves
made. A calibration factor of about 0-4 V.N.-1 was found in the present experiments.
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Fig. 1. The musecle relaxation (Q) and the cell membrane hyperpolarization (@) induced
by adenosine nucleiotides at different concentrations in the presence of carbachol
(6x10-8 M) at 30+ 0-2 °C. The level of the resting membrane potential and of the
maximal relaxation is indicated by (— —), the s.E. of mean of the carbachol-induced
depolarization is indicated by (——), the s.E. of mean of the carbachol-induced con-
traction by (—.-.). Each point represents the mean of values obtained from at least
n preparations and is expressed +S.E. of mean.
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This made it possible to represent the relaxations and the membrane hyperpolariza-
tions in one graph. The carbachol-induced depolarization and contracture are used
to indicate in the graphs the level of the resting membrane potential and the level
of maximal relaxation. Furthermore, as it is possible to induce membrane hyper-
polarizations in preparations maximally relaxed, it was thus possible to take into
account the ‘effective’ membrane hyperpolarization inducing relaxation.
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Fig. 2. Effects of ATP (left 10-% m, right 3 x 10~ M) on the membrane potential (upper
trace) and on the contractility (lower trace) of the guinea-pig’s caecum in the presence
of carbachol (5 x 10-8 M) at 30+ 0-2 °C. Note the recovery of the contractility in the
presence of 10-¢ M-ATP.

Adenosine nucleotides

The concentration-response curves at ATP, ADP, AMP and CoA are represented
in Fig. 1. With concentrations of adenosine nucleotides inducing small hyper-
polarizations (on the whole below 5 mV) the preparation often recovered in the
presence of the agonist (Fig. 2). The maximal relaxation measured was used for the
construction of the concentration-response curves.

The membrane hyperpolarization induced with high concentrations exceeds the
membrane depolarization induced with carbachol, while the relaxation never exceeds
the carbachol-induced contraction. Furthermore, at low concentrations the hyper-
polarization lags behind the relaxation, probably because spike activity was reduced
before a detectable membrane hyperpolarization was observed. The crossing of the
relaxation and hyperpolarization curves indicates a concentration of agonist which
evokes a hyperpolarization inducing a just maximal relaxation. The concentration
of these adenosine nucleotides which counteracted the effects of carbachol (5 x 10—2 M)
is estimated as 3x 105, 5x 10-5, 4x 10-5 and 3x 104 M for ATP, ADP, AMP and
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TABLE 1. Slopes of the assumed linear part of concentration-relaxation curves of adenosine and
adenosine nucleotides. The concentration range used was estimated from Figs. 1 and 3. The
mean values of all points in these graphs within this range are also presented. Slopes were
calculated as the mean of those observed from individual preparations (n) of which responses
were observed to at least three different concentrations of agonist within the range used. The
last column (P) shows the probability that the difference between the slopes observed with ATP

and the agonist indicated were due to change

Concentration Response Slope mean +
mean (range) mean 8.E. of mean

Agonist (—log M) (mN) (mN.log~! m) n
ATP 6-31 (7-00-5-52) 11-6 965 + 0-66 7
ADP 5-76 (6-52-5-00) 12-7 8-13+1-33 7
AMP 4-76 (5-52—4-00) 11-6 12-63 +1-60 3
Co A 4-51 (5-00-4-00) 12-6 10-53 + 1-95 4
Adenosine 3-46 (4-00-3-00) 12-9 11-95 + 2-92 6
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Fig. 3. The muscle relaxation (QO) and the cell membrane hyperpolarization (@) in-
duced by adenosine at different concentrations in the presence of carbachol (5 x 10-8 M)
at 30 £ 0-2 °C. The level of the resting membrane potential and of the maximal relaxa-
tion is indicated by (— —); the s.E. of mean of the carbachol-induced depolarization is

indicated by (

CoA respectively (Fig. 1). It was notable that, although the potencies thus estimated
for ATP, ADP and AMP were similar, the concentration-response curves of ATP
and ADP started at lower concentrations. Statistical analysis of the slopes of the
concentration-relaxation curves indicated only insignificant differences between the
slopes for these adenosine nucleotides (Table 1).

), the s.E. of mean of the carbachol-induced contraction by (- —-:).
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Adenosine

The relation between the concentration of adenosine and the effects measured are
presented in Fig. 3. Concentrations of adenosine which evoked small membrane
hyperpolarizations generally also evoked relaxations which were only transient in
spite of the continuous presence of adenosine. The concentration-response curves
show a striking resemblance with those of the adenosine nucleotides. The slope of the
concentration-relaxation curve did not differ significantly from that of ATP (Table 1).
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Fig. 4. The muscle relaxation (Q) and the cell membrane hyperpolarization (@) in-
duced by stimulation of the n.a.i. nerves (pulse rate 30 pulses/sec; pulse duration 0-3 m-
sec; pulse intensity : supramaximal, + 15 V.mm~?) with different durations of the pulse
train in the presence of carbachol (5 x 10-8 M) at 30 °C. The level of the resting membrane
potential and of the maximal relaxation is indicated by (— —), the s.E. of mean of the
carbachol-induced depolarization is indicated by (—), the s.E. of mean of the carbachol-
induced contraction by (-.—). Each point represents the mean of values obtained from
seventeen preparations and is expressed + s.E. of mean.

There is a small lag of the membrane hyperpolarization with respect to the relaxa-
tion. The amplitude of the hyperpolarization induced with adenosine 3 x 10-2 M
(n = 2) exceeds that of the depolarization evoked by carbachol, while the carbachol
contracture was abolished by the accompanying relaxation. The ‘cross-over’ con-
centration was estimated to be about 2 x 10—3 M, thus the potency of adenosine to
abolish the effects of carbachol (5x 108 m) is less than that of the adenosine
nucleotides.

N.A.I. nerve stimulation

The relation between the number of pulses used to stimulate the n.a.i. nerves and
the amplitude of the i.j.p. and the amplitude of the muscle relaxation following it
are presented in Fig. 4.
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It is clear that now the relaxations lag behind the hyperpolarizations. Therefore,
no ‘cross-over’ can be observed although the amplitude of the i.j.p. induced by
longer stimulus trains exceeds that of the carbachol-induced depolarization. Further-
more, the muscle relaxations induced by n.a.i. nerve stimulation are always smaller
than the contractures induced by carbachol.

Field stimulation during 150 msec (four pulses) induces a membrane hyper-
polarization which transiently cancels the membrane depolarization induced with
carbachol.

DISCUSSION

We concluded from these experiments that in the guinea-pig taenia caecum the
potencies of adenosine nucleotides with regard to induction of membrane hyper-
polarization do not differ from their potencies with regard to relaxation of this in-
testinal smooth muscle. The apparent discrepancy between previous reports (Tomita
& Watanabe, 1973; Jager, 1974; Satchell & Burnstock, 1975) must be due to ex-
pression of the responses reported in units derived from the maximal response
possible. Thus, maximal relaxation is determined by the difference between the tone
of the muscle just before the relaxing agents are applied and the state of maximal
relaxation. On the other hand maximal hyperpolarization caused by a selective
increase in the potassium permeability of the smooth muscle cell (Jager, 1979) is
determined by the difference between the membrane potential and the potassium
equilibrium potential. However, maximal relaxation occurs at or just beyond the
resting membrane potential, which is considerably less than the potassium equilibrium
potential (Casteels, 1970).

Biilbring (1955) showed that the force exerted by the guinea-pig taenia caecum,
measured isometrically, is inversely related to the potential difference across the cell
membrane. From these data obtained with acetylcholine a ‘calibration-factor’ of
about 1 V.N-1 can be deduced, which is similar to that reported in the present
study, using carbachol, assuming that with the sucrose-gap technique the potential
changes measured are attenuated to about half their real value. Furthermore, this
inverse relation, which is supposingly valid for agents causing smooth muscle con-
traction by inducing membrane depolarization, seems also valid for agents which
relax smooth muscle by inducing membrane hyperpolarization. This to the extent
that the membrane potential range for which this correlation is applicable is re-
stricted at least on one side by the resting membrane potential, when maximal
relaxation occurs. '

No evidence was obtained to support the hypothesis that part of the relaxing
effect of adenosine and adenosine nucleotides is due to actions not involving mem-
brane hyperpolarizations (Tomita & Watanabe, 1973). In the taenia caecum, under
the experimental conditions used, adenosine and the adenosine nucleotides all cause
membrane hyperpolarization, which inhibits the generation of muscle action po-
tentials and thus induces a relaxation of the smooth muscle, probably by increasing
the membrane permeability to potassium ions (Jager, 1979).

Judging from the concentrations of adenosine and the adenosine nucleotides
necessary to counteract the effects of carbachol (5 x 10-8 M) the relevant potencies
of ATP, ADP and AMP are similar, whereas those of adenosine are a 100 times less
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and CoA shows an intermediate potency (potency order ATP > ADP > AMP >
CoA > adenosine). Both this potency order and the notion that agonists have the
same mechanism of action indicate that all effects observed in the present study are
mediated via one purinoceptor, which fits the definition of a P,-receptor given by
Burnstock (1978). The presence of a type P;-receptor could not be demonstrated in
the present study. Furthermore, although the concentration-relaxation curves
presented seem to confirm the suggestion that the slopes of the ATP and ADP
curves are different from those of AMP and adenosine (Satchell & Burnstock, 1975)
further analysis revealed only insignificant differences. It is fair to assume that using
superfusion and in the steady-state situation the concentration applied to the pre-
paration is similar to the effective concentration at the smooth muscle cell membrane.
Thus, the observation (Satchell & Burnstock, 1975) that the relative potency of
AMP is similar to that of adenosine might reflect the rapid hydrolysis of AMP into
adenosine using organ bath experiments.

It should be remembered in comparing the results of the agonists applied exo-
genously with those concerning stimulation of the n.a.i. nerves that the membrane
potential changes measured with the sucrose-gap technique refer only to cells close
to the boundary between test solution and sucrose solution whereas the contractions
and relaxations measured refer to the whole muscle in the test solution. In the steady
state, during superfusion of agonists, the cells of which the compound membrane
potential is monitored, are likely to have a membrane potential similar to that of the
cells elsewhere in the preparation in the test solution. Thus it seems reasonable
to relate quantitatively changes in membrane potential and changes in muscle
contractility observed simultaneously with each other.

However, this does not apply to the i.j.p., not only because of its transient nature
but also because of the different latencies of the responses which occur throughout
the muscle after nerve stimulation. This is the reason why the relaxation induced
by n.a.i. nerve stimulation does not cancel the carbachol-induced contracture com-
pletely. However, hyperpolarization induced by the transmitter does exceed the
carbachol-induced depolarization in the same cells. Tentatively it can be concluded
that the amount of transmitter released after n.a.i. nerve stimulation which cancels
the membrane depolarization induced by carbachol must be equipotent with about
3x 105 M-ATP, ADP or AMP, with 3 x 10~ M-CoA and with 3 x 10-3 M-adenosine.

With regard to the purinergic nerve hypothesis (Burnstock, 1975, 1977) the
present results indicate that membrane phenomena induced by the putative neuro-
transmitters (ATP, ADP and AMP) occur at concentrations within the ‘normal’
range, such as has been established for noradrenaline. It seems unlikely that the
transmitter of the n.a.i. nerves is identical with either CoA or adenosine, because that
would necessitate the assumption of ‘shielded’ receptors, as observed in the vas
deferens (Swedin, 1971).

Therefore, we concluded from our experiments that the results are in agreement
with the hypothesis that the transmitter released by the n.a.i. nerves is a purine
nucleotide, such as ATP, ADP, or AMP affecting the smooth muscle cell membrane
via a purinoceptor of the P, type.

We are indebted to Dr A. den Hertog and Professor J. van Noorwijk for their advice. We
wish to thank Mrs L. Chan and Mr P. W. van Dorp van Vliet for their assistance in the pre-
sentation of this paper.
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