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SUMMARY

1. Excitatory junction potentials (e.j.p.s) evoked by nerve stimulation were
recorded from muscle cells of the rabbit isolated mesenteric artery. At 003 Hz the
e.j.p. amplitudes were stable. When a train of fifteen pulses was applied at 0-25 Hz
or at higher frequencies (05, 1 and 2 Hz), e.j.p.s showed an initial facilitation
followed by depression.

2. [Met5]enkephalin 0.1 and 1 ctmol/l, [D-Ala2,D-Leu5]enkephalin 0.1 and 1, but not
0-01 /tmol/l, and [D-Pen2, L-Pen5]enkephalin 3 #ttmol/l all depressed the e.j.p.s
evoked by trains of fifteen pulses at 1 Hz. When more than one concentration was
used ([Met5]enkephalin, [D-Ala2,D-Leu5]enkephalin), the inhibition was concentra-
tion dependent. It was always greater for the first few e.j.p.s than for the later ones in
a train. [Met5]enkephalin 1 4ttmol/l reduced the first e.j.p. at 1 Hz and the e.j.p.s
evoked by 0 03 Hz to a similar extent.

3. The inhibitory effect of [Met5]enkephalin 1 jtmol/l on e.j.p.s persisted in the
presence of yohimbine 0 3 jumol/l. Naloxone 1 jumol/l did not interfere with the effect
of [Met5]enkephalin 1 ,umol/l. Naloxone 10 ,umol/l depressed some e.j.p.s and
prevented the inhibition by [Met5]enkephalin 1 /tmol/l. Neither ICI 154129
10 Itmol/l nor ICI 174864 0-3 tmol/l had any effect of their own and both compounds
antagonized the action of [Met5]enkephalin 1 /tmol/l.

4. Normorphine 0l tmol/l, fentanyl 1 ,tmol/l, ethylketocyclazocine 041,mol/l,
and dynorphin A(1-13) 1 ,umol/l were all ineffective. Ethylketocyclazocine 1 ,umol/l
did not change the e.j.p.s either, but antagonized [Met5]enkephalin 1 ,umol/l.

5. [Met5]enkephalin 1 ,umol/l failed to influence both the resting membrane
potential of the muscle cells and the depolarizing effect of noradrenaline 3 and
30 ,umol/l.

6. We suggest that the axon terminals of post-ganglionic sympathetic neurones
in the rabbit mesenteric artery possess opioid &-, but not ,t- or K-receptors. The
activation of presynaptic &-receptors inhibits the release of the neuroeffector trans-
mitter. There is no evidence for any effect of co-released endogenous opioid peptides
under our experimental conditions.
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INTRODUCTION

Opioids decrease blood pressure mainly by acting at cardiovascular centres in the
brain (Holaday, 1983; McQueen, 1983). However, peripheral mechanisms, e.g. the
activation of inhibitory receptors situated at post-ganglionic sympathetic nerve
terminals in blood vessels, may be also involved in the hypotensive effect of opioids
(Illes & Pfeiffer, 1985). The presence of such presynaptic receptors (Starke, 1977;
Henderson, Hughes & Kosterlitz, 1979) has been demonstrated in the rabbit ear
artery (Knoll, 1976; Ronai, Harsing, Berzetei, Bajusz & Vizi, 1982; Illes, Pfeiffer,
von Kilgelgen & Starke, 1985a) and ileocolic artery (von Kilgelgen, Illes, Wolf &
Starke, 1985). Except in some cerebral arteries (Hanko & Hardebo, 1978; Altura,
Altura & Quirion, 1984; Harder & Madden, 1984) opioids do not cause vasodilation
by a direct effect on the smooth muscle, although they may attenuate noradrenaline-
induced vasoconstriction (Ruth, Doerr & Eiden, 1984).

In smooth muscle organs the stimulation of post-ganglionic sympathetic fibres
evokes excitatory junction potentials (e.j.p.s). The e.j.p. amplitudes are a measure
of transmitter release per pulse (Burnstock & Bell, 1974). It has been shown that in
the mouse vas deferens opioids depress the release of noradrenaline (Henderson,
Hughes & Kosterlitz, 1972; Hughes, Kosterlitz & Leslie, 1975), and in consequence
e.j.p.s (Henderson & North, 1976; Illes, Zieglgiinsberger & Herz, 1980). The nerve
terminals of the mouse vas deferens possess all three types ofopioid receptor (Wiister,
Schulz & Herz, 1981).
The effect of opioids on vascular sympathetic neuroeffector transmission has not

yet been studied electrophysiologically. In the ear artery (Illes et at. 1985a) and
ileocolic artery of rabbits (von Kilgelgen et al. 1985) the measurement of stimulation-
evoked vasoconstriction and noradrenaline overflow suggests the presence of pre-
synaptic &- and K-, but not ,u-receptors. Since small-diameter arteries may be more
important for blood pressure regulation than these relatively large vessels, we have
chosen peripheral branches of the rabbit mesenteric artery for the present study. We
recorded e.j.p.s from individual smooth muscle cells and tested the effect of receptor
type selective opioids. A brief report of some results has been published (Illes,
Ramme & Starke, 1985b).

METHODS

Preparation and recording
Rabbits of either sex (1-52-5 kg) were decapitated. Jejunal branches of the superior mesenteric

artery were excised together with the parallel lymph vessels and veins. After the surrounding
connective tissue had been stripped off, arteries with an external diameter of 02-044 mm and about
5 mm long were pinned to the bottom of a 1-5 ml organ bath. The preparation was superfused with
Krebs solution (in mmol/l: NaCi, 118; KCl, 4-8; CaCl2, 2-5; MgSO4, 1-2; KH2PO4, 0 9; NaHCO3,
25 and glucose, 11) saturated with 95% 02 and 5% CO2 and maintained at 37 'C. The flow rate
was 1 ml/min.

Intracellular potentials were recorded from smooth muscle cells with glass micro-electrodes filled
with KCl 2-5 mol/l and having a resistance of 50-90 MQ2. A WPI M-707 pre-amplifier coupled to
a Tektronix 5113 oscilloscope and a Watanabe WTR 311 pen recorder was used for registration.
The membrane potential of single cells was between 60 and 70 mV.
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Nerve stimulation-evoked e.j.p.s
The perivascular nerves were stimulated with bipolar platinum electrodes placed perpendicularly

to the length of the organ and 0 5 mm apart. The site of recording was between the two stimulating
electrodes. Pulses of l ms duration and 1-20 V intensity were supplied by the stimulus isolation
unit of a Hugo Sachs Stimulator II. The voltage was adjusted so that an e.j.p. of approximately
10 mV amplitude was evoked by a single pulse. The e.j.p.s were abolished by tetrodotoxin
0 5 ,amol/l. Stimulation was either with single pulses every 30 s (0 03 Hz) or with trains of fifteen
pulses at I Hz every 3 min. In some experiments the frequency of stimulation was increased
stepwise from 0-25 to 0 5, 1 and 2 Hz; fifteen pulses were applied at each frequency. The trains
were spaced 3 min apart. Drug effects were evaluated as percentage inhibition. Agonist-induced
changes refer to the second pulse train in the presence of agonist (6 min after addition) as compared
to the last pulse train before agonist. Antagonist-induced changes refer to the third (yohimbine
second) pulse train in the presence of antagonist (9 min or yohimbine 6 min after addition) as
compared to the last pre-antagonist pulse train. At 003 Hz the amplitudes of the eleventh to
fourteenth e.j.p. after agonist addition were averaged (6-7 min contact time) and were compared
to the average of the five pre-agonist e.j.p. amplitudes. In order to determine whether e.j.p.s
changed with time, measurements were carried out also in the absence of drugs.

Noradrenaline-induced depolarization
When the effect of [Met5]enkephalin on resting membrane potential and noradrenaline-induced

depolarization was determined, ascorbic acid 0 3 mmol/l and Na2EDTA 0 03 mmol/l were present
in the Krebs solution. Measurements were carried out while the tissue was superfused in the
following order: drug-free medium; medium containing noradrenaline 3 or 30 ,umol/l (for
12-15 min); drug-free medium (for 47-50 min, during which the membrane potential recovered to
its original level); medium containing [Met5]enkephalin 1 ,umol/l (for 12-15 min); and medium
containing both [Met5]enkephalin and noradrenaline, at the same concentration as before. In each
solution, the membrane potential of five cells was measured, a procedure that took 7-10 min. The
first cell was impaled after a drug contact of 6 min (or after 40 min of wash-out). The average
membrane potential of five cells was calculated in solutions containing noradrenaline and/or
[Met5]enkephalin; measurements during the two drug-free periods (ten cells) were also averaged.

Materials
The following drugs were used: [D-Ala2,D-Leu5]enkephalin formate, [D-Pen2,L-Penl]enkephalin

(Bachem, Bubendorf, Switzerland); dynorphin A(t-13) (Sigma, Miinchen, F.R.G.); ethylketo-
cyclazocine methansulphonate (Dr A. E. Soria, Sterling-Winthrop Research Institute, Rensselaer,
U.S.A.); fentanyl citrate (Janssen, Beerse, Belgium); [Met5]enkephalin acetate (Sigma, Miunchen,
F.R.G.); ICI 154129 (N,N-bisallyl-Tyr-Gly-Gly-i/-(CH2S)-Phe-Leu-OH), ICI 174864 (N,N-diallyl-
Tyr-a-aminoisobutyric acid-ac-aminoisobutyric acid-Phe-Leu-OH; Dr J. S. Shaw, Imperial
Chemical Industries, Macclesfield, U.K.); naloxone hydrochloride (Endo, Garden City, U.S.A.);
normorphine hydrochloride (Bios Products, Brussels, Belgium); tetrodotoxin (Sigma, Miunchen,
F.R.G.); yohimbine hydrochloride (Roth, Karlsruhe, F.R.G.).

Stock solutions (1-10 mmol/l) of all drugs were prepared with distilled water; those of the opioid
peptides were stored at -20 'C. Further dilutions were made in Krebs solution.

Statistics
Means+s.E. of mean are given throughout the paper. Student's t test was used for comparison

of the means, as well as for comparison of experimentally determined means with a hypothetical
mean value of zero. A probability level of 0 05 and less was considered to be statistically significant.

RESULTS

Different stimulation frequencies
E.j.p.s evoked by single stimuli (003 Hz) did not vary (Fig. 1A). At higher

frequencies (0 25, 0 5, 1 and 2 Hz) an initial facilitation was followed by depression
(Fig. 1 A and B). At 2 Hz partial summation occurred, since the depolarization still
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Fig. 1. E.j.p.s evoked with different frequencies of stimulation in the rabbit mesenteric
artery. A, representative tracings. B, facilitation and depression of fifteen e.j.p.s at 0-25
(0), 0 5 (@), 1 (A) and 2 Hz (A). Mean+s.E. of five experiments. The amplitude of the
first e.j.p. at each frequency was taken as 100 %; it was 11 1 +0-6 mV (0), 9-9 + 0-6 mV
(@), 9-3+ 1-2 mV (A) and 9-4+1-0 mV (A).
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Fig. 2. Constancy ofcontrol (0) e.j.p. amplitudes and their depression by [Met5]enkephalin
1 ,umol/l (0). The e.j.p.s were evoked by a frequency of 003 Hz. [Met5]enkephalin was
added as indicated by the continuous bar. Mean+s.E. of four experiments.

persisted at the onset of the next e.j.p. In the following experiments, we used two
frequencies at which either no facilitation (0 03 Hz) or maximum facilitation without
summation (1 Hz) was observed.

Effect of [Met5]enkephalin on e.j.p.s
Stimulation for 20 min at 0-03 Hz continued to evoke stable e.j.p.s (Fig. 2).

[Met5]enkephalin 1 lsmol/l depressed the e.j.p. amplitudes by 37-8+ 6-5% after
6-7 min (n = 4; P < 0 05); the inhibition caused by this concentration was near
maximal in the third minute of drug application. The inhibitory effect did not fade
with time.

In the following experiments trains of fifteen pulses at 1 Hz were applied every
3 min. In the absence of drugs, the e.j.p. amplitudes did not change over a period
of 6 min (Table 1). [Met5]enkephalin 01 #umol/l depressed only the first two e.j.p.s
in the train but the subsequent ones were not affected (Table 1). A higher
concentration of [Met5]enkephalin (1 #umol/l) depressed all e.j.p.s; the percentage
inhibition of the first two e.j.p.s was more marked than that of the subsequent ones
(Fig. 3B, Table 1). The opioid effect was reversed by wash-out (Fig. 3A).

Interaction between yohimbine and [Met5]enkephalin
Yohimbine 0 3 jumol/l had no consistent effect on the first three e.j .p.s in a train,

but enhanced the amplitude of the subsequent ones (Fig. 4A, Table 1). A higher
concentration of yohimbine (1 jtmol/l) caused still larger facilitation and a marked
depression of the first e.j.p. (not shown). [Met5]enkephalin 1 #umol/l inhibited the
e.j.p.s in the presence of yohimbine 0-3 Itmol/l; the percentage inhibition of the first
and fifteenth e.j.p. was similar to that observed in the absence of yohimbine
(Table 1). However, whereas the effect of [Met5]enkephalin decreased abruptly after
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Fig. 3. Effect of [Met5]enkephalin on the
amplitude of e.j.p.s evoked by trains of
fifteen pulses at 1 Hz. A, 0, before drug
addition; *, [Met5]enkephalin 1 /tmol/l;
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Fig. 4. Effect of [Met5]enkephalin in the
presence ofyohimbine on the amplitude of
e.j.p.s evoked by trains of fifteen pulses at
1 Hz. A, 0O before drug addition; *,

yohimbine 0 3 /zmol/l; A, yohimbine
0 3 /tmol/l + [Met5]enkephalin 1 ,umol/l.
Mean + S.E. of seven experiments. B,
percentage inhibition of e.j.p. amplitudes
by [Met5]enkephalin, calculated from the
data of A and * in A.

15

the second e.j.p. in the absence of yohimbine (Fig. 3B), it declined more smoothly
when yohimbine was present (Fig. 4B).

Interaction between opioid antagonists and [Met5]enkephalin
Naloxone 1 ,tmol/l had no effect on the e.j.p.s by itself and did not influence the

inhibition by [Met5]enkephalin 1 ,tmol/l (Fig. 5A, Table 1). A higher concentration
of naloxone (10 /amol/l) tended to depress all e.j.p. amplitudes (Fig. 5B), although
only some e.j.p.s were inhibited significantly (Table 1). Naloxone 10 Itmol/l almost
abolished the inhibitory action of [Met5]enkephalin 1 /amol/l. ICI 154129 10 jtmol/l
and ICI 174864 0-3 /amol/l both antagonized the [Met5]enkephalin inhibition, without
having any effect of their own (Fig. 6, Table 1).
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Fig. 5. The effect of [Met5]enkephalin in the presence of naloxone on the amplitude of
e~j.p.s evoked by trains of fifteen pulses at I Hz. A, O. before drug addition; *, naloxone
1 #umol/l; A, naloxone I ,umol/ +[Met5I]enkephalin I #umol/l. Mean+s.E. of five experi-
ments. B. O. control; *, naloxone 10 jumol/l; i\, naloxone I10jucmol/l + [Met5]enkephalin
1 ,umol/l. Mean + s.E. of mean of five experiments.

Effect of other opioid agonists
[D-Ala2 D-Leuflenkephalin 0-1 and I ,umol/l, but not 0 01 ,umol/I depressed the

e.j.p.s (Table 1). [D-Pen2 L-Pen5]enkephalin 3 #mol/I caused an inhibition com-
parable to that produced by [Met5]enkephalin 0- 1 ,umol/l. Normorphine IO ,umol/l,
fentanyl 1 ,umol/l, ethylketocyclazoeine 0-1 ,umol/I and dynorphin A(I-13) I #cmol/I
were ineffective. Ethylketocyclazocine 1 ,umol/l did not change the e.j.p.s either, but
antagonized the action of [Met5]enkephalin I ,umol/l.

Effect of [Met5]enkephal~in on noradrenaline-induced depolarization
[Met5]enkephalin I #umol/I failed to influence the resting membrane potential of

muscle cells (63-6+ I -0 mV in the absence and 62-3+ 1-2 mV in the presence of the
opioid; ten experiments; P> 005). Similarly, [Met5]enkephalin Iumol/l did not
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Fig. 6. The effect of [Met5]enkephalin in the presence of ICI 154129 on the amplitude of
e.j.p.s evoked by trains of fifteen pulses at 1 Hz. 0, before drug addition; @, ICI 154129
10 Iumol/1l; A, ICI 154129 10,umol/l + [Met5]enkephalin 1 ,tmol/l. Mean +s.E. of five
experiments.

change the depolarizing effect of noradrenaline 3,mol/l (5 0 + 1'5 mV before and
6-3 + 1-4 mV after opioid application; five experiments; P > 0-05) or of noradrenaline
30 #tmol/l (14-6+16 mV before and 145+1-6 mV after opioid application; five
experiments; P > 0 05).

DISCUSSION

Presence of -areceptors
The main finding of the present study is that certain opioid peptides inhibit

neuroeffector transmission in jejunal branches of the rabbit mesenteric artery.
[Met5]enkephalin and [D-Ala2,D-Leu5]enkephalin are somewhat selective for opioid
d-receptors (Lord, Waterfield, Hughes & Kosterlitz, 1977; Paterson, Robson &
Kosterlitz, 1983); [D-Pen2,L-Pen5]enkephalin is a highly selective 6-agonist (Mosberg,
Hurst, Hruby, Gee, Yamamura, Galligan & Burks, 1983). All three peptides reduced
the amplitude of nerve stimulation-evoked e.j.p.s. Naloxone, a preferential It-
antagonist (Lord et al. 1977; Paterson et al. 1983) failed to influence the effect of
[Met5]enkephalin at the lower concentration (1 #mol/l) applied. At the higher
concentration of 10 ,smol/l it reduced the e.j.p.s and also antagonized the inhibition
by [Met5]enkephalin. We did not clarify the mechanism of the depressive effect of
naloxone on the e.j.p.s; however, it does not seem to be mediated by opioid receptors.
Finally, inhibition by [Met5]enkephalin was diminished by the 6-selective antagonists
ICI 154129 (Shaw, Miller, Turnbull, Gormley & Morley, 1982) and ICI 174864
(Cotton, Giles, Miller, Shaw & Timms, 1984) in concentrations (10 and 0 3,umol/l,
respectively), which did not influence neuroeffector transmission.

Absence of M- and K-receptors
The selective g-agonists normorphine and fentanyl (Gillan, Kosterlitz & Paterson,

1980; Paterson et al. 1983) did not depress the e.j.p. amplitudes in the mesenteric
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artery. The same was true for the preferential K-agonists ethylketocyclazocine
(Magnan, Paterson, Tavani & Kosterlitz, 1982) and dynorphin A(1-13) (Corbett,
Paterson, McKnight, Magnan & Kosterlitz, 1982), although both substances, at least
in some experimental groups, tended to reduce the early e.j.p.s in the train
(Table 1). However, ethylketocyclazocine abolished the depression of e.j.p.s by
[Met5]enkephalin, suggesting that this benzomorphan has some antagonist action at
the d-receptor. A similar effect of ethylketocyclazocine was shown in the hamster vas
deferens, another organ containing only presynaptic 6-receptors (McKnight, Corbett,
Marcoli & Kosterlitz, 1984).
The lack of activity of g-agonists in the mesenteric artery agrees but the lack of

activity of K-agonists contrasts with the results obtained in the ear artery (Illes et
al. 1985a) and the ileocolic artery of rabbits (von Kfigelgen et al. 1985). These larger
arteries contained both 6- and K-, but no 4u-receptors. In pithed rabbits, with electrical
stimulation ofsympathetic outflow, ethylketocyclazocine and bremazocine decreased
the release of noradrenaline and lowered blood pressure, probably as a consequence
of the activation of presynaptic K-receptors (Ensinger, Hedler, Schurr & Starke,
1984; Ensinger, Hedler, Szabo & Starke, 1985). Possibly, K-receptors are situated in
the heart (Starke, Schoffel & Illes, 1985) and in large arteries (Illes et al. 1985a; von
Kilgelgen et al. 1985), but not in the small resistance vessels of the rabbit, as shown
by the present finding.

Site of action
In the rabbit mesenteric artery [Met5]enkephalin seems to inhibit the release of the

neuroeffector transmitter rather than to interfere with a post-synaptic effect. Four
observations are in favour of this interpretation. First, [Met5]enkephalin does not
change the resting membrane potential of the muscle cells. Secondly, it fails to
influence the noradrenaline-induced depolarization. Thirdly, it causes a larger
inhibition of the first e.j.p.s than of the subsequent e.j.p.s of a train; if the effect were
post-synaptic all e.j.p.s should be inhibited to the same degree. Finally, in jejunal
arteries preincubated with [3H]noradrenaline, [Met5]enkephalin depresses the elec-
trically evoked overflow of tritium which is a direct index of noradrenaline release
(Ramme, Illes, Spath & Starke, 1986).

It seems to be a general characteristic of presynaptic inhibition that it declines
with the length of the train. This was demonstrated, e.g. for opioids (Illes et al. 1980)
and a2-agonists (Illes & Starke, 1983) in the mouse vas deferens, by an electro-
physiological method similar to that used in the present experiments. We have now
shown that [Met5]enkephalin and also other 8-agonists inhibit the first two e.j.p.s in
the train to a larger extent than the subsequent ones. However, the inhibitory effect
of [Met5]enkephalin decreases gradually when the a2-adrenergic feed-back
mechanism, which is probably responsible for the depression of the later e.j.p.s
(Mishima, Miyahara & Suzuki, 1984), is excluded by the a2-antagonist yohimbine.

Possible physiological function
Opioid peptides may be co-stored with noradrenaline in post-ganglionic sympath-

etic nerves (Wilson, Klein, Chang, Gasparis, Viveros & Yang, 1980; Lang, Hermann,
Dietz, Gaida, Ganten, Kraft & Unger, 1983) and are present in perivascular nerves
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of precapillary vessels (Lundberg, H6kfelt, Anggard, Uvniis-Wallensten, Brimijoin,
Brodin & Fahrenkrug, 1980). Hence, enkephalins released on nerve stimulation
might inhibit neuroeffector transmission in the rabbit mesenteric artery. However,
ICI 154129 and ICI 174864 in concentrations (10 and 0-3 jtmol/l, respectively)
sufficient to prevent the effect of [Met5]enkephalin 1 4umol/l, did not change the e.j.p.
amplitudes in the train. Moreover, naloxone 10 jtmol/l reduced rather than enhanced
the e.j.p.s. Thus, in contrast to the physiological ac2-adrenergic control of transmitter
release (Mishima et al. 1984), no comparable endogenous opioid mechanism seems to
operate under our experimental conditions.

We are grateful to Dr J. S. Shaw and Dr A. E. Soria for the generous gift of substances
mentioned in the Methods. This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 70).
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