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A STUDY OF THE ROLE OF CYCLIC ADENOSINE 3',5'-MONOPHOS-
PHATE IN THE DEPRESSION BY OPIATES AND OPIOID PEPTIDES OF
EXCITATORY JUNCTION POTENTIALS IN THE MOUSE VAS

DEFERENS

R.A. NORTH & L.V. VITEK
Neurophysiology Laboratory, Department of Pharmacology, Loyola University Stritch School of Medicine,
2160 South First Avenue, Maywood, Illinois 60153, U.S.A.

I Excitatory junction potentials (ej.ps) were recorded with intracellular microelectrodes from
smooth muscle cells of the mouse isolated vas deferens. The amplitude of the ej.p. was used as a
measure of transmitter release evoked by applying single pulse stimuli to the intramural nerves.
2 Cyclic adenosine 3',5'-monophosphate (cyclic AMP) and dibutyryl cyclic AMP (db cyclic AMP,
up to I mM) depressed the amplitude of ej.ps, probably by interacting with extracellular sites on the
nerve terminals, similar to those responsive to adenosine.
3 The phosphodiesterase inhibitors, 1-methyl-3-isobutyl xanthine (IBMX) and l-ethyl-4-hydrazino-
1H-pyrazolo(3,4-b)pyridine-5-carboxylic acid, ethylester, hydrochloride (SQ20,006) increased ej.p.
amplitude; this increase was much greater when the phosphodiesterase inhibitor was applied together
with db cyclic AMP.
4 Neither the cyclic nucleotides nor the phosphodiesterase inhibitors altered the resting membrane
potential of smooth muscle cells.
5 The amplitude of the e.j.p. was depressed by normorphine, D-Ala2-Met5-enkephalinamide (DAEA)
and D-Ala2-D-Leu5-enkephalin (DADL) with respective EC50s of 560 nM, 49 nm and 510 pM.
6 There was no change in the EC50 for normorphine in the presence of cyclic AMP (1 mM) or in the
presence of a combination of IBMX (50 gM) and db cyclic AMP (500 gM). Similarly, the depression of
the ej.p. by DAEA or DADL was not affected by the combination IBMX (500 gM) and db cyclic
AMP (250 gM).
7 These findings provide evidence against the hypothesis that a reduction in cyclic AMP levels in
nerve terminals is an essential step in the inhibition by opiates and opioid peptides of transmitter
release.

Introduction

It has been proposed that an important acute effect of
opiates on neurones is inhibition of adenylate cyclase.
This idea is based on three kinds of evidence. First,
morphine antinociception in rodents is reduced by
prior administration of adenosine-3',5'-cyclic mono-
phosphoric acid (cyclic AMP), its dibutyryl derivative
(db cyclic AMP) or the phosphodiesterase inhibitor
theophylline (Ho, Loh & Way, 1973). Second, opiates
inhibit the prostaglandin-induced rise in cyclic AMP
levels in rat brain homogenates (Collier & Roy, 1974).
Third, opiates directly inhibit adenylate cyclase ac-
tivity in neuroblastoma x glioma hybrid cells
(Sharma, Klee & Nirenberg, 1975; Traber, Fischer,
Latzin & Hamprecht, 1975).
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Opiates inhibit the release of neurotransmitters at
several peripheral and central sites and, although the
mechanism of this action is not yet fully understood,
there is a good correlation between this effect of
opiates and their activity as analgesics in man (inter-
alia Kosterlitz & Waterfield, 1975; Henderson,
Hughes & Kosterlitz, 1978). We wished to test the
hypothesis that a decrease in nerve terminal levels of
cyclic AMP was a necessary intermediate step in the
inhibition of neurotransmitter release by opiates.
The mouse isolated vas deferens was used for two

reasons. First, the depression by opiates of noradrena-
line release is stereospecific and reversed by naloxone
(Henderson, Hughes & Kosterlitz, 1972; Henderson
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& Hughes, 1976). Second, by measuring the amplitude
of the excitatory junction potential (ej.p.) with an in-
tracellular electrode in the smooth muscle cells it is
possible to estimate the amount of transmitter
released by a single stimulus to the presynaptic
nerves. Thus, the ej.p. amplitude is depressed in a
dose-dependent manner by opiates (Henderson &
North, 1976). This presynaptic action of opiates was
examined in the presence of drugs which might ele-
vate the cyclic AMP concentrations in the nerve ter-
minals: cyclic AMP, db cyclic AMP and the phospho-
diesterase inhibitor 1-methyl-3-isobutyl xanthine
(IBMX). If opiates depress transmitter release by de-
creasing the intraterminal concentration of cyclic
AMP, then the elevation of cyclic AMP levels pro-
duced by these substances might reduce or prevent
this action of opiates.

Methods

Intracellular recording

Mice (CF-I strain) were killed by a blow to the head
and the vasa deferentia dissected out of the abdomi-
nal cavity. A single vas deferens was pinned into a
perspex bath and perfused at 1.5 ml/min with Krebs
solution of the following composition (mM): NaCl
118, KCI 4.75, KH2PO4 0.93, CaCl2 2.54,
MgSO4.7H20 1.19, glucose 11 and NaHCO3 25.
This solution was gassed with 95% 02 and 5% CO2
and heated so that the temperature at the recording
site was 35 to 37°C. Drugs were applied by changing
the perfusing solution. Ej.ps were recorded from
single smooth muscle cells as previously described
(Henderson & North, 1976; North & Vitek, 1980).
Ej.ps were evoked by single rectangular pulses (500
ts in duration) which were repeated every 30 s. These
stimuli were applied through two platinum ring elec-
trodes placed around the muscle on either side of the
site of recording. The stimulus voltage was adjusted
so that the ej.p. amplitude was between 10 and 25
mV before an opiate drug was tested.

Contractions of vas deferens

A vas deferens was suspended in an organ bath
(volume 1.7 ml) through which Krebs solution con-
tinuously flowed at 1.5 to 2.5 ml/min. Flow was
stopped for the injection of drugs. A linear motion
transducer was used to record the changes in length
of the vas deferens evoked by electrical field stimu-
lation (0.1 Hz, 1 ms, supramaximal voltage) or by
injection of noradrenaline or potassium chloride.
Noradrenaline solutions were made daily and con-
tained abscorbic acid (100 gM) and EGTA (50 gM).

Drugs

The drugs used were: adenosine 3',5'-cyclic mono-
phosphoric acid (Sigma), D-Ala2-D-Leu5-enkephalin
(Biosearch), D-Ala2-Met5-enkephalinamide (Penin-
sula), N6,O2-dibutyryl adenosine 3',5'-cyclic mono-
phosphoric acid (sodium salt) (Sigma), 1-ethyl-
4-hydrazino- 1 H- pyrazolo(3,4-b)pyridine-5-carboxylic
acid, ethyl ester, hydrochloride (SQ20,006; Squibb),
1-methyl-3-isobutyl xanthine (Sigma), (±)noradrena-
line hydrochloride (dl-arterenol; Sigma), and normor-
phine sulphamate (Dr A. E. Jacobson). Molar concen-
trations refer to the final bath concentration of these
substances.

Results

The following results are based on recordings from
163 cells (82 mice).

Cyclic nucleotides

Both cyclic AMP and db cyclic AMP (up to 1 mM)
depressed the amplitude of the ej.p. without causing
any change in the resting membrane potential of the
smooth muscle cells. This effect, like that of adenosine
(see North & Vitek, 1980) was rapid in onset and
decline (2 to 5 min) and its magnitude was larger with
higher concentrations of nucleotide. The depression of
the ej.p. caused by db cyclic AMP (1 mM) was
22.5 + 3.7% (mean + s.e. mean, n = 8), and by cyclic
AMP (1 mM) was 52.0 + 3.9% (n = 9). These effects of
cyclic nucleotides were reproducible on the same
preparation, in that repeated applications caused
equivalent depressions of the ej.p.

Phosphodiesterase inhibitors

Both IBMX and SQ20,006 (up to 1 mM) increased the
amplitude of the ej.p., although neither altered the
resting membrane potential of the smooth muscle
cells. This increase was relatively slow in onset, reach-
ing its maximum after 8 to 12 min of drug perfusion,
and subsequently was slow to reverse upon washing
(15 to 30 min). The increase in ej.p. amplitude was
related to the concentration of phosphodiesterase in-
hibitor applied, but a second application of a given
concentration of either drug to the same preparation
was less effective than the initial application. Thus,
IBMX (50 gM) increased ej.p. amplitude by 58 +
8.7% (n = 6) during its first application, but was sig-
nificantly less effective (12 + 6.3%, n = 5) when
applied a second time. In the case of IBMX (500 gM),
the increase in ej.p. amplitude during the first appli-
cation was 167 + 20% (n = 7), and 82 + 9.2% (n = 6)
during the second application.
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Phosphodiesterase inhibitors and db cyclic AMP

Although db cyclic AMP alone depressed ej.p. ampli-
tude (see above), when the db cyclic AMP was applied
together with IBMX, the ej.p. was increased to a
greater extent than with IBMX alone. Similarly,
although second applications of IBMX (50 gM) to a
preparation increased the ej.p. amplitude only
slightly (see above), second applications of IBMX (50
gM) together with db cyclic AMP (500 gM) markedly
increased the ej.p. amplitude (by 103 + 16%, n = 5).
The effect of the non-xanthine phosphodiesterase in-
hibitor, SQ20,006, was also enhanced by concomitant
application of db cyclic AMP. SQ20,006 (500 gM) and
db cyclic AMP (250 gM) together increased ej.p.
amplitude by 392 + 43% (n = 4).
The absence of any change in the resting potential

of the smooth muscle cells suggests that the facili-
tatory action ofIBMX and SQ20,006 on neuro-effector
transmission is caused by presynaptic enhancement of
transmitter release. The possibility was considered
that these agents changed the sensitivity of the
smooth muscle cells to noradrenaline. This possibility
is unlikely because the contraction of the vas deferens
evoked by iioradrenaline (10 gM) was completely
abolished by a combination of IBMX (500 gM) and db
cyclic AMP (250 gM). The responses to nerve stimu-
lation and high potassium (50 mM) solutions were also
abolished by this drug combination. This implies a
direct action on excitation-contraction coupling simi-
lar to that observed at other sympathetic end-organs
(Cubeddu, Barnes & Weiner, 1974; Stjarne, Bartfai &
Alberts, 1979).

Effect of normorphine

Normorphine depressed the amplitude of evoked
e.j.ps; this effect was rapid in onset (peak effect
reached in 3 to 6 min), washed readily and was depen-
dent on the concentration applied. A dose-response
curve for this action of normorphine was constructed
by pooling data from many cells and preparations
(Figure 1). The EC50 for normorphine was 560 nm,
which is similar to the value found in a previous study
(Henderson & North, 1976).
The effect of normorphine on ej.p. amplitude was

also measured in the presence of cyclic AMP (1 mM).
This concentration of cyclic AMP depressed ej.p.
amplitude by about 50%; stimulus voltage was in-
itially adjusted so that the ej.p. amplitude was
between 10 and 25 mV at the time of application of
normorphine. The preparation was perfused with cyc-
lic AMP (1 mM) for 5 to 30 min before testing nor-
morphine. There was no change in the ability of nor-
morphine to depress ej.p. amplitude in the presence
of this cyclic nucleotide (Figure 1). Normorphine was
also tested after the preparation had been perfused

(6)i
80 (8)

V ,<g{(7)
(16) Z

E 60 -.10)
,K(8)

40

404' 40) (18)

R2) 20

0.1 0.3 1 3 10
Normorphine concentration (pM)

Figure 1 Normorphine dose-response curves for de-
pression of the amplitude of the evoked ej.p. in the
mouse isolated vas deferens: (o) control; (O) in cyclic
AMP (I mM); (0) in IBMX (50 gM) + db cyclic AMP
(500 IM). Bars represent s.e. mean. Numbers in paren-
theses indicate the number of individual cells tested at a
given concentration. Differences between control values
and values after incubation in either cyclic AMP or
IBMX + db cyclic AMP were tested by one-way analy-
sis of variance at 3 concentrations (300 nM, 1 gM and 3
gM). No significant change from control values were
found for any of the concentrations tested (P > 0.05).
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Figure 2 Dose-response curves for depression of
evoked ej.p. ampiitude in the mouse isolated vas
deferens by D-Ala2-Met5-enkephalinamide (DAEA): (0)
control; (0) in IBMX (500 gM) + db cyclic AMP (250
gM). Bars represent s.e. mean. Numbers in parentheses
indicate the number of individual cells tested at a given
concentration. Differences between control values and
values after incubation in IBMX + db cyclic AMP
were tested by Student's t test (** P < 0.01; *P < 0.05).
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Figure 3 Continuous record of the amplitude of the evoked ej.p. in a vas deferens which had already been
exposed to IBMX (500 gM) and db cyclic AMP (250 gM) for 12 min at time zero. The preparation continued to be

perfused with these compounds throughout the recording period. The perfusing Krebs solution also contained
D-Ala2-Met'-enkephalinamide (DAEA) in the concentrations indicated (nM) during the times denoted by the solid
bars.

with a combination of IBMX (50 tM) and db cyclic
AMP (500 gM) for at least 12 min. The dose-response
curve for normorphine in the presence of both IBMX
and db cyclic AMP was almost identical to the dose-
response curve in the absence of these drugs
(Figure 1).

Effect of D-Ala2-Met'-enkephalinamide

D-Ala2-Met5-enkephalinamide (DAEA) is an enke-
phalin analogue which is resistant to enzymatic inac-
tivation (Pert, Bowie, Fong & Chang, 1976). DAEA (3
to 300 nM) also depressed the amplitude of the evoked
e.j.p. in the mouse vas deferens. Such an action had
been previously reported for Met5-enkephalin (Water-
field, Smokcum, Hughes, Kosterlitz & Henderson,
1977). The inhibitory effect of DAEA was more rapid
in onset and decline than that of normorphine. The
depression of the ej.p. by DAEA was dose-dependent
with an EC50 of 49 nm (Figure 2).
The effect of DAEA was tested in the presence of

both IBMX (500 gM) and db cyclic AMP (250 gM).
This combination increased the amplitude of the ej.p.
by 2 to 3.2 fold (182 + 21%, n = 5). Figure 3 shows a

continuous recording from a cell which was perfused
with IBMX (500 tM) and db cyclic AMP (250 gM).
The inhibitory effect of DAEA (10 nm to 300 nM) was

not reduced by this combination. Actually, the
potency of DAEA was slightly increased in the pres-

ence of IBMX and db cyclic AMP, as is evident from
the composite dose-response curves (Figure 2). The

magnitude of the depression of the ej.p. by DAEA in
the presence of IBMX and db cyclic AMP was signifi-
cantly different from the magnitude of the effect in the
absence of these drugs at two concentrations (10 nM:

P < 0.01; 100 nM: P < 0.05, Student's t test).

Effect of )-Ala2-o-Leu5-enkephalin (DADL)

Neuroblastoma cells in tissue culture possess opiate
receptors only of the 6-type (Chang, Cooper, Hazum
& Cuatrecasas, 1979). Because DADL is a potent and,
in low concentrations, selective agonist at the 6-recep-
tor (Chang & Cuatrecasas, 1979) and because the
mouse vas deferens possesses a preponderance of
6-receptors (Lord, Waterfield, Hughes & Kosterlitz,
1977), it was of interest to examine the interaction
between elevated cyclic AMP levels and this enkepha-
lin analogue on the evoked ej.p. DADL was ex-

tremely potent in reducing the amplitude of the ej.p.
(EC50 = 510 pM), but its effect was not altered by the
concomitant presence of both IBMX (500 gM) and db
cyclic AMP (250 gM) (Figure 4).

Discussion

Effects of cyclic nucleotides and phosphodiesterase
inhibitors on transmitter release

Cyclic AMP and db cyclic AMP both depressed the
amplitude of the ej.p. without changing the resting
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Figure 4 Dose-response curves for depression of ej.p.
amplitude by D-Ala2-D-Leu'-enkephalin: (0) control;
(0) in IBMX (500 gM) + db cyclic AMP (250 gM). Bars
represent s.e. mean. Numbers in parentheses indicate
the number of individual cells tested at a given concen-
tration. There were no differences between control
values and values after incubation in IBMX + db cyclic
AMP (Student's t test, P < 0.05).

membrane potential of the smooth muscle cells. This
is similar to the effect of adenosine (North & Vitek,
1980). Results from the latter study and the present
one indicate that adenosine is the most potent and db
cyclic AMP the least potent of the three nucleotides
tested. The simplest explanation of this inhibitory
effect of the nucleotides is that they interact with an
extracellularly located purine'receptor' similar to that
purported to inhibit transmitter release in the rat vas
deferens (Clanachan, Johns & Paton, 1977), the gui-
nea-pig ileum (Hayashi, Mori, Yamada & Kunitomo,
1978) and the somatic neuromuscular junction (Gins-
borg & Hirst, 1972).
The finding that phosphodiesterase inhibitors, both

xanthine and non-xanthine, increased the amplitude
of the ej.p. without changing the resting membrane
potential constitutes strong evidence that these agents
facilitate transmitter release. This action is closely simi-
lar to that reported for phosphodiesterase inhibitors
at other sympathetic neuro-effector junctions (cat
spleen: Cubbedu et al., 1974; guinea-pig vas deferens:
Stjarne et al., 1979). The evidence that this facilitation
is a consequence of accumulation of cyclic AMP at an
intracellular site is largely indirect, based on extrapo-
lation of known actions of similar or higher concen-
trations of these phosphodiesterase inhibitors at other
sites (Beavo, Rogers, Crofford, Hardman, Sutherland,
Newman, 1970; Hamprecht & Schultz, 1973; Scho-
field & McPherson, 1974). The finding that db cyclic

AMP itself had little effect on transmitter release
except when phosphodiesterase was inhibited is also
compatible with the suggestion that the increase in
e.j.p. amplitude does actually result from the accumu-
lation of cyclic AMP within the nerve terminal.

Effects of normorphine in the presence of cyclic nucleo-
tides and IBMX

The purpose of these experiments was to test the hy-
pothesis that a reduction in nerve terminal cyclic
AMP levels is an essential intermediate step between
occupation of the opiate receptor by normorphine
and the resulting inhibition of transmitter release. The
sensitivity of transmitter release to the inhibition by
normorphine was not altered in circumstances in
which either (a) release was reduced by the presence
of cyclic AMP or (b) release was enhanced by a mix-
ture of db cyclic AMP and IBMX. The first experi-
ment suggests that morphine and cyclic AMP are un-
likely to have a common extracellular site of action.
The second finding indicates that conditions in which
intraneuronal cyclic AMP may be increased, as evi-
denced by the facilitation of transmitter release (see
above), do not reduce the ability of normorphine to
inhibit transmitter release. This constitutes evidence
against the hypothesis that a reduction in cyclic AMP
levels need occur for normorphine to depress trans-
mitter release.

Effects of opioid peptides in the presence ofIBMX

The depression of the ej.p. amplitude by normor-
phine was mimicked by the two opioid peptides,
DAEA and DADL, both of which were substantially
more potent than normorphine. Current evidence
suggests that DAEA acts primarily on j.-receptors
(Shaw, Turnbull, Dutta, Gormley, Hayward & Stacey,
1978). Its ability to inhibit transmitter release was un-
altered by the combination of IBMX and db cyclic
AMP. However, the vas deferens of the mouse con-
tains predominantly receptors of the 3-type (Lord et
al., 1977). Furthermore, the direct evidence that
opiates and opioid peptides inhibit adenylate cyclase
comes from neuroblastoma x glioma cells which also
contain almost oxclusively 6-receptors (Chang et al.,
1979). The possibility existed that only activation of
3-receptors is linked to inhibition of adenylate cyc-
lase, and that the predominantly j-receptor-mediated
effects of normorphine are not so mediated. Our find-
ing that the EC50 for DADL was unchanged in the
presence of db cyclic AMP and IBMX argue against
this possibility.

Conclusions

The two acute actions of opiates on intact neuronal
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systems which appear to be most common are inhi-
bition of transmitter release and inhibition of neuro-
nal firing (see North, 1979). The present results make
it unlikely that the first of these depends directly on
the ability of opiates to inhibit adenylate cyclase, at
least in the mouse vas deferens. Earlier work has also
provided evidence that the direct inhibition of neuro-
nal firing by opiates either in vitro (Karras & North,
1979) or in vivo (Duggan & Griersmith, 1979) is also
insensitive to the presence of cyclic nucleotides or
phosphodiesterase inhibitors.

In addition to these acute effects, opiates also in-
itiate changes which, during prolonged exposure, lead

to tolerance and dependence. In neuroblastoma x
glioma hybrid cells, the initial inhibition of adenylate
cyclase caused by opiate agonists passes off during
prolonged exposure (Sharma et al., 1975) and it is
possible that this might also occur in intact mam-
malian neurones. This hypothesis, that cyclic AMP
involvement distinguishes the acute from the long
term actions of opiate drugs (Karras & North, 1978)
has also been considered by Collier (1980). Further
experiments in which tolerance and dependence are
induced in vitro (North & Karras, 1979; Crain, Crain,
Finnigan & Simon, 1979) may help to substantiate or
refute it.
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