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Summary. Experiments were designed to cvaluate the
effect of cyclic AMP on the clectrically-induced release
of noradrenaline from vascular sympathetic nerve ter-
minals. The possible implication of the inhibition of
adenylate cyclase in the negative feed-back control by
prejunctional o,-adrenoceptors of neurotransmitter re-
lease was also investigated. Rat isolated tail arteries were
preincubated with [*H]-noradrenaline; the preparations
were subsequently perfused/superfused with [*H]-nor-
adrenaline-free medium and their perivascular nerves
were field stimulated with 24 pulses at 0.4 Hz (0.3 ms,
200 mA). 2 compounds known to enhance the intracellu-
lar concentration of cyclic AMP, namely the membrane
permeant analogue 8-Br-cAMP (10—300 umol/l) and
forskolin (0.3—10 umol/l), an activator of adenylate
cyclase, concentration-dependently enhanced the stimu-
lation-evoked tritium overflow. The 1,9-dideoxy deriva-
tive of forskolin, which does not stimulate adenylate
cyclase, was ineffective. Exposure to the cyclic AMP
phosphodiesterase inhibitor rolipram 30 pmol/l prod-
uced a moderate increase (about 20%) in tritium over-
flow. However, in the presence of rolipram the facilitatory
effect of forskolin was significantly more pronounced
than in its absence. Whereas 8-Br-cAMP produced a
slight concentration-dependent enhancement of the
stimulation-induced vasoconstriction, forskolin and
rolipram depressed it.

The a,-adrenoceptor agonist B-HT 933 (3 — 30 umol/
[) concentration-dependently inhibited the tritium over-
flow. The effect of B-HT 933 30 umol/l was slightly, but
significantly reduced in the presence of 8-Br-cAMP 100
and 300 umol/l, but was not changed in the presence of
forskolin 3 umol/l. The facilitatory effect of rauwolscine
1 umol/l was enhanced in the presence of 8-Br-cAMP
100 pmol/l. During perfusion with 8-Br-cAMP 100 pmol/
I, the current strength and frequency were decreased to
150 mA and 0.2 Hz, respectively in order to obtain similar
amounts of tritium overflow to those observed in the
absence of the cyclic AMP analogue with the initial stimu-
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lation parameters. Under these conditions, the inhibition
of the overflow by B-HT 933 30 pmol/l and the facili-
tation by the a,-adrenoceptor antagonist rauwolscine
1 pmol/l were unaltered as compared to controls under
initial stimulation conditions.

It is concluded that, in the rat tail artery, the terminals
of perivascular sympathetic nerves are endowed with an
adenylate cyclase system. Cyclic AMP is able to modulate
noradrenaline release, but does not appear to play a role
in the initiation of the release process itself. In addition,
the results do not support the hypothesis that prejunc-
tional a,-adrenoceptors depress noradrenaline release
through the inhibition of adenylate cyclase.

Key words: Noradrenaline release — Forskolin — Cyclic
AMP — B-HT 933 — Rauwolscine — Prejunctional o,-
adrenoceptors — Rat tail artery

Introduction

The existence of prejunctionally located a,-adrenocep-
tors mediating feedback inhibition of noradrenaline re-
lease from peripheral and central noradrenergic nerve
terminals is well documented (see Langer 1981; Starke
1981, 1987). Neurotransmitter release is a process depen-
dent on the level of free axoplasmic calcium (Blaustein
1979). Thus prejunctional inhibition of transmitter re-
lease results most probably from a direct or indirect re-
duction of Ca?* influx into the nerve terminals (Illes
1986). However, the biochemical mechanisms underlying
this modulatory process are still unclear. One of the possi-
bilities is that prejunctional receptors are coupled either
positively or negatively to adenylate cyclase (Rodbell
1980) or to ion channels (see Brown and Birnbaumer
1988) through guanine nucleotide regulatory (G) pro-
teins. The transmembrane signalling pathways through
G proteins are rather complex (see Neer and Clapham
1988) since it has recently been shown that one G protein
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Fig. 1. Time-course of the effects of 8-Br-cAMP, forskolin and
rolipram on the stimulation-evoked tritium overflow in rat tail
arteries pre-incubated with [>H]-noradrenaline. 6 periods (S; —Se)
of field stimulation were delivered at intervals of 16 min (24 pulses
at 0.4 Hz, 0.3 ms, 200 mA). The solvent (distilled water: O), 8-Br-
cAMP 100 pmol/l (M) and 300 pmol/l ([71), forskolin 3 pmol/l (A)
and rolipram 30 pmol/l (A) were added 10 min before S; and
maintained in the medium for the duration of the experiment. The
tritium overflow evoked by S, (in the absence of drugs) was
0.208 £+ 0.008% of tissue tritium (n=38; all appropriate exper-
iments pooled). The effects of the drugs are presented as the ratios
of tritium overflow evoked by any stimulation period (S,) over
that evoked by S,. Means + SEM from 610 arteries. Significant
differences from each of the experimental groups vs the group with
sofvent: ** P < (.01

may regulate more than one effector function, for ex-
ample adenylate cyclase and dihydropyridine-sensitive
Ca?" channels (Mattera et al. 1989).

In several tissues it has been observed that a,-
adrenoceptor activation results in a reduction of the intra-
cellular adenosine 3',5'-cyclic monophosphate (cyclic
AMP) concentration by inhibiting adenylate cyclase
(Jakobs ct al. 1981; Exton 1982). It has been, therefore,
suggested that prejunctional «,-adrenoceptor-mediated
inhibition of noradrenaline release is due to a decreased
adenylate cyclase activity which in turn decreases the
availability of Ca®* for the exocytotic release of the
neurotransmitter (see Mulder and Schoffelmeer 1985;
Illes 1986). Experiments performed in brain slices support
this hypothesis (Schoffelmeer and Mulder 1983; Schof-
felmeer et al. 1986), while experiments performed in
sympathetically innervated peripheral organs refute it
(cat spleen: Cubeddu et al. 1975; guinea pig ileum
myenteric-plexus: Alberts et al. 1985; mouse atrium:
Johnston et al. 1987).

In view of the controversial results relating to central
and peripheral noradrenergic neurones, we decided to
meticulously reinvestigate the involvement of cyclic AMP
in the inhibitory function of a,-adrenoceptors in a vascu-
lar preparation, the rat tail artery. We measured the nerve
stimulation-evoked release of [*H]-noradrenaline and its
modulation by a,-adrenoceptor ligands both under con-
trol conditions and after increasing the axoplasmic levels
of cyclic AMP with various pharmacological tools (appli-
cation of a membrane permeating cyclic AMP analogue,
activation of the adenylate cyclase by forskolin, and
blockade of the degradation of cyclic AMP by
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phosphodiesterase). Moreover a constant biophase con-
centration of noradrenaline both before and after such
manipulations was ensured by varying the stimulation
parameters. In contrast to some previous reports (Cu-
beddu et al. 1975; Alberts et al. 1985) both «,-adreno-
ceptor agonists and antagonists were used.

Material and methods

Measurements of [*H J-noradrenaline overflow and vasoconstriction.
Male Wistar rats (12 weeks old) were killed by cervical dislocation.
A segment of the ventral tail artery about 2—2.5 cm long was
dissected free (Bucher et al. 1987; Illes et al. 1987). It was kept in
aerated (95% O;; 5% CO;) medium which contained (mmol/l):
NaCl 118, KCl1 4.8, CaCl, 2.5, KH,PO, 0.9, NaHCOj; 25, glucose
11, ascorbic acid 0.3 and Na,EDTA 0.03.

The artery was cannulated at the proximal end and tied off at
the distal end. A hole was made through the artery wall just below
the tie. The segment was then preincubated for 1 hat 37°Cin 1.5 ml
of the above solution containing 2.2 pmol/l (—)-[*H}-noradrenaline
(specific activity 4.4 Ci/mmol). The artery was then washed 3 times
with 20 m! of [*H]-noradrenaline-free medium and suspended verti-
cally, distal end uppermost, between 2 platinum wire electrodes and
perfused at a rate of 2.2 ml/min with the same medium using a
peristaltic pump. Throughout the duration of the perfusion this
solution contained cocaine 10 pmol/lin order to block the re-uptake
of released [*H]-noradrenaline. After having passed through the
tumen, the perfusate was allowed to superfuse the advential surface
of the vessel. Perfusion pressure was measured by using a transducer
and was recorded on a pen recorder. Vasoconstriction was deter-
mined as an increase in perfusion pressure which reflected changes
in the resistance to flow.

The first stimulation period was applied after 96 min of per-
fusion and others followed at intervals of 16 min. Collection of the
perfusate/superfusate started after 124 min of perfusion in 1, 2 or
6 min fractions. The stimulation period beginning at 128 min was
termed S, and subsequent ones S, —S,. In most of the experiments
the two first stimulation periods (i.e. S; and S,) consisted of 24
monophasic rectangular pulses of 0.3 ms width at supramaximal
strength (200 mA) delivered at 0.4 Hz. S{ and S, served as a control
of any drug effect on stimulation-evoked tritium overflow. The
drugs were infused with a syringe pump into the perfusion stream
at a rate of 17 pl/min for 10 min before S; and maintained until the
end of the experiment.

Preliminary pilot experiments had shown that these parameters
of field stimulation excited nerves exclusively, since the stimulation-
evoked tritium overflow from arteries preloaded with [*H]-
noradrenaline was almost abolished by tetrodotoxin 0.5 pmol/l (n =
6) or in a Ca® " -deficient medium (n = 6). Moreover w-adrenoceptor
antagonists (o : prazosin 0.1 pmol/l; «,: rauwolscine 3 umol/l) re-
duced the contractile response to field stimulation by about 75%
(n=6). A subsequent desensitization by o,f-methylene ATP
10 pmol/l nearly abolished the residual contractions which were
resistant to «-adrenoceptor blockade, confirming thereby that both
noradrenaline and ATP are involved in sympathetic neurotransmis-
sion in the rat tail artery (Sneddon and Burnstock 1984; Bao et al.
1989).

When the effect of a second release-modulating drug, i.e. B-HT
933 is evaluated, it is important to obtain similar reference values
despite the presence of the first release-modulating compound, i.e.
8-Br-cAMP or forskolin. In other words the biophase concentration
of noradrenaline has to be approximately the same in the presence
of the modulating compound as in its absence. Thus, the stimulation
parameters were varied in order to adjust the amount of stimulation-
evoked tritium overflow in the presence of the first modulating drug
to what without it (S3/S, close to 1). The electrical stimulation
consisted of a train of 12 monophasic pulses of 0.3 ms width at
150 mA current strength delivered at 0.2 Hz instead of 24 pulses at
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Table 1. Effects of drugs on the basal outflow of tritium from tail arteries pre-incubated with [*H]-noradrenaline and subsequently perfused/
superfused with [*H]-noradrenaline-free medium containing cocaine 10 umol/l. The values of b, represent the fractional rate of tritium
outflow in the 2 min before the corresponding stimulation period S,. The ratios of the basal outflow during bs, by, bs or be to that during

b, were calculated

Drug present from S; bs/b; b4/b2 bs/b, bs/b2
onwards

(pmol/l)

Control 8 0.968 + 0.009 0.910 +0.010 0.898 +0.016 0.878 +0.027
8-Br-cAMP 100 6 0.982 +0.019 0.990 4 0.027* 0.972 +0.018* 0.962 + 0.022
8-Br-cAMP 300 8 1.055 +0.013** 1.051 4+ 0.023** 0.998 + 0.021** 0.977 + 0.016*
Forskolin 3 0 0.998 +0.017** 0.952 +0.010%* 0.928 +0.012* 0.918 4 0.017*
Rolipram 30 6 1.127 + 0.026%* 1.050 + 0.020%* 0.988 +0.008** 0.933 +0.026

Means + SEM of n experiments are indicated. Significant differences {rom drug-free control experiments: * P < 0.05; ** P < 0.01

0.4 Hz, 0.3 ms, 200 mA used previously. This modified stimulation
protocol was used in some experiments, when 8-Br-cAMP 100 umol/1
was present from S; onwards. In other experiments, arteries were
only stimulated four times. This was possible because it has been
shown that a stable evoked overflow was reached after the second
stimulation period in the presence of either 8-Br-cAMP 100 pmol/l
or rolipram 30 pmol/l and that no significant changes were observed
during those following. Rolipram or 8-Br-cAMP were added 10 min
prior to S; and maintained for the duration of the whole experiment.
The second compound, rauwolscine 1 pmol/1 or forskolin 3 umol/l
was given 10 min prior to S; and also maintained for the remainder
of the experiment. After the end of perfusion, the arteries were
solubilized in 1 ml Soluene 100 (Packard Instrument, Paris, France).
Tritium was measured by liquid scintillation spectrometry.

Tritium outflow was calculated as a fraction of the amount of
tritium present in the tissue at the onset of the respective collection
period (fractional rate of outflow). For evaluation of stimulation-
evoked tritium overflow, the difference was calculated between the
overall tritium outflow during stimulation plus the following 4 min
and the estimated basal outflow. The latter was assumed to change
linearly from the collection period before the beginning of stimu-
lation to that 5 min after the onset of stimulation. The evoked
tritium overflow was calculated as percentage of the amount of
tissue tritium at the onset of the respective stimulation period.

Drug effects on the basal outflow were quantified in the follow-
ing way: the ratios of the fractional rate of outflow (b,) in the
fraction collected immediately before the onset of the stimulation
periods in the presence of drugs (S;—Sg) over the fractional rate of
outflow in the fraction immediately before the onset of the last
stimulation period preceding the application of any drug (S,), were
calculated (b,/b,). In order to quantify effects of drugs on the evoked
overflow, the ratio of the overflow evoked by the stimulation period
in the presence of the drug, at its maximal effect (S;—Ss), over the
last evoked overflow preceding application of the drug (S, or S,)
was determined.

Drugs. The following drugs were used: (—)-noradrenaline hydro-
chloride, 8-bromoadenosine 3’,5"-cyclic monophosphate (sodium
salt; 8-Br-cAMP), forskolin, «,f-methylene ATP (lithium salt), te-
trodotoxin (Sigma, L'Isle d’Abeau Chesnes, France); 1,9-dideoxy-
forskolin (Calbiochem, La Jolla, CA, USA); cocaine hydrochloride
(Coopération Pharmaceutique Frangaise, Nancy, France); B-HT
933 (azepexole, 2-amino-6-ethyl-5,6,7,8-tetrahydro-4H-oxazolo-
[4,5-d]-azepine) dihydrochloride (kindly donated by Boehringer In-
gelheim, FRG); rauwolscine hydrochloride (Roth, Karlsruhe,
FRG); rolipram (kindly donated by Schering, Berlin, FRG).
(—)-[Ring-2,5,6-*H}-noradrenaline, specific activity 40.8—
43.7 Ci/mmol (New England Nuclear, Dreieich, FRG) was diluted
with unlabelled (—)-noradrenaline hydrochloride in order to obtain
a specific activity of 4.4 Ci/mmol. Drugs were dissolved in water.
Forskolin and 1,9-dideoxy-forskolin were initially dissolved in etha-
nol and rolipram in dimethylsulfoxide (DMSO). Further dilutions
were with distilled water. Preliminary experiments showed that at

the concentration used, neither ethanol nor DMSO (except in the
case of 1,9-dideoxy-forskolin; final ethanol concentration 1%)
altered the basal outflow or the electrically evoked overflow of
tritium.

Statistics. Results are given as means + SEM. The non-parametric
U-test of Mann-Whitney was used for the comparison of mean
values, if the Kruskal-Wallis analysis indicated a significant differ-
ence between group means. A probability level of 0.05 or less was
considered significant.

Results

Time-course of the effects of 8-Br-cAMP, forskolin
and rolipram on the electrically-evoked tritium overflow
and vasoconstriction

When the time-course of the effects of 8-Br-cAMP
100 and 300 pmol/l, forskolin 3 pmol/l and rolipram
30 pmol/l were studied on the stimulation-evoked tritium
overflow and vasoconstriction, the tail arteries were
stimulated 6 times. The tritium overflow and peak
vasoconstriction evoked by S, (before the application of
drugs) amounted respectively to 0.208 + 0.008% of tissue
tritium and 98.9 + 4.5 mm Hg (n = 38; all appropriate
experiments pooled). As shown in Fig. 1, under control
conditions the stimulation-evoked overflow did not
change from S, to S,; the ratios were all rather similar
and close to unity. When rolipram, forskolin or 8-Br-
cAMP were added to the perfusion medium 10 min before
S3, the stimulation-evoked tritium overflow was signifi-
cantly increased to a new steady-state. In control exper-
iments, the fractional rate of basal tritium outflow de-
clined with time (Table 1). The basal rate of tritium out-
flow was however slightly increased by 8-Br-cAMP
300 umol/l, forskolin 3 pmol/l and rolipram 30 umol/1.
The constrictor responses to electrical stimulation
were also affected by the drugs investigated. The extent
of facilitation or inhibition reached its maximum at Sj
and remained constant thereafter. The control S¢/S, ratio
(0.97 + 0.05; n = 8) was significantly increased by both
100 and 300 pmol/1 8-Br-cAMP (to 1.17+0.05; n=6
and 1.35 4+ 0.06; » = 8, respectively; P < 0.05 for each).
In contrast, forskolin 3 pmol/l and rolipram 30 umol/1
markedly and significantly attenuated the Sg/S, ratio



24

A %**
2|
&
~
4 20f
18}

16 é**/%** / * K
140 /

Fractional overflow of tritium

643

Qxx
Fhx
121
— /
100 ———p——&
08 L
107 0% 1075 107 1072 mol/t
Fig. 2A, B. Concentration-dependent effects of 8-Br-
cAMP and forskolin on the electrically-evoked
14 overflow of tritium (A) and on the change in
B {, o perfusion pressure (B) in rat tail arteries pre-incubated
- / with [*H]-noradrenaline. 4 periods (S; —S,) of field
(L 12, % stimulation were delivered at intervals of 16 min (24
v / pulses at 0.4 Hz, 0.3 ms, 200 mA). Each concentration
o 10 é\ /* %:?___%————} of 8-Br-cAMP (O) or its solvent (@) and forskolin
5 i . \i (0) or its solvent (M) was added 10 min before S5
& and maintained in the medium for the duration of the
S o8l experiment. The tritium overflow and peak
s Dorx vasoconstriction evoked by S, (in the absence of
@ drugs) was respectively 0.233 + 0.007% of tissue
T o6l tritium and 102.9 4+ 2.4 mm Hg (n = 101; all
a % appropriate experiments pooled). The effects of the
£ L* drugs are presented as the ratios of tritium overflow
g 0.4 %H or change in perfusion pressure evoked by S, over
& asr that evoked by S,. Mean + SEM from 5—15 arteries.
v Significant differences from each of the experimental
02L groups vs corresponding groups with solvent:
L Il 1 1 1 1 1 i J wF P < 0.01
107 10°® 107° 107 107 molst

when compared to the control value (0.55 £0.06; n=16
and 0.67 4+ 0.07; n = 6, respectively; P < 0.05 for each).

Effects of 8-Br-cAMP, forskolin and rolipram on the
electrically-evoked tritium overflow and vasoconstriction

Concentration-response curves to 8-Br-cAMP and
forskolin, were constructed on the basis of the S,/S,
ratios. Four 1 min periods (S;—S,) of electrical stimu-
lation were applied; the compounds were added 10 min
before S; and maintained in the perfusion/superfusion
medium for the duration of the experiment. The electri-
cally-evoked tritium overflow was increased in a concen-
tration-dependent manner by the addition of 8-Br-cAMP
30—300 pumol/l and forskolin 0.3 — 10 pmol/l when com-
pared to experiments with the respective solvents
(Fig. 2A). Although forskolin was more potent than §-

Br-cAMP, the maximum effect (S,/S,) obtained with
10 umol/1 forskolin (1.62 +0.06; n=28; P <0.01) was
lower than the maximum effect obtained with 8-Br-cAMP
300 umol/l (2.31 +0.07; n=15; P < 0.01).

Effects on the stimulation-induced vasoconstriction
were also analysed. As shown in Fig. 2B, 8-Br-cAMP
concentration-dependently increased the constrictor re-
sponses. This effect was significant at 300 umol/l, but far
less pronounced than the effect observed on the tritium
overflow. In contrast, forskolin caused a marked con-
centration-dependent decrease in stimulation-evoked
vasoconstriction. This inhibitory effect was significant at
0.3 pmol/l and maximal at 3 pmol/l. The solvents for
these two compounds did not significantly influence vaso-
constrictor responses.

Since rolipram 30 pmol/l, only slightly increased the
clectrically-evoked overflow (see Fig. 1), we investigated
the effect of this high concentration in combination with



=

o

T
o

%**
3

o
(=]
T

- 3

Fractional overflow of tritium (SS/SA)
Q
oo

el v, .
0 3 10 30 pmol/t
B-HT 933

Fig. 3. Concentration-dependent effect of B-HT 933 on the electri-
cally-evoked overflow of tritium in rat tail arteries preincubated
with [®*H]-noradrenaline. 6 periods (S;—Se) of field stimulation
were delivered at intervals of 16 min (24 pulses at 0.4 Hz, 0.3 ms,
200 mA). B-HT 933 or its solvent was added 10 min before S5 and
maintained in the medium for the duration of the experiment. The
tritium overflow evoked by S, (before the application of B-HT
933) was 0.206 + 0.008% of tissue tritium (n = 31; all appropriate
experiments pooled). The effect of the drug is presented as the
ratios of tritium overflow evoked at Ss over that evoked at S,.
Means + SEM from 7 —8 arteries. Significant differences from each
of the experimental groups vs the corresponding group with solvent:
** P <0.01

forskolin 3 umol/l. The facilitatory effect of forskolin on
the electrically-evoked release of tritium was significantly
more pronounced in the presence than in the absence
of the phosphodiesterase inhibitor; the respective S,/S,
ratios were 1.61 +0.05; n=7 and 1.474+0.02; n=17;
P < 0.05. Likewise, when forskolin 3 pmol/l was added
in combination with rolipram 30 umol/] the attenuation
of the stimulation-induced vasoconstriction (S,/S,) was
significantly more pronounced (0.35+0.03; n=7;
P < 0.05) than in the absence of the phosphodiesterase
inhibitor (0.48 + 0.04; n = 7).

We investigated also the effect of the 1,9-dideoxy de-
rivative of forskolin (DDF) which does not activate
adenylate cyclase. In the presence of DDF 10 pmol/l, the
stimulation-evoked tritium overflow was almost identical
with the control value (S,/S;: 1.27+£0.02; n=6 and
1.19 4+ 0.05; n = 6 respectively; P > 0.05). The slight en-
hancement of the overflow was due to the high concen-
tration of ethanol, which was used as a solvent of DDF.
Similarly, unlike forskolin, DDF failed to decrease the
stimulation-induced vasoconstriction. The S,/S, ratio
did not change when compared with the corresponding
controls (1.05 4 0.10, n = 6 and 1.07 + 0.05, n = 6 respec-
tively; P > 0.05).

Effect of B-HT 933 on the electrically-evoked tritium
overflow and vasoconstriction

When concentration-response curves of B-HT 933 were
constructed, the a,-adrenoceptor agonist was added to

the perfusion/superfusion medium 10 min before the fifth
stimulation period (Ss) and maintained throughout.
Since the effect of B-HT 933 did not increase from Ss to
Se, the S5/S,4 ratios are indicated. Figure 3 shows that B-
HT 933 concentration-dependently decreased the stimu-
lation-evoked tritium overflow. Moreover, B-HT 933
slightly enhanced the basal tritium outflow (bs/b,) at
10 and 30 pmol/l (1.034+0.01; n=8; P<0.05 and
1.08 £ 0.01; n="7; P <0.01, respectively) as compared
to control arteries (0.98 + 0.01; n = 8). The control stimu-
lation-induced vasoconstriction (S5/S,; 0.99 4 0.02; # =
8) was also significantly and concentration-dependently
depressed by B-HT 933 10 and 30 umol/1 (0.81 + 0.06;
n=2_§; P<0.05and 0.64 +0.07; n=7; P <0.01, respec-
tively).

Interaction of forskolin with B-HT 933
on the electrically-evoked tritium overflow

In these experiments, forskolin was added to the perfu-
sion/superfusion medium 10 min before S; and was pre-
sent for the rest of the experiment. B-HT 933 was added
10 min before the fifth stimulation period (S5) and was
also maintained thereafter. Addition of forskolin 3 pmol/l
10 min before S; significantly increased the stimulation-
evoked overflow of tritium (S3/S,: 1.41 +0.02; n=18;
P < 0.01; all appropriate experiments pooled) as com-
pared to the control values (1.02 +0.02; n = 16; all ap-
propriate experiments pooled). This increase remained
constant during the subsequent stimulation periods, re-
sulting in an S5/S, ratio of close to unity (Fig. 4). Further
addition of B-HT 933 30 pmol/l 10 min before S5 prod-
uced a similar degree of inhibition as was seen in the
control group (Fig. 4).

Interaction of 8-Br-cAMP with B-HT 933 and
rauwolscine on the electrically-evoked tritium overflow

Addition of 8-Br-cAMP 100 and 300 pumol/l 10 min be-
fore S; resulted in a significant facilitation of the stimu-
lation-evoked tritium overflow; this effect was stable dur-
ing the following stimulation periods (see Fig. 1) resulting
in an Ss/S, ratio of close to unity (Fig. 5). When sub-
sequently B-HT 933 30 umol/1 was added to the medium
10 min before S5, the relative inhibitory effect of the a,-
adrenoceptor agonist on the release of tritium was slightly
but significantly decreased in comparison with the 8-Br-
cAMP-free condition (Fig. 5). However, in the presence
of 8-Br-cAMP 100 and 300 pmol/l the S, values
(0.386 + 0.037% of tissue tritium; n="7; P <0.01 and
0.535 4+ 0.047% of tissue tritium; n=7; P <0.01) were
significantly higher than in control experiments (0.204
+ 0.007% of tissue tritium; » = 7). In the presence of
8-Br-cAMP 100 pmol/l throughout the experiment, the
relative enhancing effect of rauwolscine 1 pmol/l added
10 min before S; on the stimulation-evoked tritium
overflow was significantly more pronounced (S;/S;:
3.204+0.23; n=7; P<0.05) than in the absence of
this compound (S3/S,: 2.58 £ 0.05; n = 12). Again in the
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Fig. 4. Effects of forskolin and B-HT 933 applied alone or in combi-
nation on the electricaily-evoked tritium overflow in rat tail arteries
pre-incubated with [*H]-noradrenaline. 6 periods (S; —Se) of field
stimulation were delivered at intervals of 16 min (24 pulses at 0.4 Hz,
0.3 ms, 200 mA). Forskolin or its solvent was added 10 min before
S3. B-HT 933 or its solvent was added 10 min before S5 in the
continued presence of forskolin or its solvent. All compounds were
maintained in the medium for the duration of the experiment. The
tritium overflow evoked by S, (before the application of B-HT
933) was 0.224 + 0.016% of tissue tritium (n = 16; all appropriate
experiments pooled) and 0.300 + 0.017% of tissue tritium (n = 18;
all appropriate experiments pooled) respectively in the absence and
in the presence of forskolin 3 pmol/l. The effects of the drugs are
presented as the ratios of tritium overflow evoked by S5 over that
evoked by S;. Means + SEM from 8 —10 arteries. There was no
statistically significant difference (N.S.) between the indicated
values

Fractional overflow of tritium

presence of 8-Br-cAMP 100 pmol/l the S, value
(0.388 4 0.026% of tissue tritium; n="7; P <0.01) was
significantly higher than in control experiments
(0.235 +0.013% of tissue tritium; n=12). Thus, the
change in transmitter release produced by the first com-
pound (in this case 8-Br-cAMP) added throughout
perfusion/superfusion might be responsible for the ob-
served diminished response to B-HT 933 or for the en-
hanced response to rauwolscine. In order to compensate
for this change, we performed experiments, in which the
stimulation conditions were altered so that in spite of the
presence of 8-Br-cAMP 100 umol/l, the tritium overflow
was comparable to that obtained in the predrug situation.
When the stimulation was, instead of the usual 24 pulses
at 0.4 Hz and 200 mA, with only 12 pulses at 0.2 Hz and
150 mA, the tritium overflow was significantly reduced
(Fig. 6). However, when during stimulation with these
modified parameters 8-Br-cAMP 100 pumol/l was present,
the trittum overflow was similar to that measured before
application of the cyclic AMP analogue. Under these
conditions, the inhibitory effect of B-HT 933 30 pmol/i
was not changed by 8-Br-cAMP 100 pmol/1 (Fig. 7). Simi-
larly, the effect of B-HT 933 30 umol/i was the same, both
when 12 pulses were delivered at 0.2 Hz and 150 mA
in the presence of 8-Br-cAMP 100 umol/l (Ss/S4:
0.47 4 0.02; n = 7) and when 24 pulses were delivered at
0.4 Hz and 200 mA in the absence of 8-Br-cAMP (S5/S,:
0.50 + 0.04; n="7).
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Fig. 5. Effects of 8-Br-cAMP and B-HT 933 applied alone or in
combination on the electrically-evoked tritium overflow in rat tail
arteries pre-incubated with [*H]-noradrenaline. 6 periods (S; —Sg)
of field stimulation were delivered at intervals of 16 min (24 pulses
at 0.4 Hz, 0.3 ms, 200 mA). 8-Br-cAMP, 100 or 300 umol/l, or its
solvent was added 10 min before S;. B-HT 933 30 pmol/l, or its
solvent was added 10 min before S5 in the continued presence of 8-
Br-cAMP 100 or 300 umol/l, or its solvent. All compounds were
maintained in the medium for the duration of the experiment. The
tritium overflow evoked by S; was 0.206 £ 0.009% of tissue tritium
(n = 15; all appropriate experiments pooled) in the absence of 8-Br-
cAMP and 0.378 £ 0.026% (n =13, all appropriate experiments
pooled) and 0.469 + 0.029% of tissue tritium (» = 15; all appropri-
ate experiments pooled) respectively in the presence of 100 and
300 pmol/i 8-Br-cAMP. The effects of the drugs are presented as the
ratios of the tritium overflow evoked by Ss over that evoked by
S4. Means + SEM from 7—8 arteries. The statistically significant
differences between some values are indicated

When the facilitatory effect of 8-Br-cAMP 100 pmol/l
was compensated for by modifying the stimulation pa-
rameters (S; —S,: 12 pulses at 0.2 Hz, 150 mA), the
stimulation-evoked trititum overflow produced by
rauwolscine 1 pmol/l was significantly greater than in
control (Fig. 8). However the a,-adrenoceptor antagonist
produced the same relative enhancement of the tritium
overflow (S3/S,: 2.55+0.12; n=6) as it had in the ab-
sence of 8-Br-cAMP 100 umol/l (S3/S,: 2.58 + 0.05; n =
12) under the initial stimulation conditions. It should be
noted that the overflow of tritium evoked by stimulation
with 24 pulses at 200 mA, 0.4 Hz (0.235 +0.013% of
tissue tritium; n = 12) or 12 pulses at 150 mA, 0.2 Hz in
the presence of 8-Br-cAMP 100 pmol/l (0.274 + 0.019%
of tissue tritium; »n = 6) were similar.

Discussion

In rat tail arteries preloaded with [*H]-noradrenaline, the
permeant analogue of cyclic AMP, 8-Br-cAMP, as well as
forskolin, which is thought to act directly on the catalytic
subunit of adenylate cyclase (Seamon and Daly 1983),
concentration-dependently augmented the electrically-in-
duced tritium overflow. This finding is in agreement with
results obtained in other isolated peripheral tissues
(Wooten et al. 1973; Cubeddu et al. 1975; Stjirne et al.
1979; Goéthert and Hentrich 1984; Alberts et al. 1985;
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Fig. 6. Time-course of the effect of §-Br-cAMP 100 pmol/l on the
electrically-evoked tritium overflow in rat tail arteries preincubated
with [*H]-noradrenaline. 6 periods (S; —Se) of field stimulation were
delivered at intervals of 16 min. In some experiments, all stimulation
periods consisted of 24 pulses at 0.4 Hz, 0.3 ms, 200 mA (O: sol-
vent). In further experiments, after S, the stimulation parameters
were changed to 12 pulses at 0.2 Hz, 0.3 ms, 150 mA (M : solvent;
O: 8-Br-cAMP 100 pmol/l). 8-Br-cAMP or its solvent was added
10 min before S; and maintained in the medium for the duration of
the experiment. The tritium overflow evoked by S, (before the
application of 8-Br-cAMP) was 0.232 + 0.008% of tissue tritium
(n = 22; all appropriate experiments pooled). The effect of the drug
is presented as the ratios of tritium overflow evoked by any stimu-
lation period (S,) over that evoked by S,. Means + SEM from 7—
8 arteries. Significant differences from each of the experimental
groups vs the group with solvent and stimulated with 24 pulses at
0.4 Hz: ** P<0.01

Hentrich et al. 1985; Johnston et al. 1987) and in brain
slices (Wemer et al. 1982; Markstein et al. 1984;
Schoffelmeer et al. 1985, 1986). The facilitatory effect of
an increase in the intracellular level of cyclic AMP is
corroborated by experiments in which phosphodiesterase
inhibitors, that prevent the breakdown of endogenously
synthesized cyclic nucleotides, have been shown to in-
crease the stimulation-evoked release of noradrenaline in
sympathetically innervated tissues (Wooten et al. 1973;
Cubeddu et al. 1975; Stjdrne et al. 1979; Wemer et al.
1982; Gothert and Hentrich 1984; Alberts et al. 1985;
Hentrich et al. 1985; Markstein et al. 1984; Schoffelmeer
et al. 1985, 1986; Johnston and Majewski 1986; Johnston
et al. 1987). In the present study the selective cyclic AMP
phosphodiesterase inhibitor, rolipram (Lugnier et al.
1986) also enhanced the [*H]-noradrenaline release,
although its effect was less pronounced than that of 8-Br-
cAMP or forskolin. Rolipram is devoid of antagonistic
properties at adenosine receptors (Schwabe et al. 1976).
Forskolin facilitated the overflow with a higher po-
tency, but to a lower maximum value than 8-Br-cAMP.
It is possible that the prejunctional capacity to synthesize
cyclic AMP and, thereby, the maximum effect of
forskolin, might be limited, so that the application of §-
Br-cAMP raised the intraneuronal cyclic AMP content
more efficiently than forskolin. In fact, in the presence
of rolipram, forskolin facilitated the release of [*H]-
noradrenaline to a larger extent, presumably because cyc-
lic AMP generated by adenylate cyclase was less rapidly
degraded by the phosphodiesterase. Similar findings with
another cyclic AMP phosphodiesterase inhibitor (AH 21-
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Fig. 7. Effects of 8-Br-cAMP and B-HT 933 applied alone or in
combination on the electrically-evoked tritium overflow in rat tail
arteries pre-incubated with [*H]-noradrenaline. 6 periods (S; —Se)
of field stimulation were delivered at intervals of 16 min. After S,
the stimulation parameters were changed from 24 pulses at 0.4 Hz,
0.3 ms, 200 mA to 12 pulses at 0.2 Hz, 0.3 ms, 150 mA. 8-Br-cAMP
or its solvent was added 10 min before S;. B-HT 933 or its solvent
was added 10 min before S5 in the continued presence of 8-Br-cAMP
or its solvent. All compounds were maintained in the medium for
the duration of the experiment. The tritium overflow evoked by S,
(before the application of B-HT 933) was 0.163 + 0.005% of tissue
tritium (n=15; all appropriate experiments pooled) and
0.235 +£0.009% of tissue tritium (n = 14; all appropriate exper-
iments pooled) respectively in the absence and presence of 8-Br-
cAMP 100 umol/l. The effects of the drugs are presented as the
ratios of the tritium overflow evoked by Ss over that evoked by -
S4. Means + SEM from 7—8 arterics. There was no statistically
significant difference (N.S.) between the indicated values

132) plus forskolin have been observed in rat brain cortex
slices (Schlicker et al. 1987) and rabbit pulmonary artery
(Gothert and Hentrich 1984).

In agreement with previous reports (Go&thert and
Hentrich 1984 ; Markstein et al. 1984 ; Alberts et al. 1985),
forskolin, rolipram and the highest concentrations of §-
Br-cAMP enhanced the basal tritium outflow only
slightly. The enhancement by these compounds of the
nerve stimulation-evoked release of [*H]-noradrenaline
was much larger, suggesting that cyclic AMP does not
initiate transmitter release by itself, but that it is one of
the factors involved in the modulation of the stimulation-
evoked release.

The adenylate cyclase activator forskolin has been
shown to produce a concentration-dependent reversible
relaxation of isolated smooth muscle preparations includ-
ing blood vessels (Muller and Baer 1983; Gothert and
Hentrich 1984). Qur data confirm these observations and
extend them to rolipram. However, since 8-Br-cAMP
elicited a slight concentration-dependent increase in the
stimulation-evoked vasoconstriction, this result seems to
contrast with the relaxant effect of forskolin and
rolipram. In this respect it should be considered that
the terminal axons of postganglionic sympathetic nerves
innervating blood vessels are embedded in a tissue which
consists mainly of smooth muscle cells. The effect of drugs
on the vasoconstriction elicited by nerve stimulation is
the net result of their pre- and postjunctional actions. It



has previously been suggested (Gothert and Hentrich
1984) that the differences observed between the effects on
the electrically-induced vasoconstriction of 8-Br-cAMP
on the one hand, and forskolin or rolipram on the other,
may reflect differences in the sensitivity of the pre- and
postjunctional target systems and/or differences in the
ability of the drugs to diffuse into the respective cell
compartment. It is also possible that the contractile ef-
fects of the two co-transmitters, noradrenaline and ATP
(Sneddon and Burnstock 1984 ; Bao et al. 1989) are differ-
entially influenced by changes in the intracellular levels
of cAMP. An alternative explanation is that forskolin
dilates blood vessels by opening potassium channels in
the smooth muscle cell membrane (Encina et al. 1988;
Hoshi et al. 1988). Such an effect was shown to be inde-
pendent of any effect on the adenylate cyclase, since 1,9-
dideoxy-forskolin (Seamon and Daly 1986) increases a
resting potassium conductance without enhancing the
concentration of cyclic AMP (Hoshi et al. 1988; Ertl and
Nawrath 1989). The inability of 1,9-dideoxy-forskolin to
decrease the vasoconstriction of rat tail arteries strongly
argues against a non-cyclic AMP-mediated relaxant ef-
fect of forskolin.

Nerve terminals in peripheral organs and in the cen-
tral nervous system are endowed with various receptors.
Notable among these are the prejunctional o,-
adrenoceptors involved in the autoinhibition of nor-
adrenaline release during nerve stimulation (Langer 1981;
Starke 1981, 1987). The question to be answered was
whether adenylate cyclase is negatively coupled to the
prejunctional oj-adrenoceptors (see Mulder and Schof-
felmeer 1985; Illes 1986). In our study the selective o,-
adrenoceptor agonist B-HT 933 (Andén et al. 1982; Wilf-
fert ct al. 1984) concentration-dependently depressed the
stimulation-induced release of [*H]-noradrenaline, and
the selective o,-adrenoceptor antagonist rauwolscine
(Weitzell et al. 1979) at 1 umol/l increased the release
evoked by nerve stimulation, when applied alone. In ad-
dition, rauwolscine 1 pmol/], abolished the inhibitory ef-
fect of B-HT 933 10 umol/lI (Weber 1989 ; Weber, Allgaier,
Hertting and Illes, unpublished observation). Thus, the
facilitation by rauwolscine may be due to the interruption
of an a,-adrenoceptor-mediated feed-back control im-
posed upon transmitter release (see Langer 1981 ; Starke
1981, 1987).

In the central nervous system, prejunctional o,-
adrenoceptors situated at the terminals of both noradren-
ergic (Schoffelmeer and Mulder 1983; Schoffelmeer et al.
1985) and serotoninergic (Schlicker et al. 1987) neurones
are believed to be linked to adenylate cyclase. In apparent
support of this concept, we found in a sympathetically
innervated smooth muscle preparation, the rat tail artery,
that 8-Br-cAMP slightly but significantly attenuated the
inhibitory effect of the a,-agonist B-HT 933 on [*H]-
noradrenaline release. If the effect were due to a reversal
of the a,-adrenoceptor mediated inhibition of adenylate
cyclase, the relative facilitatory effect of rauwolscine
should have been attenuated in the presence of 8-Br-
cAMP due to less feedback inhibition through prejunc-
tional a,-adrenoceptors. This was not the case, on the
contrary the relative facilitation by rauwolscine was in-
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Fig. 8. Effects of 8-Br-cAMP and rauwolscine applied alone or in
combination on the electrically-evoked tritium overflow in rat tail
arteries pre-incubated with [*H]-noradrenaline. 4 periods (S; —S.,)
of field stimulation were delivered at intervals of 16 min (12 pulses
at 0.2 Hz, 0.3 ms, 150 mA). 8-Br-cAMP or its solvent was added
10 min before S;. Rauwolscine or its solvent was added 10 min
before S; in the continued presence of 8-Br-cAMP or its solvent.
All compounds were maintained in the medium for the duration of
the experiment. The tritium overflow evoked by S, (before the
application of rauwolscine) was 0.172 4+ 0.008% of tissue tritium
(n = 14; all appropriate experiments pooled) and 0.253 +4- 0.013%
of tissue tritium (» = 13; all appropriate experiments pooled) respec-
tively in the absence and presence of 8-Br-cAMP 100 pmol/l. The
effects of the drugs are presented as the ratios of the tritium overflow
evoked by S; over that evoked by S,. Means + SEM from 67
arteries. The statistically significant difference between some values
is indicated

creased by the addition of 8-Br-cAMP. Previous results
obtained in a wide variety of peripheral organs (Cubeddu
et al. 1975; Alberts et al. 1985; Johnston et al. 1987)
have led to the concept that, at least in postganglionic
sympathetic neurones, o,-adrenoceptor-mediated inhi-
bition of noradrenaline release is not due to inhibition of
adenylate cyclase. Thus, we assumed that the apparent
decrease in the effect of B-HT 933 and the relative higher
enhancement of the facilitatory effect of rauwolscine ob-
served in the presence of 8-Br-cAMP could be due to the
increase in transmitter release produced by the cyclic
nucleotide. In fact, it has been shown that the inhibitory
effect of B-HT 933 on the release of noradrenaline from
superfused brain slices is diminished at high biophase
levels of the transmitter (Cichini and Singer 1987). We
therefore thought it important to ascertain that changes
in the prejunctional effect of B-HT 933 are not a conse-
quence of the enhanced release of [3H]-noradrenaline by
8-Br-cAMP. This important prerequisite has been well
documented (Starke 1987; Limberger et al. 1988). We,
therefore, designed experiments in which, after the ad-
dition of 8-Br-cAMP 100 umol/l, the stimulation pa-
rameters were adjusted so that the release of [PHJ-
noradrenaline was the same as before the application of
the cyclic nucleotide analogue. Under these conditions,
the inhibitory effect of the a,-adrenoceptor agonist B-
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HT 933 and the facilitatory effect of the «,-adrenoceptor
antagonist rauwolscine were not altered by 8-Br-cAMP
as compared to control experiments under initial stimu-
lation parameters. It is, however, difficult to explain why,
in contrast to 8-Br-cAMP, forskolin did not antagonize
B-HT 933 even when the stimulation parameters were
kept constant, although forskolin increased the biophase
concentration of noradrenaline only to a slightly lower
extent than 8-Br-cAMP did. It is possible that there is a
threshold concentration of endogenous noradrenaline in
the neighbourhood of the prejunctional receptors, above
which the effects of exogenous a,-agonists are decreased.
Nevertheless, the present data obtained by forskolin fail
to support the existence of a negative link between pre-
junctional a,-adrenoceptors and adenylate cyclase in
perivascular nerve terminals.

Altogether, the present results obtained in a blood
vessel, the rat tail artery, are in good agreement with
those obtained in other non-vascular peripheral tissues
and are consistent with the view that the a,-adrenoceptor
modulation of stimulated noradrenaline release from pe-
ripheral sympathetic nerve endings is not produced by
inhibition of adenylate cyclase.
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