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Involvement of cyclic nucleotides in prejunctional
modulation of noradrenaline release in mouse atria
H. Johnston, 'H. Majewski & I.F. Musgrave
Department ofPharmacology, University of Melbourne, Victoria, Australia 3052

1 In mouse isolated atria previously incubated with [3H]-noradrenaline, 8-bromo-cyclic AMP (3-
270 gM) produced a concentration-dependent increase in the fractional stimulation-induced outflow
of radioactivity. 8-Bromo-cyclic GMP induced a lesser increase in the stimulation-induced outflow.

2 The phosphodiesterase inhibitors: M&B 22948(90 JM); ICI 63197(30 and 9011M) and 3-isobutyl-1-
methylxanthine (90 gM) increased the fractional stimulation-induced outflow. Together these results
indicate that cyclic AMP may have a modulatory effect on noradrenaline release.
3 The inhibition of the stimulation-induced outflow produced by clonidine (0.031M) and its
facilitation produced by phentolamine (1 I1M) were unaltered in the presence of 8-bromo-cyclic AMP
(90JM). However, in the presence of 8-bromo-cyclic AMP (270 AM), the facilitatory effect of
phentolamine was enhanced, but the inhibitory effect of clonidine (0.03 gM) was unaltered. In the
presence of ICI 63197 (30 LM) the inhibitory effect of clonidine (0.03 tM) was unaltered, but the
facilitatory effect of phentolamine (1 gM) was slightly enhanced.
4 Isoprenaline (0.003-0.1;tM) enhanced the fractional stimulation-induced outflow, an effect
blocked by propranolol (0.1 M). In the presence of 8-bromo-cyclic AMP (901M), the facilitatory
effect of isoprenaline (0.01 gIM) was blocked. In the presence ofICI 63197 (30 gM) the facilitatory effect
of isoprenaline (0.003 gIM) was potentiated.
5 These results suggest that whereas P-adrenoceptor-mediated enhancement ofnoradrenaline release
is linked to the stimulation of adenylate cyclase and enhanced formation of cyclic AMP, OC-
adrenoceptor-mediated inhibition of noradrenaline release is not linked to inhibition of adenylate
cyclase activity.

Introduction

There are two adrenoceptor-mediated modulatory
systems at sympathetic nerve endings: an M2-adren-
oceptor-mediated system, activation ofwhich leads to
inhibition of noradrenaline release, and a P2-adren-
oceptor-mediated system, activation ofwhich leads to
facilitation of noradrenaline release (see reviews by
Starke, 1977; 1981; Majewski, 1983). The inhibitory
prejunctional o2-adrenoceptor mechanism is tonically
activated by neuronally-released noradrenaline during
a train of nerve impulses, thus completing an

'inhibitory feedback loop' (Starke, 1977; 1981). The
facilitatory prejunctional P2-adrenoceptor mechanism
appears not to be activated by neuronally-released
noradrenaline, but may be activated by adrenaline
either in the circulation or after its uptake into, and
release from sympathetic nerve endings (Majewski,
1983).
The intraneuronal events that occur between activa-

tion of these receptors and alterations in noradren-

'Author for correspondence.

aline release are unknown. An attractive hypothesis is
that these adrenoceptor-mediated effects are due to
alterations in adenylate cyclase activity and cyclic
3',5'-adenosine monophosphate (cyclic AMP) forma-
tion. In support of this, the stimulation induced (S-I)
release ofnoradrenaline is enhanced by cell permeable
analogues of cyclic AMP (dibutyryl-cyclic AMP, 8-
bromo-cyclic AMP) as well as phosphodiesterase
inhibitors which inhibit the breakdown of cyclic AMP
(Langer, 1973; Wooten et al., 1973; Cubeddu et al.,
1975; Celuch et al., 1978; Stjarne et al., 1979; Gothert
& Hentrich, 1984; Hentrich et al., 1985; Alberts et al.,
1985) and the adenylate cyclase activator forskolin
(Hovevei-Sion et al., 1983; Hentrich et al., 1985;
Alberts et al., 1985). It is therefore possible that
alterations in endogenous cyclic AMP production
may explain the modulatory effects of a- and P-
adrenoceptor agonists on noradrenaline release,
especially in view of findings in non-neuronal tissues
where P-adrenoceptor agonists enhance adenylate
cyclase activity leading to increased cyclic AMP
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production (Perkins, 1973) and a2-adrenoceptor agon-
ists inhibit adenylate cyclase and decrease cyclic AMP
production (Jakobs et al., 1981).
The aim of the present study was to investigate the

possible role of cyclic AMP in the modulation of
noradrenaline release in mouse isolated atria and,
furthermore, to determine if changes in adenylate
cyclase activity and the formation of cyclic AMP are
an integral part of the mechanisms of prejunctional P-
adrenoceptor facilitation and prejunctional a-adren-
oceptor inhibition of noradrenaline release.

Methods

Female mice (20-32 g) were decapitated and the heart
removed. The atria were dissected free of the surroun-
ding tissue and suspended between two platinum
electrodes in an organ bath containing 4 ml of Krebs-
Henseleit solution aerated with a mixture of 5% CO2
plus 95% 02 and maintained at 370C. The atria
were incubated with (-)-7,8-[3H]-noradrenaline
(2.5 pCi ml-'; 0.2 gM) for 20 min and then repeatedly
washed with Krebs-Henseleit solution for 1 h. A
priming stimulation (5 Hz for 60 s) was delivered
40 min after commencement ofthe washing procedure
to assist in the removal of loosely bound radioactive
compounds from the tissue. In some experiments 8-
bromo-cyclic 3',5'-adenosine monophosphate was
added immediately after the primary stimulation and
was present for the duration of the experiment.
To assess the effects of drugs on the S-I outflow of

radioactive compounds, the atria were stimulated
twice at a frequency of 5 Hz for 60 s with square wave
pulses (1 ms duration, 15 V cm-'). These two test
stimulations were applied 69 and 99min after the
commencement of the washing procedure, respec-
tively. The effects of drugs on the S-I outflow of
radioactivity were determined by adding the drugs to
the Krebs-Henseleit bathing solution 15min before
the second stimulation.
The Krebs-Henseleit solution was collected after

3 min periods of contact. The spontaneous outflow of
radioactivity was taken as the mean radioactive con-
tent of the bathing solution during the 3 min period
immediately before stimulation and the 3 min period
commencing 6 min after the onset of stimulation. The
stimulation-induced (S-I) component of the radioac-
tive outflow was calculated by subtracting the resting
outflow from the mean radioactivity in the two 3 min
samples collected immediately after stimulation. The
S-I outflow was expressed as a ratio of (the total
radioactivity present in the tissue at the onset of
stimulation)/(the fractional stimulation-induced out-
flow). The fractional stimulation-induced outflow of
the second stimulation was expressed as a percentage
of the fractional outflow for the first.

The radioactivity present in the atria was deter-
mined by dissolving the atria in 2 ml of Soluene 350
(Packard Instruments) and mixing the resulting solu-
tion with Picofluor 30 (Packard Instruments), foll-
owed by liquid scintillation counting. Radioactivity in
the bathing solution was also determined in Picofluor.
Corrections were made for counting efficiency using
automatic external standardization.

Statistical analysis of results

Data are expressed as mean ± s.e.mean. Unless other-
wise indicated, differences between groups of data
were analysed by Student's unpaired 2 tailed t test.
Where appropriate, a two-way analysis of variance
was performed on some groups of data to test for
interactions. Probability levels of less than 0.05 were
taken to indicate a significant difference. All tests were
performed using the Statistical Package for Social
Sciences (SPSS) (Nie et al., 1975).

Materials

The following drugs were used: (-)-7,8-[3H]-
noradrenaline (specific activity 13-14 Ci mmol '; the
Radiochemical Centre, Amersham); 8-bromo-cyclic
3',5'-guanosine monophosphate, 8-bromo-cyclic
3',5'-adenosine monophosphate, 3-isobutyl-1-meth-
ylxanthine, adenosine hemisulphate (Sigma, U.S.A.).
The following drugs were generously donated:M&B
22948 (2-o-propoxyphenyl-8-azapurin-6-one; May
and Baker, U.K.); (±)-propranolol HCI, ICI 63197
(2-amino-6-methyl-5-oxo-4-n-propyl-4,5-dihydro-5-
triazolo /1,5-a/ pyrimidine) (ICI, U.K. and Australia);
phentolamine mesylate (Ciba-Geigy, Australia); (± )-
isoprenaline HCI (Winthrop, Australia). Stock solu-
tions were prepared by dissolving the drugs in Krebs-
Henseleit solution, with the exception ofM&B 22948
which was initially dissolved in 0.2 M NaOH (pH of
final Krebs-Henseleit solution was 7.4).
The Krebs-Henseleit solution has the following

composition (mM): NaCl 118, KCl 4.7, CaCI2 2.5,
NaHCO3 25.0, KH2PO3 1.03, MgSO4 0.45, D-(+)-
glucose I 1.1; disodium edetate 0.067 and ascorbic acid
0.14.

Results

Effects of cyclic nucleotide analogues

Mouse atria were incubated in [3H]-noradrenaline and
the fractional S-I outflow of radioactivity was
increased in a concentration-dependent manner by 8-
bromo-cyclic AMP (3-270 1M) (Figure 1). 8-Bromo-
cyclic GMP (3-270 1M) also enhanced the fractional
S-I outflow of radioactivity; however, the effect was
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Figure 1 The effect of 8-bromo-cyclic AMP on the
fractional S-I outflow of radioactivity from mouse

isolated atria pre-incubated with [3H]-noradrenaline.
Two periods of electrical stimulation were applied (5 Hz
for 60 s). The fractional S-I outflow of radioactivity in the
second stimulation period (FR2) is expressed as a percen-
tage of that in the first (FR,). 8-Bromo-cyclic AMP (8-Br
cAMP; 3-270pM) was present from 15min before the
second stimulation period. Each column represents the
mean and the vertical bar the s.e.mean. See Table I for
values of n. *Indicates a significant difference from
control (t test).
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Figure 3 The effect of phosphodiesterase inhibitors on

the fractional S-I outflow of radioactivity from mouse

isolated atria preincubated with [3H]-noradrenaline.
M&B 22948 (M&B 9 and 90LM), ICI 63197 (ICI 30 and
90 ftM) and isobutylmethylxanthine (IBMX, 90 JAM) were
present from 15 min before the second stimulation
period. Other details as in Figure 1.

not as pronounced as that of 8-bromo-cyclic AMP
(Figure 2). Neither drug affected the spontaneous
outflow of radioactivity (Table 1).
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Figure 2 The effect of 8-bromo-cyclic GMP on the
fractional S-I outflow of radioactivity from mouse
isolated atria pre-incubated with [3H]-noradrenaline. 8-
Bromo-cyclic GMP (8-Br cGMP; 3-270 JM) was present
from 15 min before the second stimulation period. Other
details as in Figure 1.

Effects ofphosphodiesterase inhibitors

The relatively selective cyclicGMP phosphodiesterase
inhibitor, M&B 22948, the relatively selective cyclic
AMP phosphodiesterase inhibitor, ICI 63197 and 3-
isobutyl-l-methylxanthine (IBMX), a non-selective
phosphodiesterase inhibitor (Fredholm et al., 1979) all
increased the fractional S-I outflow of radioactivity
(Figure 3). There were only slight effects on the
spontaneous outflow of radioactivity (Table 1).

Effects of clonidine and phentolamine

Clonidine (0.03-1 AM) significantly decreased the
fractional S-I outflow of radioactivity. The reduction
was 38 ± 3% (mean ± s.e.mean; n = 3) for 0.3 AM
clonidine and 55 ± 9% (n = 3) for 1 gAM clonidine. The
values for 0.03 IAM clonidine are presented in Figure 4.

Conversely, phentolamine (1 AM) markedly
increased the fractional S-I outflow of radioactivity
(Figure 4). The spontaneous outflow of radioactivity
was unaltered by clonidine (0.03 and I IzM) and
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phentolamine (1I M), but was slightly reduced by
clonidine (0.3 gLM) (Table 1).

In the presence of ICI 63197 (30 tM), which by itself
produced a significant increase in the fractional S-I
outflow of radioactivity (Figure 4), the inhibitory
effect of clonidine (0.03 LM) was unaltered (two-way
analysis of variance) (Figure 4). In contrast, the
enhancement of the fractional S-I outflow of radio-
activity produced by the combination of ICI 63197
(30 gM) and phentolamine (1 JM) was greater than the
simple addition of the individual effects of the drugs
(Figure 4).

In some experiments 8-bromo-cyclic AMP (90 pM)
was present for both stimulation periods to saturate
the sympathetic nerve endings with cyclic AMP
analogue. In this situation the decrease in the frac-
tional S-I outflow of radioactivity produced by clon-
idine (0.03 pM) and the enhancement produced by
phentolamine (I pM) did not differ significantly from
their effects in the absence of8-bromo-cyclic AMP (cf.
Figures 4 and 6) (two-way analysis of variance). The
absolute fractional S-I outflow of radioactivity in the
first stimulation period (FR,) in the presence of 8-
bromo-cyclic AMP (0.0107 ± 0.0015, mean-
± s.e.mean, n = 15) was not significantly different
from that in its absence (0.0103 ± 0.0068, n = 146). In
the presence of a higher concentration of 8-bromo-
cyclic AMP (270 gM) present for only the second
stimulation period, the decrease in the fractional S-I
outflow of radioactivity produced by clonidine
(0.03 pM) was unaltered (two-way analysis of
variance), but the enhancement in the fractional S-I
outflow produced by phentolamine (1 gM) was sig-
nificantly greater than the simple addition of the
individual effects of the drugs (Figure 4).

Effect of isoprenaline

Isoprenaline (0.003-0.1fpM) produced a concentra-
tion-dependent increase in the fractional S-I outflow
of radioactivity (Figure 5). The enhancing effect of
isoprenaline was blocked by propranolol (0.1tpM),
which itself produced no significant change in the
fractional S-I outflow of radioactivity (Figure 5).
Neither drug -affected the spontaneous outflow of
radioactivity (Table 1).
When ICI 63197 (30tpM) was present during the

second stimulation period, it significantly enhanced
the fractional S-I outflow of radioactivity (Figure 5).
The combination of both ICI 63197 (30pM) and
isoprenaline (0.003 pM) produced an enhancement of
the fractional S-I outflow of radioactivity greater than
the simple addition of the individual effects of each
drug (Figure 5).
When 8-bromo-cyclic AMP (90 pM) was present for

both stimulation periods, isoprenaline (0.01 gM)
present in the second stimulation period failed to

Table 1 Effect of drugs on the spontaneous (rest-
ing) outflow of radioactivity from mouse atria pre-
incubated with [3H]-noradrenaline

Drug treatment

Control
8-Br-cyclic AMP

8-Br-cyclic GMP

M&B 22948

ICI 63197

IBMX
Clonidine

Phe
Iso

Pro
Pro +
Iso
ICI 63197
+ Iso
ICI 63197
+ clonidine
ICI 63197
+ Phe
8-Br-cyclic AMP
+ clonidine
8-Br-cyclic AMP
+ Phe
8-Br-cyclic AMP throughout
Control
Clonidine 0.
Phe 1.
Iso 0.

Conc. R2
(PM) (% ofRI)

76.7 ± 2.7
3 82.0± 1.2

30 82.3 ± 12.4
90 76.6 2.6
270 74.3 3.3

3 74.9 4.5
30 71.2±4.5
90 75.9± 7.7

270 64.0 4.4
9 75.9± 7.7

90 60.8* 5.0
30 78.3 1.9
90 65.4* ± 3.8
90 68.9 3.8
0.03 71.8 2.8
0.3 60.4* ± 4.2
1.0 70.7± 8.5
1.0 78.6 3.1
0.003 76.3 ± 2.9
0.01 75.1 2.5
0.1 69.7 3.3
0.1 71.9±4.9
0.1
0.1 65.3± 6.3
30
0.003 78.4 ± 5.8
30
0.03 76.9 ± 1.3
30
1.0 84.7 ± 1.7

270
0.03 72.2 ± 3.2

270
1.0 78 ± 5.3

n

22
4
5
8
6
6
5
6
3
6
3
4
6
4
6
3
3
9.,
4
6
6
7

5

4

4

4

4

5

77.7±2.1 7
.03 74.3 ± 6.2 4
.0 77.9 ± 3.9 4
.01 72.6 ± 3.3 4

Resting outflow for the second stimulation
measurement period (R2) was expressed as a percen-
tage of the resting outflow for the first measurement
period (R,) and the values shown are means
± s.e.mean. Drugs: 8-bromo-cyclic AMP (8-Br-
cyclic AMP), 8-bromo-cyclic GMP (8-Br-cyclic
GMP), ICI 63197, M&B 22948, clonidine, phen-
tolamine (Phe), isoprenaline (Iso), isobutylmethylx-
anthine (IBMX) and propranolol (Pro) were present
only for the second stimulation cycle. In some
experiments 8-bromo-cycic AMP (90 pM) was
present for both stimulation cycles. *Indicates a
significant difference (P <0.05, t test) from the
corresponding control.
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Figure 4 Effect ofclonidine (Clo, 0.03 FM) and phentolamine (Phe, 1 jlM) on the fractional S-I outflow ofradioactivity
from mouse isolated atria pre-incubated with [3HJ-noradrenaline. All drugs were present from 15 min before the second
stimulation period. Other details as in Figure 1. fIndicates that the effect ofphentolamine in the presence of ICI 63197
(ICI, 30 pM) or 8-bromo-cyclic AMP (8-BrcAMP, 270 #M) differed significantly from the simple addition of the
individual effects of the drugs (P< 0.05, two-way analysis of variance).
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Figure 5 Effect of isoprenaline (Iso, 0.003-0.1 pM) on the fractional S-I outflow of radioactivity from mouse isolated
atria pre-incubated with [3H]-noradrenaline. Isoprenaline or propranolol (Pro, 0.1 pM) or ICI 63197 (ICI, 30 pM) were

present from 15 min before the second stimulation period. Other details as in Figure 1. t Indicates that the effect of
isoprenaline in the presence of ICI 63197 differed significantly from the simple addition of the individual effects of the
drugs (P< 0.05, two-way analysis of variance).
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Figure 6 The influence of 8-bromo-cyclic AMP (90 MM)
on the effects of clonidine (Clo, 0.03 tLM); phentolamine
(Phe 1.0 fM) and isoprenaline (Iso, 0.01I M) on the
fractional S-I outflow of radioactivity from mouse

isolated atria pre-incubated with [3H]-noradrenaline. 8-
Bromo-cyclic AMP was present throughout both
stimulation periods. The other drugs (Clo, Phe, Iso) were
present from 15 min before the second stimulation. Other
details as in Figure 1. *Represents asignificant difference
(P <0.05, t test) from control (8-bromo-cyclic AMP
throughout).

produce an enhancement ofthe fractional stimulation-
induced outflow ofradioactivity (Figure 6), in contrast
to its effects in the absence of 8-bromo-cyclic AMP
(Figure 5).

Effect of adenosine

In a separate series of experiments, adenosine (10 JiM)
was added during the second period of stimulation. It
had no significant effect on the fractional S-I outflow
of radioactivity, which was 122 ± 11% in the presence
of adenosine compared to the control value of
96 ± 7%. The spontaneous outflow of radioactivity
was not altered by adenosine.

Discussion

In the present study mouse atria were incubated in
[3H]-noradrenaline and the stimulation-induced out-
flow of radioactivity measured. It has been well
established that the radioactivity retained in tissues is

almost exclusively unmetabolized [3HJ-noradrenaline
and its release from the storage vesicles by nerve
stimulation is similar to that ofendogenous noradren-
aline (see Langer, 1974; Starke, 1977; Starke et al.,
1984). It has also been established that the metabolism
ofnoradrenaline ([3H]-noradrenaline) released by elec-
trical stimulation from isolated tissues (stimulation-
induced outflow) occurs subsequent to its release from
the nerve ending (although most ofthe radioactivity is
accounted for by unmetabolized [3H]-noradrenaline).
Thus for the calculation ofan index ofactual output of
transmitter, it is important to include these subsequen-
tly formed metabolites and not to rely on the determin-
ation of noradrenaline alone (Langer, 1970; 1974;
Starke et al., 1984). Therefore, in this study the
stimulation-induced component of the release of
radioactivity from the tissue was taken as an index of
actual transmitter release since this measurement
includes noradrenaline and its subsequently formed
metabolites (see Langer, 1974). The spontaneous
outflow of radioactivity consists mainly of noradren-
aline metabolites and in most tissues probably is the
result of leakage of noradrenaline from the storage
vesicles into the nerve cytoplasm (see reviews above).
The cell permeable analogue of cyclic AMP, 8-

bromo-cyclic AMP, produced a concentration-depen-
dent increase in the S-I outflow of radioactivity from
mouse atria pre-incubated with [3H]-noradrenaline,
without altering the spontaneous outflow. Similar
findings with cell permeable cyclic AMP analogues
have been obtained previously in peripheral tissues,
e.g. guinea-pig vas deferens (Wooten et al., 1973;
Stjiirne et al., 1979), cat spleen (Cubeddu et al., 1975;
Celuch et al., 1978), rabbit pulmonary artery (Gbthert
& Hentrich, 1984), human pulmonary artery (Hen-
trich et al., 1985) and guinea-pig ileum myenteric
plexus (Alberts et al., 1985). It has been suggested that
cyclicAMPmay by itselfinduce noradrenaline release,
since in guinea-pig vas deferens incubated with [3H]-
noradrenaline, cell permeable cyclic AMP analogues
were found to enhance the spontaneous outflow of
radioactivity (Stjirne et al., 1979). This has not been
observed in other tissues where only the stimulation-
induced component of the release was enhanced
(Alberts et al., 1985; Hentrich et al., 1985; present
study). It is therefore more likely that cyclicAMP may
only be involved in the modulation of noradrenaline
release, as postulated by Cubeddu et al. (1975), and
not in the initiation of the release process.
Another cyclic nucleotide which may be of impor-

tance is cyclic GMP, which in many systems may have
effects opposite to those of cyclic AMP (Goldberg et
al., 1975). However, in the present study 8-bromo-
cyclic GMP enhanced the fractional S-I outflow. The
effect was much less pronounced than that produced
by 8-bromo-cyclic AMP and was apparently not
concentration-dependent. In the cat isolated spleen a

F-rl
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facilitatory effect of 8-bromo-cyclic GMP on [3H]-
noradrenaline release has also been observed
(Cubeddu et al., 1975). The importance of this small
effect is unclear, but it might be due to inhibition of
cyclic AMP phosphodiesterase activity (Cubeddu et
al., 1975). In the guinea-pig myenteric plexus, 8-
bromo-cyclic GMP and dibutyryl cyclic GMP were
without effect on noradrenaline release (Alberts et al.,
1985) and in guinea-pig vas deferens, 8-bromo-cyclic
GMP also had no effect on noradrenaline release
(Stjmrne et al., 1979).
The role of cyclic nucleotides in noradrenaline

release may also be elucidated by using inhibitors of
the phosphodiesterase enzymes which degrade
endogenous cyclic AMP and cyclic GMP. In the
present study, the selective cyclic AMP phosphodies-
terase inhibitor, ICI 63197, and the non-selective
phosphodiesterase inhibitor, IBMX (Fredholm et al.,
1979), both enhanced the fractional S-I outflow of
radioactivity in mouse atria, presumably due to an
increase in the intraneuronal levels of endogenous
cyclic AMP. These results are entirely consistent with
the facilitatory effect of cyclic AMP analogues.
Similar findings with phosphodiesterase inhibitors
have been observed in other tissues (Langer, 1973;
Wooten et al., 1973; Cubeddu et al., 1975; Celuch et
al., 1978; Stjirne et al., 1979; Gothert & Hentrich,
1984; Hentrich et al., 1985; Alberts et al., 1985;
Johnston & Majewski, 1986). In mouse atria, these
effects appear unlikely to be due to blockade of
inhibitory prejunctional adenosine receptors at sym-
pathetic nerve endings since adenosine (10 gM) had no
inhibitory effect on the fractional S-I outflow of
radioactivity in mouse atria and ICI 63197, even at
90gM, has only weak blocking effects on prejunctional
adenosine receptors (Mian & Majewski, unpublished
observations). The facilitatory effect of phosphodies-
terase inhibitors is an indication that endogenous
cyclic AMP can modulate noradrenaline release.
The selective cyclic GMP phosphodiesterase

inhibitor, M&B 22948 (9gM), failed to enhance the
fractional S-I outflow of radioactivity in mouse atria.
At a concentration of 90;LM an enhancement was
observed, but at this concentration it is likely that
selectivity for cyclic GMP phosphodiesterase is lost
(Fredholm et al., 1979). Taken together with the
effects of 8-bromo-cyclic GMP, these results suggest
that cyclicGMP does not have an important role in the
modulation of noradrenaline release.

In a previous study in mouse atria (Johnston &
Majewski, 1986), it was suggested that at least part of
the az-adrenoceptor-mediated inhibition of noradren-
aline release may be due to an inhibition of adenylate
cyclase activity and decreased neuronal cyclic AMP
levels. In the present study, the facilitatory effects of 8-
bromo-cyclic AMP and phosphodiesterase inhibitors
on noradrenaline release provide the basic

prerequisites for the hypothesis. Further circumstan-
tial evidence comes from studies in other systems,
where 2-adrenoceptor agonists have been shown to
exert their effects through inhibition of adenylate
cyclase (Jakobs et al., 1981). In mouse atria the
prejunctional a-adrenoceptors are of the M2-subtype,
since the inhibitory effect of clonidine was blocked by
the selective m2-adrenoceptor blocking drug, idazoxan,
but not by the a,-selective prazosin (Musgrave &
Majewski, unpublished observations). Despite this
evidence, when the hypothesis is more closely tested
the results appear negative. Firstly, the mouse atria
were incubated with 8-bromo-cyclic AMP (90 gM) to
elevate total neuronal cyclic AMP levels (cyclic
AMP + 8-bromo-cyclic AMP), such that changes in
endogenous cyclic AMP production would not
appreciably alter total neuronal cyclic AMP levels,
and would not affect noradrenaline release. Under
these conditions, the inhibitory effect of clonidine
(0.03 gM) and the facilitatory effect of phentolamine
(1 gM) were unaltered. This suggests that the effects of
these two drugs are independent ofcyclic AMP, unless
the 8-bromo-cyclic AMP levels were not high enough
to saturate the system. However, even when 8-bromo-
cyclic AMP (270 gM) was used, the inhibitory effect of
clonidine on the fractional S-I outflow of radioactivity
was maintained, whereas the facilitatory effect of
phentolamine (1 gM) was enhanced. This latter result
is most probably due to increased noradrenaline
release evoked by 8-bromo-cyclic AMP producing
greater feedback inhibition through prejunctional 2-
adrenoceptors. The facilitatory effect of phentolamine
should have been attenuated by high concentrations of
8-bromo-cyclic AMP, if the effect were due to block-
ade of x-adrenoceptor-mediated inhibition of aden-
ylate cyclase.

In the presence of the phosphodiesterase inhibitor,
ICI 63197 (30gM), the inhibitory effect of clonidine
was unaltered and the facilitatory effect of phen-
tolamine on the fractional S-I outflow of radioactivity
was slightly enhanced. Again, this effect of phen-
tolamine may be an indication of greater feedback
inhibition through prejunctional cx-adrenoceptors
when ICI 63197 enhanced release. In cat spleen, the
facilitatory effect of phentolamine on noradrenaline
release was unaltered by IBMX (Cubeddu et al., 1975).
Similarly, in the guinea-pig myenteric plexus, the
facilitatory effect of IBMX was unaltered by the a-
adrenoceptor blocking drug yohimbine (Alberts et al.,
1985). The slight potentiation of the effects of phen-
tolamine in the present study by ICI 63197 is probably
only apparent because of the method of calculation of
results. Our results are expressed as a percentage of a
first stimulation in the absence of drugs, whereas
Cubeddu et al. (1975) and Alberts et al. (1985)
expressed their results as a percentage of a first
stimulation which was already enhanced by IBMX
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and yohimbine, respectively. In these cases alterations
in drug effects may be masked by differing baseline
values. Taken together, these results do not support
the concept that £-adrenoceptor-mediated inhibition
of noradrenaline release is due to inhibition of aden-
ylate cyclase. Nor does a study in mouse atria treated
with pertussis toxin where the inhibitory effect of
clonidine and the facilitatory effect of phentolamine
on noradrenaline release were unaltered (Musgrave et
al., 1986). Pertussis toxin inactivates the inhibitory
guanyl nucleotide bindin& protein (Murayama & Ui,
1983) which mediates M2-adrenoceptor inhibition of
adenylate cyclase (see Jakobs et al., 1981).

Studies in brain tissue appear to conflict with the
results obtained for peripheral noradrenergic sym-
pathetic nerves. In rat cortex, the modulating effects of
clonidine and phentolamine on the electrically evoked
release of[3H]-noradrenaline were strongly diminished
by 8-bromo-cyclic AMP and the adenylate cyclase
activator forskolin (Mulder & Schoffelmeer, 1985).
Furthermore, in rabbit hippocampal slices, pertussis
toxin diminished a-adrenoceptor-mediated inhibition
of noradrenaline release (Allgaier et al., 1985). These
results suggest that there may be fundamental dif-
ferences between central and peripheral noradrenergic
neurones which remain to be elucidated.

P-Adrenoceptor facilitation of noradrenaline
release was first proposed by Adler-Graschinsky &
Langer (1975) and has been demonstrated in a wide
variety of tissues (see review by Majewski, 1983). In
mouse atria, we previously showed that isoprenaline
enhanced noradrenaline release by activating prejunc-
tional P-adrenoceptors (Johnston & Majewski, 1986).
This was confirmed in the present study when the
stimulation frequency was 5 Hz. Stimulation of P-
adrenoceptors has been frequently linked to the
activation of adenylate cyclase (Perkins, 1973) and, in

view of the facilitatory effects of cyclic AMP
analogues and phosphodiesterase inhibitors on
noradrenaline release (see above), it is possible that the
facilitation of noradrenaline release by P-adrenocep-
tor agonists may be due to activation of adenylate
cyclase. In the present study, when 8-bromo-cyclic
AMP (90 gM) was present, isoprenaline (0.01IIM)
failed to enhance noradrenaline release, suggesting
that the two agents were acting through a common
mechanism. Similarly, the facilitatory effect of
isoprenaline (0.003 IM) was potentiated by the phos-
phodiesterase inhibitor ICI 63197, presumably
because any cyclic AMP generated by isoprenaline
was not rapidly degraded by phosphodiesterase. A
similar interaction between phosphodiesterase
inhibitors and isoprenaline has been observed in a
number of tissues, including cat spleen (Cubeddu et
al., 1975), guinea-pig myenteric plexus (Alberts et al.,
1985), rabbit pulmonary artery and mouse atria
(Johnston & Majewski, 1986). These interactions
strongly suggest that P-adrenoceptor facilitation of
noradrenaline release is the result of adenylate cyclase
activation and increased neuronal levels of cyclic
AMP.

It is concluded that cyclic AMP may have a
modulatory role on noradrenaline release in mouse
atria. Whereas prejunctional P-adrenoceptor effects
may be mediated through adenylate-cyclase, the
inhibitory effects of the prejunctional a-adrenoceptor
system are not mediated through adenylate cyclase.
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