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Abstract-The characteristics of the noradrenaline (NA)-sensitive adenylate cyclase in mouse limbic 
forebrain slices have been examined. The order of potency (EC& found for various adrenergic agonists 
was I-isoprenaline > I-adrenaline > I-NA which corresponds to a j?-adrenergic receptor. However, maxi- 
mal stimulation was greatest for l-adrenaline, and smaller for I-NA and I-isoprenaline. The stimulation 
produced by I-isoprenaline was non-significantly enhanced by concomitant administration of the 
z-adrenergic agonists, I-phenylephrine and clonidine, but the stimulation produced by CNA was not 
enhanced by I-isoprenaline. Various adrenergic antagonists inhibited the stimulation due to lo-‘M 
CNA with IC=,~ values of order of potency phentolamine > phenoxybenzamine > d,l-propranolol. How- 
ever, the maximal inhibition produced by d,l-propranolol was 95 per cent, whereas that produced 
by phentolamine was 82 per cent. 

The results suggest the presence of a population in this region of at least two types of receptor 
which may be stimulated by I-NA. One has j?-adrenergic properties and the other appears to correspond 
to a /?-dependent a-adrenergic receptor. Desipramine also inhibited the NA-sensitive adenylate cyclase, 
suggesting some dependence of the adenylate cyclase on NA uptake mechanisms. The dopaminergic 
antagonist pimozide was also found to be a potent inhibitor of NA-sensitive adenylate cyclase with 
an ICY,, of 1.3 x lo-’ M and a maximal inhibition at 10m6 M of 84 per cent. The effect of dopaminergic 
agonists was also studied on this system, which is not stimulated by dopamine itself at concentrations 
up to 10a4M. The ergot alkaloids bromocryptine and ergocomine were potent inhibitors of the NA- 
sensitive adenylate cyclase, bromocryptine having an ICY,, for inhibition of 9.4 x 10e9 M, similar to 
that of phentolamine. 

The catecholamines dopamine (DA) and noradrena- 
line (NA) have been found to stimulate adenylate cyc- 
lase in tissue slices and cell-free preparations from 
several brain areas[l]. Both DA and NA stimulate 
cyclic AMP production in slices of rat caudate nu- 
cleus [2]. However, adenylate cyclase assayed in dis- 
rupted cell preparations from striatum [3,4], meso- 
limbic areas [S] and substantia nigra [6] is stimulated 
more specifically by DA. 

The existence of a NA-sensitive adenylate cyclase 
has recently been demonstrated in both slices [7] and 
vesicular homogenates [Cc] of rat limbic forebrain. It 
has not been found possible to stimulate this adeny- 
late cyclase with DA. 

The hypothesis has been put forward that catechol- 
amine-sensitive adenylate cyclases form an integral 
part of the post-synaptically located receptors for 
catecholamines [9, lo]. The NA-sensitive adenylate 
cyclase in the limbic forebrain thus represents a 
means of investigating the effect of dopaminergic and 
adrenergic drugs on the NA receptor. The effect of 
various neuroleptic drugs has already been studied 
on this system [7,8,11]. 

* A preliminary communication was presented at the 1st 
E.S.N. Meeting, Bath, U.K. September 1976. 

t To whom all communications should be sent. 
# Present address: Groupe N.B., Inserm U 114, College 

de France, 11, Place Marcelin Berthelot, Paris Cedex 05, 
France. 

The development of postsynaptic DA receptor 
agonists is important for the future of the chemo- 
therapy of Parkinson’s disease [12]. However, the 
pathology of this disease shows degeneration not only 
of the dopaminergic nigrostriatal tract but also of 
noradrenergic neurones in the nucleus locus coeru- 
leus[13]. It is possible that loss of noradrenergic 
neurones also contributes to the aetiology of the dis 
ease [ 141, and that L-DOPA may act as a replacement 
therapy for central noradrenergic as well as dopa- 
minergic functions [ 151. 

Thus the investigation of the postsynaptic NA 
agonist and antagonist properties of dopaminergic 
agonists could be of use in understanding the mech- 
anism of action of drugs such as 2-bromo-a-ergocryp 
tine (bromocryptine) which is beneficial in the treat- 
ment of Parkinson’s disease [16]. 

In this paper a characterisation of the NA-sensitive 
adenylate cyclase in slices of mouse limbic forebrain 
is presented, together with the effects of various dopa- 
minergic agonists, including bromocryptine on this 
system. 

MATERIALS AND METHODS 

%[‘H]adenosine 3’-5’ cyclic phosphate ammonium 
salt (specific activity: 27 Ci/mole) was obtained from 
Radiochemicals, Amersham. The following drugs 
were used, dissolved in distilled water, except where 
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otherwise stated: I-noradrenaline (I-NA, I-arterenol 
HCl), I-adrenaline (dissolved in one drop of 2N HCl 
and diluted with distilled water), I-isoprenaline-D- 
bitartrate, I-phenylephrine HCl, dopamine (3-hydroxy- 
tyramine HCl) and yohimbine HCl (Sigma Inc.); dex- 
amphetamine sulphate and phenoxybenzamine HCl 
(Smith, Kline and French Ltd); ET 495 methanesul- 
phonate (piribedil) and S584 (Les Laboratoires Ser- 
vier); bromocryptine (2-bromo-a-ergocornine meth- 
anesulphonate) and ergocornine hydrogen maleinate 
(Sandoz Ltd; both dissolved with an equal weight of 
tartaric acid in a small volume of 70% ethanol and 
then diluted in water); clonidine HCl and ST91-Cl 
(Boehringer, Ingelheim); phentolamine mesylate (Rogi- 
tine, Ciba); desmethylimipramine HCl (Geigy Phar- 
maceuticals); reserpine (dissolved in a small volume 
glacial acetic acid and diluted in water; Halewood 
Chemicals); apomorphine (dissolved in water with 5 
mg of ascorbic acid, in the absence of light; Evans 
Medical Ltd); d,l-propranolol HCl (I.C.I. Ltd.); pimo- 
zide (dissolved by boiling in 1.5% tartaric acid; 
Janssen Ltd). 

Male ‘Swiss S’ mice (2&25g; Animal Suppliers 
Ltd) were used in all experiments. The animals were 
killed by cervical dislocation, decapitated and the 
brains were dissected as follows:- the hypothalamus 
and cerebellum were removed, and a cut was made 
through the superior longitudinal fissure. The super- 
ficial cerebral cortex was drawn aside and removed, 
exposing the ventricular system and corpora striata. 
The striata were removed along their natural limits. 
A vertical coronal cut was made at the level of the 
optic chiasm and the caudal part was discarded. The 
remaining cortical areas were removed as far as poss- 
ible. The resultant slice, referred to as the limbic fore- 
brain (including hippocampus, olfactory tubercles, 
septal nuclei, the anterior part of the medial forebrain 
bundle, the amygdaloid nuclei and nucleus 
accumbens) was placed on a filter paper moistened 
with Krebs-Ringer buffer on the removable platform 
of the tissue chopper, which was cooled to 0”. The 
limbic forebrain areas from two mice were pooled 
and chopped into prisms of 0.36mm2 section using 
a McIlwain tissue chopper (H. Mickle Ltd). The tissue 
was transferred to a tube containing 20ml Krebs 
Ringer buffer and the slices were separated by brief 
mixing. The composition of the buffer was (in mM): 
NaCl 138; CaC12 2.8; KHzPOL 1.3; NaHCO, 3.9; 
MgSO,, 1.3; KC1 5.2; glucose 19.9; L-ascorbic acid 
1.1; pH 7.4 adjusted after previous saturation with 
95% 02-5% COZ. The slices were washed three times 
and pre-incubated at 37” for 10min in 30ml buffer 
using a shaking water bath. The medium was changed 
for fresh buffer (30 ml) and pre-incubation continued 
for a further 10 min. Generally three batches of tissue 
were prepared at 8 min intervals for each experiment. 
After the pre-incubation period, 25 ml of medium was 
removed from the tube, and 0.5 ml aliquots of 
medium containing about 15 mg of tissue slices were 
transferred at 2 min intervals to incubation tubes con- 
taining either a drug or its vehicle added in a volume 
of 0.1 ml. Incubation was continued for I5 min, then 
either NA or other drugs tested for their agonist ac- 
tivity (or their vehicles) were added in a volume of 
D.1 ml. The final incubation volume was 30ml. 

Incubation was continued for 5 min. except when 

the time course of agonist activity was under investi- 
gation. At no time during the incubation periods from 
suspension of slices in buffer to termination of the 
reaction was the tissue allowed to remain without 
oxygenation. The reaction was stopped, after aspirat- 
ing 29 ml of medium, by the addition of 1 ml ice-cold 
absolute ethanol and homogenising for 15 set at 0” 
with an ultra Turrax homogeniser. The homogenates 
were centrifuged at 3000 g for 30 min. The supema- 
tant, plus 1 ml distilled water with which the pellet 
was washed, were dried by rotary evaporation at 40”. 
The samples were resuspended in 1 ml 50 mM Tris 
buffer (pH 7.4) containing 8 mM theophylline and 
6mM a-mercaptoethanol. Cyclic AMP was deter- 
mined immediately in duplicate or triplicate by the 
method of Brown et al. [17], using a final assay 
volume of 300~1. The assay was linear between 0.5 
and 50 pmoles of cyclic AMP per 50~1 of sample. 
Results were discarded unless binding of cyclic AMP 
to the protein was between 35 and 50 per cent. Recov- 
ery of cyclic AMP was determined by adding a tracer 
amount of [3H]cyclic AMP (lo-‘* M) with the eth- 
anol at the time of homogenisation, and counting an 
aliquot of the resuspended sample. Recovery was 
85.3 k 1.9 per cent from 23 determinations, thus the 
results were not corrected for recovery. The protein 
content of the pellet was determined by the method 
of Lowry et al. [18] and results are expressed as 
pmoles cyclic AMP per mg protein. 

In each experiment the basal cyclic AMP level was 
determined at the same time as the effect of each 
agonist or antagonist. In order to take into account 
the variation in basal cyclic AMP level found between 
experiments, the percentage change from its respective 
basal level caused by the agonist or antagonist under 
study was calculated from each determination. 

When the effects of agonists or antagonists were 
studied the basal cyclic AMP level (B), the cyclic 
AMP level found after 5 min stimulation with the 
drug alone added as agonist (A), the cyclic AMP level 
after 5 min stimulation with I-NA (S), and the I-NA 
stimulated cyclic AMP production in the presence of 
the drug added 15 min before I-NA as an antagonist 
(AS) were estimated, using the same batch of prepared 
tissue slices. The result are given in pmoles cyclic 
AMP/mg protein, and all determinations are 
expressed as the mean f 1 S.E.M. The significances 
of the changes in cyclic AMP formation with the dif- 
ferent agonists and antagonists were determined by 
Student’s t test. 

The percentage inhibition of the I-NA stimulated 
cyclic AMP level was calculated as: AS/S x 100%. 
The percentage inhibition of the rise in cyclic AMP 
fuey 1-N: ;; calculated as: [(AS - B)/(S - B)] x 

0 
50 is the concentration of agonist 

requrred to produce 50 per cent of its maximal stimu- 
lation of adenylate cyclase. The icjo is the concen- 
tration of antagonist required to produce 50 per cent 
inhibition of the stimulation of adenylate cyclase due 
to 10m5 M I-NA. Both these values were calculated 
graphically. 

RESULTS 

Effect of adrenergic agonists. The time curve for 
stimulation of adenylate cyclase in mouse limbic fore- 
brain slices by I-NA (1O-5 M) is shown in Fig. 1. 
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Fig, 2. Dose-response curve for the stimulation of adeny- 
late cyclase in mouse limbic forebrain slices by I-NA, 

Fig. 1. Time curve for the stimulation of adenylate cyclase 
I-adrenaline, and Eisoprenaline. Preincubation and incuba- 

in mouse limbic forebrain slices by I-NA (10m5 M). Slices 
tion of slices was carried out as in the legend to Fig. 1. 

were preincubated for 20min before aliquots of the slices 
The slices were exposed for 5 min to concentrations of the 

were distributed and incubated for 15 min in individual 
agonists between lo-‘M and 10W4M. The stimulation of 

tubes. L-NA was then added to a final concentration of 
cyclic AMP formation produced by each concentration of 

10e5 M and stimulation was allowed to continue for 
agonist was calculated as described in Methods. The mean 

between 3 and 15 min, before the process was halted by degree of stimulation + 1 S.E.M. was determined from at 

aspiration of excess medium and homogenisation in 1 ml 
least 6 independent estimations. The average basal cyclic 

absolute alcohol. The samples were treated as described AMP levels for all agonist concentrations were 9.9 + 1.4 

in the Methods and cyclic AMP was estimated according 
pmoles/mg protein for stimulation by I-adrenaline, 8.8 f 

to the method of Brown et al. [ 173. The cyclic AMP levels 0.8 pmoles/mg protein for stimulation by CNA and 16.3 f 

are given as percentage of control f 1 S.E.M. Each value 
2.0 pmoles/mg protein for stimulation by I-isoprenaline. 

is the mean of at least four separate determinations esti- 
mated in duplicate. The basal cyclic AMP level was 

9.1 & 0.8 pmoles/mg protein from 16 results. 
produced 92 + 19 per cent of the basal cyclic AMP 
level in the absence of agonist. 

L-Isoprenaline (lo- 5 M) and I-phenylephrine 

Maximal stimulation of 264 k 12 per cent was (lo- 5 M) together produced a greater stimulation of 

achieved after 3 min and the level gradually declined 178 k 10 per cent (P < 0.025, compared to the basal 

with longer periods of stimulation. The stimulation cyclic AMP level) than either agonist alone, although 

produced after 15 min was significantly lower than 
that produced after 3 min eltposure to I-NA (lo-’ M) 200 

(P < 0.05). Basal cyclic AMP remained constant dur- il 

ing the entire period (9.1 + 0.8 pmoles/mg protein). L r 1 

The concentration for half maximal stimulation of 
cyclic AMP production by I-NA (ECUS) was 3.2 x 
10m6 M using a 5 min stjmulation period (Fig. 2). 
Maximal stimulation of 278 f. 23 per cent (P < 
0.0005) was obtained with 10e5 M I-NA and with 
greater concentrations the stimulation tended to de- 
cline. An incubation period of 5 min with 10e5 M 
I-NA was thus chosen for subsequent experiments. 

The adenylate cyclase in limbic forebrain slices was 
also stimulated by I-adrenaline. Although the ECU,, of 
3.0 x 10e6 M was similar to that obtained with I-NA, 
the maximal stimulation at lo- 5 M of 696 &- 155 per 
cent of basal cyclic AMP (P -=z 0.0005) was greater a0 t- I 
than that found for I-NA (lo-” M) (P < 0.001). The 
a-adrenergic agonist Lisoprenaline also stimulated the 
system with an EcsO of 1.6 x 10e6 M and a maximal 

Fig. 3. The stimulation of mouse limbic forebrain adenylate 

stimulation at 10m5 M of 148 + 29 per cent of basal 
cyclase produced by I-isoprenaline in combination with the 

level of cyclic AMP (P < 0.05), which was lower than 
a-adrenergic agonists clonidine and I-phenylephrine. L-iso- 
prenaline, clonidine and I-phenylephrine were tested alone 

that produced by I-NA (10m5 M) (P -C 0.001). The and in combination at concentrations of 10m5 M for their 

a-adrenergic agonist I-phenylephrine had a slight but ability to stimulate adenylate cyclase. Experiments were 

non-significant agonist effect at 10e5 M, producing a performed and results calculated as described in Methods. 

stimulation of 122 + 42 per cent of the basal cyclic A 5 min stimulation period was used for all agonists. 

AMP level. This sgmulation was not increased at 
a = clonidine (lo-‘M); b = I-phenylephrine (lo-’ M); 

10e3 M (126 &-. 37 per cent of basal cyclic AMP level). 
c = I-isoprenaline (IO-‘M); d = clonidine (10e5 M) + I- 

Neither clomdme nor its analogue ST 91 had any 
isoprenaline (IO- ’ M); e = I-phenylephrine (lo- 5 M) + I- 

effect on basal cyclic AMP levels, in concentrations 
isoprenaline (IO-’ M). The significances between the 

up to 10m4M. Stimulation with clonidine (10m5 M) 
results were: a vs d, P < 0.01; b vs e, c vs d, c vs e, - ___ 

P > 0.05. 

- 
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Table 1. The effect of compounds with adrenergic and dopaminergic antagonist properties on the stimulation of adenylate 
cyclase by I-NA (10e5 M) in slices of mouse limbic forebrain 

Antagonists tcso (M) 
Concentration producing 
maximal inhibition (M) 

Maximal inhibition 
% 

Phentolamine 8.6 x 10-9 1o-5 82 k 8$ 
Phenoxybenzamine 3.3 x 10-s lo-6 93 * 7$ 
Yohimbine 1.3 X lo-7 lO-6 82 k lit 
Pimozide 1.3 x lo-’ lo-” 84 +_ 19: 
d,CPropranolol 2.2 x 1o-6 lO-5 95 + 8$ 
Clonidine 2.2 x 10-6 1o-5 70 * 7f 
ST 91 - lO-5 9 f 32 

Slices were incubated for 15 min with the antagonists prior to stimulation for 5 min with lO-5 M CNA. The lcsO 
is the concentration of antagonist required to give 50 per cent inhibition of the stimulation of cyclic AMP produced 
by 10e5 M I-NA. These values were estimated graphically from the dose-response curves. Each point on the curve 
was the mean of 6 independent determinations each estimated in duplicate. Statistically significant differences compared 
to the stimulation gained with I-NA alone are indicated by-*P < 0.05; t P < 0.0025; $ P < O.ooO5. 

The basal cyclic AMP level was 11.1 k 0.6 pmoles/mg protein. 

this stimulation was not significantly greater than that 
produced by I-isoprenahne (lo-’ M) alone (Fig. 3). 
Despite the lack of effect of clonidine (10m5 M) on 
the basal cyclic AMP level, clonidine (10e5 M) to- 
getherwith I-isoprenahne(10-5 M)produced a 168 f 6 
per cent stimulation of adenylate cyclase (P < 0.0005, 
compared to the basal cyclic AMP level). However, 
this stimulation was not significantly greater than that 
produced by I-isoprenaline (10m5 M) alone (Fig. 3). 
In contrast, when the slices were stimulated with I-NA 
(10e5 M) together with either I-adrenaline (lo-’ M), 
I-isoprenaline (10e5 M) or Cphenylephrine (10m5 M), 
the stimulation was less than that produced by the 
more potent agonist alone. Similarly clonidine, but 
not ST 91, also inhibited the stimulation of adenylate 
cyclase produced by I-NA (10e5 M) (Table 1). DA 
was inactive as an agonist or antagonist in this system 
at concentrations up to 10e4M. At this concentration 
it produced a cyclic AMP level which was 95 + 13 
per cent of the basal level. 

Concentration of ontogonlst M. 

Fig. 4. Dose-response curves for the inhibition of CNA 
(10e5 M) stimulated cyclic AMP production by the 
a-adrenergic antagonist phentoknnine and the B-adrenergic 
antagonist d,l-propranolol. Slices were preincubated for 
20 mitt, and then incubated for 15 min with concentrations 
of the two antagonists between 10M9 and lo-‘M, before 
stimulation of cyclic AMP formation for 5 min with CNA 
(10e5 M). The per cent inhibition was calculated as de- 
scribed in Methods. The values given are the mean f 1 
S.E.M. of at least 6 independent determinations. The sig- 
nificances of the inhibitions produced at each concen- 
tration value are indicated by asterisks **P c 0.0025; 
*P < 0.025. The average basal cyclic AMP level was 
11.3 f 1.4 pmoles/mg protein for the propranolol dose- 
response curve and 10.1 * 1.2pmoles/mg protein for the 

phentolamine dose-response curve. 

The effect of compounds with adrenergic and dopa- 
minergic antagonist properties. The stimulation of cyc- 
lic AMP production by I-NA was inhibited both by 
the /I-adrenergic antagonist d,l-propranolol and by 
the cl-antagonist phentolamine (Fig. 4). The concen- 
tration of drug producing 50 per cent inhibition of 
the response to 10e5 M I-NA (1c5,J was 2.2 x 
low6 M for d,l-propranolol, and 8.4 x 10m9 M for 
phentolamine. 

The effects of two other a-adrenergic antagonists, 
yohimbine and phenoxybenzamine and of the dopa- 
minergic antagonist pimozide on NA-sensitive adeny- 
late cyclase are shown in Table 1. At concentrations 
higher than the concentration required for maximal 
inhibition (see Table 1) both phenoxybenzamine and 
pimozide produced less than maximal inhibition. 

The eflect of compounds interfering with NA uptake 
and release. The NA uptake blocker desipramine 
(10d5 M) inhibited I-NA stimulated cyclic AMP pro- 
duction by 55 + 14 per cent (P < O.Ol), without 
affecting the basal cyclic AMP level. The residual 
stimulation was not affected by d,l-propranolol 
(10d5 M) but was non-significantly inhibited by a 
further 24 + 18 per cent by phentolamine 10m5 M. 

I 
IO-' 

Fig. 5. Dose-response curve for the inhibition of I-NA 
(10m5 M) stimulated cyclic AMP production by bromo- 
cryptine. The dose-response curve was determined as in 
the legend to Fig. 3. Slices were preincubated for 15 min 
either with bromocryptine, or in control slices with its 
vehicle, containing ethanol and tartar& acid. The values 
given are the mean j, 1 S.E.M. of at least 6 independent 
determinations of the percentage inhibition. The signifi- 
cance of the inhibition produced at each concentration 
value is indicated by asterisks: **P < 0.0025; *P c 0.025. 
The average basal cyclic AMP level was 9.4 f 0.8 

pmoles/mg protein from 40 results. 
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Table 2. The effect of dopamine agonists on basal and NA-stimulated cyclic AMP levels in slices of mouse limbic 
forebrain 

Drug 
Concentration 

(M) 

Basal cyclic AMP 
level 

y0 of control 

NA-stimulated 
cyclic AMP level 
% of control NA 

stimulation 

o/o Inhibition of 
rise in cyclic AMP 

due to NA 

ET 495 5 x 1o-5 96 + 8 63 f 6t 32 f 15 
S584 5 x 1o-5 105 + 9 67 f 107 31 +35 
Apomorphine 5 x 1o-5 66 Ik 7t 62 +_ 47 31 f8 
Bromocryptine 1o-5 87 f 6 38 * 51 92 If: 8t 
Ergocomine 10-5 122 f 36 57 * 11t 56 + 29* 

To determine the effect of the drugs on basal cyclic AMP levels the slices were incubated for 5 min with the drugs. 
To determine their ability to antagonise NA-stimulated cyclic AMP levels the drugs were added at the beginning 
of the 15 min incubation period and prior to stimulation with 10m5 M I-NA for 5 min. Apomorphine (5 x 10e5 M) 
produced a 49 f 4 per cent (P < 0.0005) inhibition of the basal level of cyclic AMP when added alone for 15 min 
as a control for stimulation experiments. This was taken into account in the calculation of the percentage inhibition 
of the rise in cyclic AMP due to I-NA (10s5 M). The results are the means of 6 independent determinations each 
estimated in duplicate. 

Details of calculation are given in the Methods. Statistical significances are indicated by- 
* P < 0.05; t P < 0.025; $ P < O.COO5. The average basal cyclic AMP level was 16.6 + 1.0 pmoles/mg protein. 

Reserpine ( 10e5 M) and dexamphetamine (lo- 5 M) 
did not affect the basal cyclic AMP level or the stimu- 
lation produced by CNA (10e5 M). 

The effect of dopwninergic agonists. The effect of 
various compounds with dopaminergic agonist 
properties was studied on cyclic AMP production in 
limbic forebrain slices.. Their effect on basal cyclic 
AMP levels and on I-NA stimulation is shown in 
Table 2. Only apomorphine (5 x lo- 5 M) affected 
basal cyclic AMP producing a 34 It 7 per cent inhibi- 
tion when added as agonist (P c 0.01). All the DA 
agonists tested significantly reduced the absolute level 
of cyclic AMP found after stimulation with I-NA 
(lo- 5 M). However, only bromocryptine and ergocor- 
nine (10m5 M) significantly inhibited the rise in cyclic 
AMP solely attributable to NA stimulation. From a 
dose-response curve for the inhibition of NA-stimu- 
lated cyclic AMP formation by bromocryptine (Fig. 
S), the lcS,, was 9.4 x 10m9 M. Bromocryptine pro- 
duced a maximal inhibition of 99 + 12 per cent 
(P < 0.0005) at a concentration of lo-’ M. 

DEKXJSSION 

The characteristics of the NA-sensitive adenylate 
cyclase in mouse limbic forebrain slices at present 
under investigation, are very similar to those found 
in rat limbic forebrain, using a similar incubation sys- 
tern for the slices [7,11]. The basal cyclic AMP level 
and the degree of stimulation of adenylate cyclase by 
I-NA is also comparable to that found in vesicular 
cell-free preparations from rat limbic forebrain [S]. 
The incubation system, with continuous oxygenation 
and a high medium: tissue ratio of approximately 
2000 during incubation was designed to reduce leak- 
age of adenine nucleotides from the slices; for these 
increase basal cyclic AMP levels [ 191. That the meth- 
odology used succeeded in this object is indicated by 
the low basal tissue cyclic AMP levels, which are 
similar to those found endogenously [20]. Common 
to this and previous reports of NA-sensitive adenylate 
cyclases in limbic forebrain [7,&l l] is the inability 
of DA to stimulate the system; although the DA con- 
tent is high. In contrast, in limbic forebrain homo- 

genates, a DA-sensitive adenylate cyclase is found 
when the tissue is prepared in a hypotonic medium 
in the absence of Ca2+ ions [S]. The relationship 
between these two adenylate cyclases has not yet been 
established [21,31]. 

In the present system the potency of the adrenergic 
agonists for adenylate cyclase in terms of the concen- 
tration required for half-maximal stimulation (EC&) 
was found to be isoprenaline > adrenaline > norad- 
renaline, which is the order of potency for classical 
&receptors [22]. However, the maximal stimulation 
of adenylate cyclase achieved by each agonist at 
lo-’ M was greatest for adrenaline and lower for nor- 
adrenaline and isoprenaline. The ability of adrenaline 
to produce such a large stimulation of adenylate cyc- 
lase in limbic forebrain has not previously been 
reported in rodents [l]. However, the poor agonist 
ability of I-isoprenaline in mice is in confirmation of 
the results of Schultz and Daly 1243, and the inability 
of the a-adrenergic agonist I-phenylephrine to stimu- 
late adenylate cyclase has also been found pre- 
viously [24]. 

These results suggest the presence in the limbic 
forebrain of a mixed population of receptors. Pure 
a-adrenergic receptors do not appear to be present, 
but the ability of I-adrenaline to produce a greater 
maximal stimulation than either I-NA or I-isoprena- 
line raises the possibility that it may be acting on 
a class of receptor which requires co-stimulation at 
two associated sites, one with a- and one with 
b-adrenergic properties. The presence in the brain of 
this type of receptor has previously been proposed 
by Skolnick and Daly [25]. These authors found that 
in rat cortex the adenylate cyclase stimulation pro- 
duced by a sub-optimal concentration of I-isoprena- 
line was enhanced by the addition of the a-adrenergic 
agonist clonidine. From this evidence they postulated 
the existence of a fl-adrenergic receptor which was as- 
sociated with an a-adrenergic site for co-stimulation. 
Similarly, the presence in guinea-pig cortex of an 
a-adrenergic receptor whose activation may be. 
enhanced by stimulation of an associated fl-adrener- 
gic receptor has been suggested by Sattin et al. [19]. 

In agreement with this hypothesis we observed a 
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tendency for synergism between the pure tl- and 
/I-adrenergic agonists I-phenylephrine and l-isoprena- 
line and also between clonidine in combination with 
I-isoprenaline in stimulation of cyclic AMP produc- 
tion. However, the ability of NA to produce any 
synergism with I-isoprenaline in its stimulation of 
adenylate cyclase and the failure of a combination 
of tl- and /I-adrenergic agonists to produce a maximal 
stimulation approaching that of I-adrenaline alone 
(Fig. 3) cannot be explained only by the presence of 
an adrenergic receptor which requires both E- and 
&stimulation. It is possible that I-adrenaline may also 
be stimulating an independent adrenergic receptor as- 
sociated with adenylate cyclase, which is in agreement 
with the finding that the limbic forebrain region is 
innervated by adrenergic neurones [26]. 

The existence of an cc-receptor in rat cerebral cortex 
has previously been reported [27-291. This was stimu- 
lated by NA in the presence of adenosine. It is un- 
known what relationship this might bear to the 
results of the present investigation, as attempts have 
been made to minim% the leakage of endogenous 
adenosine, and the effect of exogenous adenosine has 
not been studied. 

From the IQ, values for the ol- and /I-adrenergic 
antagonists studied, phentolamine is a 250-fold more 
potent antagonist than propranolol, although both 
give maximal inhibitions of greater than 80 per cent 
at 10e5 M, suggesting that neither is acting on an 
entirely independent set of receptors. Palmer and 
Burks[30] concluded from similar results that the 
adrenergic receptors in rat cerebral cortex are rela- 
tively non-specific. However, that propranolol pro- 
duced an almost 100 per cent inhibition of NA-sensit- 
ive adenylate cyclase at lo-’ M, would also lend sup 
port to the hypothesis that the noradrenergic recep- 
tors being studied are composed of two major groups: 
(i) a small population of independent b-receptors, 
which are phentolamine-insensitive; and. (ii) a much 
larger population of B-dependent a-receptors, which 
is inhibited by both phentolamine and d,l-proprano- 
101. 

An alternative suggestion for similar results has 
been put forward by Bockaert et al. [31] that the 
cr-adrenergic component of the NA-sensitive adeny- 
late cyclase is a result of NA stimulation of the DA 
receptor, although the opposite conclusion is reached 
by Harris [21]. This is difficult to equate with present 
results as DA itself does not stimulate the system, 
and it is unlikely that the characteristics of the recep 
tors have been altered in the sliced tissue preparation 
incubated in Krebs-Ringer buffer, used in the present 
study. 

Of the other adrenergic antagonists studied, the 
r-antagonist phenoxybenzamine showed a similar 
potency to phentolamine, but with greater maximal 
inhibition. It has previously been found that at high 
concentrations phenoxybenzamine shows non-specific 
inhibitory properties, not only of adrenergic receptors 
but also of histaminergic and serotonergic systems 
[19,32]. Yohimbine, reported to be a presynaptic 
z-receptor antagonist [33] had a slightly higher mjO 
than the other cl-antagonists, and produced a maxi- 
mal inhibition of 82 _+ 11 per cent. From lesion 
studies it has been suggested that the NA-sensitive 
adenylate cyclase is post-synaptically situated [l 11. 

This result brings into question the ability of yohim- 
bine to distinguish between pre- and post-synaptic 
receptors, especially at high concentrations. 

Clonidine from behavioural and other studies, has 
been found to have the characteristics of a post- 
synaptic a-adrenergic agonist [34]. However, from 
biochemical and iontophoretic approaches it appears 
to have a-adrenergic antagonist properties [35,38]. 
This may be due in part to preferential stimulation 
of presynaptically located a-adrenergic receptors by 
low concentrations of clonidine[36]. In the present 
results, neither clonidine, nor its structural analogue 
ST 91, which is 2.6-fold more potent as a peripheral 
cl-receptor agonist [37] had any adenylate cyclase 
stimulant properties. This is in agreement with the 
hypothesis that the cr-receptors in this system require 
co-activation by /I-adrenergic agonists. Clonidine, but 
not ST 91, inhibited NA-sensitive adenylate cyclase 
with an ICY,, similar to that of yohimbine. The rela- 
tionship of these results to the behavioural effects of 
clonidine are unclear. 

The effect of dopaminergic antagonists on NA- 
sensitive adenylate cyclase has been studied pre- 
viously in slices of rat limbic forebrain and in homo- 
genates derived from this area [7,8,11]. In the 
present study only the potency of the butyrophenone 
derivative pimozide has been investigated, and its ICKY 
of 1.3 x lo-’ M is similar to that found by Blumberg 
et al. [7], who gained an ICY,, of 7.5 x 10-s M, tested 
against a lower concentration of I-NA (5 x 10m6 M). 
However, Horn and Phillipson [S] found that lo-’ M 
pimozide produced less than 50 per cent inhibition 
of the stimulation of adenylate cyclase due to 
5 x 10V5 M I-NA. This apparent discrepancy could 
be resolved, as in our hands, pimozide (10e5 M) pro- 
duced lower than maximal inhibition (60 per cent) 
suggesting that non-specific membrane effects may be 
causing interference at this concentration level. These 
results indicate that pimozide is not a pure dopa- 
minergic antagonist, although it has been used as 
such in many behavioural investigations. 

Several studies have been performed to attempt to 
determine the subcellular localisation of adenylate 
cyclase, and it has been suggested that catecholamine- 
sensitive adenylate cyclases are associated with the 
post-synaptic receptor [39,40] although this conclu- 
sion is not unopposed [41]. Present results indicate 
that desipramine (lo-’ M) inhibits NA-sensitive 
adenylate cyclase by 55 per cent. Desipramine is a 
specific inhibitor of the neuronal uptake of I-NA [42], 
although it has been reported to have a weak post- 
synaptic a-adrenergic blocking effect, from iontophor- 
etic data on cortical neurones [43]. A possible conclu- 
sion from the present results may be that part of the 
NA-sensitive adenylate cyclase depends on the prior 
uptake of NA and is located within the pre-synaptic 
neurone. This is in contrast to previous results[8]. 
However, it may reflect a difference between cyclic 
AMP formation in intact cells and in vesicular prep- 
arations. 

An alternative explanation for this result might be 
that desipramine added during the incubation period 
leads to an accumulation of endogenous NA at the 
receptor, by inhibition of its reuptake. This might lead 
to rapid desensitization of the receptor to subsequent 
stimulation by added I-NA. The lack of effect of pro- 
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pranolol (lo- 5 M) on the residual stimulation suggests 

that it is primarily the p-receptor which has been 
desensitized, as has been reported previously [44]. 

Because DA has no effect on the adenylate cyclase 
under investigation, it forms a possible system in 
which to study the effects on NA receptors of drugs 
such as neuroleptics and dopaminergic agonists 
whose major effect is thought to be on cerebral dopa- 
minergic systems. None of the dopaminergic agonists 
tested showed any stimulant properties, although 
apomorphine [2,4], ET495 [45] and its active meta- 
bolite S584[46] have all been shown to stimulate 
DA-sensitive adenylate cyclase systems. 

All the dopaminergic agonists tested in the present 
system reduced the absolute level of tissue cyclic 
AMP found after I-NA stimulation, although for apo- 
morphine this is partially accounted for by an inhibi- 
tion of the basal cyclic AMP level. It has been 
reported previously that dopaminergic agonists such 
as apomorphine (Jenner, unpublished observation) 
and ET495, administered in oiuo, increase cerebral NA 
turnover which may be through interaction with pre- 
synaptic NA receptors[47]. However, of all the DA 
agonists, only bromocryptine and ergocornine were 
found to produce a significant inhibition of the rise 
in cyclic AMP attributable solely to stimulation by 
I-NA. Further investigation of the potency of bromo- 
cryptine showed it to have an extremely low ICKY of 
9.4 x 10e9 M for the inhibition of NA-stimulated 
adenylate cyclase, which is of the same order of mag- 
nitude as that of the r-blocker phentolamine (Table 
1). Previous results have shown ergocomine and bro- 
mocryptine to have prolonged DA receptor stimulant 
properties[48,49] and to cause some depletion of 
cerebral NA, either because of NA receptor blockade 
or as the result of a weak reserpine-like action 
[48, SO]. 

The effect of bromocryptine on DA-sensitive adeny- 
late cyclase is as yet unclear [Sl]. There is some evi- 
dence that its mode of action on cerebral dopaminer- 
gic and noradrenergic systems may be biphasic, and 
depend on the dose of bromocryptine used [52]. 
although no evidence for such a biphasic response 
has been obtained in the present results. Ergot alka- 
loids are known to be a-blocking agents and to in- 
hibit NA-sensitive adenylate cyclase in the peri- 
phery [53]. The present results provide evidence for 
the ability of bromocryptine to produce extremely 
potent inhibition of NA-sensitive adenylate cyclase in 
the C.N.S. This noradrenergic receptor antagonist ac- 
tivity of bromocryptine should be taken into account 
in the attempts being made to investigate the pharma- 
cological basis for the ability o. bromocryptine to 
stimulate locomotor activity in animals, and its effi- 
cacy in the treatment of Parkinson’s disease. 
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