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Stimulation by dopamine of adenylate cyclase in homogenates of rat brain striatum was 
enhanced in the presence of ATP (0.6-3 mM) and G T P  (10-100 p ~ ) .  The stimulation by 
dopamine appeared to be the result of its antagonism of inhibition of adenylate cyclase by 
GTP or higher concentrations of ATP. Stimulation of the enzyme by dopamine was also 
dependent on MgCI?, and was maximal at MgCI, concentrations of at  least two fold excess 
over ATP. While ATP did not inhibit the adenylate cyclase in homogenates of the ventral 
hypothalamus, G T P  (10-100 phi)  significantly stimulated it. Dopamine stimulated the 
adenylate cyclase in the hypothalamus. This action was blocked by chlorpromazine (10 p ~ )  
and phentolamine (100 p ~ )  but not by an analogue of chlorpromazine having no neuroleptic 
activity or by propranolol ( I  00 p ~ ) .  

Dopamine-sensitive adenylate cyclase (ATP: pyro- 
phosphate lyase (cyclizing) EC 4.6.1 .I .) occurs in 
various areas of the rat brain, and its distribution 
appears to  correlate with dopaniinergic innervation 
of these areas (Kebabian et al 1975). In the striatum 
the inhibition by phenothiazine antipsychotic 
agent5 of the adenylate cyclase activity stimulated 
by dopamine (Kebabian & Greengnrd 1971 ; 
Iversen 1975) suggests a similarity between the 
dopamine-sensitive adenylate cyclase and dopamine 
receptors of the extrapyramidal system. Dopamin- 
ergic innervation has been demonstrated in the 
median eminence of the hypothalamus (Bjorklund 
et al 1973; Kavanagh & Weisz 1973; Ungerstedt 
1971), and a dopamine-sensitive adenylate cyclase 
was described recently in the hypothalamus (Roufo- 
galis et al 1975) and the median eminence (Clement- 
Cormier & Robison 1977). Because of the different 
function of dopamine in the striatum and hypo- 
thalamus (see Snyder 1972) and the apparent 
differences in neuronal feedback mechanisms in the 
two brain areas (Martin, 1973; Moore & Gudelsky 
1977), we have compared the properties of dopa- 
mine stimulated adenylate cyclase in the striatum 
and the ventral hypothalamus. The sensitivity of 
the adenylate cyclases to dopamine, nucleotides, 
MgCI,, adrenergic blocking drugs and antipyschotic 
phenothiazines is also described. 
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M A T E R I A L S  A N D  M E T H O D S  

Moterials 
ATP (disodium salt), GTP, phosphoenolpyruvate 
(trisodium salt), pyruvatc kinase (645 units mg-I of 
protein), theophylline, bovine serum albumin, 
ethyleneglycol-bis-(~-aminoethyletlier)-~~’-tetra- 
acetate (EGTA), dopamine (3-hydroxytyramine) 
hydrochloride, tris (Trizma base) were purchased 
from Sigma Chemical Co. Chlorpromaziiie hydro- 
chloride was a gift from May and Baker and the 
chlorpromazine analogue was kindly supplied by 
Dr A. R. Green (Smith, Kline and French, Aus- 
tralia). Phosphatidylserine (bovine) and phospha- 
tidylinositol (plant) were obtained from Applied 
Science Labs. Cyclic AMP kits were obtained from 
the Radiochemical Centre. 

Preppnrcitiorz of arktiylcite eyelase Ironiogenates 
Male Fullensdorfr Albino rats, 200-300 g, after 
stunning and cervical dislocation, were decapitated 
and the brains rapidly excised at room temperature 
(20°C) and the brainstem and cerebellum of each 
were removed. The striatum (caudate and putamen, 
approximately 30 mg) was exposed from each 
hemisphere by peeling away the cerebral cortex 
with curved forceps. A ventral section of the hypo- 
thalamus was removed by making a medial incision 
at  the optic chiasma and hemisecting the brain. 
A section approximately 1.5 mm deep and 4 mm 
long was removed with a fine scalpel blade (Pal- 
kovits et a1 1974). The weight of hypothalamus 
removed from each hemisphere was approximately 
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15 mg (Dismukes et al 1974). Tissues were 
homogenized a t  4 ° C  in 25 v01 of 2 mM EGTA 
and 7 p g  ml-1 phosphatidylserine in a glass homo- 
genizer, the Teflon pestle being passed through the 
suspension 9-11 times in 2 min at  400 rev min-l. 
The homogenates were kept in ice for 30-45 min 
because we found this to enhance the effect of 
added dopamine. Samples (30 pI) containing 150- 
3OOpg of protein were used in the subsequent 
assays of adenylate cyclase activity. Protein con- 
tents were determined by the method of Lowry 
et al(1951), using bovine serum albumin as standard. 

Assay of adenylate cyclase 
Adenylate cyclase activity was assayed essentially 
as  described by Clement-Cormier et al (1974) in a 
medium containing 80 mM tris-maleate buffer 
(pH 7.4 a t  30" C), 6 rnM MgCI, (unless otherwise 
stated), 0.2 mM EGTA, 10 mM theophylline, 2.5- 
5 p g  of phosphatidylserine (and 12 p g  ml-' of 
phosphatidylinositol in the assay of homogenate of 
hypothalamus), 10 mM phosphoenolpyruvate, 4 p g  
pyruvate kinase, 15 mM ammonium sulphate (from 
the pyruvate kinase) and the required concentration 
of ATP, in a final volume 0.5 ml. Dopamine and 
nucleotides were added to the homogenate in this 
medium at  0°C for 10min before the enzymic 
reaction was begun. In experiments, where the con- 
centrations of ATP or MgCI, were varied, the 
reaction was initiated by the addition of the suspen- 
sion of tissue homogenate. The tubes were incubated 
in a water bath a t  30 "C for 2.5 min, and the reaction 
was stopped by heat a t  100 "C for 2.5 min. With the 
experimental conditions used, enzyme activity was 
linear with respect to time and protein concentration. 
After centrifugation of the tubes for IOmin at  
0-4" C,  samples (50pl) were removed for assay of 
cyclic (c) A M P  by the method of Brown et al 
(1971). Neither ATP nor GTP at  the concentrations 
used interfered with the assay. A standard curve 
was obtained by adding 1-6 pmol of cAMP to the 
enzyme homogenates in the absence of ATP. The 
concentration of theophylline used was sufficient to  
prevent any measurable hydrolysis of cAMP by 
endogenous phosphodiesterases (Katz & Tenen- 
house 1973). Results are expressed as means & 
standard error and significance was calculated using 
the Student's t-test. 

R E S U L T S  

Effect of nucleotides 
The effect of ATP on basal adenylate cyclase was 
determined in homogenates of striatum and hypo- 

thalamus, in which the MgCI2 was constant. ATP 
concentrations greater than 0.3 mM inhibited the 
basal adenylate cyclase of homogenates of striatum 
(Fig. 1A). In contrast, the basal activity of homo- 
genates of hypothalamus showed a hyperbolic 
dependence on ATP, except at the highest 
ATP concentration ( 3  mM) where a slight inhibition 
occurred in every experiment (Fig. 1B). Since 
guanyl nucleotides regulate the activity of adenylate 
cyclase in some tissues, the effect of GTP on basal 
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FIG. 1. Effect of ATP and GTP on adenylate cyclase 
activity. A: striatum; B: hypothalamus. GTP was 
added to the incubation mixtures at 0-4" C no longer 
than 10 min before starting the reaction with the 
enzyme. MgCI, was 6 mM. ATP was varied in the 
absence of GTP (0-0) and in the presence of 100 
p~ GTP (0-0). In A the control curve represents the 
mean i s.e. of experiments from three rats and curves 
in the presence of GTP are the mean range of dupli- 
cate experiments. In B error bars represent the standard 
error of the mean of experiments from three rats 
(0-0) or the range of results from homogenates 
from two rats ( e m ) .  The wide error bars resulted 
from the variation in absolute activities of adenylate 
cyclase in different rats. Ordinate: cAMP (pmol 
mg-'min-'). Abscissa: ATP (mM). 
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adeny~ate cyclase was compared in homogenates 
of striatuln and hypothalamus. I n  striatal homo- 
genates, GTP (10 and 1 0 0 ~ ~ )  inhibited basal 
adenylate cyclase activity at low ATP concentrations, 
but not at high ATP concentrations (Fig. 1A; 
Table l ) ,  while i n  hypothalamic homogenates the 
basal activity was significantly increased by G T P  
( 1 0  PM), both at high and low ATP concentrations 
(Fig. 1B). 

Although the different susceptibilities of the 
homogenates of striatum and hypothalamus to 
inhibition by ATP made it unlikely that the in- 
hibition was simply due to  chelation of Mg2- by 
ATP, this possibility was tested by investigating the 
effect of ATP at  various MgCi, concentrations. 
In honiogenates of  striatum and of hypothalamus, 
inhibition by ATP \vas observed at MgCI, con- 
centrations from 1-9 mM (Fig. 2A, B). The differ- 
ences in the effects of G T P  in the two homogenates 
were also independent of MgCI, concentration (not 
shown). The inhibition of basal adenylate cyclase 
by ATP in honiogenates of striatum which we 
obtained in this study appears to disagree with the 
results of Clement-Cormier ct al (1975), who found 
that adenylate cyclase activity increased as the ATP 
concent ration was increased. However, they main- 
tained the Mg: ATP ratio at 4:  I .  111 these conditions 
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we obtained a similar result, but the contribution 
of the progressive increase of the MgCI, to the 
activity of the enzyme is difficult to assess (see 
Fig. 3A). 

Dopmiiiiie stiniiilntioiz 
In agreement with previous studies, the adenylate 
cyclase activity of striatal homogenates was stimu- 
lated by dopamine (1-50 p ~ ) .  The dependence on 
ATP and G T P  of this stimulation by dopamine 
was also investigated. The per cent stimulation of 
striatal adenylate cyclase by dopamine increased 
progressively with increase in ATP concentration 
(Table I ) .  The effect of G T P  (10 p ~ )  on the enyzme's 
stimulation by dopamine, calculated as the per cent 
increase over corresponding controls also con- 
taining G T P  ( I O ~ M ) ,  is also shown in Table 1.  
When compared with the enzyme's stimulation by 
dopamine in  the absence of GTP, the 1 0 p ~  G T P  
markedly enhanced dopamine stimulation at  low 
ATP concentrations, but only marginally a t  high 
ATP concentrations. Since inhibition by G T P  is 
significant only at low ATP concentrations, it 
appears that the stimulation by dopamine under 
these conditions involves antagonism of GTP- 
induced inhibition. 

As MgCI, also controls adenylate cyclase activity, 
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the effect of its concentration on both basal and 
dopamine stimulated adenylate cyclase activity was 
investigated in  homogenates of striatum. In the 
presence of dopamine the apparent affinity of 
adenylate cyclase for MgCI, was enhanced, and the 
concentration of MgCI, which maximally stimulated 
the enzyme activity was lowered, a t  each of the 
ATP concentrations examined (Fig. 3A). The in- 
crement in cAMP due to  enzyme stimulation by 
dopamine depended on MgCI, Concentration and 
followed a normal distribution (Fig. 3B). Maximum 

occurred at  a Mg: ATP ratio of 2: 1 or greater. The 
results in Fig. 3B illustrate again that the absolute 
dopamine stimulation increased as the ATP con- 
centration increased. 

As dopaminergic pathways innervate areas of the 

I increase in adenylate cyclase activity by dopamine 
L 

,MYCIZ L 

I hypothalamus (Bjorklund et al 1973 ; Kavanagh 
& Weisz 1973; Ungerstedt 1971), and as dopamine ~ *'-lo I -~ 

1 2 3 has been shown to stimulate cAMP formation in 
hypothalamic slices (Gunaga & Menon 1973), we - 

FIG. 2. Effect of MgCl, on ATP inhibition of adenylate investigated the sensitivity to  dopamine of adenylate 
cyclase, in  homogenates of the striatum (A) and the 

(0-0); 3 m v  MgCI, (A-A); 6 mM MgCI, (0-0); Dopamine stimulated the enzyme activity in the 
and mM MgC1z (+-+). The represent a hypothalamus, but the extent of the stimulation typical experiment on the same homogenate. Ordinate: 
cAMP (pmol mg-' min-'). Abscissa: ATP (mM). varied among different groups of rats. Enzyme 

hypothalamus (B). ATP was varied at 1 mM MgCI, cyclase activity in homogenates of hypothalamus. 
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Table 1. Stimulation by dopamine of adenylate cyclase in homogenates of striatum at different nucleotide 
concentrations. 

ATP 
(mM) 

o /  
NO GTP GTP (10 p ~ )  

Dopamine % Dopamine / o  
Basal (50 I rM)  stimulation Basal (50 P M )  stimulation . .  

0.1 102.2 7.7 105.2 10.1”’” 2.9 62.3 -L 9.4** 129.8 5 0.7** 108 
0.3 114.7 j, 12.0 138.7 k 15.0”.’. 20.9 73.7 12.3 164.3 + 2.2 123 
0.6 98.2 j, 17.6 151.5 18.9* 54.3 78.7 5 10.3 153.8 9.3 95 
1 .o 88.0 + 17.5 142.5 i 19.1* 61.9 68.3 f 2.2 168.1 5 1.6 146 
1.5 78.8 5 10.0 141.5 i- 9.0* 79.6 50.2 k 1.6 149.6 & 0.7 198 
3 .O 48.4 f 7.5 123.4 18.7* 155.0 46.8 5 0.6 100.3 114 

MgCI, was kept constant at 6 mM and all other assay conditions are as described in Materials and Methods. 
* P<0.025, paired r-test; n.s., not significant (P>0.05). 
** Range of duplicate experiments. 
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FIG. 3. Effect of MgCI, on dopamine stimulation of 
adenylate cyclase at various ATP concentrations in 
homogenates of the striatum. A: total activity in the 
presence (solid lines) and absence (dotted lines) of 
dopamine; B: increment due to dopamine stimulation. 
The ATP concentration was 0.3 mM in the absence 
(0-0) and the presence of 50 ~ L M  dopamine (0-e); 
0.6 mM in the absence (A-A) and in the presence of 
50 p~ dopamine (A-A); and 1.5 mM in  the absence 
(0-0) and in the presence of 50 p~ dopamine 
(H-B). The curves represent the mean of experiments 
from 3 rats. Error bars are omitted for clarity. The 
s.e.’s were from 5-20% of the mean, with greater 
variability at the lowest MgCI, concentrations. Ordi- 
nates: (A) CAMP (pmol mg-’ min-l) and (B) dopamine 
stimulation (pmol mg-1 min-’). Abscissa : MgCI, (mM). 

stimulation from 100% to as low as 5 %  was ob- 
tained during the study. Recently, Clement-Cormier 
& Robison (1977) reported maximal stimulation of 
around 77% in homogenates of rat median emi- 
nence. In preliminary studies it was found that when 
phosphatidylserine was added to homogenates of 
striaturn or ventral hypothalamus, and phospha- 
t idyl inosi t ol added to hypo t ha1 aniiis ho niogenates, 
they d id  not interfere with basal adenylatc cyclase 
activity and enhanced dopamine stimulation slightly 
although not significantly (in contrast to phospha- 
tidylcholine nhich significantly depressed both 
basal and dopamine sensitive adenylate cyclase 
activity). Although the alrect of dopamine on the 
enzyme was not absolutely dependent on the pre- 
sence of these phospholipids, they were included 
routinely in the assays, since they havc been impli- 
cated in catecholamine sensitivity of other tissues 
(Sutherland et a1 1962; Levey 1970; Birnbaumer 
et al 1971). The presence of the phospholipids did 
not alter the qualitative effects obtained nith ATP, 
GTP and MgCI,. 

Stimulation by dopamine of the basal adenylate 
cyclase in hypothalamus homogenates did not 
require GTP or high concentrations of ATP. The 
dependence of the dopamine efTect on MgCI, when 
plotted appeared to give a hyperbolic curve rather 
than a normal distribution as with the striatum (not 
shown). The specificity of the dopamine receptor 
responsible for the dopamine effect in homogenates 
of hypothalamus was examined. Dopamine’s stimu- 
latory action was blocked by chlorpromazine 
( 1 0 ~ ~ )  and phentolamine ( ~ O O ~ M ) ,  but not by the 
1-chloro analogue of chlorpromazine (10 PM) 

which is not a neuroleptic (Roufogalis et a1 1976b) 
or propranolol (1 00 PM) (Fig. 4). 
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FIG. 4. Antagonism of dopamine stimulation of adeny- 
late cyclase in homogenates of hypothalamus. ATP 
was 1.5 111~ and MgCl, was 6 imr. A :  n ~~ 6 ~~ I 2  
(6 rats). Neither propranolol nor phcntolamine sig- 
nificantly affected the basal level, which was 57.5 IZ 
6.3 with propranolol (100 p ~ )  and 65.3 .! 6.2 for 
phentolaniine (100 p ~ ) .  Abscissa: a, basal; b, dopamine 
(50 p ~ ) ;  c, dopamine (50 p ~ )  plus propranolol (100 
VM); d, dopatnine (50  p h i )  plus phentolsmine (100 p ~ ) .  
B:  n 3 ~ 6 ( 3  rats). a, basal, h, dopalnine (50 pv); 
c, dopamine (50  pn) -i- I-chloro analoguc of chlor- 
promarine (10 p h i ) ;  d,  dopamine ( 5 0  p h i )  plus chlor- 
promazinc (10 p ~ ) .  *Dopamine stimulation significant 
at P -.0.05, unpaired t-test. Ordinate: cAMP (p mol 
rng-I min-I). 

I )  I s c u s s I 0 N 

Previous studies in a variety of tissues have demon- 
strated the regulation of adenylate cyclase by 
Mg2+, ATP, nucleotides, CaY , pH (Clement- 
Cormier et al 1975; Tell et al 1975; Rodbell 1975; 
Birnbaumer et al 1974; Londos et al 1974; Birn- 
baumer & Yang 1974; Lefltouitz 1974; Ebert & 
Schwabe 1974; Londos & Rodbell 1975; Pfeuffer & 
Helmreich 1975; Roufogalis et al 1976a) and Ca2-- 
dependent protein activator (Lynch et al 1976; 
Brostrom et al 1975; Gnegy et a1 1976). As found by 
earlier workers, we have found the effectsof GTPand 
dopamine on adenylate cyclase only at  Ca2+ concen- 
trations maintained at  the p~ level or less in EGTA 
(unpublished observations). The results of the present 
study indicate that a variety of factors determine the 
extent of stimulation by dopamine of adenylate 
cyclase activity in homogenates of rat striatum. 

ATP and G T P  as reported by others (Clement- 
Cormier et al 1975; Tell et al 1975) inhibited the 
basal adenylate cyclase activity. Although the 
mechanism of inhibition of the enzyme by ATP and 
GTP is unknown, in tissues other than those used 
here, the inhibition appears to result from binding 
of free ATP and GTP at  an inhibitory allosteric 
site (Birnbaumer et al 1974), a mechanism that is 
consistent with the present results, which show 
more inhibition by ATP at low MgCI, concentrations 
compared with high concentrations (Fig. 3). Stimu- 
lation of adenylate cyclase by dopamine was most 
evident in conditions where the enzyme was in- 
hibited by G T P  or ATP. Optimal stimulation by 
dopamine of CAMP formation also depended on 
the MgCI, conce!itration and was greatest when the 
MgCI, was in excess of ATP. The relevance of 
these observations to the regulation of cAMP 
levels by dopamine in the striaturn in vivo requires 
further studies on  intact tissue. Clearly, the extent 
of dopamine’s stimulatory effect will depend on  the 
relztive balance between the concentrations of ATP, 
G T P  (or other nucleotides), M g Z i ~  and Ca2+ in the 
prevailing physiological conditions. It is also diE- 
cult to assess the cxtent to which dopamine’s 
stimulatory clTect in vivo results from a direct 
increase i n  adenylate cyclase activity or from 
antagonism of the inhibitory actions of nucleotides 
(De Haen 1974; Hamnies s( Rodbell 1976). Stimu- 
la t im of striatal adenylate cyclase, as a result of 
apparent reversal of the inhibition caused by GTP, 
was also suggested by Clement-Corniier et al (1975) 
and Tell et al (1975). I n  synaptosornal preparations 
of striatum, dopamine’s stimulation of adenylate 
cyclase, although absolutely dependent on the 
presence of G T P  or related nucleotides, occurred 
in  the absence of any apparent inhibition by nucleo- 
tide of ‘basal’ activity (Roufogalis et al 1976a). 

Dopamine’s stimulation of adenylate cyclase in 
homogenates of  ventral segments of hypothalamus, 
although variable, was consistent with the acti- 
vation of a characteristic dopamine receptor. The 
stirnulation did not result from antagonism of 
nucleotide effects, since ATP did not inhibit the 
basal adenylate cyclase activity, while G T P  sig- 
nificantly stimulated this activity. However, the 
possibility that dopamine stimulated different pools 
of adenylate cyclase in distinct hypothalamic 
areas cannot be eliminated. The inhibition of the 
dopamine stimulated adenylate cyclase in hypo- 
thalamic homogenates by neuroleptic pheno- 
thiazines but not by phenothiazines having no 
neuroleptic activity, parallels the ability of chlor- 
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promazine and other neuroleptic drugs  t o  control 
the  release of prolactin a n d  growth hormone ,  
thought t o  result from the blockade of  dopamine  
receptors in the median eminence of the  hypothala- 
m u s  (Martin I973 ; Wilson 1974). 
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