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Abstract-Bovine striatal adenylate cyclase was solubilized with sodium cholate and assayed for its 
responsiveness to a variety of agents. Magnesium ions (Ck20 mM). guanylyl-imidodiphosphate (lO- 
50 PM). and striatal lipids were effective in increasing enzyme activity. The adenylate cyclase could be 
stimulated by dopamine, and neuroleptic drugs inhibited the effect of dopamine (50 /tM) with potencies 
that paralleled their clinical potencies. The ICS~, values for spiroperidol. haloperidol and chlorpromazine 
were-0.2, 3 and 500 nM respectively. 

In our recent reports we described the solubilization 
of dopamine-sensitive adenylate cyclase and 
[3H]spiroperidol binding sites from bovine striata 
[l-3]. In the present paper we have examined in 
detail the factors involved in maintaining the enzyme 
activity following solubilization. The various factors 
known to affect adenylate cyclase activity in par- 
ticular or membrane enzymes in general were 
investigated. 

We examined the effects of Mg’+. guanylyl-imi- 
dodiphosphate (GPP(NH)P), which is a nonhydro- 
lyzable analogue of GTP, and striatal tissue lipids 
on solubilized adenylate cyclase. with emphasis on 
the maintenance of its sensitivity to dopamine. As 
it has been observed in several laboratories that 
neuroleptic drugs inhibit dopamine-sensitive adeny- 
late cyclase in homogenized preparations [4-61, we 
studied the response of the solubilized form of the 
enzyme to the drugs and determined ICSO values for 
them. 

MATERIALSAND blETHODS 

Whole beef brains were obtained at a local slaugh- 
terhouse. Upon arrival at the laboratory, the striata 
were removed immediately and stored individually 
at -70”. 

The ‘H-cyclic AMP used in the cyclic AMP/kinase 
binding assay was obtained from the New England 
Nuclear Corp., Boston, MA. Spiroperidol was sup- 
plied by Janssen Pharmaceutics, Beerse, Belgium: 
haloperidol by McNeil, Toronto. Ontario; and flu- 
phenazine and chlorpromazine by Poulenc, Mon- 
treal, Quebec. The tetralithium salt form of 
GPP(NH)P was purchased from Boehringer Mann- 
heim, Montreal, Quebec. All of the biochemicals 
(e.g. dopamine hydrochloride, sodium cholate, mal- 
eic acid and crude soybean phospholipid) were 
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obtained from the Sigma Chemical Co., St. Louis. 
MO. The soybean phospholipids, consisting mainly 
of phosphatidylcholine, were acetone-washed and 
dried under nitrogen before use. Inorganic salts were 
reagent grade. 

Homogenization and solubilization 

The homogenization and solubilization steps were 
modified from those of Hoffmann [7]. During the 
1620 hr prior to homogenization, the striata that 
were to be used were stored at -20”. After being 
weighed, the striata were cut up and added to 3 vol. 
of homogenizing buffer (75 mM Tris maleate and 
20 mM EGTA$, pH 7.4) and then were homogenized 
by taking 20 strokes with a manual Teflon hom- 
ogenizer. To every 100ml of homogenate the fol- 
lowing chilled ingredients were added: 3.0 ml of 
2.0 M Tris maleate, pH 7.5; 3.8 ml of 0.5 M sodium 
cholate; 5.0 ml of 0.3 M MgSOJ.7HzO; 50 ml of satu- 
rated ammonium sulfate; and 38 mg of dopamine 
hydrochloride. GPP(NH)P was added to a final con- 
centration of 1 PM. The mixture was stirred for 
20 min on ice and then centrifuged at 200,000 g for 
20min. The supernatant fraction was brought to 
39% of saturation with cold saturated ammonium 
sulfate, and GPP(NH)P was added again (1 ktM). 
(The floating lipid layer was stored on ice temporarily 
and sonicated and used as described later.) The 
solution was stirred for 20 min on ice and then cen- 
trifuged as indicated previously. The supernatant 
fraction was increased to 49% of saturation, and 
again GPP(NH)P was added (1 PM). After stirring 
and centrifuging as before, the 39-49s fraction 
(pellet) was resuspended in 100 mM Tris maleate 
and 2 mM EGTA, pH 7.4, and 1 AIM GPP(NH)P by 
grinding gently with a rounded smooth-glass rod. 
Some of the experiments included addition of dopa- 
mine and lipids after the grinding, and they will be 
described later. 

Dialysis 

To remove residual cholate and ammonium sulfate 
the resuspension was dialyzed immediately at 4” in 
100 vol. of 10 mM Tris maleate and 0.2 mM EGTA. 



pH 7.2. 15 mM MgSOl and 1 /rM GPP(NH)P. \\hlle 
being stirred vigorously. After 1 hr the solution was 
replaced. and again after another hour. During 
dialysis the preparation changed from a translucent 
yellow solution to opaque light xeltow-brown par- 
ticulate matter. In agreement with the findings of 
Hoffmann [7]. we observed that particulate forma- 
tion was necessary in order to obtain enzyme actiCt\ 

After being dialyzed for at least 2.5 hr. the prep- 
aration was assayed using a modification of the 
method that we have used always in our homogrnate 
experiments 181. Unless indicated otherwise. the fol- 
lowing assay conditions were employed. The total 
assay volume of 100 ~11 contained. in final concen- 
trations. the following reagents: 80 mM Tris maleate 
buffer, pH 7.1; 10 mM theophylline; 10 mM MgSOI: 
10 uM GPP(NH)P: 10 /It of dialyzed enzyme prep- 
aration: 5 441 of dopamine solution or any other drug 
tested; and lipid (described later). The tubes nerc 
incubated at 30” for 10 min. The ATP (0.1 mM) \vas 
added, and the tubes were incubated at 30’ foi 
another 10 min. The reactions were stopped by plac- 
ing the tubes in a boiling-water bath for 2.5 min. 
Low speed centrifugation for 10 min removed par- 
ticulate matter. From the clear colourtcss superna- 
tant fractions 10 ~11 aliquots n’ere removed and frozen 
for cyclic AMP assay by the method of Brown and 
Makman 19). which employs the protein kinase hind- 
ing method devised by Gitman [lO]. Protein con- 
centrations were determined by the method of L.owq 
er al. [ 111. 

Triplicate tubes were incubated for e\rr) condi- 
tion tested. and at least three preparations \\ere 
made for every condition tested. The results of the 
t-tests and analyses of variance performed on the 
data will be described in Results. 

Variations 

Lipids added to assays. Hoffmann [7] indicated 
that it was necessary to add sonicated phospholipids 
(16 mM) to the assays in order to demonstrate adeny- 
late cyclase activity. We used that concentration in 
the tests reported m our previous papers [2.3]. and 

here compare the effects ot those soyhem phospho- 
lipids with striatal lipids. 

The floating lipid Iay+rr ohtalnccl from the first 
200.000 q centrifugation was added to the Tris 
maleatr’incubatic,n buffer, pli 7.4. in ;,c‘onccntr;ltion 
of 10 mgml. The mixture V, as sonicatcd on ice for 
3Omin. The same steps wcrc carried out for the 
crude soybean phos~~holi~“~ts. ‘I‘hc tinal conccntr:i- 
tion of either lipid solutic~n in the ;IW~\ talk WI\ 

10 mg~ml. 

.\lrrgm5iwu ions i/f tllc, ii.s\i!\‘\. In clperimcnts ~5 ith 
homogenate [t;] the tinal Mg‘ concentration V,:IS 

alaa\ s 2 mM. Hoffmann 171 used IO mM in his 
solubilization experiments. Therefore. wc decided 
to compare ;I range of &LIg’ concentrations ((I- 
20 mM) in our asi\\. 

Ihpfit77ir7c~ rrr7ti li/Ctlc ilrldt~d pflc~r to rirtrl>,\i\. In 
thcsc experiments Z! ml of the final resuspended pellet 
was added to ;I tube containing I mg of dopam~ne 
hydrochloride and then vortexed. Then I mt of the 
contents ot the tube L\;I~ rcmned to ;I second tube 
that contained 0.5 ml of sonicatcd tlloating lipid layer 
and was vortexed. Also. I nit ot the final resuspended 
pellet was added to 0.5 mt of sonicated floating lipid 
layer. Samples from the three different tubes were 
used in ;I compai-ison stud> 

.Yc’lrrolcptic. rlrrc,y\ [II f/7<’ fr\\trJ’\. Once clo~~aniinc 

~Cmulatwn (50 ~7x1) of a&n! late cvclase has been 
observed i-epraterlt~. v~nlc neuroleptic drugs wt’rt‘ 
tested for their at~~lity to inhibit the sCmulation. 
Spiroprridol \!\;I\ dissolved in warm 0.01 N acetic 
acid. Haloperidol w;is ciissol\,ed in warmed 0. I (I 
tartaric acid. Other druys \vcr-c clissol\ed rfadit\ in 
water. 

A comparison of the effectiveness ot soybean 
phosphotipids and striatal lipids in increasing, enzyme 
activit\ is sho\+n in Table I. In all conditions sig- 
niticant stimulation b\ dop;uii~iit' (DA) occurred. 
The highest acti\,it! (J.-l3 nmole\ qclic AXIP pet- mg 
protein per IO miri) ~'a\, ohser\ed when the aw! 
tubes. containing sonicated striatat lipids ( IO mg mll 

Fliatin’g lipid 
layer 

Floating lipid Inper: 
IO-min preincuhatlon 
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Table 2. Effect of Mg’- and GPP(NH)P on adenylate 
cyclase * 

CAMP 

Mg’- 

(mM) 

[nmoles~ (mg protein))‘. (10 min))’ 
GPP(NH)P 

Basal (IO FM) 

0 0.13 2 0.012 0.84 ? 0.260 

2 0.18 + 0.005 1.13 + 0.235 

4 0.28 t 0.010 2.18 2 0.030 

10 0.66 k 0.107 7.04 2 0.033 

20 0.61 2 0.035 16.40 2 0.059 

X The basal value obtained with 10 mM Mg’- is not 
significantly different from that obtained with 20 mM Mg”. 
All other comparisons are significant, at P c 0.01 or better. 
Each value is the average of five separate experiments t 
S.E.M. 

and all other reagents, were incubated for 10min 
before the substrate, ATP, was added. Note that 
both GPP(NH)P- and dopamine-stimulated enzyme 
activities were increased significantly (P < 0.001) in 
the presence of the striatal lipids, which had been 
obtained from the first ultrahigh centrifugation. 

Some tests were conducted in which two concen- 
trations of striatal lipids (10 and 20mg/ml) were 
compared. As the higher concentration more con- 
sistently maintained dopamine sensitivity of the 
enzyme, the follow-ing experiments were conducted 
with striatal lipids (20 mg/ml). 

Magnesium ions in the assays 

Tests were conducted in which the Mg’+ concen- 
tration was varied (Table 2). The results indicate 
that Mg*- (10 mM) produced the maximal basal 
activity. The optimum concentration of GPP(NH)P 
was found to be 10 PM. 

Dopamine and lipids added prior to dialysis 

Table 3 shows that including 0.5 mg dopamine 
hydrochloride for each ml of preparation to be 
dialyzed (2.64 mM dopamine) increased significantly 
GPP(NH)P- and dopamine-sensitive adenylate 
cyclase. Addition of sonicated striatal lipids 
(20 m$ml) decreased the sensitivity of adenylate 
cyclase to dopamine and GPP(NH)P. However, the 
dopamine/lipid combination produced a greater 
increase in dopamine-sensitive adenylate cyclase 
(1.89 vs 0.93 nmoles cyclic AMP/per mg protein per 
10 min: P < 0.001) than did dopamine alone (2.31 vs 
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Fig. 1. Percentage inhibition of dopamine (50 /iM) stimu- 
lated adenylate cyclase by neuroleptic agents. The data 
points represent the means t S.E.M. of three separate 
experiments. Abbreviations: SPI, spiroperidol: HAL, halo- 
peridol; and CHL, chlorpromazine. The estimated ~5,~ 
values are SPI 0.2 nM; HAL. 3 nM; and CHL. 500 nM. 
The basal and dopamine-stimulated adenylate cyclase 
activities were 6.42 ? 0.850 and 11.84 t 1.024 nmoles cyclic 

AMP per mg protein per 10 min. 

1.44 nmoles cyclic AMP per mg protein per 10 min; 
(P < 0.05). Therefore, in subsequent experiments 
both dopamine and sonicated striatal lipids, in the 
concentrations indicated here, were added to the 
solubilized preparations immediately prior to 
dialysis. 

Neuroleptic drugs in the assays 

Based upon the results of the preceding experi- 
ments, tests were set up to examine solubilized 
dopamine-sensitive adenylate cyclase activity and its 
inhibition by neuroleptic drugs. 

Initially, five different solubilized preparations 
were tested on different days to generate enzyme 
activity data using the improved, closer to optimal, 
conditions. GPP(NH)P-sensitive activity was 
6.86 nmoles cyclic AMP per mg protein per 10 min, 
and the addition of dopamine (50 ,uM) increased the 
value to 9.01 nmoles cyclic AMP per mg protein per 
10 min; these results were significantly different by 
analysis of variance (P < 0.05). Basal activity was 
always less than one-tenth of the GPP(NH)P activity. 

With dopamine (50 ,uM) in the assay, the neuro- 
leptic drugs spiroperidol, haloperidol, and chlor- 
promazine were tested in the assays to determine 
their potencies in inhibiting the enzyme. Figure 1 
illustrates that spiroperidol most strongly inhibited 

Table 3. Effect of dopamine and striatal lipids added prior to dialysis* 

Assay 
additions 

CAMP 
[nmoles.(mg protein)-’ ‘(10 min)-‘1 

DA (a) Lipid (b) DA + lipid (c) 

(1) Basal 0.17 + 0.01 0.09 2 0.003 0.09 t 0.01 
(2) GPP(NH)P 1.44 “_ 0.16 1 .O3 i_ 0.07 0.93 t 0.10 
(3) GPP(NH)P + DA 2.31 t 0.63 1.01 r 0.07 I.89 +- (1.16 

* Assay conditions: GPP(NH)P, 10 PM; DA, 50 PM. The statistical comparisons are 
as follows: la vs 2a P < 0.001; 2a vs 3a P i 0.05; lb vs 2b P < 0.001; lc vs 2c P < 0.001; 
2c vs 3c P < 0.001; la vs lb P < 0.005; lb vs lc NS; 2a vs 2b P < 0.05: 2b vs 2c NS: 3a 
vs 3b P < 0.001; and 3b vs 3c P < 0.002. NS = not significant. Each value is the average 
of five separate experiments k S.E.M. 
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dopamine-sensitive activity (ICY,, = 0.2 nM), and 
chlorpromazine was the weakest inhibitor (rcrl, = 
500 nM). Haloperidol (ICKY, = 3 nM) was closer to 
spiroperidol in effectiveness. Although some of the 
values indicate fairly wide standard errors of the 
mean, none of the values overlaps any other value. 

The effects of various neuroleptic drugs were also 
compared in solubilized and homogenized adenylate 
cyclase assays in parallel experiments. The results 
are shown m Table 4. The dopamine-stimulated 
adenylate cyclase acitivity was inhibited by all neu- 
roleptic drugs tested, and propranolol, a @-receptor 
blocking agent. did not have a significant effect in 
either the homogenized or the solubilized system. 

In this paper we have examined some of the factors 
involved in the regulation of adenylate cyclase. and 
its sensitivity to stimulation by dopamine. once the 
enzyme has been solubilized from striatal mem- 
branes. The refinements made in these experiments 
produced an approximately 10-fold increase in 
enzyme activity as compared with the results in our 
previous paper [2]. 

Earlier reports have described the dependence of 
adenylate cyclase in striatal homogenate. OII divalent 
cations, particularly Mg” [ 12, 131. Recently. 
detailed kinetics of its involvement in dopamine and 
GPP(NH)P stimulation of the enzyme have been 
presented [lb]. Our results demonstrate now the 
dependence of adenylate cyclase on Mg“ when the 
enzyme is in a solubilized form. However. further 
tests will be necessary to disclose the molecular 
characteristics of the interaction. Multiple sites may 
be involved. The adenylate cyclase activity in the 
presence of Mg” in the solubllization experiments 
probably resulted at least in part from Mg’- inter- 
action with lipid/protein associations essential in the 
reconstitution of membrane enzyme activity [ 151. 

Several reviews have discussed the role of guanine 
nucleotides in hormonal activation of adenylate 
cyclase [12. lh, 171. Their interactions with several 
of the enzyme stimulants have been examined more 
closely. including NaF [ 181. catecholamines [ 19. 201 
and combination treatments [21]. Furthermore, a 
guanine nucleotide regulatory component that serves 
to reconstitute hormonally stimulated adenylate 

Table 4. Effect of ncuroleptic drugs on adenylate cyclase 
in homogenate and after solubilization” 

r; Inhibition 

Drug Homogenate Solubilized 

Spiroperidol (1 @I) 46 t ‘s 97 f 2 
Haloueridol (1 rlM) 33 t 4 87 2 1.6 
FlupLenazine (i PM) 87 + h 72 t 2.6 
Chlorpromazine (I p.M) 74 t 8 57 f 3 
Propanolol (1 ,uM) 10 i 2 5 -’ 0.8 

* Each value is the average of four separate experiments 
+- S.E.M. The basal and dopamine (50 /IM) &imulated 
adenylate cyclase values were 0.367 and 0.580 nmoles cyclic 
AMP per mg protein per 10 min in homogenate and 6.970 
and 11.103 in solubilized system. The S.E.M. were less 
than 10%. All drugs caused significant (P < 0.005) inhi- 
bition except propanolol. 

cyclase has been purified recently (221. WC ha\e 
found it necessary to include GPP(NH)P at ever-! 
solubilization step in order to obtain dopaminc 
stimulation of the enzyme. perhaps because the 
nucleotide does function as part of the receptor 
enzyme coupling mechanism. in addition to having 
a stimulation site on the enzyme. Table 3 jhow\ that 
GPP(NH)P stimulation of adenylate cvcla\e corl-c- 
lates well with the Mg” concentration ;n the as,;l! 

It has been observed that membrane phospholipid\ 
affect the activity of hormonally activated adenvlate 
cyclase [12. 161. Reports have shown that the kinds 
of phospholipids that are effective depend upon the 
tissue source of the enzyme [23-X]. Phospholipid\ 
determine the extent of fluidity of metnhranes. which 
in turn affects the positioning and alignment of mem 
brane proteins. It is likely that. a\ fluidit! change\. 
the coupling of membrane receptor5 to membrane 
enzymes (e.g. adenylate cyclase) changes. Such an 
occurrence was observed recently for /i-catechol- 
amine stimulation of adenylate cvclase [27]. In 
addition. drug-induced changes in tl&iit~ have hren 
reported to alter significantly the ability of guanine 
nucleotides to stimulate adenylate cyclasr [2X. 191. 

Our results have shown that striatal lipids are more 
effective than crude soybean phospholipid in increa’r- 
ing the dopamine-sensitive adenylate cqclasc. l-his 
preference of floating striatal lipids could bc due to 
the fact that this floating lipid layer is actually a 
mixture of lipids and hydrophobic protein [X1]. W’e 
also have found it to contain 3.5? protein of the 
floating mass of lipids. The nnportance of thi\ 
lipid-protein complex in the [‘I I]spiroperidol hind- 
ing for the dopamine receptor has been reported I~\ 
Boyan-Salyers and Clement-Cormier [30]. 

In the second half of our rxperiments. \+e exan- 
ined the effect of antipsychotic drugs on \oluhilized 
dopamine-sensitive adenylate cyclase. The\e result\ 
are presented in Fig. 1 and Table 1. Data from man! 
laboratories have indicated a close correlation 
between clinical potencies of neuroleptic agents and 
their abilities to inhibit [‘H]haloperidol binding to 
receptors in striatal homogenate preparations 1.7 I /. 
There has also been a correlation between clinlcat 
potencies and the abilities of phenothiazine nt’uro- 
leptics to inhibit striatal homogenate @amine-\cn- 
sitive adenylate cyclase: no such correlation ha\ been 
apparent for butyrophenones. which inhibited the 
enzyme in high concentrations only. Our initial \tucl- 
ies [2. 31 and. more ImportantI\,. our pre\ent \tud\ 
show that, when a solubilized iorni of the enzyme 
is tested. the inhibitory potencies of at Ic‘a\t lour 
neuroleptics (two butyrophenoncs and tMo phcno- 
thiazines) match their inhibItor> potcncie5 111 
[‘Hlhaloperidol binding and. thcrcfore. their clinic;tl 
potencies as well. The ICC,, values fall it1 the >amc 
range for either test. The /J-receptor blocking a_ct!nt. 
propranolol. was without effect either in ~luh~l~zect 

or homogenate adenylnte c~clase. The re\er\ai of 
potency of neuroleptic drugs 111 the solubilizrd x>\tc‘m 
was not due to the experimental condition\ \incc 
parallel experiments carried out in homogenate and 
solubilized preparation showed the ~me pattern of 
inhibition. These results are in excellent apreemcnt 
with Joo and Wollemann [31). The! have al\<) 
obser\red haloperidol to be the strongest inhlhltc)t- 
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in the nanomolar range in solubilized bovine retinal 10. A. G. Gilman. Proc. natn. Acad. Sci. U.S.A. 67. 305 
adenylate cyclase. Apparently, solubilization (1970). 
removes the disparate membrane interactions dis- 11. 0. H. Lowry, N. J. Rosebrough. A. L. Farr and R. 

played by the neuroleptics in homogenate tests. J. Randall. J. biol. Chem. 193, 265 (1951). 

Alternatively, there may be a positive coupling of 12. L. Birnbaumer, Biochim. hiophys. Acrrr 300, 129 

dopamine D-2 receptor during solubilization and (1 (1y73)’ 
reconstitution. D-2 receptors have been shown to be 
negatively coupled to adenylate cyclase in anterior 
pituitary gland [33]. 

13. 

14. 

One final consideration is that in the homogenate 
experiments phenothiazines are more effective 
inhibitors of dopamine-sensitive aden$ate cyclase 
than are butyrophenones, and in solublhzation tests 
the potencies are reversed, as mentioned previously. 
Henn and Henn [34] have indicated that, like in our 
solubilization tests. haloperidol is a more potent 
inhibitor than chlorpromazine in striatal astroglial 
homogenate preparations of dopamine-sensitive 
adenylate cyclase. but in micromolar rather than 
nanomolar concentrations. Therefore, the relative 
contributions of solubilized neuronal adenylate 
cyclase and solubilized astroglial adenylate cyclase 
to our results should be examined. 

j. P. Perkins, Adu. Cyclic Nucleotide Res. 3, 1 (1973). 
I. D. McSwigan, S. E. Nicol. I. I. Gottesman. V. B. 
Tuason and W. H. Frey II. J. Neurochem. 34. SY4 
(1980). 
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