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Abstract—The conversion of newly formed [*H]adenosine triphosphate (ATP) to [*H]adenosine cyclic
3’,5’-monophosphate (c(AMP) was studied in osmotically shocked, crude synaptosomal fractions of the
rat corpus striatum. Of the B-hydroxylated catecholamines tested, the potency of isoproterenol (ECy,
about 0.01 uM) was greater than that of norepinephrine (ec,, about 1.0 uM). Stereoselectivity was dis-
played with the (—)isomer of isoproterenol being more potent that its (+ )isomer. Of the non-§-hydroxylated
catecholamines studied, N-isopropyldopamine demonstrated greater potency than dopamine, whereas
apomorphine was inactive. No “additive stimulatory effect” was observed when dopamine was combined
with a maximum effective concentration of isoproterenol. The B-adrenergic antagonist propranolol,
completely blocked both the dopamine- and norepinephrine-induced increases in cAMP formation.
Properties characteristic of a 8-type system were, likewise, exhibited by homogenates of both the cerebral
cortex and hindbrain. Furthermore, the conversion to [PHjcAMF was increased only slightly (about 16
per cent) by exposure to sodium fluoride, and the stimulatory response to isoproterenol was not altered
significantly by high concentrations of ATP but was lost upon sonication of the tissues. In contrast, by
assaying adenylate cyclase activity with a high saturating concentration of exogenous PHJATP, striatal
and cerebral cortical homogenates exhibited responses characteristic of a specific dopamine receptor-
coupled adenylate cyclase. Sonication of tissues did not alter the stimulatory effect of dopamine, and
sodium fluoride produced about a 2-fold stimulation of the adenylate cyclase activity. Thus, findings in
osmotically shocked, crude synaptosomal fractions of the corpus striatum suggest that the particulate
component of adenylate cyclase, which utilizes exogenous ATP as substrate, exhibits properties charac-
teristic of a dopamine receptor-coupled adenylate cyclase. In contrast, the membrane-enclosed, particulate
component of adenylate cyclase, which utilizes endogenously synthesized ATP as substrate, conforms to
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criteria identified with a f-adrenoreceptor-linked adenylate cyclase.

Previous investigations have either failed to demon-
strate the presence of [1], or have shown only weak
activity for [2], a f-adrenergic receptor-linked adenyl-
ate cyclase system in osmotically shocked homo-
genates of brain. In contrast to this lack of sensitivity
of adenylate cyclase to B-adrenoreceptor agonists,
such as isoproterenol [3] and N-isopropyldopamine
[4], in osmotically lysed tissues, an active f-type
system has been observed in other preparations,
including slices [5, 6], crude synaptosomal fractions
[6] or Krebs-Ringer homogenates [7]. In view of
these observations, it has been hypothesized that
the loss of activity of the f-type system may occur in
the preparation of membrane fragments during the
homogenization of brain tissues in a hypotonic
medium [1, 5].

Our interest in these findings prompted a more
extensive examination of the factors underlying this

* This work was supported by Grant NS 12288 from the
United States Public Health Service.

t Abbreviations used are: cAMP, adenosine cyclic 3',5'-
monophosphate; and EGTA, ethylene glycol bis(8-amino-
ethyl)N,N'tetra-acetic acid.

apparent loss of responsiveness of the f-type system
after osmotic lysis of brain tissues. In recent years,
the procedures utilized for measuring the responsive-
ness of adenylate cyclase to catecholamines in
homogenates have involved primarily the use of
exogenous ATP as substrate. However, if one were
to consider the possible localization of a -adrenergic
receptor-coupled adenylate cyclase in a membrane-
enclosed pool, then the failure to demonstrate a §-
type system may be attributed to the poor permeability
of the polar ATP molecule, resulting in diminished
availability of the substrate pool serving adenylate
cyclase. To test this hypothesis, the conversion of
[PH]ATP to [*H]cAMPt was assayed by two types of
experimental procedures, utilizing [*H]ATP as sub-
strate, which was either added exogenously or newly
formed from [*HJadenine. The rationale for selecting
[®H]adenine to label the ATP pool is that adenine
has been shown to be readily permeable to membranes
in more intact preparations [8]. Taking into con-
sideration the high level of adenylate cyclase activity
in crude synaptosomal fractions of the corpus stria-
tum [6], as well as the high density of binding sites
for both dopamine [9] and p-adrenergic receptors
[10] in this region, hypo-osmotically shocked, crude
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synaptosomal fractions from the corpus striatum
were selected initially for investigating both types of
receptor-cyclase systems. Moreover, to compare
results obtained in the corpus striatum, which is
rich in dopamine-containing nerve terminals [9, 11]
with those in other brain regions, this study was
expanded to include homogenates of such areas as the
hindbrain and cerebral cortex, which purportedly are
innervated only sparsely by dopaminergic terminals
[11,12]

MATERJALS AND METHODS

cAMP accumulation from newly formed AT P. Male
Sprague-Dawley rats (150-175g) were killed by
decapitation, and the corpus striatum (including the
caudate nucleus and putamen), cerebral cortex or
hindbrain (including the brain stem and cerebellar
cortex) was dissected and sliced, in accordance with
our previously published procedure [6]. A preliminary
45-min incubation was performed, in a Dubnoff
shaker at 37° under an atmosphere of 95% O,
5% CO,, of striatal (96 mg/ml), cerebral cortical
{240 mg/ml), or hindbrain (480 mg/ml) slices in 4 ml
of a low calcium (0.75 mM) Krebs-Ringer bicarbon-
ate medium, buffered to pH 7.4, containing glucose
(10 mM} and theophylline (1.0 mM). After washing
two times by centrifugation at 600g for 30 sec, in
most experiments, slices were homogenized in 0.32 M
sucrose containing 0.6 mM EGTA and 2.0mM
Tris~HC], buffered to pH 7.4, and centrifuged at 1000
g for 15 min to sediment debris and nuclei. The pellet
was homogenized again in sucrose medium, centri-
fuged at 1000g, and the combined supernatant
fractions were recentrifuged at 17,000 g. The resultant
P, or crude synaptosomal pellet [13] was washed
with the original Krebs medium, resuspended in
2 ml of this medium and incubated at 37° under 95%
0,-5% CO, for 60 min with [8->HJadenine {4 uM,
25 uCi/ml; Amersham Corp., Arlington, Heights, IL),
permitting maximum conversion to [*H]ATP. The
P, fraction was separated from the medium by cen-
trifugation at 17,0009, washed twice with fresh
Krebs, and the crude synaptosomal fraction was re-
homogenized in 1.5 m! of a hypotonic medium con-
taining, at final concentrations: glycylglycine buffer,
pH 74 (50 mM), EGTA (0.6 mM), MgSO, (2.0mM),
theophylline (1.0 mM), 1-methyl-3-isobutylxanthine
(1.0 mM), cAMP (0.1 mM), albumin (0.1%,), phos-
phatidylserine (5 ug/ml) [14] and an ATP-regenerat-
ing system consisting of creatine PO, (5 mM) and
creatine phosphokinase (0.2 mg/ml). Portions of this
osmotically shocked homogenate (100 ul) were in-
cubated with experimental agonists and/or antagon-
ists at 30° for 15 min; over this reaction period, the
per cent stimulation of [*H]cAMP accumulation
in response to catecholamines was proportional to
time and was maximal at 15 min. The reaction was
terminated with 1.0ml of 5% trichloroacetic acid
containing carrier cAMP (Boehringer/Mannheim,
New York, NY) and [**CJcAMP (New England
Nuclear, Boston, MA), to correct for overall recovery
(approximately 60-70 per cent). The labeled ATP
and cAMP fractions were isolated by chromatog-
raphy on columns of Dowex 50W-X8 (H *) and neutral
alumina oxide and, subsequently, portions were
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counted by liquid scintillation spectrometry, &as
described in a previous publication [6]. Results
are expressed as percentage conversion of [PHJATP
to [°*H]JcAMP, i.e. (dis./min cAMP x 100)/(dis./min
ATP + cAMP).

In contrast to the procedure employed above, in
which the crude synaptosomal fraction was incubated
directly with [*H]adenine, in other experiments
the ATP pool was prelabeled in slices by incubating
slices in 2 ml of Krebs medium for 60 min with [*H]-
adenine (4 uM, 12.5 uCi/ml) and, subsequently, the
crude synaptosomal (P,) fraction was prepared,
broken by homogenization in hypotonic medium
and assayed in a manner identical to that described
already. The results obtained employing this tech-
nique were in agreement with those observed when
the P, fraction was labeled directly (compare Tables
1 and 2 with 3) and, thus, suggest the equivalence of
the two methods for measuring cAMP formation in
cell-free preparations of crude synaptosomal frac-
tions. Finally, the ATP pool was labeled directly in a
striatal particulate preparation by incubating the
17,000g pellet of an osmotically shocked crude
synaptosomal fraction (P,) for 60min in 2ml of
Krebs medium containing [*HJadenine (4 uM, 50
u#Ci/ml); after washing and resuspending the 17,000 ¢
pellet in hypotonic medium, portions of this sus-
pension were utilized to measure [*H]cAMP forma-
tion in response to catecholamines.

cAMP accumulation from [PH]ATP. After a pre-
liminary 45-min incubation of striatal, cerebral
cortical or hindbrain slices at 37°, under 95%, 0,-5%
CO, in Krebs medium containing glucose (10 mM)
theophylline (1.0 mM), a crude synaptosomal fraction
(P,) was prepared in a manner identical to that
described in the preceding section. After homo-
genization of the 17,000 g pellet (P,) in 1.5 ml of hypo-
tonic medium, the suspension was either assayed
directly or recentrifuged at 17,0004, and the resus-
pended pellet assayed for adenylate cyclase activityina
final volume of 150 ul. The reaction was initiated by the
addition of [2-*H]ATP (1.0 xCi, 0.5 mM; Schwarz/
Mann, Orangeburg, NY) and continued for 5 min at
30°, before terminating the reaction with 1.0 ml of 5%,
trichloroacetic acid, as described above. In each
experiment, blanks were prepared by assaying brain
fractions, which were previously boiled for 5 min at
100°; radioactivity associated with this cCAMP frac-
tion was subtracted from the total activity of each
sample. Adenylate cyclase activity was observed to
be proportional to both reaction time for at least
5 min and protein concentration up to 0.5 mg/assay,
the highest concentration studied. In the presence
of the ATP-regenerating system, 90-95 per cent of
the [PHJATP is recovered at the end of the 5-min
incubation period. At concentrations greater than
0.2mM ATP, cAMP formation was maximal and
independent of substrate concentration. Protein was
determined by the method of Lowry et al. [15], using
bovine serum albumin as a standard.

Materials. Other compounds were purchased from
the following sources: (—)norepinephrine bitartrate,
Sigma Chemical Co., St. Louis, MO: (—)epinephrine
bitartrate and dopamine HCI, CalBiochem, San Diego,
CA; and 1-methyl-3-isobutylxanthine, Aldrich Bio-
chemicals, Milwaukee, WL All other chemicals were
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obtained from standard sources, with the exception
of the following drugs, which were gifts: (+)pro-
pranolol, from Ayerst Research Laboratories, Mont-
real, Canada; (—) and ( +)isoproterenol, from Ster}-
ing-Winthrop Research Institute, Rensselaer, NY;
N-isopropyldopamine, from Hoffmann-LaRoche,
Nutley, NJ; and trifluoperazine HCl, from Smith,
Kline & French, Philadelphia PA.

RESULTS

Effects of catechols on [*H]cAMP accumulation
Sfrom newly formed [PH]ATP. In osmotically shocked
P, homogenates which were prepared from striatal
slices labeled with [*HJadenine, the f-hydroxylated
catecholamines demonstrate the greatest potency
with isoproterenol being the most potent catechol
studied (Table 1). Varying the concentrations of
(—)isoproterenol and (—)norepinephrine, over the
concentration range of 0.001 to 10 uM, generated
curves which were parallel to each other, and graphi-
cal estimation of the concentration resulting in 50 per
cent of maximum stimulation gave EC,, values for
(—)isoproterenol and (— )norepinephrine of approxi-
mately 0.01 and 1.0 uM respectively. As illustrated in
Table 1, the (- )isomer of isoproterenol is more potent
than its (+)isomer, and N-isopropyldopamine is
considerably more potent than dopamine, which is
only stimulatory at concentrations greater than 10 uM.
Incubation with apomorphine, varied over the con-
centration range from 1 to 100 uM, produced no
significant increase in cAMP accumulation above

Table 1. Effects of catechols on the conversion of newly
formed [*H]ATP to [*H]cAMP in striatal homogenates*

Conversion to  Relative

Additions [*HJcAMP  to control
(%) (%)
None 1.49 + 0.04 100
(—)Isoproterenol (0.05 uM) 2.27 + 0.03% 152
( +)Isoproterenol (0.05 uM) 192 + 0.081' 1 129
(—)Isoproterenol (0.1 uM) 2.32 4+ 0.04% 156
(—)Norepinephrine (10 uM) 2.28 + 0.03t 153
(—)Norepinephrine (1 uM) 1.85 4+ 0.04+ 124
(—)Epinephrine (10 uM) 2.24 + 0.03% 150

N-isopropyldopamine

(10 uM) 2.10 + 0.04% 141
Dopamine (10 uM) 1.52 4 0.02§ 102
Dopamine (100 uM) 2.09 + 0.03% 140
Apomorphine (100 uM) 1.44 4 0.03§ 97

* After prelabeling striatal slices with [*H]adenine (25
#Ci, 4 uM), the crude synaptosomal fraction was prepared,
homogenized 1n hypotenic medium and assayed for [*H]-
cAMP  formation, as described under Materials and
Methods. Each value represents the mean +S. E. of four
determinations.

t Statistically significant in comparison with nontreated
controls, at P < 0.01.

1 Significantly different from conversion with (—)isomer
of isoproterenol, at P < 0.01.

§ Not significantly increased over conversion of non-
treated control.
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Table 2. Effects of propranolol or trifluoperazine on catechol-
amine-induced stimulation of the conversion to [*H]cAMP
in striatal homogenates*

Conversionto  Relative
Additions N  [*H]JcAMP to control
(%) (%)
None 5 1.52 + 0.03 100
(% )Propranolol (50 uM) 3 1.47 4+ 0.05 97
Dopamine (100 uM) 8 2.14 + 0.05% 141
(£)Propranolol (50 uM)
+ dopamine (100 uM) 3 1.47 + 0.031 97
(—)Norepinephrine (100
uM) 4 2.31 + 0.04% 152
(Z)Propranolol (50 uM)
+ (—)norepinephrine
(100 uM) 4 1.60 + 0.08% 105
Trifluoperazine (50 yuM) 3 1.50 + 0.04 99
Trifluoperazine (50 uM)
+ dopamine (100 uM) 3 2.10 + 0.03§ 139

*Assays were performed in a manner identical to that
described in Table 1 and Materials and Methods. Each
value represents the mean + S. E. of three to eight deter-
minations.

t Significantly increased over conversion of nontreated
control, at P < 0.01.

1 Not significantly increased over conversion with addition
of propranolol alone.

§ Not significantly different from conversion with addition
of dopamine alone.

control levels. The results in Table 2 demonstrate
that the augmented accumulation of [3H]cAMP
elicited by either dopamine or (—)norepinephrine is
completely inhibited by the simultaneous addition of
(+)propranolol. In contrast, trifluoperazine has no
significant effect on the dopamine-induced stimula-
tion of cAMP formation (Table 2). Furthermore,
similar findings are obtained when endogenous
cAMP is measured [16] in striatal slices. In these
experiments, the increase of endogenous cAMP,
elicited by 100 uM dopamine (8.93 £+ 0.37 above
controls of 4.67 + 0.27 pmoles/mg of protein for
seven experiments), is blocked completely by 10 uM
propranolol (4.52 1 0.30 pmoles/mg of protein) but
not by 10 uM trifluoperazine. After osmotic shock of
a crude synaptosomal preparation, which was directly
incubated with [*HJadenine, the maximum response
obtained with the specific p-receptor agonist, iso-
proterenol, is not increased significantly by coincu-
bation with dopamine (Table 3). Moreover, dopa-
mine as well as norepinephrine and isoproterenol,
produces an approximate 25-60 per cent increase in
cAMP accumulation in homogenates from both the
cerebral cortex and the hindbrain (Table 4).

The next series of experiments demonstrate that
the adenylate cyclase activity which is sensitive to the
B-adrenergic receptor agonist, isoproterenol, is local-
ized in the 17,000 g particulate fraction of an osmoti-
cally shocked crude synaptosomal preparation (Table
5, experiment I). Moreover, after osmotic shock of
the prelabeled crude synaptosomal preparation, the
17,000 g particulate fraction is observed to retain
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Table 3. Effects of catecholamines on the conversion to
[*H]cAMP in striatal homogenates*

Conversion to  Relative
Additions N [PHJcAMP  to control
(%) A
Control 3 1.69 + 002 100
Dopamine (100 uM) 4 2.38 + 0.10 141
(—)Isoproterenol
(100 uM) 5 2.60 + 0.08 154
Dopamine (100 uM) +
{—)isoproterenol
(100 uM) 6 2.64 + 0.08% 156

* After preincubating striatal slices, a crude synaptosomal
fraction (P,) was prepared, prelabeled with [*H]Jadenine
(50 uCi, 4 uM), homogenized in hypotonic medivm and
assayed for [*H]JcAMP formation, as described under
Materials and Methods. Fach value represents the mean +
S. E. of three to six determinations. AH values are statistically
significant in comparison with nontreated controls, at
P < 0.01.

t Not significantly increased over conversion with addi-
tion of isoproterenol alone.

about 13 and 25 per cent of the newly synthesized
[PH]JATP and [*H]JcAMP respectively. Similar -in-
creases in [*H]JcAMP accumulation are obtained
when broken-cell particulate preparations are labeled
directly with [*H}adenine and subsequently stimu-
lated with catecholamines (Table 5, experiment II).
In fact, prior to labeling with [*H]Jadenine, preincu-
bation of the particulate preparation at 37° over a
30-min time period does not alter the basal or iso-
proterenol-stimulated accumulation of [°H]cAMP.
Furthermore, addition of ATP to the medium at a
concentration as high as 0.5mM does not alter
significantly the augmented accumulation of [*H]}-
cAMP in response to isoproterenol (Table 5, experi-
ment I). In addition to eliciting a slight elevation of
the [*HJATP pool in the particulate preparation

Table 4. Effects of catecholamines on the conversion to
[*H]cAMP in brain homogenates*

% Conversion to [*H]cAMP
(% of nontreated control)

Additions N Cerebral cortex Hindbrain
None 3 390 4+ 0.09(100) 4.92 + 0.08 (100)
Dopamine

(100 uM) 4 477 4+ 002(122) 6.20 + 0.09 (126)
(~)Norpinephrine

(100 uM) 6 5.30 £ 0.08(136) 7.56 + 0.14 (154)
(—)Isoproterenol

(100 xM) 6 534+ 0.16(137) 7.81 £ 0.15(159)

* After preincubating cerebral cortical or hindbrain slices,
a crude synaptosomal fraction {(P,) was prepared, prelabeled
with [*H]adenine (50 Ci, 4 uM), homogenized in hypotonic
medium and assayed for [*H]JcAMP formation, as des-
cribed under Materials and Methods. Each value represents
the mean + S. E. of three to six determinations. All values
are statistically significant in comparison with nontreated
controls, at P < 0.01.
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Table 5. Effects of catecholamines or sodium fluoride on
the conversion to [*H]JcAMP in striatal particulate pre-

parations*
Conversion to  Relative
Additions N [*H]JcAMP  to control
Experiment 1 (%) 974]

None 6 143 £+ 0.04 100
Dopamine (100 uM) 5§ 203 + 009 142
(—)Norepinephrine

(100 zM} 3 2.15 + 0.09 150
{—)Isoproterenol

(100 uM) 4 225+010 157
(—)Isoproterenol

(100 uM) + ATP

(500 uM) 3 2.16 + 0.07t 151
Sodium fluoride

{10 mM) 4 1.66 + 0.09 116

Experiment IT

None 4 1.21 + 0.02 100
Dopamine (100 uM) 4 1.81 +0.08 149
{—)Norepinephrine

(100 uM) 4 2.01 4 0.07 166
(—)Isoproterenol

(100 uM) 4 200+ 004 165

*In experiment I, a crude synaptosomal fraction (P,)
was prelabeled with [*HJadenine (100 uCi, 4 uM), sub-
jected to osmotic shock, and the (17,000g) particulate
fraction was assayed for [*H]cAMP formation. In experi-
ment IL, a hypo-osmotically shocked particulate fraction
was prelabeled directly with [*H]adenine and subsequently
assayed for [ H]cAMP formation. All values are statistically
significant in comparison with nontreated controls, at
P < 0.01.

t Not significantly different from conversion with addition
of isoproterenol alone.

Table 6. Effects of catechols or sodium fluoride on adenylate
cyclase activity in particulate preparations*

(pmoles [*H]cAMP formed/mg
protein/5 min)
(% of nontreated control)

Additions Cerebral Cortex Corpus striatum
None 510 + 22 (100) 572 £ 36 (100)
Dopamine (100 M) 638 + 15(125) 852 + 16(149)
{—)Norepinephrine
(100 uM) 620 + 35 (121) 804 + 27 (141)
(—)soproterenol
(100 uM) 515 + 211(101) 584 + 121(102)
Apomorphine (3 gM) 612 + 16 (120} 840 + 24 (147)
Sodium fluoride
(10 mM) 1122 + 37 (220) 1113 + 42 (195)

* After preincubation of brain slices, a crude synaptesomal
fraction (P,) was prepared, subjected to osmotic shock
and then centrifuged at 17,000 g. After resuspending the
particulate fraction in hypotonic medium, the activity of
adenylate cyclase in 94 or 250 ug of cortical or striatal
protein, respectively, was assayed by initiating the reaction
with [*HJATP (1 uCi, 0.5mM), as described in Materials
and Methods. Each value represents the mean + S.E.
of four determinations. All values except those for isoproter-
enol are statistically significant in comparison with non-
treated controls, at P < 0.01.

t+ Not significantly increased over [*H]jcAMP formed in
nontreated control
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(about 8 per cent), sodium fluoride at 10 mM pro-
duces a small (about 16 per cent), but statistically
significant increase in the conversion to [3H]cAMP
(Table 5, experiment I). The finding that the removal
of albumin (0.1 %) from the hypotonic medium does
not alter the data presented in Table 5, experiment I,
suggests that the presence of albumin does not protect
the synaptosomal preparation from lysis by osmotic
shock. However, by subjecting a prelabeled parti-
culate preparation to sonication in hypotonic med-
ium, isoproterenol, norepinephrine and dopamine no
longer elicit an increase in [ H]cAMP formation. In
these experiments, sonication does not alter the basal
conversion rate but does produce a reduction in the
accumulation of both newly formed [*H]JATP and
[H]cAMP to about 42 per cent of the nonsonicated
particulate controls.

Effects of catechols on [*H]cAMP formation from
exogenous [PH]ATP. By incubating a saturating
concentration of [ *‘H]ATP with a striatal particulate
preparation of a crude synaptosomal fraction, both
norepinephrine and dopamine are observed to in-
crease the activity of adenylate cyclase approximately
40-50 per cent, whereas isoproterenol produces no
stimulatory effect (Table 6). Furthermore, maximal
stimulation of striatal adenylate cyclase activity is
reached at 3 uM apomorphine (Table 6), with
activity declining to basal levels at 100 uM apomor-
phine. Striatal homogenates subjected to sonication
demonstrated no alteration in the basal synthesis of
cAMP and similar sensitivities of the cyclase system
to dopamine, norepinephrine and apomorphine. In
cerebral cortical homogenates, a small but statisti-
cally significant increase of adenylate cyclase activity
is observed in response to norepinephrine, dopamine
or apomorphine (approximately 20-35 per cent
(Table 6) However, catecholamines produced no

Table 7. Effect of propranolol or trifluoperdzine on dopa-
mine-induced stimulation of adenylate ‘cyclase activity
in striatal homogenates**

(pmoles [*H]cAMP
formed/myg protein/5 min)

Additions (%, of nontreated control)

None 580 + 20(100)
(% )Propranolol (100 uM) 572 + 36 (99)
Trifluoperazine (50 xM) 588 + 24 (101)
Dopamine (100 M) 864 + 321(149)
(& )Propranolol (100 uM) +

dopamine (100 uM) 844 + 40}(146)
Trifluoperazine (50 uM) +

dopamine (100 zM) 592 + 22§(102)

* After-preincubation of striatal slices, a cride synapto-
somal fraction (P,) was prepared, homogenized in hypo-
tonic mediam, and assayed for adenylaté 'Cydldse activity
in about 230 ug protein by addition of T*H]ATP (1 uCi,
0.5mM) as described in Materials and Methods. Each
value represents the mean + 8. E. of four determinations.

t Significantly increased over [*H]cAMP formed in
nontreated control, at P < 0.01.

1 Not significantly different from [3H]cAMP formed with
addition of-dopamine alone.

§ Not significantly increased over [°H]JcAMP formed
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significant alteration of cAMP formation in hindbrain
homogenates. In both cerebral cortical and striatal
preparations (Table 6), as well as in the hindbrain, the
addition of sodium fluoride to the medium results
in an approximate 2-fold stimulation of cAMP
formation. Furthermore, trifluoperazine completely
antagonized the dopamine-induced stimulation of
adenylate cyclase activity (Table 7). The observed
stimulatory response to norepinephrine was in-
hibited in a similar way by trifluoperazine in striatal
homogenates. In contrast, propranolol does not alter
significantly the augmented accumulation of cCAMP
elicited by dopamine (Table 7).

DISCUSSION

Employing [*HJadenine as a precursor for label-
ing ATP, the following evidence suggests the presence
of a B-adrenergic receptor-coupled adenylate cyclase
in osmotically shocked, crude synaptosomal frac-
tions of the corpus striatum. First, the g-hydroxylated
catecholamines, isoproterenol, norepinephrine and
epinephrine appear to exhibit greater potencies than
dopamine, with the calculated EC,, values for (—)
isoproterenol and (—)norepinephrine being 0.01 ana
1.0 uM respectively. Second, the cAMP-generating
system also seems to display stereoselectivity, with
the (—)isomer of isoproterenol being more potent
than its ( +)isomer and, thereby, meets another criter-
ion identified with the f-adrenoreceptor. Finally, the
mine and, that these stimulatory responses are in-
N-isopropyldopamine, appears to be more potent
than dopamine is again in agreement with reported
findings in striatal slices [6] and for other f-type
systems, such as erythrocyte membranes [4]. Al-
though the maximum stimulatory response to cate-
cholamines (about 154 per cent of controls) is much
lower than that previously reported for striatal slices
(about 300 per cent) [6], similar EC,, values were
qbtained for the stimulatory potencies of catechol-
amines in both slices and osmotically shocked crude
synaptosomal fractions. One possible explanation
for the decreased maximal stimulation in response to
catecholamines may be the marked increase in the
basal levels of newly formed [*H]cAMP in cell-free
preparations; this may be the result of the stimulatory
effect of endogenous catecholamines, which are
released during homogenization in hypotonic med-
ium. Moreover, the following evidence suggests an
interaction of dopamine and the p-hydroxylated
catecholamines with the same B-type system. First,
no additive stimulatory effect is demonstrated when
dopamine is co-incubated with an optimal concentra-
tion of isoproterenol. Second, the S-adrenergic re-
ceptor blocker, propranolol, is shown to antagonize
completely cAMP accumulation generated by dopa-
mine as well as by norepinephrine. In contrast, tri-
fluoperazine, a phenothiazine which is relatively
selective in-blocking the dopamine receptor [17-19],
produced no significant alteration of the [*H]cAMP
generated by dopamine. In homogenates of another
brain region, such as the cerebral cortex or hindbrain,
which reportedly is sparsely innervated [12] or
devoid [11] of dopaminergic terminals, respectively,
dopamine is still capable of eliciting significant in-
creases in cAMP formation. Finally, the B-type
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responsiveness to catecholamines in homogenates is
similar to that reported in striatal slices in which
newly formed [!*C]cAMP or endogenous cAMP
was assayed [6]. More recent observations in striatal
slices show that an approximate 2-fold increase of
endogenous cAMP elicited by 100 uM dopamine is
antagonized completely by 10 uM propranolol but
not by 10 uM trifluoperazine. In agreement with these
findings, Sheppard and Burghardt [20] have pre-
sented preliminary data which demonstrate that the
order of potency for stimulating endogenous cAMP
production in isotonic homogenates of the rat caudate
nucleus is isoproterenol > norepinephrine > dopa-
mine and, that these stimulatory responses are in-
hibited by 1 uM propranolol. These effects upon the
levels of endogenous cAMP in both striatal slices and
isotonic homogenates are similar to those obtained
employing the prelabeling technique in which the per-
centage conversion of newly formed [**CJATP to
[**CJcAMP was calculated [6] and thus suggest the
equivalence of the two methods for measuring cAMP
formation. However, contrasting results have been
reported by Forn et al. [5] in which the dopamine-
induced increase of endogenous cAMP in striatal
slices was inhibited markedly by fluphenazine (100
M) but unaltered by propranolol (100 uM). At the
present time. we are unable to explain the apparent
discrepancies between our findings and those of
Forn et al. [5]}. On the basis of present findings and
those noted in a previous report with brain slices and
crude synaptosomal fractions [6], it seems likely that
the stimulatory effect of dopamine on the conversion
of newly formed ATP into cAMP in broken-cell
preparations is mediated by an interaction with a f-
type system rather than a specific dopamine receptor-
coupled adenylate cyclase.

Further attempts resulted in localizing the S-type
activity to particulate preparations of a crude synap-
tosomal fraction. This preparation of synaptosomal
membranes is capable of synthesizing ATP from
adenine and exhibiting résponses to p-agonists,
which are characteristic of a p-adrenoreceptor-
linked adenylate cyclase. Furthermore, high con-
centrations of ATP do not alter the augmented
accumulation of [°H]cAMP in response to the g-
adrenergic agonist, isoproterenol. This apparent
inability of exogenously added ATP to decrease the
specific activity of the newly formed [*H]ATP
suggests that the particulate fraction of [*H]ATP,
which serves as the substrate of adenylate cyclase, is
probably synthesized in a strategic, membrane-bound
pool, which is inaccessible to exogenously adminis-
tered ATP. This is further supported by the finding
that fluoride ions produce only minimal increases in
[*H]cAMP formation and in [*HJATP retained in
the osmotically shocked, particulate preparation.
The possibility that the fluoride ion penetrates cell
membranes slowly might explain its failure to either
stimulate or inhibit a membrane-enclosed component
of adenylate cyclase or adenosine triphosphatase
respectively. Nevertheless, the apparent lysis of
intact, vesicle-filled synaptosomes during homogeniza-
tion in hypotonic medium is supported by prelimin-
ary observations obtained from electron micrographs
which appear to show plasma membranes of ghost-
like disrupted synaptosomes which have lost their
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vesicular contents. In agreement with these observa-
tions is the finding that after osmotic shock of the
synaptosomal fraction, the 17,000¢g particulate. frac-
tion which contains the S-type system retains only 13
and 25 per cent of the newly formed [*H]ATP and
[®H]cAMP respectively. Finally, preincubation of
the particulate fraction at 37° for 30 min in hypotonic
medium did not alter the p-stimulatory effect, sug-
gesting that lysis of the membrane compartment
containing the cyclase system does not appear to be
a time- or temperature-dependent variable.

To test this model of the B-type system which
depicts the localization of the B-adrenoreceptor-
linked adenylate cyclase in a membrane-enclosed
compartment, striatal homogenates first were incu-
bated with [*H]Jadenine and subsequently were
subjected to sonmication in hypotonic medium. The
adenylate cyclase of a sonicated preparation appears
to lose its sensitivity to the f-adrenergic agonist,
isoproterenol, as well as to norepinephrine and dopa-
mine. One possible explanation of these findings is
that the loss of responsiveness of the p-type system
during sonication may result from a possible dis-
ruption of the membrane-bound complex, causing
the functional uncoupling of adenylate cyclase from
the B-adrenergic receptor. Moreover, during sonica-
tion, newly formed [*H]JATP may be released from
its membrane-enclosed compartment into a free pool,
which can no longer serve as substrate for the -
adrenergic receptor-coupled adenylate cyclase.

To test this hypothesis further, the properties
exhibited by striatal homogenates were examined
with another assay procedure, in which exogenous
[*H]ATP was utilized to measure adenylate cyclase
activity in broken-cell preparations. The adenylate
cyclase activity was assayed by employing a saturating
concentration of [*HJATP (0.5 mM) to initiate the
reaction. Dopamine and norepinephrine produced
about a 40-50 per cent increase in [ *H]cAMP forma-
tion in striatal homogenates, whereas isoproterenol
was without stimulatory effect. Maximal stimulation
by the dopamine receptor agonist, apomorphine, was
reached at 3 uM, declining to control values at
100 uM apomorphine. Furthermore, the dopamine-
and norepinephrine-induced increases of adenylate
cyclase activity in striatal homogenates were antagon-
ized completely by trifluoperazine but not by pro-
panolol. These results are in good agreement with
previous findings reported by several groups of
investigators [3, 4, 17-19], who utilized saturating
concentrations of exogeneous ATP to measure
adenylate cyclase activity. Contrasting findings have
been reported [2], which demonstrate a slight
stimulatory response to isoproterenol (approximately
20 per cent) in crude striatal homogenates. Unfortu-
nately, these authors made no attempt to delineate the
procedural differencesin the assay of adenylate cyclase,
which might explain the failure of other laboratories to
observe a stimulatory effect with isoproterenol. More-
over, in the cerebral cortex, which reportedly contains
dopaminergic terminals [12], and exhibits properties
characteristic of a- and f-type systems [21, 22], a
slight but statistically significant increase in adenyl-
ate cyclase activity is observed in response to norepine-
phrine, dopamine and apomorphine. These results,
which are consistent with previous findings [14, 23],
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suggest the possibility of a dopamine component of
the adenylate cyclase response to catecholamines in
cerebral cortical homogenates, when assayed with
exogenous [H]ATP. In contrast, no stimulatory
response is elicited by catecholamines in homogenates
of the hindbrain, which is relatively devoid of dopa-
minergic terminals [11] but does possess binding
sites for the B-adrenergic receptor [10] as well as a
B-type cyclase system [6, 22]. Finally, sodium fluoride
produces a marked 2-fold stimulation of [*HJcAMP
formation, and sonication of the tissues does not
alter the stimulatory response to either dopamine or
norepinephrine. Thus, it seems evident that the
particulate component of a crude synaptosomal
preparation of striatal adenylate cyclase, which utilizes
exogenous ATP as substrate, is subject to stimulation
by the fluoride ion and demonstrates properties
characteristic of a dopamine receptor-coupled adeny-
late cyclase. In contrast, the membrane-enclosed
particulate component of a crude synaptosomal
preparation of adenylate cyclase, which utilizes endo-
genously synthesized ATP as substrate, is relatively
insensitive to the fluoride ion but does conform to
criteria identified with a pB-adrenoreceptor-linked
adenylate cyclase. Consistent with these observations,
Sheppard and Burghardt [20] have similarly proposed
the existence of separate compartments for the p-
adrenoreceptor- and dopamine receptor-adenylate
cyclase systems. Finally, it is possible that the f-type
system is buried in the matrix of the synaptosomal
membranes, whereas the striatal dopamine receptor-
adenylate cyclase complex is localized either on post-
synaptic membranes [24-26] or on glial cells [27],
which contaminate synaptosomal fractions.
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