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SUMMARY

IveRrseN, L. L., Rocawskl, M. A. & MILLER, R. J. (1976) Comparison of the effects
of neuroleptic drugs on pre- and postsynaptic dopaminergic mechanisms in the rat
striatum. Mol. Pharmacol., 12, 251-262.

Neuroleptic drugs of various chemical classes were compared as inhibitors of the
postsynaptic dopamine-sensitive adenylate cyclase in rat striatum and for their ability
to influence a variety of presynaptic mechanisms in dopaminergic nerve terminals in
striatum. Sixteen chemical analogues of the butyrophenone haloperidol were tested on
the dopamine-sensitive adenylate cyclase, and the results showed a good correlation
between inhibitory potency in this system and the known effects of these compounds as
apomorphine antagonists in vivo. In intact synaptosome preparations from rat striatum
apomorphine was a potent inhibitor (IC5, = 0.2 uM) of the conversion of tritiated
tyrosine to catechols. Other dopamine-mimetic drugs [epinine, dopamine, 2-amino-6,7-
dihydroxy-1,2,3,4-tetrahydronaphthalene (ADTN)] also had similar inhibitory effects,
although the alpha adrenoceptor agonist phenylephrine and the beta agonist isoprena-
line were also inhibitory at higher concentrations. The inhibitory actions of dopamine,
epinine, ADTN, and noradrenaline were significantly reduced by addition of the dopa-
mine uptake inhibitor benztropine, suggesting that they act at least in part by inhibi-
tion of intrasynaptosomal tyrosine hydroxylase after uptake into dopaminergic termi-
nals. The effects of apomorphine, however, were unaffected by benztropine, suggesting a
direct action on presynaptic “autoreceptors” at dopaminergic terminals. All the com-
pounds tested were at least 50 times less potent as inhibitors of free tyrosine hydroxylase
in detergent-containing striatal homogenates. The inhibitory effects of apomorphine on
synaptosomal catechol synthesis were partially reversed by various neuroleptic drugs,
and this appeared to be due to a competitive interaction between the neuroleptic drugs
and apomorphine at presynaptic receptor sites. The neuroleptics, however, also tended
themselves to inhibit catechol synthesis when added alone. Haloperidol, spiroperidol,
and pimozide were particularly potent in reversing the presynaptic actions of apomor-
phine on catechol formation, being active at concentrations between 10 and 100 nm.
Neuroleptics also had some activity as inhibitors of [*Hldopamine uptake and as
dopamine releasers in striatal synaptosomes. They also antagonized the evoked release
of [*H]dopamine elicited by protoveratrine. None of these effects, however, occurred at
very low drug concentrations, and the butyrophenones were no more potent than
chlorpromazine. It is concluded that neuroleptics possess actions on both pre- and
postsynaptic sites in the striatum, but that the postsynaptic blocking action on dopa-
mine receptors is likely to be most crucial for the clinical activity of these drugs.
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INTRODUCTION

There is considerable evidence that neu-
roleptic drugs act as antagonists at post-
synaptic dopamine receptor sites in brain
(1). Several laboratories have recently
used a specific dopamine-sensitive adenyl-
ate cyclase in homogenates of the dopa-
mine-rich neostriatum to assess such do-
pamine antagonist effects (2-4). Neurolep-
tic drugs of various chemical classes are
effective inhibitors of the dopamine-stimu-
lated adenylate cyclase, and we and others
have found a good correlation between the
results obtained in this system and neuro-
leptic potency in vivo for such drugs (5).
The butyrophenone neuroleptics, however,
behave somewhat anomalously in this
test. Although drugs such as haloperidol,
spiroperidol, and pimozide are effective in-
hibitors of the dopamine-sensitive adenyl-
ate cyclase, their potencies in vitro are not
greater than that of chlorpromazine,
whereas from data in vivo one would ex-
pect them to be considerably more potent
than chlorpromazine (6, 7).

In addition to their postsynaptic actions,
neuroleptic drugs can also exert various
effects on presynaptic mechanisms in do-
paminergic neurons. Thus neuroleptics in-
crease the rate of turnover of dopamine in
the intact brain, and this effect is only
partially abolished by procedures that pre-
vent increases in impulse traffic in dopa-
minergic neurons (8-10), suggesting that
the drugs may act at least in part on pre-
synaptic mechanisms. Recent findings
suggest that presynaptic receptor sites
which can respond to external dopamine or
apomorphine may exist at dopaminergic
nerve terminals, and that when these re-
ceptors are activated dopamine biosyn-
thesis is inhibited (8, 11). Experiments
both in vivo and in vitro indicate that neu-
roleptic drugs can act as antagonists at
such presynaptic dopamine receptors, in
addition to their postsynaptic actions (12-
16). Seeman and his colleagues (17-19)
have also reported that neuroleptics have
a variety of other presynaptic actions on
dopamine terminals: a dopamine-releasing
effect, inhibition of dopamine uptake sites,
and an ability to block stimulus-evoked
release of the transmitter. They have sug-
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gested that the activities of neuroleptics in
blocking transmitter release correlate well
with clinical antipsychotic potencies of
these drugs (19).

In the present studies we examined
some of the presynaptic effects of various
neuroleptic agents to determine which, if
any, of these actions might correlate best
with neuroleptic activity. In addition, the
inhibitory effects of a larger group of bu-
tyrophenones were assayed on the dopa-
mine-sensitive adenylate cyclase, in order
to determine whether the dopamine-block-
ing potencies in vitro of individual mem-
bers of this series of compounds could be
shown to correlate with their dopamine
antagonist properties in vivo. We conclude
that such a correlation does exist among
the butyrophenones, and that although
some neuroleptic drugs possess potent ac-
tions on presynaptic dopaminergic mecha-
nisms, these actions are less likely to be
crucial in determining neuroleptic activity
than the postsynaptic dopamine antago-
nist properties of the same molecules.

METHODS

Animals and dissection. Male Sprague-
Dawley rats (200-250 g) were used for all
studies. Striatal tissue was dissected as
described previously (20).

Dopamine-sensitive adenylate cyclase.
Drugs were tested as inhibitors of the do-
pamine-sensitive adenylate cyclase in ho-
mogenates of rat striatum as described
previously (2). The concentration of dopa-
mine was constant at 100 uM, and each
drug was tested at four different concen-
trations, each involving quintuplicate esti-
mations. From these results an IC,, value
for each drug was determined graphically
by log probit analysis, and K; values were
calculated as previously described (2, 3).

Effects of drugs on synaptosomal syn-
thesis of labeled catechols. The method
used was similar to that described by oth-
ers (15, 16, 21). Rat striatal tissue was
homogenized in 40 volumes of ice-cold 0.3
M sucrose, using a glass-Teflon homoge-
nizer. The homogenate was centrifuged at
1,000 x g for 5 min, and the resulting
supernatant was centrifuged at 10,000 x g
for 20 min in a refrigerated centrifuge. The
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tubes were carefully drained, and the P2
pellet (crude synaptosomal-mitochondrial
fraction) was resuspended in 0.3 M sucrose,
1 ml/100 mg of original striatal tissue, wet
weight. Aliquots of this crude synaptoso-
mal preparation were used for subsequent
incubation, and sufficient material was
prepared to provide all the samples for
each experiment from one suspension.
Ten-microliter aliquots of the synaptoso-
mal suspension (approximately 40 ug of
protein) were added to tubes containing 50
ul of Krebs phosphate solution and test
drugs and incubated at 37° for 10 min; 10
pl of Krebs solution containing 2.5 uCi of
L-[*Hltyrosine and nonradioactive L-tyro-
sine (final incubation concentration, 5 um)
were then added, and incubation was con-
tinued for a further 10 min. Labeled ca-
techol impurities were removed from the
[*H]tyrosine solution immediately before
use by shaking with a small amount of
alumina (Woelm, neutral, activity grade
1) in 5 mM Tris-HCI buffer, pH 8.6. At the
end of the incubation the tubes were re-
moved to an ice bath, and 200 ul of 0.4 N
perchloric acid containing carrier L-dopa (2
pg/ml) were added. Labeled catechols
were then isolated by adsorption on alu-
mina, eluted with acid, and measured by
scintillation counting as described previ-
ously (22). Each drug examined was tested
at several different concentrations, with at
least duplicate estimations at each concen-
tration. All experiments included blank
samples (with no added tissue suspension)
and control incubations of tissue with no
added drugs.

In some experiments drug effects were
assessed on cell-free tyrosine hydroxylase
in rat striatum. In these experiments
striatal tissue was homogenized in 20 vol-
umes of ice-cold 5 mm Tris-HC] buffer, pH
6.5, containing 0.1% (v/v) Triton X-100,
and 10-ul aliquots of this homogenate
were used for tyrosine hydroxylase assay
as described by Hendry and Iversen (22),
using added reduced dihydrobiopterin (1
mM) as cofactor and 5 uM L-[*H]tyrosine as
substrate.

Dopamine uptake. Effects of drugs on
[*Hldopamine uptake in crude synaptoso-
mal preparations from rat striatum were
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assessed by a previously described proce-
dure (3). Briefly, this consisted of incubat-
ing aliquots of striatal sucrose homoge-
nates with test drugs and tritiated dopa-
mine (50 nM) in Krebs phosphate solution,
followed by harvesting of labeled synapto-
somes by membrane filtration.

Effects of drugs on release of
[*H]dopamine from striatal synaptosomes.
Striatal tissue was homogenized in 10 vol-
umes of ice-cold 0.3 M sucrose using a
glass-Teflon homogenizer. After centrifu-
gation at 1000 x g for 5 min, an aliquot of
the supernatant was added to 10 volumes
of Krebs phosphate solution containing
[*H)ldopamine (500 nM) and incubated at
37° for 10 min, with shaking. Aliquots (0.2
ml) of the labeled synaptosome suspension
were then added to warmed 10-ml beakers
containing 2.0 ml of Krebs phosphate with
or without test drugs, and incubation was
continued for a further 5 min. The beakers
were then removed to an ice bath, and
samples were rapidly filtered through 25-
mm-diameter Sartorius membrane filters,
0.45-um pore size. The filters were washed
twice with 10 ml of cold NaCl solution and
counted in scintillation vials after addition
of 2 ml of ethoxyethanol and 10 ml of 0.4%
butyl-PBD (Ciba) in toluene. In each ex-
periment blank samples were included,
with no added tissue, and the resulting
filter blank values were subtracted. Incu-
bations of tissue in medium with no added
test drugs were used in each experiment as
controls to assess drug effects. Each drug
was tested at several concentrations, and
each concentration involved triplicate esti-
mations.

Materials. [ethylamine-1,2-*H]Dopa-
mine hydrochloride (specific activity, 2.4
Ci/mmole), [8-*H)adenosine cyclic 3',5'-
monophosphate (specific activity, 27.5 Ci/
mmole), and L-[side chain,2,3-*H]tyrosine
(specific activity, 22.0 Ci/mmole) were ob-
tained from the Radiochemical Centre.
Protoveratrines A and B were obtained
from K & K Laboratories, Plainview, N.
Y. We are grateful for the following gifts of
drugs: fluphenazine, Squibb; chlorproma-
zine, promazine, promethazine, and tri-
fluoperazine, May & Baker, Ltd.; « and B
forms of flupenthixol and clopenthixol,
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Lundbeck, Ltd.; pimozide, haloperidol,
and other butyrophenones, Janssen Phar-
maceutica; (+) and (—) enantiomers of bu-
taclamol, Ayerst Laboratories, Inc.; and
(—)-apomorphine HCl, MacFarlan-Smith,
Ltd.

Most of the butyrophenones used were
supplied as water-soluble hydrochloride
salts, and stock solutions were prepared by
dissolving the drugs in warm distilled wa-
ter. In other cases butyrophenone drugs
were dissolved in 0.01 N hydrochloric acid,
and the resulting stock solutions were di-
luted at least 100-fold in the final assay
tubes.

RESULTS

Adenylate cyclase. Previous results have
shown haloperidol and spiroperidol to be
effective as inhibitors of the dopamine-
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stimulated adenylate cyclase in rat stria-
tal homogenates, although the potencies of
these agents in the test system in vitro
were not as high as expected from data in
vivo (2, 3). In the present studies we con-
firmed these findings and examined the
effects of 16 other butyrophenones, related
structurally to haloperidol; the results are
summarized in Table 1. These substances
were made available from the research
laboratories of Janssen Pharmaceutica,
and were tested on a blind basis. The bio-
chemical results were subsequently com-
pared with data in vivo on the effects of
these drugs as apomorphine antagonists in
dogs; these data were obtained by Dr. C.
Niemegeers and were kindly made availa-
ble by Drs. P. Laduron and P. Janssen
(Table 1). In general there was a good
agreement with the findings in vivo, those

TabLe 1
Inhibition of dopamine-stimulated adenylate cyclase in rat striatum by butyrophenones
Basal enzyme activity was 29.6 + 7.5 pmoles of cyclic AMP per 2 mg (wet weight) per 2.5 min, and in the
presence of 100 uM dopamine, 60.7 = 10.9 pmoles of cyclic AMP per 2 mg (wet weight) per 2.5 min. K| values
were calculated as described by Miller et al. (2), on the assumption that all drugs acted as competitive inhibi-
tors, as shown previously for haloperidol and spiroperidol (24).

(o]

"
O )-C-cy-chy-crp-

L R Name K, ED,,?

M mglkg
F Br Bromperidol 0.013 0.018
F OCH, R 15316 0.068 0.03
F Cl Haloperidol 0.091 0.02
F F R 1610 0.10 0.07
F H R 1589 0.17 0.1
H Br R 11872 0.19 0.022
F CH; R 1658 0.41 0.045
H OCH,3 R 2839 1.1 0.06
Cl Cl R 1670 1.1 1.5
H Cl R 1532 3.1 0.06
H CH, R 1639 2.5 0.05
H H R 1484 3.6 0.4
Cl CH; R 8446 >10 >4.5 0.03
Cl F R 1673 >100 >45 >2.0
Cl H R 1519 >100 >45 >5.0
Cl Br R 11530 >100 >45 2.5
F Cl N-CH,l R 2388 >100 >45 >5.0

2 Apomorphine test in dogs; data provided by Dr. P. Laduron, Janssen Pharmaceutica. Data were re-
corded 30 min after the administration of each neuroleptic drug.
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drugs that were the most potent apomor-
phine antagonists in vivo being also most
effective as dopamine antagonists in vitro.
Synaptosomal synthesis of labeled ca-
techols. Previous studies have shown that
the conversion of labeled tyrosine to ca-
techols can be measured in synaptosome
suspensions or in brain slices incubated in
vitro in the absence of added pteridine co-
factor (12, 15, 21, 25, 26). Christiansen and
Squires (15) and Goldstein et al. (25) have
also shown that low concentrations of apo-
morphine will inhibit the hydroxylation of
tyrosine in such intact tissue preparations,
and that this inhibitory effect can be par-
tially reversed by neuroleptic drugs.
Using the resuspended striatal P2 pellet
as a source of synaptosomes, we were able
to confirm these findings. The conversion
of [*Hltyrosine to labeled catechols was
readily measureable (tissue values were
more than 10 times blank values after 10
min of incubation) and continued linearly
with time for at least 30 min. Apomor-
phine caused a concentration-dependent
inhibition of the conversion of tyrosine to
catechols, with an IC;, (concentration
causing 50% inhibition) of 200 nM. The in-
hibition of catechol synthesis by apomor-
phine in intact synaptosomes does not
seem to be due to a direct inhibitory effect
of the drug on the enzyme tyrosine hydrox-
ylase, since much higher concentrations of
apomorphine were needed (IC;, = 11 um)
to inhibit the enzyme in detergent-con-
taining homogenates of striatal tissue, in
which the enzyme is not occluded (Fig. 1).
The inhibitory effects of apomorphine were
similar if estimated after incubations of 5-,
10-, or 15:min duration, and were not af-
fected by prior treatment of the animals
with reserpine (5 mg/kg intraperitoneally
18 hr previously). Similar inhibitory ef-
fects were seen when dopamine and var-
ious dopamine analogues were added to
intact synaptosome suspensions (Fig. 2); in
each case much higher concentrations
were needed to inhibit free tyrosine hy-
droxylase (Table 2). However, in intact
striatal synaptosomes, dopamine and
some of its analogues are rapidly concen-
trated within the cytoplasm of dopami-
nergic terminals by a high-affinity mem-
brane uptake system and may thus attain
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Fi1G. 1. Inhibition of tyrosine hydroxylation by
apomorphine in intact rat striatal synaptosomes and
in detergent-containing homogenates of striatum
(lysed synaptosomes)

Increasing concentrations of apomorphine were
added to each system, and the conversion of
[*H]tyrosine to labeled catechols was determined
after a 10-min incubation at 37° as described under
METHODS. The results are expressed as percentage
inhibition of tyrosine hydroxylation in the presence
of apomorphine, relative to controls with no added
drug. Each point represents the mean of three deter-
minations. Control values for intact synaptosomes
were 0.105 pmole of labeled catechols per minute per
milligram of tissue, and for lysed synaptosomes, 6.3
pmoles/min/mg of tissue.
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F1G. 2. Inhibition of tyrosine hydroxylation in
striatal synaptosomes by added dopamine-like drugs

Each drug was tested by addition to striatal syn-
aptosome preparations in the presence and absence
of the uptake inhibitor benztropine (BZT) (2 uM) or
[*H]tyrosine (5 uM). Labeled catechol formation was
measured after a 10-min incubation at 37°. Each
point is the mean of three determinations, and re-
sults are expressed as percentage inhibition relative
to controls with or without benztropine added. Con-
trol values in the absence of benztropine were 0.115
pmole of labeled catechols per minute per milligram
of tissue; controls with added benztropine consist-
ently yielded somewhat higher values, 0.132 pmole/
min/mg of tissue.
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TABLE 2

Inhibition of formation of catechols by dopamine and
related compounds in rat striatum

Compounds were tested as inhibitors of the con-
version of [*H]tyrosine to catechols in intact striatal
synaptosomes incubated in Krebs phosphate solu-
tion for 10 min at 37°. Each compound was tested at
least four concentrations, in duplicate, and the ICs,
values were estimated graphically (see Fig. 2). The
same compounds were also tested on intact synapto-
somes in the presence of the dopamine uptake inhib-
itor benztropine (2 uM) and by addition to homoge-
nates of striatum in 5 mM Tris buffer, pH 6.5, con-
taining 0.1% Triton X-100, 1 mm dihydrobiopterin,
and 5 uM [*H]tyrosine (“detergent homogenate”) to
assess their direct inhibitory effects on the activity
of tyrosine hydroxylase (see Fig. 1).

Compound IC;, for tyrosine hydroxyl-
ation
Intact | Intact | Deter-
synap- | synap- gent
to- to- |homoge-
somes | somes nate
+ 2 uM
benz-
tropine
M M M
Dopamine 0.25 0.34 68.0
(£)-a-Methyldopamine | 0.06 0.20 140.0
Apomorphine 0.21 0.20 11.0
ADTN¢ 0.10 0.20 150.0
Epinine 0.16 0.25
(—)-noradrenaline 0.34 1.50 180.0
(+)-noradrenaline 0.17 1.40 200.0

2 See the text, footnote 3.

much higher concentrations in the cyto-
plasm than those added to the medium.
Inhibition of the dopamine uptake mecha-
mism by benztropine (27) (2 um) led to a
decrease in the potency of all the com-
pounds tested in the intact synaptosome
system (Fig. 2 and Table 2), except for
apomorphine, whose inhibitory potency
was unaffected (Table 2). This suggests
that at least part of the actions of the other
compounds may be due to direct inhibitory
effects on intrasynaptosomal tyrosine hy-
droxylase following the active accumula-
tion of these compounds in the cytoplasm
of the synaptosomes. Benztropine alone at
a concentration of 2 uM caused a consist-
ent stimulation of catechol synthesis by
15-25% above normal control values. This
effect was evident only at benztropine con-
centrations of 1 uM or more, and did not
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increase at higher concentrations. The in-
hibitory potency of the compounds tested
was still high in the presence of benztro-
pine, however, suggesting that they also
exert some action on receptor sites located
externally on the presynaptic terminal
membrane. In the presence of benztropine,
the compounds apomorphine, (+)-a-meth-
yldopamine, ADTN,? and epinine were ap-
proximately equipotent, and slightly more
potent than dopamine; (+)- and (—)-nor-
adrenaline were equipotent and approxi-
mately 5 times less potent than dopamine
(Table 2).

The ability of various neuroleptic drugs
to reverse the inhibition of catechol syn-
thesis caused by apomorphine was exam-
ined. In these experiments a constant con-
centration of 200 nM apomorphine was
used, which by itself caused approximately
50% inhibition of tyrosine conversion. Var-
ious concentrations of each neuroleptic
drug were then tested by addition to the
synaptosomal system in both the presence
and absence of apomorphine. Since most of
the drugs tested caused an inhibition of
catechol synthesis when added alone, the
reversal of the apomorphine effect was dif-
ficult to assess precisely. However, if the
effect of apomorphine was assessed in the
presence of a neuroleptic drug by compari-
son with the control value obtained in in-
cubations with that drug alone at the same
concentration, a consistent series of re-
sults could be obtained. The results ob-
tained when the concentration-response
curve for apomorphine was determined in
the presence and absence of a fixed concen-
tration of haloperidol or a-flupenthixol
(Fig. 3) showed a parallel shift to the right
of the response curve for apomorphine in
the presence of these neuroleptics, sug-
gesting a competitive interaction between
the drugs and apomorphine. The apomor-
phine-blocking effects of a-flupenthixol
were similar when estimated after incuba-
tions of 5-, 10-, or 15-min duration, sug-
gesting a rapid interaction between the
two drugs. Haloperidol or chlorpromazine
had no direct inhibitory effects on tyrosine
hydroxylase activity in detergent-contain-
ing homogenates of striatal tissue when

3The abbreviation used is: ADTN, 2-amino-6,7-
dihydroxy-1,2,3,4-tetrahydronaphthalene.
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F1G. 3. Concentration-effect curves for inhibition
of tyrosine hydroxylation by apomorphine in striatal
synaptosomes in the presence and absence of neuro-
leptic drugs: 1 uM haloperidol (A) and 1 uM ao-
flupenthixol (B)

Each point is the mean of three determinations,
and values are expressed as percentage inhibition
relative to controls incubated without added drug
(“control”) or with the test concentration of haloperi-
dol or flupenthixol. Control values (n = 4) were: for
experiment A in the absence of haloperidol, 0.085
pmole/min/mg, and with haloperidol, 0.042 pmole/
min/mg; for experiment B, in the absence of added
flupenthixol, 0.090 pmole/min/mg, and in the pres-
ence of flupenthixol, 0.076 pmole/min/mg.

tested at a concentration of 5uM. Table 3
summarizes the results obtained with 18
neuroleptic drugs tested in the synapto-
some system. The results are presented as
IC;, values for drug-induced inhibition of
tyrosine hydroxylation, from experiments
in which drugs were added alone, and as
EC,; values, representing the drug concen-
trations needed to cause a 25% reversal of
the inhibition caused by apomorphine
(Fig. 4). The latter measure was consid-
ered more reliable than the more usual
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ECs, value, since several neuroleptic
drugs (e.g., chlorpromazine) failed to pro-
duce more than 50% reversal of the apo-
morphine effect even when tested at high
concentrations, and most of the drugs
tested failed to produce 100% reversal. All
the drugs tested caused some inhibition of
tyrosine hydroxylation when added alone,
and most were able to cause some reversal
of the inhibitory effects of apomorphine. In
some cases (pimozide, spiroperidol, and
haloperidol) the drugs were very potent
apomorphine antagonists, with EC,; val-
ues for apomorphine reversal of less than
100 nM.

TaBLE 3

Effects of neuroleptic drugs on catechol formation in
intact striatal synaptosomes and on inhibitory effects
of apomorphine

Drugs were tested as inhibitors of the conversion
of [*Hltyrosine to labeled catechols in intact striatal
synaptosomes incubated in Krebs solution for 10
min at 37° each drug was tested at three to five
concentrations, in duplicate, and IC;, values were
determined graphically. Each drug was also tested
in the presence of 200 nM apomorphine, to determine
its ability to reverse the inhibition caused by this
concentration of apomorphine; the drug concentra-
tion required to cause 25% reversal of the apomor-
phine effect (EC,s) was determined graphically (see
Fig. 4). Structures of numbered compounds are
given in Table 1. Data on inhibition of dopamine-
sensitive adenylate cyclase are from previous publi-
cations (see ref. 5) and from Table 1.

Drug ICy, for | EC,; for |K, for dopa-
tyrosine |reversal of | mine-sensi-
hydrox- | apomor- |tive adenyl-
ylation | phine in- | ate cyclase

hibition

mM mM nM
a-Flupenthixol >10.0 0.15 0.001
B-Flupenthixol >10.0 5.50 >1.00
Trifluoperazine | >10.0 0.30 0.019
Chlorpromazine 10.0 0.50 0.048
(+)-Butaclamol 2.0 0.20 0.0088
(—)-Butaclamol 18.0 1.00 >1.00
Pimozide 2.0 0.055 0.14
Haloperidol 1.0 0.016 0.08
Spiroperidol >10.0 0.035 0.095
R 1639 6.5 0.24 2.50
R 1484 1.2 1.00 3.60
R 1658 7.0 | >10.00 0.41
R 2839 16.0 0.50 1.10
R 1589 2.5 0.35 0.17
R 1610 2.5 0.40 0.10
R 1673 2.5 4.00 >45.00
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Fi1G. 4. Concentration-effect curves for haloperi-
dol as an inhibitor of tyrosine hydroxylation in intact
striatal synaptosomes (©) and as an antagonist of
inhibitory efect of apomorphine (0.2 uM) on tyrosine
hydroxylation in this preparation (®)

Each point is the mean of three determinations,
and values are expressed as percentage inhibition
relative to controls with no added drugs (®) or per-
centage inhibition of the apomorphine effect (@),
taking into account the inhibitory effect of haloperi-
dol when added alone at each concentration. Results
are plotted on log probit graph paper to allow deter-
mination of ICy, and EC,; values (see Table 3).

Various other substances were tested for
their possible effects on catechol synthesis
in the striatal synaptosomal system (Table
4). The cholinergic agonists carbamylcho-
line (carbachol) and oxotremorine and the
indirectly acting sympathomimetic am-
phetamine had no significant effects on
tyrosine hydroxylation at concentrations
up to 10 uM. The alpha adrenoceptor ago-
nist phenylephrine and the beta agonist
isoprenaline, however, both caused about
50% inhibition of catechol synthesis at 10

UM.

Inhibition of dopamine uptake. Nine
drugs were tested as inhibitors of
[*Hldopamine uptake in striatal synapto-
some preparations. All the drugs were ac-
tive as uptake inhibitors, with IC;, values
in the range 1.5 uM (a-clopenthixol) to 16
uM (promazine and promethazine) (Table
5). The inhibition of dopamine uptake
caused by two drugs, chlorpromazine and
a-flupenthixol, appeared to be of a simple
competitive type when this was examined
by kinetic analysis (27). There was no cor-
relation, however, between neuroleptic ac-
tivity and ability to inhibit dopamine up-
take, since the potent neuroleptic pheno-
thiazine fluphenazine was only marginally
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more potent than the inactive compounds
promazine and promethazine, and the ac-
tive neuroleptics a-clopenthixol and a-flu-
penthixol were only slightly more potent
as uptake inhibitors than their B8 isomers,
which are very much less active as neuro-
leptics (5).

Effects of drugs on dopamine release
from synaptosomes. Seeman and his col-
leagues (17-19) reported that various neu-
roleptic drugs can cause a release of dopa-
mine from striatal synaptosomes and are
also able to block the release of labeled
dopamine evoked by electrical stimulation
from striatal slices in vitro. They found
that the potent butyrophenones haloperi-
dol and spiroperidol were particularly
powerful inhibitors of the stimulus-evoked
release of dopamine (19). In the present
studies we used striatal synaptosomes
rather than slices, and studied drug effects

TABLE 4

Effects of various substances on catechol formation in
rat striatal synaptosomes

Compounds were tested on tyrosine hydroxyl-
ation in striatal synaptosomes by measuring forma-
tion of labeled catechols from [*H]tyrosine after a 10-
min incubation at 37°. Each value is the mean of two
or three determinations, and is expressed as per-
centage of control values in the absence of added
drugs. Control values (n = 4) were 0.13 pmole of
labeled catechols per minute per milligram of tissue.

Compound Concen- [*H]cate-

tration chols
formed

uM % control
(%)-Isoprenaline 1 117.5
10 54.6
(£)-Amphetamine 0.1 94.6
1 98.5
10 100.3
(—)-Phenylephrine 0.1 98.6
1 71.7
10 49.7
Carbachol 0.1 90.8
1 96.5
10 91.2
Oxotremorine 0.1 96.1
1 89.5
10 85.5
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TABLE 5
Inhibition of [*H]dopamine uptake in rat striatal
synaptosomes by neuroleptic drugs
Drug effects on [*Hldopamine uptake in homoge-
nates of rat striatum were determined after 5 min of
incubation at 37°. Each drug was tested at three
concentrations, with quadruplicate estimations, and
ICy values were determined graphically. Data for
inhibition of dopamine-sensitive adenylate cyclase
are from previous publications (see ref. 5).

Drug ICs, for K, for dopa-
[*H]ldopa-  mine-sensitive
mine adenylate cy-
uptake clase
n uM
Promazine 16.0 >1.00
Promethazine 16.0 >1.00
Fluphenazine 11.0 0.0043
a-Flupenthixol 3.5 0.001
B-Flupenthixol 5.8 >1.00
Trifluoperazine 9.0 0.019
Chlorpromazine 10.0 0.048
a-Clopenthixol 1.5 0.016
B-Clopenthixol 3.0 >1.00

both on the spontaneous efflux of labeled
dopamine and on the stimulated efflux
caused by addition of the depolarizing al-
kaloid protoveratrine. Protoveratrine has
been shown to cause a tetrodotoxin-sensi-
tive depolarization of nerve terminals in
brain tissue incubated in vitro (28). The
experimental system involved loading
striatal synaptosomes by incubation with
[*Hldopamine, followed by a 10-fold dilu-
tion in nonlabeled medium and further in-
cubation for a short period (5 min) before
harvesting labeled synaptosomes by mem-
brane filtration. During this 5-min period
the further uptake of labeled dopamine
still present in the medium was greatly
reduced by the dilutipn, and very little
(less than 10%) of the labeled catechola-
mine initially accumulated was lost by
spontaneous efflux. Very similar results
were obtained in experiments in which
labeled synaptosomes were harvested by
centrifugation after the initial labeling
period and resuspended in nonradioactive
medium, as described by Seeman and Lee
an.

Protoveratrine caused a marked concen-
tration-dependent acceleration of the loss
of labeled dopamine from synaptosomes.
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After a 5-min exposure to 35 uM protover-
atrine the treated synaptosomes contained
approximately 50% of the labeled dopa-
mine present in control tissues incubated
without drug. Neuroleptic drugs by them-
selves also caused increases in the efflux of
[FHldopamine, and the results obtained
are in good agreement with those reported
previously by Seeman and Lee (17). The
four drugs tested were also able to antago-
nize the releasing effects of 35 uM proto-
veratrine, although this effect, as in the
previous studies with reversal of the
apomorphine inhibition of tyrosine hy-
droxylation, was difficult to assess because
of the releasing effect of the neuroleptics
when added alone. Using the effects of the
neuroleptic drugs alone as a control, how-
ever, a dose-dependent antagonism of the
releasing action of protoveratrine could be
detected (Fig. 5 and Table 6). Unlike See-
man and his colleagues (19), however, we
did not find that haloperidol or spiroperi-
dol was especially potent in this respect.
The dopamine-releasing effect of chlorpro-
mazine (2 uM) was not affected by the
simultaneous presence of apomorphine (2
uM), which caused no release of
[*Hldopamine when added alone at this
concentration. Apomorphine (2 uM) also
had no effect on the blockade of protovera-
trine-induced dopamine release by chlor-
promazine (2 uM).

DISCUSSION

The present results extend our previous
findings on the inhibitory effects of neuro-
leptic drugs on the dopamine-sensitive ad-
enylate cyclase in rat striatum, and com-
pare the effects of these drugs on this post-
synaptic model with their actions on var-
ious biochemical mechanisms present in
the presynaptic dopamine terminals in
this area of brain. It appears to be valid to
consider the dopamine-sensitive adenylate
cyclase as a postsynaptic model, since the
activity of this system is unaffected, or
even increased, in striatal tissue after
surgically or chemically induced lesions of
the dopaminergic nigrostriatal pathway
(29, 30). There was a fair correlation be-
tween dopamine antagonist properties in
the adenylate cyclase system and actions
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F16. 5. Concentration-effect curves for chlorpro-
mazine on release of [*H]dopamine from rat striatal
synaptosomes (®) and antagonism of dopamine-re-
leasing effects of protoveratrine (35 uM) in the same
preparation (O)

Synaptosomes were labeled by incubation with
[*Hldopamine (0.5 uM) in Krebs phosphate solution
for 10 min, and aliquots of the labeled synaptosomes
were then diluted 10-fold in Krebs solution contain-
ing various concentrations of chlorpromazine with
or without added protoveratrine. After 5 min of in-
cubation at 37°, labeled synaptosomes were har-
vested by filtration. Each point is the mean of three
determinations, and results are expressed as per-
centage change in [*H]dopamine content relative to
controls with no added drugs (®) or as percentage
change in the releasing effect of protoveratrine in
the presence of chlorpromazine (©), taking into ac-
count the release induced by chlorpromazine itself
at each drug concentration. Control values with no
added drug (n = 6) were 22.5 pmoles of [’Hldopamine
per sample (equivalent to 2 mg of striatal tissue).
Protoveratrine alone (35 uM) caused a 55.0% release
of [*H]dopamine during the 5-min incubation (n =
4).

in vivo as apomorphine antagonists for the
16 analogues of haloperidol tested. Since
apomorphine antagonism in vivo is a good
predictive test for neuroleptic activity, the
dopamine - sensitive adenylate cyclase
again seems to be a reliable predictor of
neuroleptic activity in this chemical class,
although all the butyrophenones remained
less potent in the system in vitro than pre-
dicted from their high potencies in vivo.
We have suggested possible reasons that
might explain this anomaly elsewhere (5).

In agreement with previous reports (15),
we found that apomorphine was a very
potent inhibitor of the conversion of tyro-
sine to catechols in intact striatal synapto-
somes. When dopamine uptake sites were
inhibited with benztropine, to eliminate
effects due to accumulation of drugs within
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synaptosomes, it was clear that dopamine
and various related compounds also pos-
sess potent inhibitory effects on catechol
synthesis in this presynaptic model. The
specificity of this response was similar to
that found previously for activation of the
postsynaptic dopamine-sensitive adenyl-
ate cyclase in rat striatum, in that dopa-
mine, epinine, ADTN, and apomorphine
were approximately equipotent and (-)-
noradrenaline was less potent than dopa-
mine (5). However, the present results on
the presynaptic model show that two com-
pounds acted on the tyrosine hydroxyl-
ation system that were only very weak
activators of the adenylate cyclase: (+)-
noradrenaline and (%)- a-methyldopa-
mine. In addition, apomorphine behaved
as a simple dopamine agonist in the pres-
ent studies, whereas on the adenylate cy-
clase it has mixed agonist and antagonist
properties (5). The presynaptic “autorecep-
tors” for dopamine on dopaminergic termi-
nals may thus differ slightly in their phar-
macological specificity from postsynaptic
dopamine receptor sites. This question is
difficult to answer on the basis of the pres-
ent results, however, since in addition to

TABLE 6
Dopamine-releasing effects of neuroleptic drugs in
striatal synaptosomes and blockade of releasing effect
of protoveratrine

Drugs were tested for their ability to cause an
increased efflux of [*H]dopamine from striatal syn-
aptosomes previously labeled by exposure to the
labeled amine in the absence of added drug, and for
their ability to antagonize the release of
[*H)ldopamine evoked by addition of protoveratrine
(35 uM) to the incubation medium. Each drug was
tested at three or four concentrations, with tripli-
cate estimations at each point, and EC;, and IC;,
values were determined graphically (see Fig. 6).

Drug EC;, for ICs, for
[*Hldopa- blockade of
mine protovera-
release trine
release of
[*H)dopa-
mine
e [
a-Flupenthixol 7.0 4.0
Chlorpromazine 2.6 0.9
Haloperidol 4.0 1.9
Spiroperidol 5.0 2.0
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dopamine receptors other categories of pre-
synaptic receptors may be present on dopa-
minergic terminals; we found, for exam-
ple, that high concentrations of phenyl-
ephrine and isoprenaline also had some
inhibitory effects on catechol synthesis al-
though cholinergic agonists were without
effect. The existence of autoreceptors on
dopamine terminals may be of relevance
for the normal regulation of dopamine
turnover and release in such terminals by
an “autoinhibition” mechanism, similar to
that described recently in noradrenergic
nerve terminals (31). The potent effects of
apomorphine on such receptors may also
be relevant to some of the “paradoxical”
behavioral effects elicited by low doses of
apomorphine in vivo (8). The mechanism
whereby apomorphine and other agonists
for presynaptic receptor sites exert their
inhibitory effects on the conversion of tyro-
sine to catechol remains obscure. Recent
findings suggest that tyrosine hydroxylase
in nerve terminals can be activated by a
cyclic AMP-dependent mechanism (11, 13,
32, 33).

Neuroleptic drugs could at least par-
tially antagonize the inhibitory effects of
apomorphine, as reported previously (15,
16). It was difficult to make precise esti-
mates of drug potencies, however, because
the neuroleptics themselves also caused an
inhibition of synaptosomal catechol syn-
thesis. Nevertheless, a competitive inter-
action appeared to exist between, for ex-
ample, haloperidol or a-flupenthixol and
apomorphine at presynaptic sites (Fig. 3).
Haloperidol, pimozide, and spiroperidol
were particularly potent apomorphine an-
tagonists in this system, and these presyn-
aptic effects were more potent than those
found for the same drugs on the dopamine-
sensitive adenylate cyclase (2, 3). The po-
tent neuroleptics a-flupenthixol and (+)-
butaclamol each possess isomeric forms
with little or no neuroleptic activity [B-
flupenthixol and (—)-butaclamol]; a- and
B-flupenthixol and the (+) and () enan-
tiomers of butaclamol differ by more than
three orders of magnitude in their ability
to inhibit the dopamine-sensitive adenyl-
ate cyclase in rat striatum (2, 5). In their
ability to reverse apomorphine presynapti-
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cally, however, the isomeric forms of buta-
clamol and flupenthixol differed by only 5-
and 37-fold respectively. It is difficult to
know how relevant these findings may be
to the pharmacological profile of the neu-
roleptic drugs. Certain drugs, notably the
butyrophenones and pimozide, do appear
to be particularly active as antagonists at
presynaptic dopamine receptors, and this
may suggest that subtle differences in the
agonist and antagonist specificity of such
sites exist when compared with the post-
synaptic dopamine receptors in the central
nervous system. It seems unlikely, how-
ever, that blockade of presynaptic dopa-
mine receptors contributes importantly to
the antipsychotic actions of the neuroleptic
drugs, although such blockade may well
contribute to the increased rate of dopa-
mine turnover caused by many neurolep-
tics, by removing a normal local autoinhi-
bitory process at dopamine nerve termi-
nals (13). It seems unlikely, however, to
contribute to the clinical effects, since in-
hibition of dopamine synthesis with a-
methyl-p-tyrosine has been shown to po-
tentiate the antipsychotic actions of the
neuroleptic drug thioridazine (8).

In addition to their effects on pre- and
postsynaptic dopamine receptors, we con-
firmed that neuroleptic drugs also affect
dopamine uptake and release in striatal
synaptosomes and antagonize the evoked
release of dopamine from such particles.
However, none of these effects was elicited
by drug concentrations as low as those
found to affect pre- and postsynaptic recep-
tor mechanisms, and we did not find the
butyrophenones to be particularly potent
by comparison with chlorpromazine. It
seems likely that these effects can be at-
tributed to nonspecific membrane actions
of the neuroleptics, perhaps related to
their local anesthetic properties (18), or to
weak interactions of these drugs with
other dopamine recognition sites in pre-
synaptic dopaminergic nerve terminals.
The findings reported by Seeman and his
colleagues (19) on the blocking effects of
neuroleptics on stimulus-evoked release of
dopamine from striatal terminals could, of
course, be of considerable relevance in of-
fering an alternative mechanism to ex-
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plain the depressant effects of these drugs
on dopaminergic neurotransmission in the
central nervous system. Using a synapto-
somal model and protoveratrine-evoked
release, however, we were unable to find
any particularly powerful blocking effect
in the butyrophenone drugs by comparison
with chlorpromazine. The synaptosome
model, however, may not be as suitable for
such studies as the electrically stimulated
slice preparation used by Seeman and Lee
19).

We conclude from the present findings
that the actions of neuroleptic drugs on
dopamine-stimulated adenylate cyclase in
rat striatum are good predictors of neuro-
leptic activity, although many of these
drugs also possess potent actions on pre-
synaptic mechanisms in dopaminergic ter-
minals.
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