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SUMMARY

MIiLLER, RicHARD J., HORN, ALAN S., AND IVERSEN, LEsLIE L.: The action of neuro-
leptic drugs on dopamine-stimulated adenosine cyclic 3’,5’-monophosphate production
in rat neostriatum and limbic forebrain. Mol. Pharmacol. 10, 759-766 (1974).

Neuroleptic drugs of various types were more potent inhibitors of dopamine-sensitive pro-
duction of adenosine cyclic 3',5-monophosphate in homogenates of rat brain striatum than
non-neuroleptic drugs of similar structures. The most potent drugs were phenothiazines
and thioxanthenes with a —CF; group in position 2 of the tricyclic system and a piperazino
side chain. There were also large differences in the effects of cis and trans isomers of thio-
xanthenes in which the 2-substituent and the side chain are on the same or opposite side of
the double bond connecting the side chain to the ring system. Thus a-flupenthixol, a-clo-
penthixol, and a-chlorprothixene, which are the cis isomers, were considerably more potent
than the corresponding g-isomers of the same drugs. a-Flupenthixol was also considerably
more potent than the g-isomer in antagonizing the effect of dopamine on cyclic AMP pro-
duction in the olfactory tubercle and nucleus accumbens, and in antagonizing the potent
dopamine agonist 2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene in the striatum.
These results are discussed in relation to the hypothesis that neuroleptic activity may be
related to the blockade of dopamine receptors in the central nervous system.

INTRODUCTION

The most sensitive animal tests of neuro-
leptic activity used at present are those
which utilize the behavioral effects of amphet-
amine and apomorphine, certain components
of which are antagonized by the neuroleptics
(1, 2). It is widely believed that the be-
havioral effects of neuroleptics result from
their ability to block dopamine receptors in
the central nervous system (3, 4). Many
observations on the effects of neuroleptics
on dopamine metabolism in brain have been
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related to their supposed dopamine receptor-
blocking activity (3, 5-7).

Recently the second messenger hypothesis
of Sutherland has been extended to include
the neurotransmitter functions of the cate-
cholamines and other biogenic amines. Sup-
port for the involvement of adenosine cyclic
3’,5-monophosphate in adrenergic neuro-
transmission has come from electrophysio-
logical and histochemical data on an inhibi-
tory noradrenergic pathway from the locus
coeruleus to the Purkinje cells of the cere-
bellum (8), although this evidence has been
disputed (9). It has also been suggested that
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cyclic AMP may be involved in dopamine-
mediated transmission, and supportive bio-
chemical and electrophysiological evidence
has been obtained from studies on the role of
small dopaminergic interneurons in bovine
and rabbit superior cervical ganglia (10).
Dopamine also stimulated cyclic AMP pro-
duction in retinal homogenates (11) and in
homogenates of brain areas containing a high
density of dopamine-containing nerve termi-
nals. These areas include the striatum (12),
cortex (13), olfactory tubercle, and nucleus
accumbens (14). Homogenates of other brain
areas, such as the cerebellum, where little
dopamine is found, do not respond in an
analogous fashion (12). In addition, rat
striatal homogenates do not respond to beta
adrenergic agonists such as isoprenaline, and
respond only to high concentrations of nor-
adrenaline (12). The dopamine-stimulated
cyelic AMP production in brain and retinal
homogenates could be mimicked by the
dopamine receptor-stimulating agent apo-
morphine and inhibited by neuroleptic drugs
such as haloperidol and chlorpromazine (11,
12, 15). Thus, whatever the precise physio-
logical significance of the response of cyclic
AMP production to dopamine, these systems
seem to represent models of dopamine
receptors. We have previously used the rat
striatal system to investigate the dopamine-
antagonistic action of chlorpromazine and
some of its metabolites (16) and the dopa-
mine-like properties of the anti-parkinsonian
drug piribedil (ET 495) (17). The present
paper describes the effects of several psycho-
tropic agents on dopamine-stimulated cyclic
AMP production in rat brain homogenates.
These results support the hypothesis that
neuroleptic drugs act as antagonists of
dopamine at central nervous receptor sites.
Some of these results have been presented in
a preliminary form elsewhere (18).

METHODS

Dopamine-sensitive cyclic AMP produc-
tion was assayed as described by Kebabian
et al. (12). Adult male Sprague-Dawley
albino rats were decapitated, and their brains
were removed and placed on ice. The neo-
striatum, nucleus accumbens, and olfactory
tubercle were dissected as previously de-
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scribed (14, 19). The neostriatum or other
brain area was homogenized in approxi-
mately 25 volumes of ice-cold 2 mm Tris-
maleate buffer, pH 7.4, containing 2 mm
EGTA.? Fifty-microliter aliquots of this
homogenate were added to assay tubes con-
taining 250 ul of buffer consisting of 80 mm
Tris-maleate (pH 7.4), 2 mm MgSO,, 10 mm
theophylline, and 0.2 mMm EGTA plus drugs
as indicated. The tubes were kept in an ice-
salt bath, and ATP was added to a final
concentration of 0.5 mm. The tubes were
incubated with shaking at 30° for 2.5 min
and then transferred to a boiling water bath
for 2.5 min, followed by centrifugation to
sediment the denatured protein. Ten-micro-
liter aliquots of the supernatant solution
were taken for analysis of cyclic AMP con-
tent by the method of Brown et al. (20). The
assay was linear for standards of cyclic AMP
in the range of 0.5-8.0 pmole.

RESULTS

In accordance with previous reports (12,
14, 17, 21), we found that addition of low
concentrations of dopamine to homogenates
of rat striatum or limbic nuclei caused ap-
proximately a 2-fold increase in cyclic AMP
production. In drug antagonism studies a
concentration of 100 um dopamine was used
to ensure maximal stimulation. We examined
the effects of a series of neuroleptics and
other drugs on the stimulation of cyclic AMP
production in striatal homogenates produced
by this concentration of dopamine (Table 1).

The two most potent compounds, flu-
penthixol and fluphenazine, have the same
2-substituent (—CF;) in the tricyclic ring
system and the same basic side chain (8-hy-
droxyethylpiperazinyl). Substitution of a
methyl group for the g-hydroxyethyl func-
tion in fluphenazine yielded trifluoperazine,
which was about 4 times less potent than
fluphenazine (Fig. 1). Alterations of the
2-substituent and the basic side chain, as in
chlorpromazine, reduced potency still fur-
ther. The tricyclic antidepressant drug
chlorimipramine, a structural analogue of
chlorpromazine in which the sulfur atom is

? The abbreviation used is: EGTA, ethylene
glycol bis(8-aminoethyl ether)-N,N’-tetraacetic
acid.
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TaBLE 1

Drug conceniralions causing 509, inhibition of

stimulation of cyclic AMP production (ICs,) in

striatal homogenates by 100 um dopamine, and

calculated K; values

K values were calculated from the relationship
ICs = K;(I + S/K.), where 8§ is the concentra-
tion of dopamine (100 uM) and K. is the concen-
tration of dopamine required for half-maximal
stimulation of adenylate cyclase activity (5 uM).
Competitive inhibition has been assumed for all
compounds tested (see Fig. 3 and ref. 22).

Drug ICs K;
M M

1. a-Flupenthixol 2.2 X 107t 1.0 X 10~°
2. (a,B)-Flupen-

thixol 7.5 X 107 3.5 X 107
3. Fluphenazine 92X 1078 | 43 X 10
4. Trifluoperazine 4.0 X 1077 1.9 X 10~
5. a-Clopenthixol 33X 1077 | 16 X 107
6. a-Chlorpro-

thixene 78 X 1077 | 3.7 X 10°®
7. Chlorpromazine | 1.0 X 107¢ | 4.8 X 10~
8. Prochlorperazine | 2.2 X 107¢ | 1.0 X 1077
9. Spiroperidol 2.0 X107 | 9.5 X 10°®
10. Thioridazine 28X 100¢ | 13 X 107
11. Clozapine 35X 107 | 1.7 X 1077
12. Pimozide 30X 10¢ | 14X 107
13. Chlorimipramine [ 9.0 X 107¢ | 4.2 X 1077
14. Promazine 60 X 1078 | 28 X 10°¢
15. Morphine 10 X 107¢ | 48 X 10°¢
16. s-Chlorpro-

thixene 2.0 X 10°¢ 9.6 X 1077
17. 8-Clopenthixol 6 X107% | 28 X 10°¢
18. S-Flupenthixol >107 >5 X 10°¢
19. Promethazine >10™* >6 X107
20. Benztropine >107 >5 X 10°¢

replaced by a dimethylene bridge, was only
1{o as active as chlorpromazine. Promazine
lacks the 2-chloro substituent of chlorproma-
zine, and was 60 times less potent than the
latter compound. The butyrophenone spiro-
peridol and diphenylbutylamine pimozide
were both somewhat less potent than chlor-
promazine. This was also true of thioridazine
and clozapine (Figs. 2 and 3). The opiate
drug morphine, the anticholinergic benztro-
pine, and the antihistamine phenothiazine
promethazine were all very weak antago-
nists. When a lower stimulating concentra-
tion of dopamine was used (10 um) it was
found that lower concentrations of thiorida-
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Fi6. 1. Effect of phenothiazines on dopamine-
stimulated cyclic AMP production in siriatal
homogenates

Basal level of cyclic AMP production was
45.5 &+ 3.6 pmoles/sample (2 mg, wet weight), and
stimulated level (100 uM dopamine), 88.7 + 9.1
pmoles/sample (means and standard errors for six
experiments). Each point is the mean of at least
five separate incubations; standard errors were
less than +109, of means. Numbers refer to the
compounds in Table 1. At 0.1 mm some drugs
caused more than 1009, inhibition, probably by
inhibiting basal cyclic AMP production.
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F16. 2. Effects of various drugs on dopamine-
stimulated cyclic AMP production in striatal ho-
mogenates

Basal level of cyclic AMP production was 43.4
+ 4.7 pmoles/sample (2 mg, wet weight), and
stimulated level (100 umM dopamine), 88.1 + 10.7
pmoles/sample (means and standard errors for
six experiments). Each point is the mean of at
least five separate incubations; standard errors
were less than 109, of means. Numbers refer to
those in Table 1. At 0.1 mM chlorimipramine
caused more than 1009, inhibition.
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F1a. 3. Effect of thioridazine on stimulation of
cyclic AMP production in striatal homogenates by
100 uxM and 10 px dopamine

Basal levels of cyclic AMP production in these
two experiments were 37.2 and 39.0 pmoles/sample
(2 mg, wet weight). Stimulated levels were 69.0
pmoles with 10 uM dopamine and 76.5 pmoles
with 100 uM dopamine per sample, respectively.

zine were required to antagonize the effect
(Fig. 3), indicating the competitive nature
of the inhibition. The structures of the drugs
used are shown in Fig. 4.

The thioxanthenes have a double bond
connecting the side chain to the heterocyeclic
nucleus, and it is therefore possible for them
to exhibit geometric cts-trans isomerism, in
which the 2-substituent and the amine side
chain are on the same or opposite side of the
double bond. The relative effects of the
different isomeric forms of the thioxanthenes
flupenthixol, clopenthixol, and chlorpro-
thixene are shown in Fig. 5.

In each case the a-isomer was considerably
more potent than the B-isomer. This was
particularly marked with o- and B-flu-
penthixol. The activity of flupenthixol in the
a,B-mixture, which is used clinically (2), was
entirely due to the a-isomer. We also ex-
amined the relative effects of a- and B-
flupenthixol on the stimulation of cyeclic
AMP formation produced by 2-amino-6,7-
dihydroxy-1, 2, 3, 4-tetrahydronaphthalene.
This compound is an analogue of dopamine
with the side chain fixed in an extended con-
formation. We have shown it to be a potent
dopamine-like stimulant of the striatal cyclic
AMP produetion system (21). Here again
there was a large difference in antagonist
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FiG. 4. Structures of drugs used

A. Phenothiazine neuroleptic agents. B. Thio-
xanthene neuroleptic agents. C. cis/trans isomers
of flupenthixol. D. Non-phenothiazine neuroleptic
agents. E. 2-Amino-6,7-dihydroxy-1,2,3,4-tetra-
hydronaphthalene.
potency between «- and B-flupenthixol
(Table 2).

There is some evidence that neuroleptic
activity may be related to blockade of
dopamine receptors in the limbic system
rather than in the basal ganglia, blockade of
the latter receptors being most probably
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F16. 5. Effect of a- and B-thiozanthene isomers on dopamine-stimulated cyclic AMP production in
siriatal homogenates: flupenthizol (A), clopenthizol (B), and chlorprothizene (C)

Basal activity was 33.0 (A), 37.5 (B), and 28.5 (C) pmoles/tube (2 mg, wet weight). Activity in the
presence of 100 uM dopamine was 69.0 (A), 75.0 (B), and 57.0 (C) pmoles/tube (2 mg, wet weight). Each
point is the mean and standard error for at least five separate incubations. Numbers refer to those in

Table 1.

TaBLE 2
Effect of a- and B-flupenthizol on stimulation of cyclic AMP (cAMP) production in various brain
areas by 2-amino-6,7-dihydrozy-1,2,8,4-tetrahydronaphthalene (ADTN) or dopamine
Results are the means and standard errors for at least five separate incubations.

Area Agonist (100 ux) Basal activity Activity + agonist Inhibition of stimulated
activity
a-flupenthixol B-flupenthixol

(1 um) 1 un)
pmoles cAMP /tube cAMP /tube % %
Striatum ADTN 31.0 " 63.0 105 + 3.6 N8
Olfactory tubercle Dopamine 20.0 45.0 93 + 2.7 NS
Nucleus accumbens  Dopamine 22.0 42.0 90 + 5.2 NS

s No significant inhibition (p > 0.05).

related to drug-induced parkinsonism (23-
25). Dopamine-stimulated formation of
cyclic AMP has been demonstrated in
homogenates of the olfactory tubercle and
nucleus accumbens from rat brain (14),
limbic regions which contain a high density
of dopaminergic terminals. In these systems,
again, the a-isomer of flupenthixol was much
more active than the g-isomer in antagoniz-
ing the stimulatory effect of added dopamine
on cyclic AMP production (Table 2).

DISCUSSION

Previous studies have indicated that the
dopamine-stimulated production of cyclic
AMP in basal ganglia and other brain areas

represents a valid model for studies of drug
interactions with dopamine receptors in
the central nervous system (11, 12, 21). The
results reported here show that neuroleptic
drugs of various structures are more effective
as antagonists of dopamine than non-neuro-
leptic drugs of similar structures. It should
be noted that a concentration of 100 um
dopamine was used in the drug antagonism
studies reported here. Because the inhibition
of dopamine-stimulated cyclic AMP pro-
duction appears to be of a competitive na-
ture (Fig. 3) (see ref. 22), it was possible to
calculate K; values (see Table 1), which
more accurately reflect drug binding affini-
ties than do ICs values.
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The critical importance of a 2-substituent
and the nature of the basic amine side chain
for neuroleptic activity in the phenothiazine
and thioxanthene classes is well documented
(26). In the present study the most potent
compounds, a-flupenthixol and fluphenazine,
both have a —CF; group at position 2 and a
B-hydroxyethylpiperazinyl amine side chain.
Replacement of the g-hydroxyethyl group
by a methyl function as in trifluoperazine or
replacement of the —CF; group by a chlorine
atom, as in a-clopenthixol, both led to a fall
in potency. The influence of the —CF; group
was also shown by the higher potency of
fluphenazine in comparison with prochlor-
perazine.

Promazine, which has only weak clinical
neuroleptic activity (27), lacks a 2-sub-
stituent, and had only weak dopamine
antagonistic effects. It was of interest that
chlorimipramine, a tricyclic antidepressant
which differs from chlorpromazine only in
having a dimethylene bridge instead of a
sulfur atom, had only about 1{¢ the potency
of the latter compound. A third criterion for
potent neuroleptic activity is the presence
of a 3-carbon side chain between the pheno-
thiazine nucleus and the basic amine group
(26). The fact that promethazine, an anti-
histamine, containing a substituted 2-carbon
side chain, was almost inactive is thus also
in accordance with documented structure-
activity relationships for neuroleptics. The
above results are consistent with data ob-
tained from other neurochemical and phar-
macological systems used to assess central
nervous system dopamine receptor blockade.
The specificity of the present assay was
further supported by the finding that benz-
tropine, an anticholinergic drug which is a
potent inhibitor of the uptake of dopamine
(28), was inactive. Neuroleptics of other
structures, such as clozapine, spiroperidol,
and pimozide, were all active in the present
system. The potencies of the latter two
compounds in the system n vitro were low,
however, in view of their high potencies in
animal tests and clinically. In the case of
pimozide a selective uptake by the caudate
nucleus has been demonstrated (29). This
selective distribution of pimozide in the
central nervous system after systemic ad-
ministration may account for its high po-
tency in vivo.

MILLER ET AL.

It is known that there are large differences
in the pharmacological activities of the cis
and trans isomers of the thioxanthenes (2,
30, 31). It was of interest, therefore, that
similar differences existed in the ability of
these isomers to block the dopamine-stimu-
lated production of cyclic AMP. It is known
from the X-ray (32, 33) and NMR analyses
(34) of certain thioxanthenes that the phar-
macologically active a-isomers of these com-
pounds have the cis configuration; i.e., the
2-substituent and the amine side chain are
on the same side of the double bond linking
the side chain to the ring system (Fig. 4).
The double bond detracts from the con-
formational mobility of the thioxanthenes in
comparison with the phenothiazines. A
determination of the X-ray structures of a
series of the active isomers, therefore, may
give some insight into the most probable
conformation required for a phenothiazine
or thioxanthene neuroleptic to be a potent
antagonist of the dopamine receptor. A pos-
sible molecular mechanism for this blockade
by chlorpromazine, based on the X-ray
structure of chlorpromazine and dopamine,
has been suggested (35). Recently the three-
dimensional structure of a-chlorprothixene
has been determined (36). It is similar in
over-all conformation to the crystal structure
of chlorpromazine, and model building
supports the concept that dopamine could
be superimposed on this molecule in a way
similar to that suggested for chlorpromazine.
In a recent publication (21) we showed that
the conformation of dopamine at the dopa-
mine-sensitive adenylate cyclase, and hence
probably at the dopamine receptor, is similar
to the preferred form found in the crystal by
X-ray analysis (37) and in solution by NMR
studies (38). In confirmation of this, we
found that - and g-flupenthixol also showed
different potencies in antagonizing stimula-
tion produced by 2-amino-6,7-dihydroxy-
1,2,3,4-tetrahydronaphthalene, a dopamine
agonist which has the side chain fixed in an
extended conformation by incorporation
into a second ring system. It is this extended
conformation of dopamine that Horn and
Snyder (35) suggested may be superimposed
on a portion of the neuroleptic molecule.

It is known that dopaminergic neurons
exist in various regions of the central nervous
system apart from those in the nigro-striatal
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TaBLE 3
Comparison of effects of neuroleplics on dopamine-sensitive adenylate cyclase and behavioral parameters

ICs for dopamine-sensitive ED
Drug ® aednyiate cyclase “
Antagonism of apomorphine- Antagonism of amphetamine-
induced stereotypy in rats® induced stereotypy in ratse
X mg/kg mg/kg
(«,8)-Flupenthixol 7.5 X 107 0.5 0.2
a-Flupenthixol 2.2 X 10 0.3 0.07
p-Flupenthixol >10¢ >80 >160
Clopenthixol 3.3 X 1077 (a) 30 (a) 0.2 (a)
Chlorprothixene 7.8 X 1077 («) 45 (a,B) 0.5 (a,B)
Fluphenazine 9.2 X 107 0.2 0.08
Chlorpromazine 1.0 X 10—¢ 59 0.6

s Data from Mgller-Nielsen et al. (2).

pathway (39). However, the role of these
pathways in mediating behavioral responses
has not been extensively investigated. It has
been suggested that blockade of dopamine
receptors in an area outside the basal ganglia,
such as in the limbic system or cortex, may
be responsible for neuroleptic activity (3, 40).
We found that a- and B-flupenthixol had
differential effects on dopamine-stimulated
cyclic AMP production in homogenates from
two limbic forebrain areas which contain
dopaminergic synapses. Some neuroleptic
drugs also have potent antimuscarinic effects
(25, 41). These effects may be expected to
modify activity of neuroleptic drugs in the
basal ganglia but not in the limbic system,
owing to the existence of a dopaminergic
cholinergic balance influencing the activity
of the extrapyramidal system (42). This type
of interaction may explain differences in the
effects of neuroleptics in the basal ganglia
and limbic system seen in vivo (24) rather
than intrinsic differences in dopamine recep-
tor topography in different brain regions.

In addition, it is clear that the dopamine-
stimulated formation of cyclic AMP in brain
homogenates should be useful as a screening
procedure for neuroleptic activity. Table 3
shows the good agreement found when the
relative effects of neuroleptics on dopamine-
stimulated cyclic AMP production in rat
striatum are compared with the effects of
the same drugs on two currently used be-
havioral tests for neuroleptic activity. The
results reported here support the hypothesis
that neuroleptic drugs may antagonize the
actions of dopamine at its receptors. How-

ever, the precise localization in the central
nervous system of the dopamine receptors
that are critical for neuroleptic activity re-
mains to be elucidated.

After this manuscript was prepared, a
publication presenting results in good agree-
ment with those given here has appeared
(22). We have presented our findings in the
form of ICs, values and also as calculated K;
values in order to facilitate comparison of

our findings with those recently published
elsewhere.

ACKNOWLEDGMENTS

We thank Dr. I. Mgller-Nielsen of Lundbeck,
Ltd., for supplies of thioxanthene isomers. Other
drugs used in this study were kindly provided by
Sandoz, Ltd., May and Baker, Ltd., Wander,
Ltd., and Janssen Pharmaceutica. 2-Amino-8,7-
dihydroxy-1,2,3,4-tetrahydronaphthalene was a
gift from Dr. R. Pinder of the Chemical Defence
Establishment, Porton Down, Salisbury, Wilt-
shire.

REFERENCES

1. Janssen, P. A., Niemegeers, C. J. E. & Schelle-
kans, K. H. L. (1965) Arzneim.-Forsch., 15,
104-117.

2. Mgller-Nielsen, I., Pedersen, V., Nymark, M.,
Franc, K. F., Boeck, V., Fjalland, B. &
Christensen, A. V. (1973) Acta Pharmacol.
Tozicol., 33, 3563-362.

3. Matthysse, S. (1972) Fed. Proc., 32, 200-205.

4. Snyder, S. H. (1972) Arch. Gen. Psychiatry,
27, 169-179.

5. Nyback, H., Borzecki, Z. & Sedvall, G. (1968)
Eur. J. Pharmacol., 4, 395-403.

6. O’Keefe, R., Sharman, D. F. & Vogt, M.



766

10.

11.

12.

13.
14.
15.
16.

17.

18.

19.

21.

. Anden, N.-E. (1972) J. Pharm. Pharmacol., 24,

905-906.

MILLER ET
(1970) Br. J. Pharmacol. Chemother., 38, 24
287-304.

. Anden, N. E., Carlsson, A. & Haggendal, J. 25
(1969) Annu. Rev. Pharmacol., 9, 119-134.

. Hoffer, B., Siggins, G., Oliver, A. & Bloom, 26
F. (1972) Adv. Cyclic Nucleotide Res., 1,
411-423.

. Lake, N. & Jordan, L. M. (1974) Science, 27
182, 663-664.

Greengard, P., McAfee, D. A. & Kebabian,
J. W. (1972) Adv. Cyclic Nucleotide Res., 28
1, 337-357.

Brown, J. H. & Makman, M. H. (1972) Proc. 29
Natl. Acad. Sci. U. 8. A., 69, 539-543.

Kebabian, J. W., Petzold, G. L. & Greengard, 30
P. (1972) Proc. Natl. Acad. Sci. U. 8. 4.,
69, 2145-2149.

von Hungen, K. & Roberts, S. (1973) Eur. J.
Biochem., 36, 391-401. 31.

Horn, A. S., Cuello, A. C. & Miller, R. J.
(1974) J. Neurochem., 22, 265-270.

Brown, J. H. & Makman, M. H. (1973) J. 32.
Neurochem., 21, 477-479.

Miller, R. J. & Iversen, L. L. (1974) J. Pharm. 33
Pharmacol., 26, 142-144.

Miller, R. J. & Iversen, L. L. (1974) Naunyn- 34
Schmiedebergs Arch. Pharmacol. 282, 213-

- 216. 35

Miller, R. J. & Iversen, L. L. (1974) Trans.
Biochem. Soc., 2, 256-258. 36

Glowinski, J. & Iversen, L. L. (1966) J. Neuro-
chem., 13, 655-669. 37.

. Brown, B. L., Ekins, K. D. & Albano, J. D.

M. (1972) Adv. Cyclic Nucleotide Res., 2, 38
25-40.

Miller, R. J., Horn, A. S., Iversen, L. L. & 3%
Pinder, R. M. (1974) Nature 250, 238-241. 40

. Clement-Cormier, Y. C., Kebabian, J. W., 41.
Petzold, G. L. & Greengard, P. (1974) Proc.
Natl. Acad. Sci. U. 8. A., 71, 1113-1117. 42.

AL.

. Anden, N.-E. & Stock, G. (1973) J. Pharm.

Pharmacol., 25, 346-348.

. Miller, R. J. & Hiley, C. R. (1974) Nature,

248, 596-598.

. Zirkle, C. L. & Kaiser, C. (1970) in Medicinal

Chemistry (Burger, A., ed.), Vol. 11, pp.
1410-1469, Wiley-Interscience, New York.

. Klein, D. F. & Davis, J. M. (1969) Diagnosis

and Treatment of Psychiatric Disorders,
Williams & Wilkins, Baltimore.

. Coyle, J. T. & Snyder, S. H. (1969) Science,

166, 899-901.

. Soudijn, W. & van Wijngaarden, I. (1972)

J. Pharm. Pharmacol., 24, 773-780.

. Petersen, P. V. & Mgller-Nielsen, I. (1964) in

Psychopharmacological Agents (Gordon, M.,
ed.), Vol. 1, pp. 301-324, Academic Press,
New York.

Mgller-Nielsen, I., Hougs, W., Lassen, N.,
Holm, T. & Petersen, P. V. (1962) Acta
Pharmacol. Tozicol., 19, 87-100.

Dunitz, J. D., Eser, H. & Strickler, P. (1964)
Helv. Chim. Acta, 47, 1897-1902.

. Schaefer, J. P. (1967) Chem. Commun., 743-

744.

. Kaiser, C., Warren, R. J. & Zirkle, C. L.

(1974) J. Med. Chem., 17, 131-133.

. Horn, A. S. & Snyder, S. H. (1971) Proc. Natl.

Acad. Sci. U. 8. A., 68, 2325-2328.

. Post, M., Kennard, O. & Horn, A. S. (1974)

Acta Crystallogr., in press.
Bergin, R. & Carlstrom, D. (1968) Acta Crys-
tallogr., Sect. B, 24, 1506-1510.

. Ison, R. R., Partington, P. & Roberts, G. C.

K. (1973) Mol. Pharmacol., 9, 756-765.
Ungerstedt, U. (1971) Acta Physiol. Scand.,
Suppl. 376, 1-48.

. Vogt, M. (1973) Br. Med. Bull., 29, 168-172.

Snyder, S. H., Yamamura, H. & Greenberg,
D. (1974) Arch. Psychiatry, in press.

Klawans, H. L. (1973) The Pharmacology of
Extrapyramidal Movement Disorders, Kar-
ger, Basel.





