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Review

Can antipsychotic drugs be classified by their effects on a particular group
of dopamine neurons in the brain?
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Abstract

During the four decades that research has been carried out on antipsychotic drugs, a variety of methods have been used to study the effects
of these compounds on dopamine neurotransmission. An important issue in this research was to find an explanation for the difference
between “typical” and “atypical” antipsychotic drugs. The hypothesis that the beneficial properties and the motor side effects of
antipsychotic drugs result from their effects on different groups of dopamine neurons has received considerable attention. Numerous
researchers have tried to discover regiospecific actions of antipsychotic drugs in mesolimbic and in mesocortical dopamine neurons. An
overview of these research attempts is presented here. Electrophysiological studies showed a selective action of atypical antipsychotic drugs
on A10 dopamine neurons. It was found that chronic treatment with these compounds induced a preferential depolarisation block of the A10
neurons that project to the mesolimbic areas. The model represents certain clinical features of antipsychotic drug use and offers a possible
explanation for the lack of extrapyramidal side effects of atypical antipsychotic drugs. Dopamine neurons projecting from A10 to the frontal
cortex are also considered as a possible site of action of atypical antipsychotic drugs. Microdialysis studies have shown that certain atypical
antipsychotic drugs selectively enhance the release of dopamine in the prefrontal cortex when compared with typical antipsychotic drugs. The
finding that repeated treatment with antipsychotic drugs increased dopamine D, receptor binding in the frontal cortex confirms the
significance of this brain area. These properties might indeed explain certain beneficial effects of atypical antipsychotic drugs such as
improvement of cognitive dysfunction. However the effects of typical and atypical antipsychotic drugs in the frontal cortex could not be fully
differentiated, which illustrates the difficulty of localising clinical effects of antipsychotic drugs in terms of regional dopamine neurons.
Recently new insights into the mechanism of action of typical and atypical antipsychotic drugs have been published. Clinical positron
emission tomography (PET) studies have indicated that a moderate dopamine D, receptor occupancy, probably combined with a high
dissociation rate, might provide the optimal clinical conditions for an antipsychotic drug, without inducing extrapyramidal side effects.
Moreover the efficacy of benzamides as atypical antipsychotic drugs suggests that low to moderate dopamine D, blockade is probably the
most important—if not the only—criterion that determines “atypicality”. Interestingly these new insights are based on PET studies of the
human basal ganglia and not on the comparison of different brain areas. Apparently, according to this concept an ideal antipsychotic drug
need not to act on a particular type of dopamine neurons, as it is the moderate dopamine D, receptor occupancy that determines the desirable
clinical effects. It is concluded that both beneficial actions and side effects, of antipsychotic drugs might be dose dependently localised in A9
as well as A10 dopamine neurons.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to as “neuroleptics”, started about four decades ago. From
the time of these compound’s discovery, several behavioural

1.1. Antipsychotic drugs and dopamine and biochemical techniques have been used to unravel the
underlying biological mechanisms responsible for their clin-

Widespread clinical application of chlorpromazine and ical effects. In the early 1960s, the pharmacological effects of
related compounds as antipsychotic drugs, initially referred the antipsychotic drugs were elucidated when Swedish work-

ers discovered that these compounds increased the utilization

and metabolism of dopamine in the brain of experimental
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The first report that described an interaction between
antipsychotic drugs and dopamine metabolism was pub-
lished by Carlsson and Lindqvist (1963), who observed that
chlorpromazine and haloperidol increased the levels of the
dopamine metabolite, 3-methoxytyramine, in the mouse
brain. Soon afterwards, Andén et al. (1964) reported that
these compounds also increased the levels of the acidic
dopamine metabolites homovanillic acid and 3,4-dihydrox-
yphenylacetic acid in the brains of rabbits. In the years to
follow various authors clearly confirmed these observations
(Laverty and Sharman, 1965; Roos, 1965; Da Prada and
Pletscher, 1966; O’Keeffe et al., 1970). Similar results were
obtained when the effects of antipsychotic drugs on dop-
amine ‘‘utilization” or “turnover” were studied. Using
["*C]-radio-labelled precursors, it was shown that the con-
version of ['*C]-tyrosine to dopamine and the rate of
disappearance of labelled amines were accelerated by anti-
psychotic drugs (Nyback et al., 1968). When the synthesis
of dopamine was blocked with the tyrosine-hydroxylase
inhibitor, a-methyl-para-tyrosine, an increased rate of dis-
appearance of dopamine was observed when the animals
were pretreated with antipsychotic drugs (Andén et al.,
1971; Andén, 1972).

Soon after the discovery that antipsychotic drugs
increased dopamine metabolism in the brain of experimental
animals, hypotheses about their mechanism of action were
proposed. It was shown that the antipsychotic drugs inhibit
the abnormal behaviour seen in experimental animals fol-
lowing administration of amphetamine and apomorphine,
both of which mimic the action of dopamine. Moreover, in
patients, the antipsychotic drugs induced motor effects
resembling parkinsonism and catalepsy in experimental
animals. Taken together these date led several workers to
consider antipsychotic drugs as dopamine receptor antago-
nists (Carlsson and Lindqvist, 1963; Van Rossum, 1966;
Hornykiewicz, 1966; Andén et al., 1971). The enhancement
of dopamine metabolism and synthesis by antipsychotic
drugs was explained by a “negative feedback™ response
of the dopamine neurons as a result of dopamine receptor
blockade (Carlsson and Lindqvist, 1963).

Several interpretations were given for the mechanisms
involved in the “negative feedback” response of dopamine
neurons. Some authors explained this effect by a response of
postsynaptically located neuronal feedback loops (Groves et
al., 1975; Walters and Roth, 1976; Chiodo and Bunney,
1983), whereas others proposed an “autoreceptor’’-type of
mechanism, localized on dopaminergic nerve terminals and
cell bodies (Kehr et al., 1972; Di Chiara et al., 1977,
Westerink and De Vries, 1989). Although both mechanisms
have been further explored in more detail, their respective
roles in the “negative feedback” hypothesis have never
been fully elucidated.

The hypothesis that antipsychotic drugs block dopamine
receptors was fully confirmed several years later, when
specific dopamine receptor binding techniques became
available (Burt et al., 1975; Creese et al., 1976; Seeman et

al., 1976). The assumption that all clinically effective
antipsychotic drugs are dopamine receptor antagonists had
a great impact on the research to follow.

The efficacy of antipsychotic drugs in treating psychotic
patients was also one of the cornerstones of the “dopamine
hypothesis” of schizophrenia (Van Rossum, 1966), in which
“an overactivity of dopamine neurons” is assumed.

1.2. Avypical antipsychotic drugs

Antipsychotic drugs improve positive symptoms in
schizophrenia, but they also induce a number of side effects
of which extrapyramidal symptoms such as parkinsonism
and akathesia are the most severe and frequent. In animal
experiments, these side effects are expressed as “catalepsy”
or “inhibition of apomorphine-induced stereotypy”. In the
early 1970s, it was noticed that certain antipsychotic drugs
induced fewer motor side effects in patients and experimen-
tal animals. In this regard the compound, clozapine, was of
great significance, as it was shown to possess antipsychotic
activity without inducing extrapyramidal disorders in
humans or catalepsy in rats (Gross and Langner, 1966;
Angst et al., 1971). Based on these findings Hippius and
Angst defined clozapine as an ““atypical” antipsychotic drug
(see for review, Hippius, 1989). In addition, the non-
cataleptogenic bezamide analogue, sulpiride (Tagliamonte
et al., 1975), and the weak cataleptogenic antipsychotics,
thioridazine and perlapine, were also reported to induce
relatively few extrapyramidal side effects in patients. In
subsequent years, clozapine, sulpiride, thioridazine and
perlapine were defined as “atypical antipsychotics” and
differentiated from the parkinsonism—inducing “typical”
antipsychotics, of which haloperidol and chlorpromazine
were the representatives. An atypical antipsychotic drug was
initially defined as a drug that does not induce extrapyr-
amidal side effects. Later other beneficial properties such as
improvement of negative symptoms and of cognitive dys-
function and efficacy in neuroleptic-resistant schizophrenia
were included. In the present review “atypical” refers to the
absence of extrapyramidal side effects.

1.3. Scope of review

During the four decades that research has been carried
out on antipsychotic drugs, a variety of methods have been
used to study the effects of antipsychotic drugs on dopamine
neurotransmission. Initial experiments used post-mortem
tissue analysis, or studied the in vitro release of dopamine
from brain slices and synaptosomes. In 1973, a series of
electrophysiological studies on the interaction of antipsy-
chotic drugs with dopamine neurons was initiated, and in
1975 specific radiolabelled ligands for dopamine receptors
became available which prompted an overwhelming number
of receptor-binding studies. In the meantime, in vivo release
studies methods, based on push—pull perfusion, voltamme-
try or microdialysis were developed and applied for further
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elucidation of the mechanisms of action of antipsychotic
drugs in the brain of awake animals. More recently, non-
invasive methods, using the PET and single-photon emis-
sion computerized tomography (SPECT) were used to
estimate the dopamine receptor occupancy of various anti-
psychotic drugs in human volunteers, schizophrenic patients
and non-human primates.

Many of these reports involved comparisons of the
properties of typical and atypical antipsychotic drugs. Taken
together these studies represent hundreds of papers. An
overview of these research efforts is presented here. The
hypothesis that the beneficial properties and the motor side
effects of antipsychotic drugs result from their effects on
different groups of dopamine neurons will be discussed in
some detail.

2. Antipsychotic drugs and dopamine metabolism
2.1. Neurochemical studies on striatal dopamine

When the effects of clozapine and other atypical anti-
psychotic drugs were observed in the clinic, various authors
looked for neurochemical explanations in experimental
animals. Initial experiments were based on post-mortem
analysis of whole brain or striatal tissue. Bartholini et al.
(1972) determined the effect of clozapine on dopamine
metabolism and they speculated that clozapine might cause
a blockade of striatal dopamine receptors that is of a
“surmountable type”. Burki et al. (1974, 1975) and Roll-
ema et al. (1976) determined dose—response curves for the
effects of clozapine and several typical antipsychotic drugs
on the activation of tyrosine hydroxylase or on homovanillic
acid levels in rat striatum. The dose—response curves for all
compounds were found to be parallel, with perlapine,
thioridazine and clozapine showing activity in the higher
dose range. These findings were consistent with the rela-
tively high clinical doses of atypical antipsychotic drugs that
are required to achieve an antipsychotic effect in patients.
The rightward shift in the dose—response curves of the
antipsychotic drugs therefore could not explain the atypical
effects of the antipsychotic drugs. However, Burki et al.
(1975) emphasised that clozapine was the only compound
that—other than its stimulatory effect on homovanillic acid
and the dopamine synthesis rate common to other antipsy-
chotic drugs—increased the levels of dopamine itself in the
rat striatum. This finding contrasted with other observations
that potent neuroleptics caused a slight reduction in dop-
amine tissue levels. Burki et al. speculated that clozapine
stimulated the synthesis of striatal dopamine more pronoun-
cedly than its disappearance, and that the compound did not
necessarily block dopamine receptors to the same degree as
typical neuroleptics were assumed to. In this regard the
observation of Hyttel (1974) that all antipsychotic drugs
except clozapine increase the disappearance rate of ['*C]-
dopamine in a dose-dependent manner is also of interest.

In 1975, Tagliamonte et al. (1975) demonstrated that
sulpiride increased dopamine metabolite levels in the
striatum of rats, with a potency consistent with the high
doses used in the clinic. The relatively low potency of
sulpiride was later attributed to its poor ability to
penetrate into the brain (Nishibe et al., 1982). In contrast
with the findings for clozapine (Burki et al., 1974,
1975), sulpiride did not produce an increase in dopamine
levels. Sulpiride was the first member of a class of
distinct chemical compounds called the benzamides.
Benzamides block dopamine D,/D; receptors and virtu-
ally do not interact with other known binding sites in the
brain. Interestingly, in addition to sulpiride, certain ben-
zamides including remoxipride and amisulpride were
classified, in both preclinical and clinical studies, as
atypical antipsychotic drugs (Perrault et al., 1997; Peusk-
ens et al., 1999).

2.2. Striatal versus mesolimbic dopamine neurons

Blockade of dopamine receptors in the basal ganglia
provided a straightforward explanation for the extrapyrami-
dal disorders that antipsychotic drugs cause in patients and
experimental animals. However, it soon became debatable
whether this blockade was also required for the antipsy-
chotic action (Bartholini et al., 1972). The finding of several
dopamine pathways in the brain added to the debate
(Ungerstedt, 1971). The discovery that dopamine was also
present in “mesolimbic” brain structures provided a possi-
ble explanation for the beneficial action of atypical anti-
psychotic drugs. Andén et al. (1972) (Andén, 1972; Andén
and Stock, 1973) were the first to investigate the effects of
clozapine on regional dopamine metabolism. The limited
sensitivity of analytical chemical methods at the time
demanded larger brain samples so that rabbits were used
as experimental animals. Andén found that clozapine was
somewhat more potent to stimulate dopamine metabolism in
the mesolimbic areas than in the striatum. Although he
speculated that the anticholinergic properties of clozapine
could explain this selective action, his observations laid the
groundwork for the hypothesis that the extrapyramidal side
effects and antipsychotic actions of neuroleptics might be
due to blockade of dopamine neurotransmission in the
corpus striatum and mesolimbic-mesocortical system, res-
pectively (Crow et al., 1976).

Speculation about possible selective actions of clozapine
in the brain led many researchers to study the effect of
typical and atypical antipsychotic drugs on different dop-
amine neuronal systems. Histochemical studies (Ungerstedt,
1971; Thierry et al., 1973; Hokfelt et al., 1974) had shown
that the striatum is mainly innervated by dopamine neurons,
cell bodies of which are localized in the A9 nucleus (the
substantia nigra), whereas the mesolimbic or mesocortical
areas are innervated by dopamine neurons that originate in
the A10 nucleus (the ventral tegmental area). As “meso-
limbic or mesocortical areas”, the nucleus accumbens (often
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called the “ventral striatum”) the olfactory tubercle and the
prefrontal cortex received much attention.

The potentially selective effects of typical and atypical
antipsychotic drugs on the different dopamine neuronal
systems led to many studies using various in vitro, ex vivo
and in vivo approaches (e.g. post-mortem tissue analysis,
electrophysiology, binding studies and microdialysis) to
investigate this matter in more detail. The results will be
discussed below.

2.3. Summary

(1) Initial neurochemical studies on antipsychotic drugs, e.g.
the dose-effect studies, did not provide a full explanation
for the different clinical properties of typical and
atypical drugs.

(2) Burki speculated that clozapine did not necessarily block
dopamine receptors to the same degree as did typical
antipsychotic drugs. This weak potency of clozapine
may lead to a “surmountable” effect on dopamine
receptors and stronger stimulation of dopamine metab-
olism than that of dopamine release.

3. Effects of antipsychotic drugs on regional dopamine
metabolism in post-mortem tissue

3.1. Acute studies

Since the mid-1970s, a large number of studies have
described the effect of typical and atypical antipsychotic
drugs on regional dopamine metabolism. Several authors
found that clozapine and sulpiride have a preferential action
on dopamine metabolism in the mesolimbic brain areas
(Bowers and Rozitis, 1974; Bartholini, 1976; Crow et al.,
1977; Scatton et al., 1977) or frontal cortex (Laduron et al.,
1977; Bowers, 1984). However, others found no such differ-
entiation or reported only slightly preferential effects of the
atypical antipsychotic drugs for mesolimbic tissue (Stawarz
et al., 1975; Wiesel and Sedvall, 1975; Westerink and Korf,
1975; Wilk et al., 1975; Bowers and Rozitis, 1976, Wald-
meier and Maitre, 1976a; Westerink and Korf, 1976a,b; Wilk
and Glick, 1976; Stanley and Wilk, 1980; Burki, 1986;
Magnusson et al., 1986; Chang et al., 1988; Fujiwara, 1992).

We (Westerink et al., 1977) tested a large series of
antipsychotic drugs and non-antipsychotic drugs. The ratio
of dopamine metabolites in the striatum versus that in the
mesolimbic areas indeed differentiated atypical antipsy-
chotic drugs (clozapine, sulpiride and thioridazine) from
the typical antipsychotic drugs. However, a similar specific
effect was observed for the heterogeneous group of non-
antipsychotic drugs. The latter group of drugs was admin-
istered at relatively high doses. Studies on atypical anti-
psychotic drugs often use high doses. The finding that, at
higher doses, various drugs inhibit the efflux of acidic
dopamine metabolites from the brain, and that this inhibition

is more pronounced in mesolimbic areas than in striatal
tissue (Moleman et al., 1978; Westerink and Kikkert, 1986),
might contribute to or even explain the selective mesolimbic
action of atypical antipsychotic drugs.

In spite of the vast amount of experimental data gener-
ated, the question as to whether typical and atypical anti-
psychotic drugs are differentiated by a selective action on
limbic brain areas was still not answered conclusively.

3.2. Chronic studies and tolerance

The clinical antipsychotic effects of antipsychotic drugs
are usually only observed after a delay of days to weeks but
persist over time. In contrast, the extrapyramidal side effects
of antipsychotic drugs appear soon after treatment and tend
to diminish with time. Therefore, it seemed reasonable to
investigate whether tolerance to changes in dopamine
metabolism occurs earlier in the striatum than in the
mesolimbic-cortical areas.

It is well established that repeated administration of
typical antipsychotic drugs does indeed induce tolerance to
enhanced dopamine metabolism in striatal tissue (which
means that the initial biochemical effects disappear during
chronic treatment) (Burki et al., 1974; Sayers et al., 1975;
Waldmeier and Maitre, 1976b; Bowers and Rozitis, 1976;
Lerner et al., 1977; Scatton, 1977; Stanley and Wilk, 1980).
However, the results for clozapine were not unequivocal in
that some authors found tolerance after clozapine (Bowers
and Rozitis, 1976; Waldmeier and Maitre, 1976b), but others
did not (Burki et al., 1974; Von Stralendorff et al., 1976).

It was of course of great interest to find whether differ-
ences in the development of tolerance could be detected
between striatal and mesolimbic tissue. Bowers and Rozitis
(1976), Waldmeier and Maitre (1976b), Scatton (1977) and
Stanley and Wilk (1980) did not observe differences
between striatum and mesolimbic areas. However Von
Stralendorff et al. (1976) found tolerance to increased
homovanillic acid levels in both striatum and mesolimbic
tissue after repeated treatment with haloperidol, whereas
both areas displayed no tolerance after clozapine. Scatton
(1977) observed tolerance both in striatum and mesolimbic
areas for the increase in dopamine metabolites after chronic
administration of either haloperidol or sulpiride. The thresh-
old doses for inducing tolerance were lower for the striatum
than for the mesolimbic areas. Moreover, tolerance devel-
oped earlier in the striatum than in the mesolimbic areas.
Scatton (1977) emphasized that the induction of tolerance
depends on the dose and time of dosing and suggested that
all brain regions will ultimately develop tolerance. Stanley
and Wilk (1980) also commented on the variability of the
outcome of chronic studies on tolerance. These latter
authors emphasized that tolerance—in the striatum as well
as mesolimbic tissue—is only seen after high doses of
haloperidol, and in their opinion the development of toler-
ance is dependent on the potency and dose of the particular
antipsychotic drug studied. They further speculated that the
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short duration of action of clozapine might have prevented
the induction of tolerance.

3.3. The prefrontal cortex

After it was discovered that dopaminergic terminals are
also present in the frontal cortex (Thierry et al., 1973;
Hokfelt et al., 1974), considerable attention was directed
to studies of the functional properties of these neurons,
which were subsequently implicated in the therapeutic
action of antipsychotic drugs.

Some authors (Laduron et al., 1977; Matsumoto et al.,
1983) suggested that the prefrontal cortex is preferentially
sensitive to haloperidol at very low doses, and that this
unique property supports the notion that this region is the
site of action of antipsychotic drugs. However, Chang et al.
(1988) and Kolenik et al. (1989) could not confirm these
observations.

Burki (1986) continued his series of investigations on
clozapine and studied the effect of clozapine on homova-
nillic acid levels in the striatum and frontal cortex. He
concluded that the low incidence of extrapyramidal side
effects of clozapine and related compounds is probably due
to their weak and relatively short-lasting effect on dopamine
neurons, rather than to a selective action on mesolimbic
dopamine neurons.

As in the studies on the development of tolerance in
striatal versus mesolimbic areas, the development of toler-
ance to repeated treatment with antipsychotic drugs in the
frontal cortex was investigated in detail. Laduron et al.
(1977) found little tolerance to enhanced homovanillic acid
levels after haloperidol, although the rats in this study were
treated for only 4 days. A mentioned above, Scatton (1977)
concluded that repeated treatment with haloperidol and
sulpiride induced tolerance to the increase in homovanillic
acid in striatum and mesolimbic areas. He observed similar
effects in the frontal cortex. Bacopoulos (1981) also
reported tolerance to the increase in homovanillic acid levels
after fluphenazine in the prefrontal cortex. Mefford et al.
(1988) administered haloperidol, chlorpromazine, thiorida-
zine and clozapine for 21 days to rats. Tolerance developed
in the prefrontal cortex to chlorpromazine and thioridazine
(expressed as homovanillic acid/dopamine ratio), but not for
clozapine.

3.4. Summary

Although many of the results from post-mortem tissue
analysis are ambiguous, some general conclusions may be
drawn:

(1) Mesolimbic areas generally have a lower threshold for
display of an increase in dopamine metabolism for
atypical antipsychotic drugs. This effect was also
observed for a heterogeneous group of non-neuroleptic
drugs.

(2) Repeated treatment with antipsychotic drugs induces
tolerance to the enhancing effects on dopamine
metabolism. The threshold for inducing tolerance is
lower in the striatum than in mesolimbic areas. Various
authors have emphasized that the development of
tolerance in various brain regions depends on the dose,
timing of the dose and duration of action. Finally, all
regions develop tolerance to increased dopamine
metabolism, although the cortical areas have the most
persistent tolerance.

4. Electrophysiological studies

Midbrain dopamine neurons were identified by single
unit extracellular recording techniques for the first time in
1973 (Bunney et al., 1973). Soon thereafter evidence started
to accumulate that antipsychotic drugs increase the firing
rate of dopamine neurons. This finding was in excellent
agreement with the antipsychotic drug-induced enhance-
ment of dopamine metabolism and turnover, which had
been established a decade earlier. The electrophysiological
experiments also confirmed the existence of dopamine
autoreceptors. These autoreceptors were identified on the
somatodendritic sites of both A9 and A10 neurons (Agha-
janian and Bunney, 1973), and had the pharmacological
characteristics of the dopamine D, subtype (White and
Wang, 1984a,b).

4.1. Acute effects of antipsychotic drugs

Various authors have compared the effect of antipsy-
chotic drugs on A9 and A10 cell firing activity. It was found
that acute treatment with typical antipsychotic drugs
increased the firing rate of A9 as well as of A10 neurons.
However, the results obtained with atypical antipsychotic
drugs were somewhat controversial. Several authors
reported that atypical antipsychotic drugs affected exclu-
sively A10 neurons (Hand et al., 1987; Grenhoff et al.,
1990; Goldstein et al., 1993; Fu et al., 2000), but others
found that these compounds increased the firing rate of both
A10 and A9 neurons (Chiodo and Bunney, 1983; Okuyama
et al., 1997; Di Giovanni et al., 1998). In addition, Skars-
feldt (1992) reported that the atypical antipsychotic drug,
sertindole, neither affected A9 nor A10 cells. In agreement
with the results of post-mortem tissue studies A10 neurons
showed a tendency to lower threshold values towards
atypical antipsychotic drugs when compared to typical
antipsychotic drugs. A9 neurons did not show this tendency.

4.2. Repeated treatment

Whereas the acute administration of antipsychotic drugs
increased the number of spontaneously active dopamine
neurons, chronic treatment had the opposite effect and
markedly decreased the number of cells encountered (Bun-
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ney and Grace, 1978; Chiodo and Bunney, 1983; White and
Wang, 1983a,b; Todorova and Dimpfel, 1994; Skarsfeldt,
1988, 1994). This reduction in the number of spontaneously
firing dopamine neurons was shown to result from the
induction of a state of tonic depolarisation. Typical anti-
psychotic drugs converted both A9 and A10 neurons to a
state of depolarization block, but repeated treatment with
atypical antipsychotic drug (thioridazine, clozapine, sertin-
dole and amisulpride) affected only the A10 neurons while
the A9 neurons remained unaffected (Chiodo and Bunney,
1983; White and Wang, 1983a,b; Todorova and Dimpfel,
1994; Skarsfeldt, 1988, 1992, 1994). Again, some studies
reported divergent results: Chiodo and Bunney (1983) found
that repeated sulpiride blocked A9 as well as A10 neurons,
while Skarsfeldt (1988) observed only small differences
between the effect of thioridazine on A9 and that on A10
neurons.

The observation that chronic treatment with antipsy-
chotic drugs converted A10 dopamine neurons to a state
of tonic depolarization inspired various authors to implicate
this feature in the clinical effects of these compounds. It was
speculated that a delayed block of A10 cells parallels the
time lag in clinical improvement seen after antipsychotic
drugs (White and Wang, 1983a,b; Chiodo and Bunney,
1983; Skarsfeldt, 1994; Grace et al., 1997). The results of
repeated-treatment studies supported the hypothesis that the
antipsychotic effects and extrapyramidal side effects of
antipsychotic drugs are mediated via receptors localized in
the mesolimbic area and in the striatum, respectively.

Further evidence for the mechanism of depolarization
block was provided by Bunney and Grace (1978) and Grace
et al. (1997). The “silent” dopamine neurons were believed
to be in an apparent state of tonic depolarization inactiva-
tion, since they could be discharged by the microiontopho-
retic application of the inhibitory neurotransmitter, +y-
aminobutyric acid, but not by the excitatory amino acid,
glutamate. Lesion studies suggested that depolarization
inactivation of the dopamine neurons is secondary to post-
synaptic receptor blockade in the forebrain (Chiodo and
Bunney, 1983).

4.3. Mesocortical A10 dopamine neurons

The mesocortical A10 neurons have received special
attention in several studies. Chiodo and Bunney (1983)
described a subpopulation of A10 neurons displaying less
sensitivity for autoreceptors; this group was identified as
mesocortical cells. In addition, it was found that these
neurons do not undergo inactivation during repeated treat-
ment with antipsychotic drugs. By using both electrophy-
siological and neurochemical methods, Chiodo et al. (1984)
provided evidence that A10 dopamine cells innervating the
frontal and cingulate cortex lack autoreceptors. However
others—using different techniques—could not confirm a
lack of autoreceptors on these dopamine neurons (Talmaciu
et al., 1986; Gessa et al., 2000).

4.4. Interaction with other receptors as explanation for the
mesolimbic selectivity

The different response of A9 and A10 dopamine neurons
to antipsychotic drugs suggests that the two dopamine cell
groups are regulated by different mechanisms (e.g. Hand et
al., 1987; Clark and Chiodo, 1988; Grenhoff et al., 1988).
As most atypical antipsychotic drugs bind with high affinity
to multiple receptor types and subtypes, blockade or acti-
vation of a non-dopamine receptor subtype might provide an
explanation for their differential effects on A9 and A10
neurons.

The antimuscarinic property of clozapine has been con-
sidered as a possible explanation for its atypical properties.
As antimuscarinic compounds are often co-administered
with antipsychotic drugs to treat extrapyramidal disorders,
this property might contribute to the unique clinical features
of clozapine. Chiodo and Bunney (1985) reported that
pretreatment with an anticholinergic compound turned the
typical profile of haloperidol into the atypical profile of
clozapine. Chiodo and Bunney (1985) observed similar
effects when animals were pretreated with a a;-adrenocep-
tor antagonist. Skarsfeldt (1988) emphasised that the o-
adrenoceptor is of crucial importance for a selective action
on A10 neurons, as he reported that the atypical antipsy-
chotic drug, tefludazine, which in addition to blocking the
D,/5-HT, receptor, is a potent a-adrenoceptor antagonist.

Several authors have emphasized that most atypical
antipsychotic drugs bind with greater affinity to 5-HT,,
than to D, receptors. The role of the antagonism of 5-HT,
receptors in the mode of action of atypical antipsychotic
drugs has received much attention (Saller et al., 1990:
Meltzer, 1991; Kahn and Davidson, 1993; Leysen et al.,
1993, 1994; Stockmeier et al., 1993). Various authors
provided evidence that blockade of the 5-HT,, receptor
might contribute to the clinical effects of atypical antipsy-
chotic drugs. Results of a number of electrophysiological
studies are in agreement with this hypothesis. A good
example of differentiation between A9 and A10 cells was
described by Skarsfeldt and Perregaard (1990) for the 5-
HT, receptor antagonist sertindole that displays a prefer-
ence for A10 neurons of more than 2 orders of magnitude.
The effects of the selective 5-HT,5 receptor antagonists
(ICI169,369 and MDL100907) on A9 and A10 cell firing
resemble that of clozapine (Goldstein et al., 1989; Sorensen
et al., 1993). Andersson et al. (1995) found that the 5-HT,
receptor antagonist ritanserin activated midbrain dopamine
neurons with a higher sensitivity for A10 neurons.
Okuyama et al. (1997) noticed few differences between
the acute effect of clozapine on A9 and A10 neurons, but
found a tenfold difference in potency for a D,/5-HT
receptor antagonist towards A10 neurons. They also found
that the 5-HT, receptor antagonist, NRA004S5, reversed the
metamphetamine induced decrease in firing rate of A9 and
A10 neurons. In these experiments NRA0045 was 10 times
more potent on A10 than on A9 neurons.
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4.5. The use of anaesthesia

Most, if not all, of the electrophysiological experiments
mentioned here were carried out in anaesthetised rats. The
use of anaesthesia during recording of dopamine cells has
frequently been criticized, since it introduces a variable of
considerable concern (Kelland et al., 1990). General anes-
thetics depress the ability of dopamine antagonists to
increase dopamine cell firing rate and enhance the potency
of agonists to inhibit the dopamine cell firing rate. Mereu et
al. (1983) found that sulpiride increases firing of A9 neurons
in halothane-anaesthetized rats, but not in awake rats. These
researchers also provided evidence that depolarization block
does not occur in conscious rats (Mereu et al., 1994).
However Grace et al. (1997) have explained the results of
Mereu et al. by using high doses of tubocurarine (for more
discussion on this issue, see Grace et al., 1997).

4.6. Interpretation

A consistent observation in the electrophysiological re-
search is that A10 dopamine neurons are more sensitive to
acute as well as to chronic treatment with atypical anti-
psychotic drugs than A9 neurons. However, the crucial issue
is whether or not the typical antipsychotic drugs are also
more potent to activate A10 than A9 cells. Should this be
the case, the potency—and not the “atypicality”—of the
antipsychotic drug determines the specificity. A precise
comparison of reliable dose—response curves of typical
antipsychotic drugs would be required to answer this ques-
tion. Unfortunately, the literature is not always clear on this
point. In some studies haloperidol indeed showed a ten-
dency to be more active on the A10 than on the A9 neurons
in the lower dose range (White and Wang, 1983a,b; Hand et
al., 1987; Skarsfeldt, 1988).

Interestingly, dopamine agonists display little specificity
towards A9 and A10 neurons (Clark and Chiodo, 1988; Cox
and Waszczak, 1990). This suggests that the dopamine D,
receptor itself has no different properties in A9 and A10
neurons. An additional receptor interaction might therefore
explain the selective action of an atypical antipsychotic drug
on A10 neurons. Evidence was indeed provided that block-
ade of the muscarinic, o; or 5-HT, receptor “drives” the
selectivity of dopamine cells for atypical antipsychotic
drugs towards A10 neurons. The hypothesis that additional
5-HT,4 receptor blockade turns a typical antipsychotic drug
into an atypical one was one of the cornerstones of the “5-
HT,A/D, hypothesis” (Meltzer, 1989) that prompted the
development and introduction of a series of new antipsy-
chotic drugs (e.g. risperidone, amperozide, zotepine, que-
tiapide, olanzapine and ziprasidone).

If the latter hypothesis is correct, one important question
remains to be answered: why do atypical benzamides, which
are relatively pure D, receptor antagonists, and have no
effect on 5-HT,4 receptors, display mesolimbic selectivity?
Dose—response curves for amisulpride suggest that the

compound is about threefold more active on A10 than on
A9 neurons (Di Giovanni et al., 1998). However, Andersson
et al. (1994, 1995) found a much greater separation between
effects on A10 and A9 neurons—of the order of two
decades—in the case of raclopride. A “benzamide binding
site” that is more expressed on A10 neurons, especially at
presynaptic sites (Schoemaker et al., 1997; Perrault et al.,
1997), might be responsible for a selective action of these
compounds.

4.7. Summary and conclusions

1. In accordance with the findings, the post-mortem tissue
studies A10 neurons showed a tendency to lower
threshold values towards atypical antipsychotic drugs
than did typical antipsychotic drugs.

2. Chronic treatment with typical antipsychotic drug
induced a depolarisation block in A9 as well as A10
neurons. Chronic treatment with atypical antipsychotic
drugs induced a depolarization block only in A10
neurons.

3. Dopamine receptor agonists do not differentiate between
A10 and A9 neurons.

4. Additional muscarinic, 5-HT, receptor or o;-adrenocep-
tor blockade drives the selectivity of antipsychotic drugs
towards A10 neurons.

5. The selective action of benzamides towards A10 neurons
is still unexplained.

5. Binding studies

With the availability of specific radiolabelled ligands
dopamine receptor binding was introduced in the mid-
1970s (Burt et al., 1975). Soon afterwards it was discovered
that antipsychotic drugs all behaved like dopamine receptor
antagonists and a good correlation was found between the
clinical potency of antipsychotic drugs and their ability to
inhibit [*H]haloperidol binding (Creese et al., 1976; Seeman
et al., 1976).

A large number of studies, predominantly carried out
with striatal tissue, compared the effects of typical and
atypical antipsychotic drugs on dopamine receptor binding.
The results are summarized in Tables 1 and 2.

5.1. Acute experiments

In acute experiments (using [*H]spiperone as the radio-
ligand), it was found that the typical antipsychotic drug,
haloperidol, did not discriminate between displacement of
the ligand in mesolimbic and in striatal tissue (Kohler et al.,
1979; Ogren et al., 1984). Binding studies on atypical
antipsychotic drugs (sulpiride, clozapine, remoxipride)
showed variable results. Some authors reported no differ-
ences between displacement of the D, receptor ligands in
the various brain regions (Seeman and Ulpian, 1983; Chiv-



8 B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18

Table 1

Acute treatment with atypical APD’s on dopamine receptor binding
Reference Compound Effect

Kohler et al. sulpiride mesolimbic preference;

(1979) but not in nucleus accumbens
Seeman and Ulpian clozapine, even distribution in the brain

(1983) thioridazine
Ogren et al. remoxipride mesolimbic preference
(1984)

Schotte et al. clozapine, sulpiride, even distribution in the brain
(1993, 1996) risperidone
Schoemaker et al.  amisulpride, sulpiride, mesolimbic preference;

(1997) remoxipride except remoxipride

ers et al., 1989), whereas others found preferential binding
to mesolimbic areas (Kohler et al., 1979; Ogren et al.,
1984). For example, Schoemaker et al. (1997) found that
sulpiride and amisulpride (but not remoxipride) displaced
the in vivo binding of [*H]raclopride about two- to threefold
more potently in the limbic system than in the striatum,
while no differences were observed for inhibition of the
binding by haloperidol.

Schotte et al. (1996) followed a slightly different ap-
proach. They administered antipsychotic drugs to rats and
performed ex vivo autoradiography. Several typical and
atypical antipsychotic drugs were tested but no regional
selectivity for D, receptor occupancy in mesolimbic versus
striatal areas was detected for any of the compounds tested.
The results are summarized in Table 1.

Table 2

5.2. Chronic experiments: striatal versus mesolimbic areas

Many studies investigated the effect of chronic antipsy-
chotic drug administration (range: 4 weeks to 20 months) on
dopamine receptor binding in rat brain. The results of these
studies are summarized in Table 2. A consistent observation
was that typical antipsychotic drugs such as haloperidol and
fluphenazine elicited an increase (range 20—25%) in striatal
dopamine receptor binding. This enhanced binding repre-
sents an increase in the number of receptor sites and may
explain the behavioral supersensitivity to dopamine receptor
stimulants that chronic antipsychotic drugs induce in ani-
mals. Various authors speculated that the tardive dyskinesia
seen in patients chronically treated with typical antipsy-
chotic drugs is also related to an increase in the number of
dopamine receptors.

The atypical antipsychotic drugs behaved differently in
this respect. None of the nine studies with chronic clozapine
treatment found a change in D, receptor binding. Results of
studies on the effects of chronic sulpiride treatment were
more varied, in that three authors reported an increase in
striatal receptor binding, whereas three others found no
effect. However, Memo et al. (1981) found the opposite
result for chronic sulpiride and haloperidol treatment: after
sulpiride they observed an increase in D, receptor binding,
whereas haloperidol had no effect.

Extensive studies were carried out by Rupniak et al.
(1985b) and Jenner et al. (1985), who treated rats for up to
20 months with haloperidol, clozapine or sulpiride. Halo-
peridol, but not sulpiride and clozapine, increased dopamine

Effect of chronic treatment (4 weeks to 1 year) with typical and atypical APDs on dopamine receptor binding

Reference Effect of typical APDs

Effect of atypical APDs

Burt et al. (1977)

Bannet et al. (1980)
Memo et al. (1981)
Jenner et al. (1982)
Seeger et al. (1982)

haloperidol: no effect in striatum
haloperidol: increase in striatum
Severson et al., 1984

Rupniak et al. (1984)
Rupniak et al. (1985a)

Rupniak et al. (1985b)
Jenner et al. (1985)
Prosser et al. (1989)

See et al. (1990)
Svartengren and Celander (1994)

haloperidol: increase in striatum
not determined

Kusumi et al. (1995)
Wan et al. (1996)
Florijn et al. (1997)
Tarazi et al. (1997)

haloperidol: increase in striatum
haloperidol: increase in striatum

haloperidol, fluphenazine: 20—25% increase in striatum
haloperidol 28% increase in striatum
haloperidol: increase in striatum and mesolimbic tissue
haloperidol: 29% increase in striatum

haloperidol: By, increased in striatum (12 months)
haloperidol: B, increased in stratum (4 weeks)

haloperidol: By.x increased in striatum (20 months)

haloperidol: B, increased in striatum (12 months)

haloperidol: increase in striatum not in mesolimbic tissue

haloperidol: increase in striatum dependent on type D2-ligand
fluphenazine: increase in D2/D4 binding in striatum,
mesolimbic and prefrontal cortex

not determined

sulpiride: no effect in striatum
sulpiride: increase in striatum
sulpiride: increase in striatum
clozapine: no effect in striatum

and mesolimbic tissue

clozapine: no effect in striatum;
tioridazine: 25% increase in striatum
sulpiride: no effect in striatum (12 months)
sulpiride, clozapine: no effect in
striatum (4 weeks)

clozapine: no effect in striatum (12 months)
clozapine: no effect in striatum;
sulpiride: no effect but increased
[3H]NPA-binding in striatum
sulpiride: increase in striatum not in
mesolimbic tissue

clozapine no effect in striatum
amperozide: no effect in stratum or
mesolimbic tissue

clozapine: no effect in striatum
clozapin: no effect in striatum
clozapine: no effect in striatum
clozapine: increase in D2/D4
binding in prefrontal cortex
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D, receptor binding in the striatum. However, no changes in
the [*H]-spiperone binding to mesolimbic tissue were found
for any of three antipsychotic drugs. The authors concluded
that dopamine receptor blockade is not maintained in the
mesolimbic area following chronic treatment with haloper-
idol, sulpiride or clozapine. They suggested that under these
conditions, the antipsychotic drugs investigated do not act
selectively on mesolimbic dopamine receptors.

However, Florijn et al. (1997) and Tarazi et al. (1997)
investigated the effect of repeated treatment with haloper-
idol, raclopride and clozapine on a large number of dop-
amine ligands in different brain areas. They reported a
remarkable diversity in the apparent degree of dopamine
receptor up-and down regulation, depending on the dopa-
mine receptor ligand used and the anatomical localisation of
the affected binding sites. Haloperidol, but not clozapine,
up-regulated D, receptor binding in the striatum and accum-
bens and it was speculated that this region possibly plays a
role in the induction of tardive dyskinesia and other neuro-
logical side effects. Few effects were seen for D; and D3
binding sites, but a D, type dopamine receptor was uncov-
ered in the caudate-putamen that was up-regulated by
chronic haloperidol, raclopride or clozapine treatment.

5.3. Chronic experiments. frontal cortex

Several authors studied D, receptor binding in the frontal
cortex after chronic treatment with antipsychotic drugs.
Meller et al. (1982) found no change in [*H]spiroperidol
binding in the frontal cortex after chronic sulpiride or
haloperidol. However Kazawa et al. (1990), detecting sul-
piride-displaceable sites, noticed a 25% increase in D2
dopamine receptor density in the striatum as well as in the
frontal cortex after haloperidol. Using autoradiography,
Janowsky et al. (1992) showed that chronic treatment with
haloperidol or clozapine increased D, receptor binding in
the prefrontal cortex, whereas only haloperidol was active in
the striatum. Similar results were reported by Florijn et al.
(1997) who found an increase in D, sulpiride binding in the
prefrontal cortex after repeated treatment with haloperidol,
sulpiride and clozapine. The latter authors speculated that
the frontal cortex is particularly involved in the clinical
effects of both typical and atypical antipsychotic drugs.

Apparently dopamine receptor density in the frontal
cortex is more sensitive to up-regulation during chronic
treatment with antipsychotic drugs than that in mesolimbic
or striatal tissue. Typical and atypical antipsychotic drugs
behaved similarly.

5.4. Dopamine D; binding

Clozapine, unlike haloperidol, altered D; function as
indicated by increased [*H]-pitflutixol binding in the stria-
tum (Rupniak et al., 1985a). Consisted with these findings,
Jenner et al. (1985) found that sulpiride and clozapine, but
not haloperidol, enhanced D; function as assessed by [*H]-

pitflutixol binding and dopamine-stimulated adenylate
cyclase. Clozapine protected D, as well as D, sites in an
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ)
inactivation test (Saller et al., 1989). See et al. (1990) found
that D; dopamine receptor binding in the nucleus accum-
bens was increased after clozapine. Both haloperidol and
clozapine increased D; receptor density in the olfactory
tubercle (Wan et al., 1996). Huang et al. (1997) using
autoradiography, found increased D; binding in striatal
and mesolimbic structures after chronic clozapine treatment,
whereas haloperidol was without effect. At variance with
these observations was the finding by Florijn et al. (1997)
that chronic treatment with clozapine or haloperidol did not
affect D; receptor binding. Most studies agree that D,
binding is increased after chronic clozapine but not after
chronic haloperidol.

5.5. PET and SPECT studies

Various authors determined the effects of antipsychotic
drugs on dopamine receptors in the brain of humans and
other primates by means of PET or SPECT methods. All
authors agree that—at clinical doses—typical antipsychotic
drugs occupy a high proportion (70—90%) of D, dopamine
receptors in the human brain. The atypical antipsychotic
drugs olanzapine and risperidone displayed lower occupancy
values (60—75%), whereas clozapine and quetiapine occu-
pied only 20—60% of the dopamine D, receptors (Farde et
al., 1988, 1994; Farde and Nordstrom, 1992; Kapur et al.,
1995; Nyberg et al., 1997; Gefvert et al., 1998; Mukherjee et
al., 2001). SPECT studies have confirmed these findings
(Pilowsky et al., 1996; Kufferle et al., 1997; Kasper et al.,
1998; Dresel et al., 1998; Tauscher et al., 1999).

Data on regional effects of antipsychotic drugs are scarce.
In most of the PET studies, D, binding was not quantified in
areas other than the basal ganglia. Two recent studies
(Mukherjee et al., 2001; Talvik et al., 2001) determined the
extra-striatal dopamine receptor occupancies of antipsy-
chotic drugs; however no regional differences were observed
between occupancy rates of typical and atypical antipsy-
chotic drugs. Interestingly, Xiberas et al. (2001) found that
low plasma concentrations of amisulpride were associated
with marked extra-striatal and low striatal binding, whereas
higher plasma concentrations were associated with marked
binding in striatal as well as in extra-striatal regions.

An important finding was that the threshold for clinical
response and that for extrapyramidal side effects could be
separated. Clinical responses were obtained at D2 dopamine
receptor occupancy rates between 65% and 75%, whereas
extrapyramidal side effects were seen at occupancies >75%
(Farde et al., 1992; Nordstrom et al., 1993; Scherer et al.,
1994; Knable et al., 1997; Kapur et al., 2000).

As in animal studies, clozapine was found to cause an
increase in D; dopamine receptor occupancy of 33—59%
which is considerably higher than the small changes (0—
36%) seen after typical antipsychotic drugs (Wiesel et al.,
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1990; Farde and Nordstrom, 1992; Farde et al., 1994;
Nordstrom et al., 1995).

Most of the atypical antipsychotic drugs (such as cloza-
pine, risperidone, olanzapine and quetiapine and ziprasi-
done) cause high occupancy rates (75—90%) for the 5-HT,
receptors (Nyberg et al., 1993; Farde et al., 1995; Nordstrom
et al., 1995; Kapur et al., 1998; Nyberg et al., 1999; Kapur
and Remington, 2001; Gefvert et al., 2001). However, this
effect is not common to all atypical antipsychotic drug,
since after amisulpiride no occupation of 5-HT, receptors
was seen (Farde et al., 1994; Trichard et al., 1998). Various
authors have investigated a possible correlation between
occupancy rates of D, and 5-HT, receptors and extrapyr-
amidal side effects. Nyberg et al. (1999) concluded that the
degree of 5-HT, receptor blockade (high for risperidone and
low for haloperidol) did not correlate with extrapyramidal
side effects. Similarly Kapur et al. (1997, 2000) concluded
that concomitant 5-HT, 4 blockade does not protect against
extrapyramidal side effects.

5.6. Summary

(1) In acute studies, typical antipsychotic drugs did not
discriminate between displacement of the ligand in
mesolimbic and in striatal tissue. Some authors reported
preferential binding of atypical antipsychotic drugs to
mesolimbic areas, but others found no preference.

(2) Chronic experiments showed that haloperidol, but not
clozapine, up-regulated D, receptor binding in the
striatum. Few effects were seen in mesolimbic tissue.

(3) The dopamine receptor density in the frontal cortex is
particularly sensitive to up-regulation during chronic
treatment with both typical and atypical antipsychotic
drugs.

(4) Results of most studies agree that D, receptor binding in
striatal and mesolimbic tissue is increased after chronic
clozapine treatment, but not after chronic haloperidol.

(5) PET studies showed that the D, occupancy threshold for
clinical response (>60%) and that for extrapyramidal
side effects (>75%) could be separated. No such relation
was found between the degree of 5-HT,, receptor
blockade.

6. Microdialysis

The introduction of microdialysis as an in vivo sampling
method has prompted extensive research on the effect of
antipsychotic drugs on the release of dopamine in different
brain regions of conscious animals.

6.1. Acute studies
Most microdialysis studies evaluated the acute effect of

antipsychotic drugs on dopamine release. All authors agree
that the typical antipsychotic drug, haloperidol, stimulates

the release of dopamine in the striatum and nucleus accum-
bens, but not—or only transiently—in the prefrontal cortex
(Moghaddam and Bunney, 1990; Pehek et al., 1993; Volonte
et al., 1997; Kuroki et al., 1999; Rollema et al., 2000;
Westerink et al., 2001). The 5-HT, blocking atypical anti-
psychotic drugs such as clozapine, olanzapine, amperozide,
risperidone, zotepine and ziprasidone are effective in the
striatum as well as in the prefrontal cortex. Most atypical
antipsychotic drugs are approximately equipotent in the two
brain structures, however clozapine was clearly more potent
in the prefrontal cortex than in the striatum. Seroquel was
the only atypical antipsychotic drug that did not stimulate
dopamine release in any of the brain areas studied, including
the prefrontal cortex (Volonte et al., 1997).

The benzamides show an activity profile different from
that of the other atypical antipsychotic drugs. Both sulpiride
and raclopride strongly stimulate dopamine release in the
striatum, but have no effect on dopamine release in the
prefrontal cortex (Moghaddam and Bunney, 1990; Nomikos
et al., 1994; Westerink et al., 2001). Kuroki et al. (1999)
reported that sulpiride increased dopamine release in the
prefrontal cortex, but only at a high dose (25 mg/kg).

The typical pattern of dopamine release induced in the
prefrontal cortex by the 5-HT, blocking antipsychotic drugs
is probably not unique for the prefrontal cortex and might
also be present in other cortical or limbic structures. In a
voltammetric study, Marcus et al. (1996) investigated the
effects of several antipsychotic drugs on the release of
dopamine in the shell of the nucleus accumbens. It appeared
that the antipsychotic drug-induced changes in dopamine
release were comparable to those measured by micodialysis
in the prefrontal cortex. Carboni et al. (2000) studied the
effect of a series of typical and atypical antipsychotic drugs,
including benzamides, on dopamine release in the nucleus
stria terminalis. They found changes very similar to those
described for antipsychotic drug-induced effects in the
prefrontal cortex: marked stimulation of dopamine release
by the 5-HT, receptor blocking antipsychotic drugs and no
effect for haloperidol and raclopride.

6.2. Other receptors involved in controlling dopamine
release in the prefrontal cortex

The mechanism by which clozapine and other atypical
antipsychotic drugs increase dopamine in the frontal cortex—
and probably also in several other cortical or limbic areas—is
unlikely to be solely attributable to blockade of dopamine D,
receptors. Various authors have investigated the role of
additional receptor interactions in the stimulation of dopa-
mine release in the prefrontal cortex. It was found that a
combination of D, and 5-HT, receptor blockade was needed
to enhance dopamine release in the prefrontal cortex (Millan
et al., 1998; Kuroki et al., 1999; Rollema et al., 2000;
Westerink et al., 2001). Similar effects had been reported
earlier by Andersson et al. (1995) for a voltammetric study. It
is emphasized that this is a synergistic effect since admin-
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istration of a pure 5-HT,, receptor antagonist or a pure
dopamine D, receptor antagonist alone is not effective to
stimulate the release of dopamine in the prefrontal cortex. The
important role of 5-HT» 5 receptor blockade in this regard was
illustrated by the observation that co-administration of the 5-
HT,anc receptor agonist (% )-2,5-dimethoxy-4-iodoam-
phetamine (DOI) but not of the 5-HT,c receptor agonist,
Ro 60-0175, suppressed the effects of clozapine on dopamine
release in the prefrontal cortex (Ichikawa et al., 2001; West-
erink et al., 2001).

Other than D, and 5-HT,,, receptor interactions have
been proposed to contribute to effects of atypical antipsy-
chotic drugs on the release of dopamine in the prefrontal
cortex. In this respect, a,-adrenoceptors (Hertel et al., 1999)
and histamine H; receptors (Dringenberg et al., 1998) have
been suggested to play a role. Evidence was provided by
Rollema et al. (1997, 2000) that 5-HT, 5 receptor agonism
contributes to the increase in dopamine release produced by
clozapine and—more markedly—by ziprasidone, which are
moderate and potent 5-HT 4 receptor agonists, respectively.
Ichikawa et al. (2001) provided evidence that 5-HT,4
receptor stimulation increases cortical dopamine release
via 5-HT,, receptor stimulation.

Gessa et al. (2000) have shown that the changes in
cortical dopamine release after antipsychotic drugs do not
match with firing rate of identified mesocortical dopamine
cells. This finding suggests that local presynaptic interac-
tions might contribute to the release observed in the pre-
frontal cortex, a possibility supported by reports that
infusion—via retrograde dialysis—with clozapine, but not
with haloperidol, increased dopamine release (Pehek and
Yamamoto, 1994; Gessa et al., 2000).

6.3. Chronic studies

The effect of repeated administration of haloperidol on
basal levels of dopamine was evaluated in numerous studies.
The results are ambiguous. It was reported that basal striatal
dopamine release after chronic haloperidol was increased
(See et al., 1995), decreased (Ichikawa and Meltzer, 1990,
1992), or unchanged (Yamamoto and Cooperman, 1994).
Ichikawa and Meltzer (1991) showed that repeated treatment
with clozapine had no effect on basal dopamine release in the
striatum, whereas Yamamoto and Cooperman (1994) found
an increase in basal dopamine release in the prefrontal
cortex. In a subsequent study, Ichikawa and Meltzer (1992)
reported that chronic treatment with amperozide and cloza-
pine increased basal levels of dopamine in the striatum; and
that only amperozide, but not clozapine, decreased dopamine
release in the nucleus accumbens.

Repeated treatment with haloperidol induced tolerance to
the haloperidol-induced increase in dopamine release in the
striatum, but not in the nucleus accumbens (Ichikawa and
Meltzer, 1991). Repeated treatment with clozapine induced
tolerance to the increase in dopamine release in the nucleus
accumbens (Ichikawa and Meltzer, 1991). However, Imper-

ato et al. (1994) found no tolerance after haloperidol and
sulpiride in the striatum.

The marginal effect of repeated haloperidol or clozapine
treatment on basal dopamine releases values is not consis-
tent with the depolarisation block of dopamine neurons that
was observed in electrophysiological studies. Grace et al.
(1997) have discussed this issue and provided evidence that
damage following implantation of the microdialysis probe
might have counteracted the depolarisation block.

6.4. Summary

(1) Most of the microdialysis studies focussed on dopamine
release in the frontal cortex. It was found that atypical
antipsychotic drugs—except the benzamides—stimu-
late the release of dopamine in the frontal cortex with
the same order of magnitude as in the striatum.
However the increase of dopamine release in the
frontal cortex was not related to the clinical effects of
the atypical antipsychotic drugs, as the benzamides
were not effective in this brain area.

(2) It is not the dopamine D, receptor affinity, but a
combination of 5-HT,4, 5-HT;, and D, affinity that
determines the potency of antipsychotic drugs to
enhance the release of dopamine in the frontal cortex.
Local mechanisms at dopamine nerve endings (prob-
ably mediated by 5-HT, or 5-HT;, receptors) are
responsible for the clozapine-induced increase in
dopamine release in the prefrontal cortex.

7. Conclusions

When we combine the results from the various methodo-
logical approaches, what conclusions can be drawn about
the differential effects of antipsychotic drugs on dopamine
neurons?

Post mortem tissue studies on acute administration of
antipsychotic drugs provided some indication for a selective
action of atypical antipsychotic drugs on dopamine metab-
olism in mesolimbic-cortical areas. However interference
with the efflux of dopamine metabolites, being more pro-
nounced in mesolimbic tissue might contribute to, or explain,
the selective action of atypical antipsychotic drugs.

Results from repeated antipsychotic drug treatment
showed that tolerance developed to the stimulation of
dopamine metabolism. This tolerance was seen earlier in
the striatum than in mesolimbic-cortical areas. The latter
finding implies an interesting parallel with the clinical
properties of the antipsychotic drugs, as tolerance to extrap-
yramidal effects is more pronounced than that to antipsy-
chotic effects. This finding is also consistent the view that
dopamine in the striatum and mesolimbic-cortical projec-
tions represents the extrapyramidal and antipsychotic effects,
respectively. However, various authors have emphasised that
the development of tolerance to antipsychotic drugs depends
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on dose, time of dosing and duration of action. Finally, all
regions develop tolerance, although the cortical areas are
most persistent in this respect.

The results from electrophysiological studies are more
conclusive for a regiospecific action of atypical antipsy-
chotic drugs. The consistent observation that chronic treat-
ment with clozapine and sulpiride induces a depolarisation
block in mesolimbic dopamine neurons only suggests a
selective action on A10 neurons. The depolarisation block
of mesolimbic dopamine neurons seems to parallel most of
the clinical properties of antipsychotic drugs. However, the
mesocortical A10 neurons, considered by many authors to
be crucial for antipsychotic activity, do not display depolar-
isation block after repeated treatment. Moreover, it is of
great concern that virtually all electrophysiological studies
have been carried out in anaesthetised rats.

Another significant result from the electrophysiological
studies is the finding that additional blockade of the 5-HT;4,
the oj-adrenoceptors and/or the muscarinic receptor drives
the selectivity of dopamine cells for atypical antipsychotic
drugs towards A10 neurons. These results suggest that A10
and A9 neurons are differently regulated by afferent pro-
jections. Electrophysiogical and microdialysis studies have
indeed provided evidence that A10 neurons—at the soma-
todendritic level—are more sensitive than A9 neurons to
certain receptor-specific compounds (e.g. drugs acting on
cholinergic and y-aminobutyric acid receptors; Westerink et
al., 1998).

The receptor binding studies—measuring replacement by
[*H-spiperone] or more selective D, dopamine ligands—in
general did not support a selective action of atypical anti-
psychotic drugs on A10 neurons. Although some authors
provided evidence for selective actions, others could not
confirm these conclusions. Results of chronic binding stud-
ies also provided little support for regio-selective effects.
Repeated treatment with haloperidol, but not with clozapine,
increased dopamine D, receptor binding in the striatum,
while results for sulpiride were equivocal. Atypical as well as
typical antipsychotic drugs had virtually no effect on mes-
olimbic tissues. Interestingly, increased dopamine D, recep-
tor binding was observed after repeated treatment with
antipsychotic drugs in the frontal cortex. However, no differ-
entiation between typical and atypical antipsychotic drugs
was observed in this brain area, as clozapine, sulpiride as
well as haloperidol, all increased dopamine D, receptor
binding.

The PET binding studies in humans produced results in
good agreement with those of the animal studies. The
occupancy numbers of dopamine D, receptors found for the
various antipsychotic drugs are very important. These studies
indicated that antipsychotic effects are evident at a D,
receptor occupancy >60%, whereas extrapyramidal side
effects occur at D, receptor occupancy >80%, irrespective
of whether a typical or atypical antipsychotic drug is admin-
istered. Evidence was provided that administration of atyp-
ical antipsychotic drugs results in lower occupancies (< 75%)

than do typical antipsychotic drug (70—90%). According to
this view, even with a typical compound such as haloperidol,
an antipsychotic effect without extrapyramidal side effects
can be obtained just by optimising D, receptor occupancy.
The issue of regional aspects of the occupancy of antipsy-
chotic drugs has not yet been addressed in PET studies,
because dopamine D, receptor binding was generally not
detectable in areas other than the basal ganglia.

Most of the microdialysis studies that investigated the
regional effects of antipsychotic drugs have focussed on
the release of dopamine in the prefrontal cortex. It was
found that atypical antipsychotic drugs that are 5-HT,,
receptor antagonists are equally effective to stimulate the
release of dopamine in the frontal cortex and striatum,
except clozapine, which is more effective in the frontal
cortex. Haloperidol, but also the benzamides, were inef-
fective in the frontal cortex. Evidence was provided that
the effect of antipsychotic drugs on dopamine release in
the prefrontal cortex is largely determined by 5-HT,
blocking properties; although other receptor interactions,
such as 5-HT;, agonism and o, adrenoceptor antagonism
may play an additional role.

7.1. A regiospecific action for atypical antipsychotic drugs?

The present survey has provided evidence for two types
of regiospecific actions that relate to mesolimbic and to
mesocortical dopamine neurons. Based on electrophysio-
logical studies, it was found that chronic treatment with
atypical antipsychotic drugs induces a preferential depolar-
isation block of A10 dopamine neurons that project to the
mesolimbic areas. The model represents certain clinical
features of antipsychotic drug use and yields a possible
explanation for the lack of extrapyramidal side effects of
atypical antipsychotic drugs. However the mesocortical A10
cortical neurons are not active in this model and improve-
ment of cognitive dysfunction and negative symptoms are
difficult to account for in this model.

The frontal cortex has been much studied. Microdialysis
studies have shown that atypical antipsychotic drugs that
block 5-HT, receptors selectively enhance the release of
dopamine in the prefrontal cortex when compared with
typical antipsychotic drugs. These properties might explain
certain beneficial effects of atypical antipsychotic drugs,
such as improvement of cognitive dysfunction. The finding
that repeated treatment with antipsychotic drugs increased
dopamine D, receptor binding in the frontal cortex is also of
interest in this regard. However, the fact that neither the
microdialysis nor binding studies could show a clear differ-
entiation between typical and atypical antipsychotic drugs,
illustrates the difficulty of localising clinical effects of
antipsychotic drugs in terms of regional dopamine neurons.

Recently new insights have been published that might
change our view of the mechanism of action of typical and
atypical antipsychotic drugs. PET studies repeatedly
showed that additional 5-HT, receptor blockade does not
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protect against extrapyramidal side effects. This is a
significant finding, as most of the modern antipsychotic
drugs were designed on the basis of a favourable “5-HT,-
D, receptor ratio”. Another important consideration is the
increasingly popular notion that certain benzamides
(remoxipride and amisulpride) are full members of the
atypical antipsychotic drug class. Interestingly these com-
pounds do not have 5-HT,, receptor blocking properties.
Benzamides are weak, but relatively pure dopamine D3
antagonists, the D, receptor blocking properties of which
were shown to be pharmacologically most relevant (Van-
hauwe et al., 2000).

The efficacy of the benzamides as typical antipsychotic
drugs suggests that low to moderate dopamine D, receptor
blockade is probably the most important—if not the
only—criterion that determines atypicality (Westerink et
al., 2001). Kapur and Seeman (2001) reached similar
conclusions when they discussed the dopamine D, occu-
pancy rates in clinical PET studies. A moderate dopamine
D, receptor occupancy, probably in combination with a
high dissociation rate, might fulfil optimal clinical con-
ditions for an antipsychotic drug, without inducing extrap-
yramidal side effects. Whether this concept is also valid for
other “atypical” effects of antipsychotic drugs, such as the
improvement of negative symptoms and cognitive dys-
function and efficacy in neuroleptic-resistant schizophre-
nia, needs further investigation.

The concept of Kapur and Seeman has a close resem-
blance to explanations that were given about 30 years ago,
at the start of the long search for what constitutes an atypical
antipsychotic drug, when it was hypothesised that the
atypical actions of clozapine resulted from its “surmount-
able blockade of dopamine receptors” (Bartholini et al.,
1972; Burki et al., 1974, 1975).

Interestingly these new insights are based on PET-studies
of the human basal ganglia and not on the comparison of
different brain areas. Apparently, for this concept, it is not
necessary that an ideal antipsychotic drug should act on a
particular type of dopamine neuron, as it is the moderate
dopamine D, receptor occupancy that determines the
desired clinical effects. Both beneficial and side effects of
antipsychotic drugs might be, dose dependently, localised in
A9 as well as A10 dopamine neurons.

Acknowledgements

The author gratefully acknowledges Dr. H. Rollema for

valuable discussions and comments.

References

Aghajanian, G.K., Bunney, B.S., 1973. Central dopaminergic neurons: neu-
rophysiological identification and responses to drugs. Frontiers in Cat-
echolamine Research Research. Pergamon, Great Britain, pp. 643 —648.

Andén, N.-E., 1972. Dopamine turnover in the corpus striatum and the
limbic system after treatment with neuroleptic and anti-acetylcholine
drugs. J. Pharm. Pharmacol. 24, 905-906.

Andén, N.-E., Stock, G., 1973. Effect of clozapine on the turnover of
dopamine in the corpus striatum and in the limbic system. J. Pharm.
Pharmacol. 25, 346—348.

Andén, N.E., Roos, B.E., Werdinius, B., 1964. Effects of chlorpromazine,
haloperidol and resrpine on the levels of phenolic acids in rabbit corpus
striatum. Life Sci. 3, 149-158.

Andén, N.-E., Corrodi, H., Fuxe, K., Ungerstedt, U., 1971. Importance of
nervous impulse flow for the neuroleptic induced increase in amine
turnover in central dopamine neurons. Eur. J. Pharmacol. 15, 193-199.

Andén, N.-E., Corrodi, H., Fuxe, K., 1972. Effect of neuroleptic drugs on
central catecholamine turnover assessed using tyrosine- and dopamine-
beta-hydroxylase inhibitors. J. Pharm. Pharmacol. 24, 177—-182.

Andersson, J.L., Marcus, M., Nomikos, G.G., Svensson, T.H., 1994. Pra-
zosin modulates the changes in firing pattern and transmitter release
induced by raclopride in the mesolimbic, but not in the nigrostriatal
dopaminergic system. Naunyn-Schmiedeberg’s Arch. Pharmacol. 349,
236-243.

Andersson, J.L., Nomikos, G.G., Marcus, M., Hertel, P., Mathe, J.M.,
Svensson, T.H., 1995. Ritanserin potentiates the stimulatory effects of
raclopride on neuronal activity and dopamine release selectivity in the
mesolimbic dopaminergic system. Naunyn-Schmiedeberg’s Arch. Phar-
macol. 352, 374-385.

Angst, J., Bente, D., Berner, P., Heimann, H., Helmchen, H., Hippius, H.,
1971. Das klinische Wirkungsbild von Clozapin. Pharmakopsychiatrie
4, 192-200.

Bacopoulos, N.G., 1981. Biochemical mechanism of tolerance to neuro-
leptic drugs; regional differences in rat brain. Eur. J. Pharmacol. 70,
585-586.

Bannet, J., Gillis, S., Ebstein, R.P., Belmaker, R.H., 1980. Effect of chronic
sulpiride on striatal spiperone binding. Int. Pharmacopsychiatry 15,
334-337.

Bartholini, G., 1976. Differential effect of neuroleptic drugs on dopamine
turnover in the extrapyramidal and limbic system. J. Pharm. Pharmacol.
28, 429-433.

Bartholini, G., Haefely, W., Jalfre, M., Keller, H.H., Pletscher, A., 1972.
Effects of clozapine on cerebral catecholaminergic neurone systems. Br.
J. Pharmacol. 46, 736—740.

Bowers, M.B., 1984. Homovanillic acid in caudate and prefrontal cortex
following neuroleptics. Eur. J. Pharmacol. 99, 103—-105.

Bowers, M.G., Rozitis, A., 1974. Regional differences in homovanillic acid
concentrations after acute and chronic administration of antipsychotic
drugs. J. Pharm. Pharmacol. 26, 743 -745.

Bowers, M.B., Rozitis, A., 1976. Brain homovanillic acid: regional
changes over time with antipsychotic drugs. Eur. J. Pharmacol. 39,
109-115.

Bunney, B.S., Grace, A.A., 1978. Acute and chronic haloperidol treatment:
comparison of effects on nigral dopaminergic cell activity. Life Sci. 23,
1715-1727.

Bunney, B.S., Walters, J.R., Roth, R.H., Aghajanian, G.K., 1973. Dopami-
nergic neurons: effect of antipsychotic drugs and amphetamine on sin-
gle cell activity. J. Pharmacol. Exp. Ther. 185, 560—571.

Burki, H.R., 1986. Effects of fluperlapine on dopaminergic systems in the
brain. Psychopharmacology 89, 77—84.

Burki, H.R., Ruch, W., Asper, H., Baggiolini, M., Stille, G., 1974. Effect of
single and repeated administration of clozapine on the metabolism of
dopamine and noradrenaline in the brain of the rat. Eur. J. Pharmacol.
27, 180—190.

Burki, H.R., Ruch, W., Asper, H., 1975. Effects of clozapine, thioridazine,
perlapine and haloperidol on the metabolism of the biogenic amines in
the brain of the rat. Psychopharmacol. 41, 27-33.

Burt, D.R., Enna, S.J., Creese, 1., Snyder, S.H., 1975. Dopamine receptor
binding in the corpus striatum of mammalian brain. Proc. Natl. Acad.
Sci. U. S. A. 72, 4655—-4659.

Burt, D.R., Creese, 1., Snyder, S.H., 1977. Antischizophrenic drugs:



14 B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18

chronic treatment elevates dopamine receptor binding in brain. Science
196, 326—-328.

Carboni, E., Rolando, M.T., Silvagni, A., Di Chiara, G., 2000. Increase of
dialysate dopamine in the bed nucleus of stria terminalis by clozapine
and related neuroleptics. Neuropsychopharmacology 22, 140—147.

Carlsson, A., Lindqvist, M., 1963. Effect of chlorpromazine and haloper-
idol on formation of 3-methoxytyramine and normetanephrine in mouse
brain. Acta Pharm. Toxicol. 20, 140—144.

Chang, W.H., Chen, T.Y., Wu, H.S., Hu, WH., Yeh, E.K., 1988. Dose—
response curves of homovanillic acid in pre-frontal cortex and caudate
following antipsychotic drugs: relation to clinical potencies. Psycho-
pharmacology 95, 459—462.

Chiodo, L.A., Bunney, B.S., 1983. Typical and atypical neuroleptics: dif-
ferential effects of chronic administration on the activity of A9 and A10
midbrain dopaminergic neurons. J. Neurosci. 3, 1607—1619.

Chiodo, L.A., Bunney, B.S., 1985. Possible mechanisms by which re-
peated clozapine administration differentially affects the activity of
two subpopulations of midbrain dopamine neurons. J. Neurosci. 5,
2539-2544.

Chiodo, L.A., Bannon, M.J., Grace, A.A., Roth, R.H., Bunney, B.S., 1984.
Evidence for the absence of impulse-regulating somatodendritic and
synthesis-modulating nerve terminal autoreceptors on subpopulations
of mesocortical dopamine neurons. Neuroscience 12, 1—16.

Chivers, J.K., Reavill, C., Jenner, P., Marsden, C.D., 1989. Definition of
the in-vivo binding of [3H]spiperone in rat brain using substituted
benzamide drugs. J. Pharm. Pharmacol. 41, 106—111.

Clark, D., Chiodo, L.A., 1988. Electrophysiological and pharmacological
characterization of identified nigrostriatal and mesoaccumbens dopa-
mine neurons in the rat. Synapse 2, 474—485.

Cox, R.F., Waszczak, B.L., 1990. Irreversible receptor inactivation re-
veals differences in dopamine receptor reserve between A9 and A10
dopamine systems: an electrophysiological analysis. Brain Res. 534,
273-282.

Creese, 1., Burt, D.R., Snyder, S.H., 1976. Dopamine receptor binding
predicts clinical and pharmacological potencies of antischizophrenic
drugs. Science 192, 481—-483.

Crow, T.J., Johnstone, E.C., Deakin, J.F., Longden, A., 1976. Dopamine
and schizophrenia. Lancet 2, 563—566.

Crow, T.J., Deakin, J.F., Longden, A., 1977. The nucleus accumbens: a
possible site of antipsychotic action of neuroleptic drugs? Psychol.
Med. 7, 213-221.

Da Prada, M., Pletscher, A., 1966. On the mechanism of chlorpromazine-
induced changes of cerebral homovanillic acid levels. J. Pharm. Phar-
macol. 18, 628—630.

Di Chiara, G., Porceddu, M.L., Fratta, W., Gessa, G.L., 1977. Postsynaptic
receptors are not essential for dopaminergic feedback regulation. Nature
267, 270-272.

Di Giovanni, G., Di Mascio, M., Di Matteo, V., Esposito, E., 1998. Effects
of acute and repeated administration of amisulpride, a dopamine D2/D3
receptor antagonist, on the electrical activity of midbrain dopaminergic
neurons. J. Pharmacol. Exp. Ther. 287, 51-57.

Dresel, S., Tatsch, K., Dahne, 1., Mager, T., Scherer, J., Hahn, K., 1998.
Todine-123-iodobenzamide SPECT assessment of dopamine D2 recep-
tor occupancy in riperidone-treated schizophrenic patients. J. Nucl.
Med. 39, 1138-1142.

Dringenberg, H.C., De Souza-Silva, M.A., Schwarting, R.K., Huston, J.P.,
1998. Increased levels of extracellular dopamine in neostriatum and
nucleus accumbens after histamine H; receptor blockade. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 358, 423-429.

Farde, L., Nordstrom, A.L., 1992. PET analysis indicates atypical central
dopamine receptor occupancy in clozapine-treated patients. Br. J. Psy-
chiatry Suppl. 17, 30—33.

Farde, L., Wiesel, F.A., Halldin, C., Sedvall, G., 1988. Central D2-dopa-
mine receptor occupancy in schizophrenic patients treated with antipsy-
chotic drugs. Arch. Gen. Psychiatry 45, 71-76.

Farde, L., Nordstrom, A.L., Wiesel, F.A., Pauli, S., Halldin, C., Sedvall, G.,
1992. Positron emission tomographic analysis of central D1 and D2

dopamine receptor occupancy in patients treated with classical neuro-
leptics and clozapine. Relation to extrapyramidal side effects. Arch.
Gen. Psychiatry 49, 538—544.

Farde, L., Nordstrom, A.L., Nyberg, S., Halldin, C., Sedvall, G., 1994.
D1-, D2-, and 5-HT2-receptor occupancy in clozapine-treated patients.
J. Clin. Psychiatry 55, B67-B69 (Suppl.).

Farde, L., Nyberg, S., Oxenstierna, G., Nakashima, Y., Halldin, C., Erics-
son, B., 1995. Positron emission tomography studies on D2 and 5-HT2
receptor binding in risperidone-treated schizophrenic patients. J. Clin.
Psychopharmacol. 15 (Suppl. 1), 19S-23S.

Florijn, W.J., Tarazi, F.I., Creese, 1., 1997. Dopamine receptor subtypes:
differential regulation after 8 months treatment with antipsychotic
drugs. J. Pharmacol. Exp. Ther. 280, 561—569.

Fu, Y., Zhu, Z.T., Chen, L.J., Yu, L.P.,, Jin, G.Z., 2000. Behavioral char-
acteristics of olanzapine: an atypical neuroleptic. Acta Pharmacol. Sin.
21, 329-334.

Fujiwara, H., 1992. Comparative studies of sulpiride and classical neuro-
leptics on induction of catalepsy, locomotor activity, and brain dopa-
mine metabolism in mice. Pharmacol. Biochem. Behav. 41, 301-308.

Gefvert, O., Bergstrom, M., Langstrom, B., Lundberg, T., Lindstrom, L.,
Yates, R., 1998. Time course of central nervous dopamine-D2 and 5-
HT?2 receptor blockade and plasma drug concentrations after discontin-
uation of quetiapine (Seroquel) in patients with schizophrenia. Psycho-
pharmacology 135, 119—126.

Gefvert, O., Lundberg, T., Wieselgren, .M., Bergstrom, M., Langstrom, B.,
Wiesel, F., Lindstrom, L., 2001. D(2) and SHT(2A) receptor occupancy
of different doses of quetiapine in schizophrenia: a PET study. Eur.
Neuropsychopharmacol. 11, 105—-110.

Gessa, G.L., Devoto, P., Diana, M., Flore, G., Melis, M., Pistis, M., 2000.
Dissociation of haloperidol, clozapine, and olanzapine effects on elec-
trical activity of mesocortical dopamine neurons and dopamine release
in the prefrontal cortex. Neuropsychopharmacology 22, 642—649.

Goldstein, J.M., Litwin, L.C., Sutton, E.B., Malick, J.B., 1989. Effects of
ICI 169,369, a selective serotonin2 antagonist, in electrophysiological
tests predictive of antipsychotic activity. J. Pharmacol. Exp. Ther. 249,
673—-680.

Goldstein, J.M., Litwin, L.C., Sutton, E.B., Malick, J.B., 1993. Seroquel:
electrophysiological profile of a potential atypical antipsychotic. Psy-
chopharmacology 112, 293-298.

Grace, A.A., Bunney, B.S., Moore, H., Todd, C.L., 1997. Dopamine-cell
depolarization block as a model for the therapeutic actions of antipsy-
chotic drugs. Trends Neurosci. 20, 31-37.

Grenhoft, J., Ugedo, L., Svensson, T.H., 1988. Firing patterns of midbrain
dopamine neurons: differences between A9 and A10 cells. Acta Phys-
iol. Scand. 134, 127-132.

Grenhoff, J., Tung, C.S., Ugedo, L., Svensson, T.H., 1990. Effects of
amperozide, a putative antipsychotic drug, on rat midbrain dopamine
neurons recorded in vivo. Pharmacol. Toxicol. 66, 129133 (Suppl.).

Gross, H., Langner, E., 1966. On the use of 7-chlor-1,3-dihydro-3-hydroxy-
S-phenyl-2H-1,4-benzodiazepine-2-one in psychiatry. Arzneimittel-For-
schung 16, 1328-1330.

Groves, P.M., Wilson, C.J., Young, S.J., Rebec, G.V., 1975. Self-inhibition
by dopaminergic neurons. Science 190, 522—529.

Hand, T.H., Hu, X.T., Wang, R.Y., 1987. Differential effects of acute clo-
zapine and haloperidol on the activity of ventral tegmental (A10) and
nigrostriatal (A9) dopamine neurons. Brain Res. 415, 257—269.

Hertel, P., Fagerquist, M. V., Svensson, T.H., 1999. Enhanced cortical dop-
amine output and antipsychotic-like effects of raclopride by alpha2
adrenoceptor blockade. Science 286, 105—107.

Hippius, H., 1989. The history of clozapine. Psychopharmacology 99,
S3-Ss.

Hokfelt, T., Ljungdahl, A., Fuxe, K., Johansson, O., 1974. Dopamine nerve
terminals in the rat limbic cortex: aspects of the dopamine hypothesis of
schizophrenia. Science 184, 177—-1779.

Hornykiewicz, O., 1966. Dopamine (3-hydroxytyramine) and brain func-
tion. Pharmacol. Rev. 18, 925-964.

Huang, N., Ase, A.R., Hebert, C., van Gelder, N.M., Reader, T.A., 1997.



B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18 15

Effects of chronic neuroleptic treatments on dopamine D1 and D2
receptors: homogenate binding and autoradiographic studies. Neuro-
chem. Int. 30, 277-290.

Hyttel, J., 1974. Effect of neuroleptics on the disappearance rate of [14C)
labelled catecholamines formed from (14C)tyrosine in mouse brain.
J. Pharm. Pharmacol. 26, 588—596.

Ichikawa, J., Meltzer, H.Y., 1990. The effect of chronic clozapine and
haloperidol on basal dopamine release and metabolism in rat striatum
and nucleus accumbens studied by in vivo microdialysis. Eur. J. Phar-
macol. 176, 371-374.

Ichikawa, J., Meltzer, H.Y., 1991. Differential effects of repeated treatment
with haloperidol and clozapine on dopamine release and metabolism in
the striatum and the nucleus accumbens. J. Pharmacol. Exp. Ther. 256,
348-357.

Ichikawa, J., Meltzer, H.Y., 1992. The effect of chronic atypical antipsy-
chotic drugs and haloperidol on amphetamine-induced dopamine re-
lease in vivo. Brain Res. 574, 98—104.

Ichikawa, J., Dai, J., Meltzer, H.Y., 2001. DOI, a 5-HT,4/>c receptor ago-
nist, attenuates clozapine-induced cortical dopamine release. Brain Res.
907, 151-155.

Imperato, A., Obinu, M.C., Carta, G., Mascia, M.S., Casu, M.A., Dazzi, L.,
Gessa, G.L., 1994. Neuroleptics cause stimulation of dopamine D1
receptors and their desensitization after chronic treatment. Eur. J. Phar-
macol. 264, 55-60.

Janowsky, A., Neve, K.A., Kinzie, J.M., Taylor, B., de Paulis, T., Belknap,
J.K., 1992. Extrastriatal dopamine D2 receptors: distribution, pharma-
cological characterization and region-specific regulation by clozapine.
J. Pharmacol. Exp. Ther. 261, 1282—1290.

Jenner, P., Hall, M.D., Murugaiah, K., Rupniak, N., Theodorou, A., Mars-
den, C.D., 1982. Repeated administration of sulpiride for three weeks
produces behavioural and biochemical evidence for cerebral dopamine
receptor supersensitivity. Biochem. Pharmacol. 31, 325-328.

Jenner, P., Rupniak, N., Marsden, C.D., 1985. Differential alteration of
striatal D-1 and D-2 receptors induced by the long-term administration
of haloperidol, sulpiride or clozapine to rats. Psychopharmacology
Suppl., 2174-2181.

Kahn, R.S., Davidson, M., 1993. Serotonin, dopamine and their interac-
tions in schizophrenia. Psychopharmacology 112, S1—S4.

Kapur, S., Seeman, P., 2001. Does fast dissociation from the dopamine d(2)
receptor explain the action of atypical antipsychotics?: a new hypoth-
esis. Am. J. Psychiatry 158, 360—369.

Kapur, S., Remington, G., 2001. Atypical antipsychotics: new directions
and new challenges in the treatment of schizophrenia. Annu. Rev. Med.
52, 503-517.

Kapur, S., Remington, G., Zipursky, R.B., Wilson, A.A., Houle, S., 1995.
The D2 dopamine receptor occupancy of risperidone and its relationship
to extrapyramidal symptoms: a PET study. Life Sci. 57, PL103—PL107.

Kapur, S., Zipursky, R., Remington, G., Jones, C., Makay, G., Houle, S.,
1997. PET evidence that loxapine is an equipotent blocker of 5-HT2
and D2 receptors: implications for the treatment of schizophrenia. Am.
J. Psychiatry 154, 1525—-1529.

Kapur, S., Zipursky, R.B., Remington, G., Jones, C., DaSilva, J., Wilson,
A.A., Houle, S., 1998. 5-HT2 and D2 receptor occupancy of olanza-
pine in schizophrenia: a PET investigation. Am. J. Psychiatry 155,
921-928.

Kapur, S., Zipursky, R., Jones, C., Remington, G., Houle, S., 2000. Rela-
tionship between dopamine D(2) occupancy, clinical response, and side
effects: a double-blind PET study of first-episode schizophrenia. Am. J.
Psychiatry 157, 514-520.

Kasper, S., Tauscher, J., Kufferle, B., Barnas, C., Hesselmann, B., Asen-
baum, S., Podreka, 1., Brucke, T., 1998. Sertindole and dopamine D2
receptor occupancy in comparison to risperidone, clozapine and hal-
operidol—a 1231-IBZM SPECT study. Psychopharmacology 136,
367-373.

Kazawa, T., Mikuni, M., Higuchi, T., Arai, I., Takahashi, K., Yamauchi,
T., 1990. Characterization of sulpiride-displaceable 3H-YM-09151-2
binding sites in rat frontal cortex and the effects of subchronic treat-

ment with haloperidol on cortical D-2 dopamine receptors. Life Sci.
47, 531-537.

Kehr, W., Carlsson, A., Lindqvist, M., Magnusson, T., Atack, C., 1972.
Evidence for a receptor-mediated feedback control of striatal tyrosine
hydroxylase activity. J. Pharm. Pharmacol. 24, 744—747.

Kelland, M.D., Chiodo, L.A., Freeman, A.S., 1990. Anesthetic influences
on the basal activity and pharmacological responsiveness of nigrostria-
tal dopamine neurons. Synapse 6, 207—209.

Knable, M.B., Heinz, A., Raedler, T., Weinberger, D.R., 1997. Extrapyr-
amidal side effects with risperidone and haloperidol at comparable D2
receptor occupancy levels. Psychiatry Res. 75, 91-101.

Kohler, C., Ogren, S.0O., Haglund, L., Angeby, T., 1979. Regional displace-
ment by sulpiride of [3H]spiperone binding in vivo. Biochemical and
behavioural evidence for a preferential action of limbic and nigral dop-
amine receptors. Neurosci. Lett. 13, 51-56.

Kolenik III, S.A., Hoffman, F.J., Bowers, M.B. 1989. Sensitivity of re-
gional brain dopamine systems to haloperidol. Biol. Psychiatry 25,
815-817.

Kufferle, B., Tauscher, J., Asenbaum, S., Vesely, C., Podreka, 1., Brucke,
T., Kasper, S., 1997. IBZM SPECT imaging of striatal dopamine-2
receptors in psychotic patients treated with the novel antipsychotic
substance quetiapine in comparison to clozapine and haloperidol. Psy-
chopharmacology 133, 323-328.

Kuroki, T., Meltzer, H.Y., Ichikawa, J., 1999. Effects of antipsychotic drugs
on extracellular dopamine levels in rat medial prefrontal cortex and
nucleus accumbens. J. Pharmacol. Exp. Ther. 288, 774—781.

Kusumi, I., Ishikane, T., Matsubara, S., Koyama, T., 1995. Long-term treat-
ment with haloperidol or clozapine does not affect dopamine D4 recep-
tors in rat frontal cortex. J. Neural Transm. Gen. Sect. 101, 231-235.

Laduron, P., de Bie, K., Leysen, J., 1977. Specific effect of haloperidol on
dopamine turnover in the frontal cortex. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 296, 183—185.

Laverty, R., Sharman, D.F., 1965. Modification by drugs of the metabolism
of 3,4-dihydroxyphenylethylamine, noradrenaline and 5-hydroxytrypt-
amine in the brain. Brit. J. Pharmacol. 24, 759-772.

Lerner, P., Nose, P., Gordon, E.K., Lovenberg, W., 1977. Haloperidol:
effect of long-term treatment on rat striatal dopamine synthesis and
turnover. Science 197, 181—183.

Leysen, J.E., Janssen, P.M., Schotte, A., Luyten, W.H., Megens, A.A.,
1993. Interaction of antipsychotic drugs with neurotransmitter recep-
tor sites in vitro and in vivo in relation to pharmacological and
clinical effects: role of SHT2 receptors. Psychopharmacology 112,
S40—-S54.

Leysen, J.E., Janssen, P.M., Megens, A.A., Schotte, A., 1994. Risperidone:
a novel antipsychotic with balanced serotonin-dopamine antagonism,
receptor occupancy profile, and pharmacologic activity. J. Clin. Psy-
chiatry 55, 5—12.

Magnusson, O., Fowler, C.J., Kohler, C., Ogren, S.0., 1986. Dopamine D2
receptors and dopamine metabolism. Relationship between biochemical
and behavioural effects of substituted benzamide drugs. Neuropharma-
cology 25, 187-197.

Marcus, M.M., Nomikos, G.G., Svensson, T.H., 1996. Differential actions
of typical and atypical antipsychotic drugs on dopamine release in the
core and shell of the nucleus accumbens. Eur. Neuropsychopharmacol.
6, 29-38.

Matsumoto, T., Uchimura, H., Hirano, M., Kim, J.S., Yokoo, H., Shimo-
mura, M., Nakahara, T., Inoue, K., Oomagari, K., 1983. Differential
effects of acute and chronic administration of haloperidol on homova-
nillic acid levels in discrete dopaminergic areas of rat brain. Eur. J.
Pharmacol. 89, 27-33.

Mefford, LN., Roth, K.A., Agren, H., Barchas, J.D., 1988. Enhancement
of dopamine metabolism in rat brain frontal cortex: a common effect
of chronically administered antipsychotic drugs. Brain Res. 475,
380-384.

Meller, E., Bohmaker, K., Rosengarten, H., Friedhoff, A.J., 1982. Chronic
haloperidol does not increase specific dopamine receptor binding in rat
frontal cortex. Res. Commun. Chem. Pathol. Pharmacol. 37, 323-332.



16 B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18

Meltzer, H.Y., 1989. Clinical studies on the mechanism of action of cloza-
pine: the dopamine-serotonin hypothesis of schizophrenia. Psychophar-
macology 99, S18—S27.

Meltzer, H.Y., 1991. The mechanism of action of novel antipsychotic
drugs. Schizophr. Bull. 17, 263-287.

Memo, M., Battaini, F., Spano, P.F., Trabucchi, M., 1981. Sulpiride and the
role of dopaminergic receptor blockade in the antipsychotic activity of
neuroleptics. Acta Psychiatr. Scand. 63, 314—-324.

Mereu, G., Casu, M., Gessa, G.L., 1983. ( — )-Sulpiride activates the firing
rate and tyrosine hydroxylase activity of dopaminergic neurons in un-
anesthetized rats. Brain Res. 264, 105-110.

Mereu, G., Lilliu, V., Vargiu, P., Muntoni, A.L., Diana, M., Gessa, G.L.,
1994. Failure of chronic haloperidol to induce depolarization inactiva-
tion of dopamine neurons in unanesthetized rats. Eur. J. Pharmacol. 264,
449-453.

Millan, M.J., Gobert, A., Newman-Tancredi, A., Audinot, V., Lejeune, F.,
Rivet, J.M., Cussac, D., Nicolas, J.P., Muller, O., Lavielle, G., 1998.
S 16924 ((R)-2-[1-[2-(2,3-dihydro-benzo[1,4] dioxin-5-Yloxy)-ethyl]-
pyrrolidin-3yl]-1-(4-fluoro-phenyl)-ethanone), a novel, potential anti-
psychotic with marked serotonin (5-HT)1A agonist properties: I. Re-
ceptorial and neurochemical profile in comparison with clozapine and
haloperidol. J. Pharmacol. Exp. Ther. 286, 1341—-1355.

Moghaddam, B., Bunney, B.S., 1990. Acute effects of typical and atypical
antipsychotic drugs on the release of dopamine from prefrontal cortex,
nucleus accumbens, and striatum of the rat: an in vivo microdialysis
study. J. Neurochem. 54, 1755-1760.

Moleman, P., Bruinvels, J., Van Valkenburg, C.F., 1978. Haloperidol in-
hibits the disappearance of acidic dopamine metabolites from rat stria-
tum. J. Pharm. Pharmacol. 30, 583 —-585.

Mukherjee, J., Christian, B.T., Narayanan, T.K., Shi, B., Mantil, J., 2001.
Evaluation of dopamine D-2 receptor occupancy by clozapine, risper-
idone, and haloperidol in vivo in the rodent and nonhuman primate
brain using 18F-fallypride. Neuropsychopharmacology 25, 476—488.

Nishibe, Y., Matsuo, Y., Yoshizaki, T., Eigyo, M., Shiomi, T., Hirose, K.,
1982. Differential effects of sulpiride and metoclopramide on brain.
Homovanillic acid levels and shuttle box avoidance after systemic
and intracerebral administration. Naunyn-Schmiedeberg’s Arch. Phar-
macol. 321, 190—194.

Nomikos, G.G., Iurlo, M., Andersson, J.L., Kimura, K., Svensson, T.H.,
1994. Systemic administration of amperozide, a new atypical antipsy-
chotic drug, preferentially increases dopamine release in the rat medial
prefrontal cortex. Psychopharmacology 115, 147—156.

Nordstrom, A.L., Farde, L., Wiesel, F.A., Forslund, K., Pauli, S., Halldin,
C., Uppfeldt, G., 1993. Nordstrom Central D2-dopamine receptor oc-
cupancy in relation to antipsychotic drug effects: a double-blind PET
study of schizophrenic patients. Biol. Psychiatry 33, 227-235.

Nordstrom, A.L., Farde, L., Nyberg, S., Karlsson, P., Halldin, C., Sedvall,
G., 1995. D1, D2, and 5-HT2 receptor occupancy in relation to cloza-
pine serum concentration: a PET study of schizophrenic patients. Am. J.
Psychiatry 152, 1444—1449.

Nyback, H., Borzecki, Z., Sedvall, G., 1968. Accumulation and disappear-
ance of catecholamines formed from tyrosine-14C in mouse brain; ef-
fect of some psychotropic drugs. Eur. J. Pharmacol. 4, 395-403.

Nyberg, S., Farde, L., Eriksson, L., Halldin, C., Eriksson, B., 1993. 5-HT2
and D2 dopamine receptor occupancy in the living human brain. A PET
study with risperidone. Psychopharmacology 110, 265-272.

Nyberg, S., Farde, L., Halldin, C., 1997. A PET study of 5-HT2 and D2
dopamine receptor occupancy induced by olanzapine in healthy sub-
jects. Neuropsychopharmacology 16, 1-7.

Nyberg, S., Eriksson, B., Oxenstierna, G., Halldin, C., Farde, L., 1999.
Suggested minimal effective dose of risperidone based on PET-meas-
ured D2 and 5-HT2A receptor occupancy in schizophrenic patients.
Am. J. Psychiatry 156, 869—875.

Ogren, S.O., Hall, H., Kohler, C., Magnusson, O., Lindbom, L.O., Angeby,
K., Florvall, L., 1984. Remoxipride, a new potential antipsychotic com-
pound with selective antidopaminergic actions in the rat brain. Eur. J.
Pharmacol. 20 (102), 459—-474.

O’Keeffe, R., Sharman, D.F., Vogt, M., 1970. Effect of drugs used in
psychoses on cerebral dopamine metabolism. Br. J. Pharmacol. 38,
287-304.

Okuyama, S., Chaki, S., Kawashima, N., Suzuki, Y., Ogawa, S., Kumagai,
T., Nakazato, A., Nagamine, M., Yamaguchi, K., Tomisawa, K., 1997.
The atypical antipsychotic profile of NRA0045, a novel dopamine D4
and 5-hydroxytryptamine2A receptor antagonist, in rats. Br. J. Pharma-
col. 121, 515-525.

Pehek, E.A., Yamamoto, B.K., 1994. Differential effects of locally admin-
istered clozapine and haloperidol on dopamine efflux in the rat prefron-
tal cortex and caudate-putamen. J. Neurochem. 63, 2118-2124.

Pehek, E.A., Meltzer, H.Y., Yamamoto, B.K., 1993. The atypical antipsy-
chotic drug amperozide enhances rat cortical and striatal dopamine
efflux. Eur. J. Pharmacol. 240, 107—109.

Perrault, G., Depoortere, R., Morel, E., Sanger, D.J., Scatton, B., 1997.
Psychopharmacological profile of amisulpride: an antipsychotic drug
with presynaptic D,/D3 dopamine receptor antagonist activity and lim-
bic selectivity. J. Pharmacol. Exp. Ther. 280, 73—82.

Peuskens, J., Bech, P., Moller, H.J., Bale, R., Fleurot, O., Rein, W., 1999.
Amisulpride vs. rispiridone in the treatment of acute exacerbations of
schizophrenia. Amisulpride study group. Psychiatry Res. 88, 107—117.

Pilowsky, L.S., Busatto, G.F., Taylor, M., Costa, D.C., Sharma, T., Sig-
mundsson, T., Ell, PJ., Nohria, V., Kerwin, R.-W., 1996. Dopamine D2
receptor occupancy in vivo by the novel atypical antipsychotic olanza-
pine—a 1231 IBZM single photon emission tomography (SPET) study.
Psychopharmacology 124, 148—153.

Prosser, E.S., Pruthi, R., Csernansky, J.G., 1989. Differences in the time
course of dopaminergic supersensitivity following chronic administra-
tion of haloperidol, molindone, or sulpiride. Psychopharmacology 99,
109-116.

Rollema, H., Westerink, B.H.C., Grol, C.J., 1976. Correlation between
neuroleptic-induced suppression of stereotyped behaviour and HVA
concentrations in rat brain. J. Pharm. Pharmacol. 28, 321-323.

Rollema, H., Lu, Y., Schmidt, A.W., Zorn, S., 1997. Clozapine increases
dopamine release in prefrontal cortex by 5-HT1A receptor activation.
Eur. J. Pharmacol. 338, R3—R5.

Rollema, H., Lu, Y., Schmidt, A.W., Sprouse, J.S., Zorn, S.H., 2000. 5-
HT(1A) receptor activation contributes to ziprasidone-induced dopa-
mine release in the rat prefrontal cortex. Biol. Psychiatry 48, 229—237.

Roos, B.E., 1965. Effect of tranquillizers on the level of homovanillic acid
in the corpus striatum. J. Pharm. Pharmacol. 17, 820—-821.

Rupniak, N.M., Kilpatrick, G., Hall, M.D., Jenner, P., Marsden, C.D., 1984.
Differential alterations in striatal dopamine receptor sensitivity induced
by repeated administration of clinically equivalent doses of haloperidol,
sulpiride or clozapine in rats. Psychopharmacology 84, 512—-519.

Rupniak, N.M., Hall, M.D., Mann, S., Fleminger, S., Kilpatrick, G., Jenner,
P., Marsden, C.D., 1985a. Chronic treatment with clozapine, unlike
haloperidol, does not induce changes in striatal D-2 receptor function
in the rat. Biochem. Pharmacol. 34, 2755-2763.

Rupniak, N.M., Hall, M.D., Kelly, E., Fleminger, S., Kilpatrick, G., Jenner,
P., Marsden, C.D., 1985b. Mesolimbic dopamine function is not altered
during continuous chronic treatment of rats with typical or atypical
neuroleptic drugs. J. Neural Transm. 62, 249-266.

Saller, C.F., Kreamer, L.D., Adamovage, L.A., Salama, A.L., 1989. Dop-
amine receptor occupancy in vivo: measurement using N-ethoxycarbon-
yl-2-ethoxy-1,2-dihydroquinoline (EEDQ). Life Sci. 45, 917—929.

Saller, C.F., Czupryna, M.J., Salama, A.I., 1990. 5-HT2 receptor blockade
by ICI 169,369 and other 5-HT2 antagonists modulates the effects of
D-2 dopamine receptor blockade. J. Pharmacol. Exp. Ther. 253,
1162-1170.

Sayers, A.C., Burki, H.R., Ruch, W., Asper, H., 1975. Neuroleptic-induced
hypersensitivity of striatal dopamine receptors in the rat as a model of
tardive dyskinesias. Effects of clozapine, haloperidol, loxapine and
chlorpromazine. Psychopharmacologia 41, 97—104.

Scatton, B., 1977. Differential regional development of tolerance to in-
crease in dopamine turnover upon repeated neuroleptic administration.
Eur. J. Pharmacol. 46, 363—-369.



B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18 17

Scatton, B., Bischoff, S., Dedek, J., Korf, J., 1977. Regional effects of
neuroleptics on dopamine metabolism and dopamine-sensitive adeny-
late cyclase activity. Eur. J. Pharmacol. 44, 287—-292.

Scherer, J., Tatsch, K., Schwarz, J., Oertel, W.H., Konjarczyk, M., Albus,
M., 1994. D2-dopamine receptor occupancy differs between patients
with and without extrapyramidal side effects. Acta Psychiatr. Scand.
90, 266—268.

Schoemaker, H., Claustre, Y., Fage, D., Rouquier, L., Chergui, K., Curet,
O., Oblin, A., Gonon, F., Carter, C., Benavides, J., Scatton, B., 1997.
Neurochemical characteristics of amisulpride, an atypical dopamine
D2/D3 receptor antagonist with both presynaptic and limbic selectivity.
J. Pharmacol. Exp. Ther. 280, 83—97.

Schotte, A., Janssen, P.F., Megens, A.A., Leysen, J.E., 1993. Occupancy of
central neurotransmitter receptors by risperidone, clozapine and halo-
peridol, measured ex vivo by quantitative autoradiography. Brain Res.
631, 191-202.

Schotte, A., Janssen, P.F., Gommeren, W., Luyten, W.H., Van Gompel, P.,
Lesage, A.S., De Loore, K., Leysen, J.E., 1996. Risperidone compared
with new and reference antipsychotic drugs: in vitro and in vivo recep-
tor binding. Psychopharmacology 124, 57—73.

See, R.E., Toga, A.W., Ellison, G., 1990. Autoradiographic analysis of
regional alterations in brain receptors following chronic administration
and withdrawal of typical and atypical neuroleptics in rats. J. Neural
Transm. Gen. Sect. 82, 93—109.

See, R.E., Lynch, A.M., Aravagiri, M., Nemeroff, C.B., Owens, M.J.,
1995. Chronic haloperidol-induced changes in regional dopamine re-
lease and metabolism and neurotensin content in rats. Brain Res. 704,
202-209.

Seeger, T.F., Thal, L., Gardner, E.L., 1982. Behavioral and biochemical
aspects of neuroleptic-induced dopaminergic supersensitivity: studies
with chronic clozapine and haloperidol. Psychopharmacology 76,
182—-187.

Seeman, P., Ulpian, C., 1983. Neuroleptics have identical potencies in hu-
man brain limbic and putamen regions. Eur. J. Pharmacol. 94, 145—148.

Seeman, P., Lee, T., Chau-Wong, M., Wong, K., 1976. Antipsychotic drug
doses and neuroleptic/dopamine receptors. Nature 261, 717—719.

Severson, J.A., Robinson, H.E., Simpson, G.M., 1984. Neuroleptic-in-
duced striatal dopamine receptor supersensitivity in mice: relationship
to dose and drug. Psychopharmacology 84, 115—119.

Skarsfeldt, T., 1988. Differential effects after repeated treatment with hal-
operidol, clozapine, thioridazine and tefludazine on SNC and VTA
dopamine neurones in rats. Life Sci. 42, 1037—1044.

Skarsfeldt, T., 1992. Electrophysiological profile of the new atypical neuro-
leptic, sertindole, on midbrain dopamine neurones in rats: acute and
repeated treatment. Synapse 10, 25—-33.

Skarsfeldt, T., 1994. Comparison of short-term administration of sertindole,
clozapine and haloperidol on the inactivation of midbrain dopamine
neurons in the rat. Eur. J. Pharmacol. 254, 291-294.

Skarsfeldt, T., Perregaard, J., 1990. Sertindole, a new neurolepic with ex-
treme selectivity on A10 versus A9 dopamine neurones in the rat. Eur.
J. Pharmacol. 182, 613-614.

Stanley, M., Wilk, S., 1980. Acute and chronic effects of haloperidol and
clozapine on dopamine metabolism in two dopamine rich areas of the
rat brain. Res. Commm. Psychol. Psych. Behav. 5, 37-47.

Sorensen, S.M., Kehne, J.H., Fadayel, G.M., Humphreys, T.M., Ketteler,
H.J., Sullivan, C.K., Taylor, V.L., Schmidt, C.J., 1993. Characteriza-
tion of the 5-HT2 receptor antagonist MDL 100907 as a putative
atypical antipsychotic: behavioral, electrophysiological and neuro-
chemical studies. J. Pharmacol. Exp. Ther. 266, 684—691.

Stawarz, R.J., Hill, H., Robinson, S.E., Setler, P., Dingell, J.V., Sulser, F.,
1975. On the significance of the increase in homovanillic acid (HVA)
caused by antipsychotic drugs in corpus striatum and limbic forebrain.
Psychopharmacologia 43, 125—130.

Stockmeier, C.A., DiCarlo, J.J., Zhang, Y., Thompson, P., Meltzer, H.Y.,
1993. Characterization of typical and atypical antipsychotic drugs based
on in vivo occupancy of serotonin2 and dopamine2 receptors. J. Phar-
macol. Exp. Ther. 266, 1374—1384.

Svartengren, J., Celander, M., 1994. The limbic functional selectivity of
amperozide is not mediated by dopamine D2 receptors as assessed by in
vitro and in vivo binding. Eur. J. Pharmacol. 254, 73-81.

Tagliamonte, A., DeMontis, G., Olianas, M., Vargiu, L., Corsini, G.U.,
Gessa, G.L., 1975. Selective increase of brain dopamine synthesis by
sulpiride. J. Neurochem 24, 707—710.

Talmaciu, R.K., Hoffmann, L.S., Cubeddu, L.X., 1986. Dopamine autore-
ceptors modulate dopamine release from the prefrontal cortex. J. Neuro-
chem. 47, 865-870.

Talvik, M., Nordstrom, A.L., Nyberg, S., Olsson, H., Halldin, C., Farde, L.,
2001. No support for regional selectivity in clozapine-treated patients: a
PET study with [(11)C]raclopride and [(11)C]FLB 457. Am. J. Psychia-
try 158, 926-930.

Tarazi, F.I., Florijn, W.J., Creese, 1., 1997. Differential regulation of dop-
amine receptors after chronic typical and atypical antipsychotic drug
treatment. Neuroscience 78, 985—996.

Tauscher, J., Kufferle, B., Asenbaum, S., Fischer, P., Pezawas, L., Barnas,
C., Tauscher-Wisniewski, S., Brucke, T., Kasper, S., 1999. In vivo 1231
IBZM SPECT imaging of striatal dopamine-2 receptor occupancy in
schizophrenic patients treated with olanzapine in comparison to cloza-
pine and haloperidol. Psychopharmacology 141, 175—181.

Thierry, A.M., Stinus, L., Blanc, G., Glowinski, J., 1973. Some evidence
for the existence of dopaminergic neurons in the rat cortex. Brain Res.
50, 230—234.

Todorova, A., Dimpfel, W., 1994. Multiunit activity from the A9 and A10
areas in rats following chronic treatment with different neuroleptic
drugs. Eur. Neuropsychopharmacol. 4, 491-501.

Trichard, C., Paillere-Martinot, M.L., Attar Levy, D., Recassens, C.,
Monnet, F., Martinot, J.L., 1998. Binding of antipsychotic drugs to
cortical 5-HT2A receptors: a PET study of chlorpromazine, clozapine,
and amisulpride in schizophrenic patients. Am. J. Psychiatry 155,
505-508.

Vanhauwe, J.F., Ercken, M., van de Wiel, D., Jurzak, M., Leysen, J.E.,
2000. Effects of recent and reference antipsychotic agents at human
dopamine D2 and D3 receptor signaling in Chinese hamster ovary cells.
Psychopharmacology 150, 383—-390.

Van Rossum, J.M., 1966. The significance of dopamine-receptor blockade
for the mechanism of action of neuroleptic drugs. Arch. Int. Pharma-
codyn. Ther. 160, 492—-494.

Volonte, M., Monferini, E., Cerutti, M., Fodritto, F., Borsini F., 1997.
BIMG 80, a novel potential antipsychotic drug: evidence for multire-
ceptor actions and preferential release of dopamine in prefrontal cortex.
J. Neurochem. 69, 182—190.

Von Stralendorff, B., Ackenheil, M., Zimmermann, J., 1976. Acute and
chronic effects of carpipramine, clozapine, haloperidol and sulpiride
on the metabolism of biogenic amines in the rat brain. Arzneimittel-
Forschung 26, 1096—1098.

Ungerstedt, U., 1971. Stereotaxic mapping of the monoamine pathways in
the rat brain. Acta Physiol. Scand. Suppl. 367, 1-48.

Waldmeier, P.C., Maitre, L., 1976a. On the relevance of preferential in-
creases of mesolimbic versus striatal dopamine turnover for the predic-
tion of antipsychotic activity of psychotropic drugs. J. Neurochem. 27,
589-597.

Waldmeier, P.C., Maitre, L., 1976b. Clozapine: reduction of the initial
dopamine turnover increase by repeated treatment. Eur. J. Pharmacol.
38, 197-203.

Walters, J.R., Roth, R.H., 1976. Dopaminergic neurons: an in vivo system
for measuring drug interactions with presynaptic receptors. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 296, 5—14.

Wan, D.C., Dean, B., Pavey, G., Copolov, D.L., 1996. Treatment with
haloperidol or clozapine causes changes in dopamine receptors but
not adenylate cyclase or protein kinase C in the rat forebrain. Life
Sci. 59, 2001-2008.

Westerink, B.H.C., Korf, J., 1975. Influence of drugs on striatal and limbic
homovanillic acid concentration in the rat brain. Eur. J. Pharmacol. 33,
31-40.

Westerink, B.H.C., Korf, J., 1976a. Regional brain levels of DOPAC and



18 B.H.C. Westerink / European Journal of Pharmacology 455 (2002) 1-18

HVA: concurrent fluorometric measurement and influence of drugs.
Eur. J. Pharmacol. 38, 281-291.

Westerink, B.H.C., Korf, J., 1976b. Acidic dopamine metabolites in cort-
ical areas of the rat brain: localization and effects of drugs. Brain Res.
113, 429-434.

Westerink, B.H.C., De Vries, J.B., 1989. On the mechanism of neuroleptic
induced increase in striatal dopamine release: brain dialysis provides
direct evidence for mediation by autoreceptors localized on nerve ter-
minals. Neurosci. Lett. 99, 197-202.

Westerink, B.H., Kikkert, R.J., 1986. Effect of various centrally acting
drugs on the efflux of dopamine metabolites from the rat brain.
J. Neurochem. 46, 1145-1152.

Westerink, B.H.C., Lejeune, B., Korf, J., Van Praag, HM., 1977. On the
significance of regional dopamine metabolism in the rat brain for the
classification of centrally acting drugs. Eur. J. Pharmacol. 42, 179—-190.

Westerink, B.H.C., Enrico, P., Feimann, J., de Vries, J.B., 1998. The phar-
macology of mesocortical dopaminergic neurons: a dual-probe micro-
dialysis study in the ventral tegmental area and prefrontal cortex of the
rat brain. J. Pharmacol. Exp. Ther. 285, 143—154.

Westerink, B.H.C., Kawahara, Y., de Boer, P., Geels, C., de Vries, J.B., van
Vliet, H.B., Wikstrom, H.V., van Kalkeren, A., van Vloet, B., Kruse,
C.G., Long, SK., 2001. Antipsychotic drugs classified by their ef-
fects on the release of dopamine and noradrenaline in the prefrontal
cortex and striatum. Eur. J. Pharmacol. 412, 127—138.

White, F.J., Wang, R.Y., 1983a. Differential effects of classical and atypical
antipsychotic drugs on A9 and A10 dopamine neurons. Science 221,
1054-1057.

White, F.J., Wang, R.Y., 1983b. Comparison of the effects of chronic
haloperidol treatment on A9 and A10 dopamine neurons in the rat. Life
Sci. 32, 983-993.

White, F.J., Wang, R.Y., 1984a. A10 dopamine neurons: role of autorecep-
tors in determining firing rate and sensitivity to dopamine agonists. Life
Sci. 34, 1161-1170.

White, F.J., Wang, R.Y., 1984b. Pharmacological characterization of dop-
amine autoreceptors in the rat ventral tegmental area: microiontopho-
retic studies. J. Pharmacol. Exp. Ther. 231, 275-280.

Wiesel, F.A., Sedvall, G., 1975. Effect of antipsychotic drugs on homova-
nillic acid levels in striatum and olfactory tubercle of the rat. Eur. J.
Pharmacol. 30, 364—-367.

Wiesel, F.A., Farde, L., Nordstrom, A.L., Sedvall, G., 1990. Central D1-
and D2-receptor occupancy during antipsychotic drug treatment. Prog.
Neuropsychopharmacol. Biol. Psychiatry 14, 759—-767.

Wilk, S., Glick, S.D., 1976. Dopamine metabolism in the nucleus accum-
bens: the effect of clozapine. Eur. J. Pharmacol. 37, 203—-206.

Wilk, S., Watson, E., Stanley, M.E., 1975. Differential sensitivity of two
dopaminergic structures in rat brain to haloperidol and to clozapine. J.
Pharmacol. Exp. Ther. 195, 265—-270.

Xiberas, X., Martinot, J.L., Mallet, L., Artiges, E., Canal, M., Loc’h, C.,
Maziere, B., Paillere-Martinot, M.L., 2001. In vivo extrastriatal and
striatal D2 dopamine receptor blockade by amisulpride in schizophre-
nia. J. Clin. Psychopharmacol. 21, 207-214.

Yamamoto, B.K., Cooperman, M.A., 1994. Differential effects of chronic
antipsychotic drug treatment on extracellular glutamate and dopamine
concentrations. J. Neurosci. 14, 4159—-4166.



	Introduction
	Antipsychotic drugs and dopamine
	Atypical antipsychotic drugs
	Scope of review

	Antipsychotic drugs and dopamine metabolism
	Neurochemical studies on striatal dopamine
	Striatal versus mesolimbic dopamine neurons
	Summary

	Effects of antipsychotic drugs on regional dopamine metabolism in post-mortem tissue
	Acute studies
	Chronic studies and tolerance
	The prefrontal cortex
	Summary

	Electrophysiological studies
	Acute effects of antipsychotic drugs
	Repeated treatment
	Mesocortical A10 dopamine neurons
	Interaction with other receptors as explanation for the mesolimbic selectivity
	The use of anaesthesia
	Interpretation
	Summary and conclusions

	Binding studies
	Acute experiments
	Chronic experiments: striatal versus mesolimbic areas
	Chronic experiments: frontal cortex
	Dopamine D1 binding
	PET and SPECT studies
	Summary

	Microdialysis
	Acute studies
	Other receptors involved in controlling dopamine release in the prefrontal cortex
	Chronic studies
	Summary

	Conclusions
	A regiospecific action for atypical antipsychotic drugs?

	Acknowledgements
	References

