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Dopamine D and D receptor ligands: relation to antipsychotic action2 4
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Abstract

Since the discovery that the antipsychotic action of phenothiazines was mediated by dopamine D receptors, the dopamine system has2

been scrutinized for schizophrenia related abnormalities. The focus has been to create neuroleptics with improved antipsychotic profiles
and reduced side effects. With the identification of multiple dopamine receptor subtypes, the hypotheses regarding the role of dopamine in
schizophrenia and antipsychotic action of neuroleptics have been refined. Even after the molecular identification of newer dopamine

Ž .D -like receptor subtypes D and D , the dopamine D receptor is still considered the predominant site for antipsychotic action.2 3 4 2

However, there has been much debate concerning the modulatory role of other dopamine receptor sites in the mechanism of action of
antipsychotic drugs. Specifically, the dopamine D receptor has received much attention in this regard, since the atypical antipsychotic4

agent, clozapine, preferentially blocks this receptor subtype as compared with dopamine D and D receptors. In this review we will2 3

highlight some of the observations and arguments regarding the involvement of the dopamine D and D receptor sites in the therapeutic2 4

efficacy of antipsychotic medication. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

For decades, clinicians and scientists have sought the
ideal agent for the pharmacological treatment of
schizophrenia. Efforts have been hampered by the com-
plexity of this neuropsychiatric disorder, which manifests
itself in a vast array of symptoms. However, no specific
characteristics are focal to a diagnosis of schizophrenia
and no single symptom is consistently present in all pa-
tients. Consequently, the diagnosis of schizophrenia as a
single disorder, or as a variety of different disorders has

Žbeen discussed, but is not yet resolved Cardno and Farmer,
.1995; Tsuang and Farrone, 1995 . In general, schizophre-

nia is associated with alterations in cognitive and emo-
tional functioning. The diverse symptoms of the disorder
have been grouped according to positive and negative
symptoms. The positive symptoms of schizophrenia in-
clude delusions, hallucinations, psychosis and paranoia;

) Corresponding author. Tel.:q1-416-979-4661; fax: q1-416-979-
4663; e- mail: hubert.van.tol@utoronto.ca

the negative symptoms include loss of motivation, blunting
of emotions, loss of energy and slowed speech. Cognitive
deficits include reductions in working and semantic mem-
ory, attention and verbal fluency. For the purposes of this
review we will concentrate predominantly on pharmaco-
logical agents which mediate antipsychotic activity.

Although the underlying causes of schizophrenia remain
unknown, much attention has been focused on the brain
dopamine system. This is in large part due to the fact that
the first antipsychotic agents, the phenothiazines, which
were effective in reducing the positive symptoms of
schizophrenia, were shown to have three-dimensional con-
figurations that could be superimposed on the three-dimen-

Ž .sional structure of dopamine Feinberg and Snyder, 1975 .
Furthermore, since dopaminergic agents could induce a

Žschizophrenia-like psychosis Randrup and Munkvad,
.1965; Snyder, 1973; Lieberman et al., 1987 , and these

effects could be inhibited by dopamine D receptor antag-2
Ž .onists Seeman and Lee, 1975 , it was proposed that the

positive symptoms of schizophrenia were related to en-
hanced dopaminergic neurotransmission. Additionally, the
clinical potency of different classes of antipsychotic drugs,
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despite different chemical structures, correlated well with
Žtheir affinities for the dopamine D receptor Seeman and2

Lee, 1975; Creese et al., 1976; Seeman et al., 1976;
.Seeman, 1992 , suggesting that this receptor was a com-

mon target of clinical action. Together with the observa-
tion of increased dopamine D -like sites in brains of2

Ž .schizophrenic patients see below these observations have
resulted in the formulation of the dopamine hypothesis of

Ž .schizophrenia Seeman, 1987 . Blockade of limbic
dopamine D receptors has been proposed as a critical2

component in mediating the positive antipsychotic effects,
whereas excessive blockade of dopamine D receptors in2

striatum is believed to be associated with the frequently
Žreported extrapyramidal side effects for review see Deutch

.et al., 1991 . Blockade of dopamine D receptors in2
Žpituitary is associated with hyperprolactinaemia Meltzer

.et al., 1989 . More recently, with the identification of
Žadditional dopamine D -like receptor subtypes D and2 3

.D , a possible role for blockade of these receptors in4

mediating an antipsychotic effect has warranted further
investigation.

The main dopaminergic pathways in the brain are the
nigrostriatal, mesolimbic, mesocortical and tuberoin-
fundibular pathways. The nigrostriatal dopamine neurones

Ž .project from the substantia nigra A9 to the striatum and
are involved primarily in control of motor activity.
Mesolimbic dopamine neurones project from the ventral

Ž . Ž .tegmental area A10 and retrorubral field A8 to the
nucleus accumbens, olfactory tubercle, septum and amyg-
dala. Mesocortical dopaminergic cells project from A10
and A8 groups to the prefrontal cortex, entorhinal, piriform
and anterior cingulate cortices. The mesocorticolimbic
dopamine system plays an important role in the regulation
of emotional and cognitive function, and is thought to
provide modulation of efferents from other brain areas that

Žmight be disturbed in schizophrenia Mogenson et al.,
.1988; Csernansky et al., 1991; Amalric and Koob, 1993 .

It has been suggested that the negative symptoms of
schizophrenia might arise from a dopaminergic deficit in

Ž .the prefrontal cortex hypofrontality , whereas the positive
symptoms might be related to hyperdopaminergic activity

Ž .in the mesolimbic dopamine neurones Davis et al., 1991 .

2. Dopamine receptor subtypes

Currently there are 5 known dopamine receptor sub-
types that have been categorised according to structural,
functional and pharmacological characteristics. These re-
ceptor classes include 2 main types of receptors, dopamine

ŽD -like and D -like. The dopamine D -like receptors D1 2 1 1
.and D activate adenylyl cyclase, whereas the dopamine5

D -like receptors can inhibit adenylyl cyclase and can also2

activate various other pathways. The first dopamine recep-
tor to be cloned was the dopamine D receptor which was2

cloned from rat brain based on its homology with the

Ž .previously cloned b-adrenoceptor Bunzow et al., 1988 .
Shortly after the initial cloning of the dopamine D recep-2

tor, it was determined that alternative splicing of the
receptor gene resulted in the expression of 2 protein

Ž . Ž .isoforms, dopamine D short and D long which differ in2 2

length by 29 amino acids in the third cytoplasmic loop
ŽDal Toso et al., 1989; Giros et al., 1989; Grandy et al.,

.1989; Monsma et al., 1989 . Additional dopamine D -like2

receptors, the dopamine D and D receptors, were subse-3 4

quently cloned based on their homology to the dopamine
Ž .D receptor Sokoloff et al., 1990; Van Tol et al., 1991 .2

ŽSimilarly the dopamine D receptor was cloned Grandy et5
.al., 1991; Sunahara et al., 1991; Tiberi et al., 1991 based

Žon its homology with the dopamine D receptor Dearry et1

al., 1990; Monsma et al., 1990; Sunahara et al., 1990;
.Zhou et al., 1990 .

3. Antipsychotic agents

3.1. Typical antipsychotic agents

Traditional antipsychotic agents belonged to the pheno-
thiazine class. Examples include chlorpromazine, thiorida-
zine and fluphenazine, which consist of a phenothiazine
nucleus with minor molecular substitutions. Other classes
of antipsychotic agents include butyrophenone and benza-

Ž .mide derivatives for example, haloperidol and sulpiride
which have pharmacological characteristics similar to those
of the phenothiazines.

The phenothiazine class of antipsychotic agents, intro-
duced during the 1950s, markedly improved the positive
symptoms of schizophrenia and reduced the average dura-
tion of hospitalisation. Continued treatment significantly
reduced the probability of reappearance of psychotic symp-

Ž .toms and rehospitalisation Kane and Lieberman, 1987 .
However, these antipsychotic agents had no effect on
cognitive functioning and were not therapeutically effec-
tive in alleviating the negative symptoms of schizophrenia.
Indeed, some classic antipsychotics might actually exacer-
bate the negative symptoms of the disorder, although it is
not yet clear whether this is a drug effect or part of the

Ž .disease process Raleigh, 1996 . In addition, a significant
proportion of schizophrenic patients with positive symp-

Ž . Ž .toms is refractory 5–25% or become intolerant 5–10%
Žto treatment with classical neuroleptics Brenner et al.,

.1990 . A major drawback with the classical antipsychotic
drugs is the emergence of unwanted side-effects involving
extrapyramidal dysfunction. The most common side effects

Žinclude Parkinsonian-like symptoms tremor, rigidity and
.bradykinesia , akathesia, dystonia and tardive dyskinesia

w Ž .xfor review see Ref. Raleigh, 1996 .

3.2. Atypical antipsychotic agents

The search for more effective compounds with lower
incidence of extrapyramidal side effects resulted in the
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discovery of clozapine, an antipsychotic agent with several
clinical advantages over the classical antipsychotics. Thus,
clinically, clozapine was highly effective not only in alle-
viating positive symptoms of schizophrenia, but also had
some beneficial effects on negative symptoms and improv-
ing cognitive deficits. One of the major benefits of clozap-
ine treatment was its ability to mediate these effects with a
low propensity to induce extrapyramidal side effects and
no tardive dyskinesia. A further benefit of clozapine was
its ability to prevent psychosis in some patients who were
either refractory or intolerant to the effects of classical

Ž .neuroleptics Kane et al., 1988a,b . Additionally, clozap-
ine, unlike classical neuroleptics, only produced a mild or

Žtransient increase in prolactin secretion Meltzer et al.,
.1989 .

However, despite these beneficial effects, the clinical
use of clozapine has been limited since it is known to

Ž .cause agranulocytosis in a small percentage 1–2% of
Ž .patients Kane and Freeman, 1994 . The search has there-

fore continued for additional antipsychotic agents that have
the beneficial properties of clozapine, but which lack its
unwanted side effects. However, none of the presently
available agents appear to display the full clinical spectrum
of clozapine.

4. Dopamine D -like receptors as targets for antipsy-2

chotic drugs

4.1. Pharmacological profile of antipsychotics at dopamine
D -like receptors2

As described previously, the clinical potency of antipsy-
chotic drugs correlates well with their affinities for the

Ždopamine D receptor Seeman and Lee, 1975; Creese et2
.al., 1976; Seeman et al., 1976; Seeman, 1992 , suggesting

that this receptor was a common target of clinical action.
However, with the identification of additional dopamine

Ž .D -like receptor subtypes D and D , the question has2 3 4

arisen as to the relative contribution of these receptors to
antipsychotic action and to the possible modulatory role in
the action of other antipsychotic agents. Only limited
information is available concerning selective D receptor3

antagonists. Nafadotride, an antagonist with higher affinity
Ž .at the dopamine D receptor 0.3 nM than the dopamine3

Ž .D receptor ;3 nM , increased spontaneous locomotion2
Ž .in rats Sautel et al., 1995 . At higher doses, nafadotride,

Ž .like haloperidol, produced catalepsy Sautel et al., 1995 ,
Žlikely through blockade of dopamine D receptors Levant2

.and Vansell, 1997 . Additionally, other dopamine D re-3

ceptor antagonists were found to be ineffective in the
Žconditioned avoidance response in rats Millan et al.,

.1997 , or reduced amphetamine-induced locomotor activity
Ž .Corbin et al., 1998 . The experimental animal studies are
as yet insufficient to predict the antipsychotic potential of
the dopamine D receptor antagonists. For the purposes of3

the remainder of the present review, we will focus pre-
dominantly on the dopamine D and D receptors.2 4

In order to understand the involvement of various recep-
tor subtypes in mediating the antipsychotic effects of
agents, and to determine why atypical antipsychotic drugs
elicit low levels of parkinsonism, it is necessary to obtain

Ž .accurate inhibition constants K or dissociation constantsi
Ž .K for antipsychotic drugs at the various receptors.d

However, despite standard experimental conditions, differ-
ent K values for particular neuroleptics have been re-

Ž .ported see Table 1 . These differences appear to arise
from the use of different radioligands for the various
receptors. For example, labeling of the dopamine D re-2

w3 x w3 xceptor with H nemonapride, H spiperone or
w3 xH raclopride has yielded variable K values for clozap-i

Ž Žine 187 nM, 137 nM and 59 nM, respectively; Seeman
..and Van Tol, 1995 . Similarly for the dopamine D4

receptor, the K values of clozapine for displacement ofi
w3 x w3 xH nemonapride and H spiperone were 38 nM and 22

w3 xnM, respectively, while H clozapine bound to dopamine
ŽD receptors with a K of 1.6 nM Seeman and Van Tol,4 d

Table 1
Affinities for typical and atypical neuroleptics at dopamine and serotonin
5-HT receptors2A

Ž .K values nMi

a aRef. D D D D 5-HT2 3 4 1 2A

Typical antipsychotic
Chlorpromazine b 1.5 1.5 37

c 0.66 1.15 3.5
Haloperidol b 1 5.1

c 0.35 0.84 25
d 0.82 7.3 2.5 28

Fluphenazine b 0.5 46
c 0.32 50 80

Atypical Antipsychotics
Clozapine b 138 9

c 44 1.6 11
d 36 160 22 53 51
e 190 280 40
f 60 83

Remoxipride b 300 3690
c 30 2800 3100
d 2000 )41,000 23,000
e 125 970

Seroquel c 78 3000 2500
Melperone c 88 410 280
Olanzapine c 3.7 2 5.8

d 2.1 2.0 17 10 1.9
e 31 49 28

Risperidone c 0.3 0.25 0.14
d 0.44 2.8 13 21 0.39
e 5.9 14 16
f 1.7 6.7

Ž .K values nM at native receptors are presented, unless otherwisei
Ž . . Žindicated a, cloned D and D receptors . Data are from b Van Tol et3 4
. . Ž . . . . Žal., 1991 , c Seeman et al., 1996 and d , e , f Arnt and Skarsfeldt,

. Ž .1998 Lundbeck, Janssen and Astra, respectively . The radioligand inde-
pendent affinity constants are from reference b.
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.1995 . The differences in K values display a lineari

correlation with the membranerbuffer partition coeffi-
cients of the radioligands. Extrapolation of the K valuesi

for neuroleptics to a zero membranerbuffer partition coef-
ficient gives a value that is in close agreement with its Kd

value obtained through saturation binding and Scatchard
analysis. This method for determining the K values elimi-i

nates the variability in binding affinity resulting from the
use of different radioligands in competition binding analy-

Žsis Seeman and Van Tol, 1995; Seeman and Tallerico,
.1998 .

Most antipsychotic drugs display a high correlation
between their clinical potency and their affinity at the
dopamine D receptor, suggesting this site as a critical2

target for mediating therapeutic effects. However, for
clozapine, the clinical potency correlated better with its
affinity for the dopamine D receptor, which led to the4

dopamine D receptor being proposed as the primary target4

for mediating clozapine’s therapeutic effects. Further, it
has been postulated that the polymorphic variants of the
dopamine D receptor may be responsible for the variable4

therapeutic response to clozapine, exemplified by the exis-
tence of a clozapine treatment-refractory schizophrenic
population. However, although clozapine displays small
differences in affinity for the polymorphic variants of the

Ž .human dopamine D receptor Asghari et al., 1994 , such4

differences are unlikely to be related to clozapine response
since the therapeutic dose range of clozapine would effec-
tively block all polymorphic variants of the dopamine D4

receptor. In addition, genetic studies have failed to demon-
strate a positive correlation between dopamine D poly-4

Žmorphisms and clozapine response Shaikh et al., 1993;
.Rao et al., 1994 .

4.2. Regional distribution

The psychotic symptoms of schizophrenia are thought
to be mediated through enhanced dopaminergic transmis-
sion in the limbic system, whereas the extrapyramidal side
effects are thought to be due to decreased striatal dopamine

Ž .function Davis et al., 1991 . In the brain, expression of
dopamine D receptors is highest in striatum, nucleus2

accumbens, olfactory tubercle and substantia nigra
ŽMeador-Woodruff et al., 1989; Mengod et al., 1989;
Najlerahim et al., 1989; Weiner and Brann, 1989; Mansour

.et al., 1990 . The patterns of dopamine D and D receptor3 4

expression are more restricted to the mesolimbic system.
For the D receptor, the highest concentrations are found3

in the nucleus accumbens, whereas dopamine D receptor4

mRNA is more abundant in frontal cortex, amygdala,
thalamus, hypothalamus, pituitary with lower levels in

Ž .hippocampus Joyce and Meador-Woodruff, 1997 . Over-
all, it appears that the dopamine D receptors are more2

dominantly expressed in areas associated with motor con-
trol, while dopamine D and D receptors are more exclu-3 4

sively located in areas where the dopamine system is

thought to serve a role in modulating emotion and cogni-
tion. However, in absolute terms, dopamine D receptors2

are also present at prominent levels in extra-striatal brain
areas, allowing for the possibility that the dopamine D2

receptor might also play a role in cognitive and emotional
aspects of antipsychotic treatment.

4.3. Differences in dopamine D -like receptor densities in2

schizophrenic brain

Much of the debate on a putative role of dopamine D2

and D receptors in antipsychotic action of neuroleptics4

was sparked by various reports on increased levels of these
Ž .receptors in post-mortem Seeman et al., 1987 and in vivo

Ž .Wong et al., 1986 studies of patients with schizophrenia.
w11 xAdditional in vivo imaging studies using C N-methyl-

spiperone supported the observation of increased dopamine
ŽD -like sites in the brains of patients with psychosis Tune2

et al., 1993; Pearlson et al., 1995; Tune et al., 1996; Wong
.et al., 1997, but see, Nordstrom et al., 1995 , although this

w11 xcould not be confirmed when C raclopride was used in
Ž . Žpositron emission tomography PET studies Farde et al.,

.1990; Hietala et al., 1994 .
In order to evaluate the underlying cause for such

differences in binding density, 3 different radioligands,
w3 x w3 x w3 xH spiperone, H nemonapride and H raclopride were
used to study dopamine D -like receptor densities in post-2

mortem caudate nucleus and putamen of schizophrenic
Ž .patients and control subjects Seeman et al., 1993 . While

increased dopamine D -like receptor densities were ob-2
w3 xserved in schizophrenic brain using H spiperone and

w3 xH nemonapride, such differences were not detected with
w3 xH raclopride. These data are in agreement with the PET

w3 xstudies. Since H raclopride binds to dopamine D and D2 3

receptors, but not to dopamine D receptors, and4
w3 xH nemonapride binds to all 3 dopamine D -like recep-2

tors, it was argued that the increase was mediated by a
dopamine D -like receptor. Similar observations were made4

Žby others Murray et al., 1995; Sumiyoshi et al., 1995;
.Marzella et al., 1997 , although failures to see such a

Ž .difference have also been reported Lahti et al., 1996 .
Receptor distribution studies with dopamine D -specific4

antisera and ligands did not support the presence of signifi-
cant levels of dopamine D receptors in caudate nucleus4

Žand putamen Mrzljak et al., 1996; Ariano et al., 1997;
.Primus et al., 1997 . However, it has been reported that the

raclopride insensitive dopamine D -like binding site can be2

displaced by the dopamine D receptor specific antagonist4
Ž w� Ž . .x 4L-745,870 3- 4- 4-chlorophenyl piperazin-1-yl methyl -

w x . Ž .1H-pyrrolo 2,3b pyridine Tarazi et al., 1997a,b . In order
to resolve the controversial issue regarding the nature of
these sites, a novel non-selective dopamine receptor ligand
Žw3 x Žw3 xw x ŽH SDZ GLC 756; H-1-methyl y - 3 R, 4a R,

w x.10a R trans -1,2,3,4,4a,5,10,10a-octahydro-6-hydroxy-1-
wŽ . x w xmethyl-3- 2-pyridyl-thio -methyl benzo g quinoline P

.HCl was discovered that enabled the detection of a
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dopaminergic receptor site that was markedly up-regulated
Ž .in schizophrenic brain Seeman et al., 1997b . This radioli-

gand can detect all dopaminergic receptors with the excep-
tion of D sites. In saturation binding analysis of3

schizophrenic brain tissue, this compound revealed an
elevated number of dopaminergic sites that were not

Ž .blocked by an excess of unlabeled raclopride D , D and2 3
ŽŽ . Ž .SCH23390 R - q -8-chloro-2,3,4,5-tetrahydro-3-

. Ž .methyl-5-phenyl-1H-3-benzezepine-7-ol D , D , but was1 5

completely eliminated by the addition of guanine nu-
Ž .cleotides Seeman et al., 1997b . Nevertheless, in binding

studies on heterologously expressed cloned dopamine D2
w3 xreceptors, raclopride could completely displace H SDZ

GLC 756 binding. In vitro autoradiographic studies with
this compound revealed the presence of these raclopride-
insensitive dopamine D -like sites in the basal ganglia of2

Ž .rat and mouse brain see Fig. 1 . However, these sites
could not be detected in transgenic D -deficient mice2
Ž .Baik et al., 1995 using similar autoradiographic analysis
Ž .Seeman et al., 1997b . These data indicate that the ele-
vated number of dopamine D sites detected in2

schizophrenic brain by SDZ GLC 765 are likely derived
from the dopamine D receptor gene. This is in agreement2

w3 xwith the observation that H SDZ GLC 756 binding to
these dopamine D -like sites is guanine nucleotide sensi-2

tive, since SDZ GLC 765 is an agonist at the dopamine D2
Ž .receptor Markstein et al., 1996 . Furthermore, dopamine

displayed a significantly higher affinity for this site than
Ž .norepinephrine or serotonin Fig. 2 supporting the notion

that the observed sites are very likely dopaminergic. How-
ever, in contrast to the cloned dopamine D receptor, these2

elevated sites in the brain of schizophrenic patients and rat
striatum appear to display a poor affinity for the dopamine

ŽD receptor antagonists, raclopride and S-sulpiride Figs. 12
.and 2 . Taking all these observations into account we

Fig. 1. In vitro autoradiography of raclopride-insensitive D -like binding2
Žsites in striatum of rat brain courtesy of Dr. J. N. Nobrega, Univ. of

. w3 xToronto . The upper panel shows the binding of 0.6 nM H nemonapride
Ž . Ž . Ž .A , in the presence of 200 nM raclopride B , or 200 nM S-sulpiride C .

w3 xThe lower panel depicts H SDZ GLC 756 binding sites in the presence
Ž . Ž . Ž .of excess raclopride 200 nM and SCH23390 100 nM D ; binding to

this site in the striatum can be displaced by the addition of 200 mM
w x Ž .Gpp NH p E .

speculate about the existence of a novel dopamine D -like2

receptor site in striatum that shares pharmacological char-
acteristics of the dopamine D receptor, in that it has low4

affinities for raclopride and S-sulpiride. However, this site
is unlikely to represent the dopamine D receptor, since4

SDZ GLC 756 binding to the dopamine D receptor is not4

sensitive to guanine nucleotides and behaves like a full
antagonist in functional studies at the cloned dopamine D4

Ž .receptor unpublished data, SS and HVT . Furthermore, it
was determined that bromocriptine displays a 10-fold
higher affinity than clozapine for this site, whereas at the
cloned dopamine D receptor these 2 ligands display the4

reverse rank order of potency. It can be argued that the
w3 xraclopride-insensitive binding site detected with H SDZ

GLC 756 is likely the same as that detected with
w3 xH nemonapride, since both sites display similar subre-
gional distribution and low affinity for S-sulpiride. Since
w3 xH nemonapride binding at the raclopride-insensitive site

Ž Ž .can be displaced by the s-receptor ligand PPAP R y -N-
Ž .3-phenyl-n-propyl -1-phenyl-2-aminopropane hydrochlo-

.ride , it has been suggested that it might represent a s-type
Ž .binding site Helmeste et al., 1997 . However, this seems

unlikely, since the affinity of nemonapride for s receptor
w3 xŽ . Ž Žsites as determined using H q 3-PPP 3- 3-hydroxy-

. . w3 xŽ . Žphenyl -N-n-propylpiridene and H q pentazocine 80
. ŽnM and 3000 nM, respectively Tam and Cook, 1984;
.DeHaven-Hudkins et al., 1992 is far lower than the

w3 xaffinity of H nemonapride for the raclopride-insensitive
Ž .binding site K less than 1 nM . Furthermore, in thed

w3 xautoradiographic studies H nemonapride is used at con-
Ž .centrations of ;600 pM Fig. 1 , a concentration that is

unlikely to detect the aforementioned s receptor sites. The
absence of raclopride-insensitive binding sites in the
dopamine D -deficient mice as well as the observation that2

the regional distribution profile of this compound was very
similar to that of the dopamine D receptor, suggests that2

this novel site might be derived from the dopamine D2

receptor gene. This notion is further supported by the
observation that the raclopride-insensitive dopamine D2

site can be detected in heterologous expression experi-
Žments with the cloned dopamine D receptor personal2

.communication, Dr. P. Seeman .
Studies involving the measurement of mRNA levels for

both the dopamine D and D receptors in caudate nucleus2 4

and putamen of schizophrenic patients failed to show the
presence of significant levels of dopamine D mRNA or4

Žincreased levels of dopamine D mRNA Meador-2
.Woodruff et al., 1997; Stefanis et al., 1998 . While unal-

tered dopamine D mRNA levels appear inconsistent with2

the aforementioned increase in dopamine D receptor2

binding sites, it should be considered that receptor densi-
ties can be strongly modulated by various post-transcrip-
tional processes. Meanwhile, reduced levels of dopamine
D mRNA, as well as D mRNA, were detected in the4 3

Žorbito-frontal cortex of schizophrenic patients Meador-
.Woodruff et al., 1997 , although increased densities of



( )J.M. Wilson et al.rEuropean Journal of Pharmacology 351 1998 273–286278

Fig. 2. Pharmacological profile of the raclopride-insensitive dopamine D -like binding sites in striatum. The figure illustrates competition binding analysis2
w3 x Ž . Ž .of H SDZ GLC 756 600 pM with increasing concentrations of cold ligands dopamine, norepinephrine and serotonin in the presence of 20 nM

Ž . Ž .SCH23390 and 200 nM raclopride A . The relative rank order of potency for known D receptor ligands is listed next to the figure B .2

dopamine D mRNA in the frontal cortex of schizophrenic4
Ž .patients have also been reported Stefanis et al., 1998 .

Since the reported changes in dopamine D mRNA levels4

in frontal cortex are conflicting, and no information is
currently available concerning the levels of dopamine D4

receptor protein in this brain area of schizophrenic pa-
tients, further interpretation of these results is difficult.

Other noteworthy observations with respect to the na-
ture of dopamine D -like sites in schizophrenia is that the2

density of dopamine D -like sites in normal brain mea-2
w3 xsured by H raclopride are higher than that measured by

w3 xH spiperone, but in schizophrenic brain the density of
w3 x w3 xH spiperone binding sites is higher than H raclopride

Ž .binding sites Seeman et al., 1993 . Similar differences in
densities measured by these 2 ligands occur in PET studies
ŽFarde et al., 1990; Tune et al., 1993; Farde et al., 1995;

.Nordstrom et al., 1995; Pearlson et al., 1995 . Addition-
ally, there have been observations suggesting that spiper-

Žone and raclopride may label distinct sites Bischoff and
.Gunst, 1997 . Nevertheless, the discrepancies observed

using differential binding protocols raises the question as
to what is really being measured and highlights the diffi-
culty in interpreting the data correctly, but does not under-
mine the interpretation that dopamine D -like sites are2

elevated in brain of patients with schizophrenia. It is
unlikely however, that the differential binding is caused by
up-regulation in D receptors in drug-naive schizophrenic3

Ž .patients Gurevich et al., 1997 since both spiperone and
raclopride readily bind to D receptors. Moreover, antipsy-3

chotic treatment apparently normalizes D receptor levels3
Ž .in schizophrenic patients Gurevich et al., 1997 , whereas

w3 xelevated levels of H spiperone binding sites were de-
tected in several neuroleptic-treated schizophrenic patients
Ž .Seeman et al., 1993 .

Taking all of the above into account it is not unreason-
able to assume that all reports on up-regulated dopamine
D -like sites in caudate nucleus and putamen of patients2

with schizophrenia involve a raclopride-insensitive
dopamine D receptor isoform. Confirmation of the true2

nature of this site, as well as its possible role in
schizophrenia andror antipsychotic treatment remain to be
established. Although the levels of this site can be up-regu-

Ž .lated by neuroleptic treatment Schoots et al., 1995 , the
up-regulation in brains of patients with schizophrenia is, at

Žleast in part, not neuroleptic induced Seeman et al., 1993,
.1997b .

4.4. Receptor occupancy

In vivo imaging studies have demonstrated that the
beneficial effects of antipsychotic agents are achieved at
about 70% occupancy of dopamine D receptors in the2

basal ganglia, whereas extrapyramidal side effects become
Žapparent at about 80% occupancy Farde and Nordstrom,

.1993 . Thus, the therapeutic window is so narrow that it is
extremely rare for patients receiving traditional neurolep-

Žtics not to exhibit extrapyramidal side effects Casey,
.1995 . The high rate of occurrence of unwanted side

effects might contribute to the low level of patient compli-
ance and high incidence of re-emergence of psychotic
symptoms.

At therapeutic doses of clozapine, more than 75% of
Ž .dopamine D receptors are occupied Seeman, 1995 ,4

whereas less than 50% of dopamine D receptors are2
Ž .occupied Farde et al., 1992; Seeman, 1995 . Thus, it was

hypothesised that the low occupancy at dopamine D2

receptors was insufficient to produce either the antipsy-
chotic effect or extrapyramidal side effects of clozapine
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Ž .Farde et al., 1992; Pilowsky et al., 1992 . It was also
suggested that the antipsychotic effects of clozapine were
mediated through blockade of dopamine D rather than D4 2

receptors. However, this notion has recently been revisited
based on the dependency of ligand affinity on the radioli-

Ž .gand used Seeman and Tallerico, 1998 . In this regard,
w11 xdopamine D occupancy using C raclopride was deter-2

Ž .mined to be 48% Farde et al., 1994 , whereas with
w18 xF methylspiperone occupancy varied between 0 and 22%
Ž .Karbe et al., 1991 . However, as with in vitro experi-
ments, the apparent in vivo occupancy of the antipsychotic
agent is dependent upon the tissuerbuffer partition co-effi-
cient of the radioligand. When the data is extrapolated to a
tissuerbuffer partition co-efficient of zero, which mimics
the clinical situation in which no radioligand is present, the
extrapolated dopamine D receptor occupancy by clozap-2

Ž .ine is approximately 85% Seeman and Tallerico, 1998 .
This raises the question as to why clozapine is free from
extrapyramidal side effects. This could be explained by the
affinity of clozapine relative to that of dopamine for the
dopamine D receptor. Since clozapine and other atypical2

neuroleptics have relatively low affinity for the dopamine
D receptor, it is more likely that endogenous dopamine2

will displace the drugs from the receptor. Consequently,
atypical antipsychotic agents have been termed ‘loose’

Ž .neuroleptics see Section 4.1 . The displacement of low
affinity neuroleptics by dopamine will be more pro-
nounced in areas with high levels of endogenous dopamine,

Žlike the striatum thereby alleviating extrapyramidal symp-
.toms , but less in extra-striatal areas preserving antipsy-

Ž .chotic efficacy Seeman et al., 1996, 1997a .

4.5. Dopamine D Õs. D receptor blockade in antipsy-2 4

chotic action

Irrespective as to whether schizophrenic patients display
detectable changes in any of the dopaminergic receptor
sites, most, if not all, antipsychotic agents appear to medi-
ate their antipsychotic effect through blockade of dopamine
D -like sites. This was originally hypothesized following2

the observation that a tight correlation existed between the
clinical potency of various antipsychotics and their affinity

Žfor dopamine D receptors Creese et al., 1976; Seeman et2
.al., 1976 . With the discovery of newer dopamine D -like2

receptor subtypes, similar correlation studies were per-
formed using the affinity of various antipsychotic drugs for

Žthe dopamine D and D receptors Seeman, 1992; See-3 4
.man and Van Tol, 1995 . The findings in these studies still

implicated the dopamine D receptor as the predominant2

target for antipsychotic action. An apparent exception in
those analyses was clozapine, since the reported levels of
this drug in free plasma water, at clinically effective doses,
were about 10-fold lower than those predicted to act at the
dopamine D receptor. Taking into account that clozapine2

Ždisplays a unique clinical profile Tamminga and Gerlach,
.1987 , with relatively high affinities for several receptors,

it has been postulated that other receptors, most notably
5-HT and dopamine D , may be dominant targets for2A 4

Žmediating the antipsychotic actions of this drug for review
.and references therein see Seeman et al., 1997c . However,

more recent data on levels of clozapine in free plasma
water and spinal fluid of patients with clinically effective

Ž .doses of this drug Nordin et al., 1995 , suggest that
Ždopamine D receptor occupancy is actually higher 70–2

.80% and would be sufficient to explain its antipsychotic
Ž .efficacy Seeman and Tallerico, 1998 .

4.6. NoÕel antipsychotic agents

To obtain more conclusive insight into the contribution
of individual receptor subtypes in antipsychotic treatment,
the development of specific antagonists for the different
receptors is desirable. With the cloning of a large variety
of receptor subtypes and the ability to pharmacologically
analyse these receptors, new highly specific drugs have
been developed.

4.6.1. Dopamine D Õs. D receptors2 4

Although the therapeutic action of most antipsychotic
agents can be explained through blockade of the dopamine
D receptor, few of the clinically used neuroleptics are2

dopamine D receptor-specific. Some of the more potent2

and selective dopamine D receptor antagonists, like raclo-2

pride and sulpiride, also block D receptor sites. Remox-3

ipride is probably the most selective dopamine D receptor2

antagonist used to date; however, this neuroleptic has a
relatively low affinity for the dopamine D receptor. Con-2

sidering that endogenous dopamine can potentially modu-
late the blockade of dopamine D receptors by low affinity2

neuroleptics, it is difficult to assess the extent to which the
therapeutic response of these loose antipsychotics corre-
lates with the antagonism of dopamine D receptors. Al-2

though the creation of a dopamine D receptor-deficient2
Ž .mouse Baik et al., 1995 has shown a clear association

between blockade of dopamine D receptors and motor2

side effects, another strain of dopamine D receptor-defi-2
Ž .cient mice Kelly et al., 1997 displayed a much less

severe motor impairment. These data suggest that differ-
ences in motor side effects mediated by neuroleptics may
also be modulated by the genetic background of the indi-
vidual. Moreover, clinical studies examining the motor
side effects of neuroleptics might suffer from the same
stratification problems often encountered in genetic associ-
ation studies. Therefore, much of the existing data on the
beneficial profiles of certain neuroleptics with regards to
motor side effects should be interpreted with caution since
experimental groups should be closely matched using ge-
netic criteria.

Considering the selectivity of remoxipride for the
dopamine D receptor, and the fact that this drug is an2

effective antipsychotic agent, it is evident that dopamine
D receptor blockade is sufficient to mediate antipsychotic2
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action. Nevertheless, it seems that the relative affinity of
the antipsychotic agent at the dopamine D receptor corre-2

Žlates with the severity of motor side effects Seeman and
.Tallerico, 1998 . Thus, tightly bound neuroleptics with

Ž .high dopamine D receptor affinity K less than 6 nM2 i

are associated with higher liability for extrapyramidal side
effects, through blockade of striatal dopamine D recep-2

tors, whereas the loosely bound agents with lower affinity
Ž .at the dopamine D receptor range 30 to 88 nM; Table 12

Ždisplay lower liability for extrapyramidal dysfunction for
reviews, see Seeman et al., 1996; Arnt and Skarsfeldt,

.1998 . The differences in affinity at the dopamine D2

receptor might therefore account for the different ex-
trapyramidal dysfunction profiles of typical and atypical
neuroleptics. However, at high concentrations most atypi-
cal antipsychotic agents will also elicit extrapyramidal side
effects. An exception to this is observed with clozapine,
which even at very high concentrations does not elicit
extrapyramidal side effects in humans or catalepsy in the

Žexperimental animal for review see Arnt and Skarsfeldt,
.1998 .

An additional dopamine D receptor-mediated side ef-2

fect frequently observed in patients receiving typical neu-
roleptic treatment is hyperprolactinaemia. Under normal
conditions, prolactin release in the pituitary is negatively
modulated by the tuberoinfundibular dopamine system.
Consequently, blockade of dopamine D receptors in the2

pituitary by typical antipsychotic agents results in in-
creased prolactin release. Similar findings of hyperprolacti-
naemia have been reported in dopamine D receptor-defi-2

Ž .cient mice Kelly et al., 1997 . These data demonstrate the
involvement of the dopamine D receptor in the inhibition2

of prolactin release. In contrast to typical antipsychotic
agents, the atypical antipsychotic clozapine is not associ-
ated with chronic hyperprolactinaemia. Consequently, a
site different from the dopamine D receptor was proposed2

Žto mediate clozapine’s antipsychotic activity Meltzer et
.al., 1989 . However, both remoxipride and clozapine can

Žcause short-lived increases in prolactin secretion Gudel-
.sky et al., 1987; Von Bahr et al., 1991 suggesting that low

dopamine D receptor affinity may be sufficient to account2

for clozapine’s low propensity to produce hyperprolacti-

naemia, although modulatory effects might also be medi-
Žated through other receptor sites Meltzer and Gudelsky,

.1992 .
Clozapine has been used as a prototype for the develop-

ment of effective new antipsychotic agents with fewer side
effects. The unique aspects of clozapine’s pharmacological
profile compared with typical neuroleptics include its high
affinity at the dopamine D receptor. This receptor was4

believed to be a likely candidate in mediating clozapine’s
antipsychotic effects and low extrapyramidal liability. To
test this hypothesis, novel highly selective dopamine D4

receptor antagonists have been synthesized. These selec-
tive dopamine D receptor antagonists include CP-293,0194
Ž Ž .. ŽPfizer Zorn et al., 1996 , PD 167021 Parke-Davis,
Ž .. ŽCorbin and Heffner, 1997 , NRA-0045 Okuyama et al.,

. Ž Ž ..1997a,b , L-745,870 Merck Patel et al., 1997 , NGD
Ž Ž .. Ž94-1 Neurogen Tallman et al., 1997 , U101,387G Up-
Ž .. Žjohn Merchant et al., 1996 and RO 61-6270 Hoffmann

Ž ..La Roche Hartman et al., 1996 . The reported K valuesi

for these compounds at the dopamine D , D and 5-HT2 4 2A

receptors, where available, are summarised in Table 2.
Several of these agents have been tested for efficacy in

experimental animal models which have been proposed as
predictive screening tests for antipsychotic activity in hu-
mans. These tests include apomorphine- or amphetamine-
induced hyperactivity and reversal of apomorphine-in-
duced disruption of pre-pulse inhibition. Further behavioral
tests in the experimental animal are proposed to be indica-
tive as to whether a drug might induce extrapyramidal
dysfunction in humans. These include the ability of a drug
to reverse stereotypy, or to induce catalepsy. Indeed, typi-
cal antipsychotic agents such as haloperidol have been
shown to inhibit both amphetamine-induced hyperactivity
and stereotypy, whereas atypical drugs, such as clozapine,
inhibit only amphetamine-induced hyperactivity. Thus,
atypical neuroleptics with low clinical liability for ex-
trapyramidal dysfunction have little effect on am-
phetamine-induced stereotyped behavior in experimental

Ž .animals for review see Arnt and Skarsfeldt, 1998 .
Of the novel dopamine D receptor selective com-4

pounds currently available, CP-293,019, PD 167021 and
NRA-0045 reversed the hyperlocomotion mediated by the

Table 2
Affinities of novel D receptor selective antagonists at dopamine D , D and serotonin 5-HT2A receptors4 2 4

Ž .Compound Company K values nM Referencei

D D 5-HT2 4 2A

CP-293,019 Pfizer )3 mM 3.3 nM Zorn et al., 1996
RO 61-6270 Hoffmann La Roche )5 mM 5 nM )5 mM Hartman et al., 1996
PD 167021 Parke-Davis 6 Corbin and Heffner, 1997
NRA-0045 ;200 nM 2.5 nM 1.9 nM Okuyama et al., 1997
L-745,870 Merck 960 nM 0.43 nM )200 nM Patel et al., 1997
NGD 94-1 Neurogen )2 mM 3.6 nM Tallman et al., 1997
U101,387G Upjohn )5 mM 10.1 nM )1.6 mM Merchant et al., 1996

Ž .K values nM are included when available in the references cited. Otherwise, 6 indicates a reported selectivity for the D receptor, although K valuesi 4 i

are not available.



( )J.M. Wilson et al.rEuropean Journal of Pharmacology 351 1998 273–286 281

Ždopaminergic agents, amphetamine or apomorphine Zorn
et al., 1996; Corbin and Heffner, 1997; Majchrzak et al.,

.1997; Okuyama et al., 1997a,b; Mansbach et al., 1998 .
Additionally, U101,387G reversed amphetamine- induced

Žbehavioral sensitization Feldpausch et al., 1996; Garimella
.et al., 1997 , but had no effect on either amphetamine- or

Žapomorphine-induced hyperactivity Merchant et al., 1996;
.Stone et al., 1996 . Similarly, L-745,870, which displays

approximately 2000-fold selectivity for the dopamine D4
Ž . Ž .0.43 nM over D 960 nM receptor, and low affinity for2

Ž Ž ..the 5-HT )200 nM; Patel et al., 1997 , was shown to2A

be ineffective in reversing apomorphine-induced hyperac-
Ž .tivity Bristow et al., 1997 . Thus, the experimental animal

literature is somewhat contradictory concerning the effects
of dopamine D receptor blockade in behavioral models of4

hyperlocomotion.
Other behavioral tests that are predictive of antipsy-

chotic activity in humans have provided more consistent
results. CP-293,019, NRA-0045, U101,387G and PD
167,021 were shown to significantly reverse
apomorphine-induced disruption of pre-pulse inhibition
ŽZorn et al., 1996; Corbin and Heffner, 1997; Okuyama et

.al., 1997; Mansbach et al., 1998 , suggesting that these
agents might be therapeutically effective in relieving some
symptoms related to schizophrenia. In addition, CP-293,019
and NRA-0045 did not reduce apomorphine- or metham-

Žphetamine-induced sereotypy Zorn et al., 1996; Okuyama
. Žet al., 1997 or catalepsy Zorn et al., 1996; Okuyama et
.al., 1997a,b . These data suggest that CP-293,019 and

NRA 0045 would display low liability for extrapyramidal
dysfunction. However, none of these compounds have yet
been tested in clinical trials.

Currently, L-745,870 is the only selective dopamine D4

receptor antagonist to have been tested in both behavioral
experimental animal studies and in clinical trials. How-
ever, results from experimental animal studies have been
conflicting. While one study reported that L-745,870 was
effective in reversing apomorphine-induced disruption of

Ž .pre-pulse inhibition Mansbach et al., 1998 , another study
Žreported that L-745,870 was ineffective Bristow et al.,

.1997 . This latter study also reported that L-745,870 was
ineffective in reversing amphetamine-induced hyperactiv-

Žity and apomorphine-induced stereotypy in mice Bristow
.et al., 1997 . In one clinical trial, L-745,870 was ineffec-

tive as an antipsychotic for treatment of neuroleptic re-
Žsponsive inpatients with acute schizophrenia Kramer et

.al., 1997 . From these data it would appear that dopamine
D blockade by itself is not sufficient to alleviate positive4

symptomatology of schizophrenia and supports the afore-
mentioned apparent requirement for dopamine D receptor2

blockade to inhibit psychosis. Nevertheless, since several
other selective dopamine D receptor antagonists have4

effects similar to those of clozapine in animal behavioral
models, dopamine D receptor blockade might contribute4

to the atypical profile of certain antipsychotics.
There is currently no information available to distin-

guish why, on a receptor basis, these dopamine D recep-4

tor antagonists might display conflicting results in the
behavioral paradigms. It is conceivable that these agents
might display differential affinity at an, as yet, unidentified
receptor subtype. In addition, it still remains to be deter-
mined whether the other selective dopamine D receptor4

antagonists, which had a better predictive antipsychotic
profile than L-745,870 in behavioral paradigms, will be
effective in clinical trials.

Further studies examining the role of the dopamine D4

receptor suggest that it might play a role in modulating
motor function. For example, in the dopamine D4

Ž .receptor-deficient mouse Rubinstein et al., 1997 , apomor-
phine induced locomotor activity was measured following
administration of low doses of clozapine, which would
selectively block dopamine D receptors, but not dopamine4

D receptors. At low doses of clozapine, locomotor activ-2

ity was attenuated in the wild-type mouse, but no effect on
locomotor activity was detected in the dopamine D recep-4

tor-deficient mouse. At higher doses of clozapine, locomo-
tor activity was diminished to an equal extent in both
wild-type and dopamine D receptor-deficient mice, likely4

through blockade of striatal dopamine D receptors. These2

data suggest that in the wild-type mouse, the dopamine D4

receptor plays a role in modulating locomotor activity.
Moreover, the dopamine D knockout study suggests that4

the dopamine D receptor modulates dopamine synthesis4

and turnover in striatum. In this regard, an elevated
Ž .dopaminerDOPAC dihydrophenylacetic acid ratio was

observed in dorsal striatum of dopamine D deficient mice.4

Similarly, selective dopamine D receptor antagonists have4

been found to increase dopamine release in the striatum
ŽWright et al., 1996; Youngren et al., 1997, but see

.Holland et al., 1996 . Together, these studies suggest that
antipsychotic agents with higher affinity at dopamine D4

than D receptors, will demonstrate lower liability for2

extrapyramidal side effects, possibly through increased
synaptic dopamine levels which could displace the drug

Ž .from striatal dopamine D receptors see Fig. 3 . This2

phenomenon is more likely to apply to ‘loose’ dopamine
D receptor antagonists.2

ŽSome selective D receptor antagonists CP 293,0194
.and RO 61-6270 mediate increased c-fos expression in

prefrontal cortex and nucleus accumbens, but not in stria-
Žtum in rat brain Hartman et al., 1996; Holland et al.,

.1996 . A similar result was obtained following administra-
Ž .tion of clozapine Holland et al., 1996 . Since c-fos is an

indicator of neuronal activity, elevated c-fos expression in
frontal cortex and nucleus accumbens infers regional speci-
ficity of action in brain areas implicated in antipsychotic
action. The c-fos induction pattern of highly selective
dopamine D receptor antagonists, which mimics that of4

Žclozapine, but not of typical antipsychotics Robertson and
.Fibiger, 1992 , might also be predictive of efficacy against

negative symptoms of schizophrenia and low propensity
for extrapyramidal dysfunction.
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w xFig. 3. Three dimensional plot of the ligand independent affinities nM of various antipsychotic drugs to the dopamine D and D receptors versus the half2 4
Ž .maximal dose ED50, mgrkg required to produce catalepsy in rats. The maximal dose to induce catalepsy for clozapine could not be determined, which is

indicated with an arrow. The insert at the top right shows the plane on which most of the drugs would fall, reflecting the relative contribution of dopamine
D receptor affinity and change in cataleptic index. The data shown are taken from Seeman et al., 1997a.4

The recent observation that olanzapine- and loxapine-
induced, but not haloperidol-induced, catalepsy can be

Žreversed by co-administration of clozapine Kalkman et
.al., 1997 suggests that an additional receptor site might

contribute to clozapine’s reduced liability for motor side-
effects. Since olanzepine, loxapine and clozapine display a
near identical pharmacological profile, blocking the vari-
ous serotonin, dopamine and muscarinic sites at equivalent

Ž .potencies Roth et al., 1994; Bymaster et al., 1996 this
observation suggests the existence of an additional, as yet,
unidentified target for clozapine’s anti-cataleptic effect and
unique atypical profile.

5. Conclusion

In conclusion, the preponderance of evidence supports
the hypothesis that reduction in positive symptomatology
of schizophrenia by antipsychotic agents is mediated al-
most exclusively through blockade of dopamine D recep-2

tors. The liability for antipsychotic agents to produce
extrapyramidal side-effects is also tightly correlated with
dopamine D receptor blockade, although the likelihood2

andror severity of motor dysfunction appears to be dimin-
ished for low affinity dopamine D receptor blockers.2

While exclusive blockade at the dopamine D receptor4

may not be sufficient for antipsychotic action, it is tempt-
ing to speculate that in combination with loose dopamine
D receptor blockade, it may display an improved profile2

to classic typical neuroleptics.
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