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Current Strategies for the Development of Novel Antipsychotic Drugs

Jordi Bol6s*

Ferrer Internacional Group Research Center, Juan de Sada, 32, 08028 Barcelona, Spain

Abstract: While classical neuroleptics are characterized by dopamine D, antagonism, this is also considered to
be the cause of their neurological side effects. In recent years, novel antipsychotic drugs with improved
efficacy, devoid of extrapyramidal effects are being developed. The mechanisms of action of these new atypical
antipsychotics can be classified into three general groups: a) binding to D, together with non-dopaminergic
receptors, b) interaction with dopamine receptor subtypes other than D; and c) selective binding to non-
dopaminergic systems, such as glutamatergic, sigma, neurotensin, and cannabinoid.

Keywords: schizophrenia, atypical antipsychotics, novel antipsychotics, extrapyramidal side effects, cognitive functions.

INTRODUCTION

Schizophrenia, the most common psychotic disorder
occurring in about 1% of the population, includes an
ensemble of severe and disabling mental diseases
characterized by the deterioration of several basic mental
functions, such as sensory perception, psychomotricity,
affectivity, and thought [1]. For many years, the
pharmacological treatment of schizophrenia and psychoses
relied on conventional neuroleptics, belonging mainly to the
structural families of the phenothiazines (chlorpromazine,
fluphenazine) and butyrophenones (haloperidol, droperidol).
These drugs are recognized as effective agents in alleviating
the positive symptoms of schizophrenia, namely
hallucinations and delusions. However, they show poor or
no efficacy against the negative symptoms (apathy, social
withdrawal) and cognitive deficits (attention and memory
impairment) [2, 3], and their use is frequently limited by the
appearance of serious side effects, such as extrapyramidal
syndrome [4], tardive dyskinesia [5], and hyperprolactinemia
[6]. For some time, these undesired effects were regarded as
inherent to the own mechanism of action of the
antipsychotic drugs. Thus, the term neuroleptic (that is a
drug producing neurological side effects) was considered a
synonym of antipsychotic drug. A common feature of
classical neuroleptics is their antagonism at dopamine D,
receptors, a property that has been correlated with the
pharmacological potencies of the drugs [7]. As a matter of
fact, this constitutes one of the supports of the hypothesis
that postulates an increase in dopaminergic activity at the
mesolimbic system of the brain as the biochemical basis of
schizophrenia [8, 9]. On the other hand, many side effects of
classical antipsychotics are also associated with dopamine
antagonism in other areas of the brain [10]. In particular,
extrapyramidal effects and hyperprolactinemia are related to
the dopamine blockade at the nigrostriatal system and
pituitary dopamine receptors, respectively. Moreover, a
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reduction in the activity of dopaminergic pathways
innervating frontal and prefrontal cortex could contribute to
the impaired affective and cognitive functions [11, 12].

Further efforts in the research for more effective
antipsychotic medications gave a new impulse in the therapy
of schizophrenia with the introduction of improved drugs
challenging this initial concept. This new class of
compounds, classified as “atypical antipsychotics”, is
characterized by its efficacy in both the positive and negative
symptoms of schizophrenia along with minimal induction of
extrapyramidal effects [13]. The first antipsychotic
displaying this different pharmacological profile was the
dibenzodiazepine clozapine (1) (Fig. 1) [14], considered to
be the prototype of these new drugs. Unfortunately,
clozapine is not devoid of other severe undesirable effects
[15, 16], such as agranulocytosis, seizures and
thromboembolism in a significant number of cases. For this
reason, its clinical use has been limited, under strict
hematological monitoring, to a small population of patients
resistant to other drugs [17]. Attempts to rationalize the
particular mechanism of action of clozapine are hampered by
the complex binding profile of this drug. Indeed, clozapine
displays high affinity to a variety of central nervous system
receptors including dopaminergic, serotonergic, alpha
adrenergic, histaminergic, and cholinergic [18]. At present,
although several models have been proposed, there is not a
unique theory that satisfactorily explains the atypical
antipsychotic profile of clozapine. In this context, a number
of putative atypical antipsychotics with different modes of
action are currently being developed. The proposed profiles
for the new atypical antipsychotics can be classified into
three general groups: a) compounds that bind to dopamine
D, along with other different receptors, b) compounds that
bind to dopamine receptors other than D5, and ¢) compounds
that predominantly bind to non-dopaminergic receptors.

COMPOUNDS BINDING TO DOPAMINERGIC D,
AND OTHER RECEPTORS

Schizophrenia is believed to be associated with a
biochemical imbalance in the complex, interrelated
neurotransmitter systems of the brain. Although there is
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Fig. (1). Structure of clozapine and some tricyclic analogues.

clear evidence of altered dopaminergic transmission, the
possibility that other chemical messengers are also involved
in schizophrenia cannot be ruled out. Furthermore, the
finding that clozapine binds to a variety of receptors led to
some theories trying to explain the atypical profile by the
interaction with more than one receptor system. Thus, the
mesolimbic selectivity of the atypical antipsychotics has
been suggested to be achieved by indirect modulation or
compensation of their dopaminergic effects through action
on other neurotransmitter systems [19].

Serotonergic Receptors

The involvement of serotonin in the pathophysiology of
schizophrenia is widely recognized. Dopamine and serotonin
neurotransmission share common anatomical locations and
display complex functional interactions [20]. Moreover,
serotonin dysfunction has been reported in schizophrenic
patients [21]. These facts, along with the high affinity of
most antipsychotics, including clozapine, for serotonin
receptors [22, 23] underlie the hypothesis that serotonergic
effects can contribute to the atypical antipsychotic profile. A
suggested mechanism for this effect is that serotonin exerts a
differential modulation of the dopaminergic activity in
distinct brain systems. Indeed, serotonin antagonism
facilitates dopamine output at the nigrostriatal and cortical
regions, in which dopaminergic hypoactivity is associated
with motor side effects and negative symptoms,
respectively, while it has an inhibitory effect in the limbic
areas, thus contributing to the behavioral control and
reduction of the positive symptoms [24, 25].

Serotonin (5-hydroxytryptamine) is known to interact
with a variety of specific receptors. At present, seven
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families and a number of subfamilies of 5-HT receptors have
been identified [26]. One of the most acknowledged models
for the development of new atypical antipsychotics has been
a mixed profile of antagonism at dopamine D, and serotonin
5-HT,a (formerly 5-HT,) receptors. The observation that
administration of the selective 5-HT, antagonist ritanserin in
combination with conventional neuroleptics improved the
efficacy against the negative symptoms and reduced the
incidence of extrapyramidal effects in schizophrenic patients
[27] encouraged the development of novel antipsychotic
compounds with high affinity for the 5-HT, receptor [28].
Supporting these facts, selective 5-HT, antagonists have
been shown to attenuate the effects of dopamine D, receptor
blockade on the rat striatal neurotransmission by increasing
dopamine synthesis and release, while having a negligible
effect on D, blockade in regions innervated by mesolimbic
dopaminergic neurons [29]. In a cluster analysis based on the
affinity profiles of a number of typical and atypical
antipsychotics for several neurotransmitter receptors, the
atypical drugs were characterized by a greater affinity for 5-
HT, than D, receptors [30, 31].

Small modifications of the dibenzo[b,e][1,4]diazepine
heterocyclic structure of clozapine have been regarded as an
effective approach to develop new antipsychotics with a safer
profile. Some tricyclic derivatives (Fig. 1) such as
olanzapine (2) [32], quetiapine (3) [33] and zotepine (4) [34]
have been launched as atypical antipsychotics with greater
affinity for 5-HT;, than for D, receptors, and devoid of any
significant tendency to cause agranulocytosis. Nevertheless,
the subtle structural requirements defining the atypical
properties and the absence of toxicological effects are poorly
understood, and minor modifications of the structure of
clozapine can lead to important variations in its
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pharmacological profile. Thus, isoclozapine (5) and
clothiapine (6), in which the halogen atom is situated in the
opposite benzene ring as compared to (1), have a less
favorable receptor binding profile and display
pharmacological properties corresponding to typical
neuroleptics [35], whereas the 5-deaza analogue fluperlapine
(7), with an atypical profile similar to that of clozapine, has
been associated with the induction of agranulocytosis in
humans [36].

A different approach was used in the design of the
atypical antipsychotic risperidone (8) (Fig. 2). This
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compound combines structural features associated with both
dopamine and serotonin antagonism [37]. Yet an
oversimplification, the 4-(6-fluoro-1,2-benzisoxazol-3-yl)-1-
piperidinyl moiety can be regarded as a bioisosteric
replacement of the 4-fluoro-y-aminobutyrophenone group
present in some classes of typical neuroleptics and can be
associated to dopamine D, antagonism. On the other side,
the pyrido[1,2-a]pyrimidin-4-one heterocyclic system is
closely related to the thiazolo[3,2-a]pyrimidin-5-one and the
2,4-quinazolinedione groups present in the 5-HT,
antagonists ritanserin and ketanserin, respectively. Other
putative atypical antipsychotics under clinical development
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Fig. (2). Antipsychotics with affinity for dopamine and serotonin receptors.
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incorporating the benzisoxazolylpiperidinyl group include
iloperidone (9) [38] and abaperidone (10) [39]. The
indolylpiperidine bioisosteric derivative sertindole (11) [40]
showed an atypical profile with no tendency to induce
extrapyramidal side effects in humans. Unfortunately,
sertindole was withdrawn from the market due to its liability
to prolong the QT interval, which could be associated to
cardiotoxic effects. Some related compounds possess a
benzisothiazolylpiperazine group, such as tiospirone [41] and
ziprasidone (12) [42] or a benzothienylpiperazine group, such
as P 9236 (13) [43].

The importance of serotonin 5-HT receptors in the
pharmacological profile of antipsychotic drugs has also been
recognized. The synthesis and release of serotonin can be
modulated through agonism at presynaptic 5-HTj o
receptors, which produces analogous effects to 5-HTj
antagonism [44, 45]. Thus, the 5-HT 5 agonist 8-hydroxy-
2-(dipropylamino)tetralin demonstrated antipsychotic-like
properties and a selective reduction in limbic versus striatal
dopamine synthesis [46, 47], and some 5-HT ;A agonists
have been shown to potentiate the antipsychotic action and
to reduce the occurrence of extrapyramidal side effects of Dy
antagonists [48, 49]. 5-HTj receptors are located both
presynaptically in the raphe nuclei cells innervating the
forebrain, and postsynaptically in limbic structures. An
optimal profile would be activation of the highly sensitive
presynaptic 5-HT| o autoreceptors, while blocking the low-
sensitivity postsynaptic receptors. This has been suggested
to be achieved by partial agonism at 5-HT; 5 receptors [50].
Additionally, 5-HT; 5 partial agonism has been associated
with anxiolytic and antidepressant properties, which may
contribute to controlling the appearance of psychotic
episodes in schizophrenic patients [51].

A number of atypical antipsychotics display partial
agonism for 5-HT| 5 receptors. Interestingly, few compounds
have been found to act as pure 5-HT | antagonists [52].
Whereas the classical butyrophenone and phenothiazine
neuroleptics have low affinities for these receptors, clozapine
and the benzisoxazolylpiperidine derivatives have moderate
5-HT A affinities. A combination of higher 5-HT 5 than D,
receptor affinity has been the rationale for designing several
novel atypical antipsychotics with efficacy against negative
and cognitive symptoms and reduced extrapyramidal effects
[50]. Aryl piperazines constitute important pharmacophores
leading to compounds with high affinity for 5-HT; o
receptors. Thus, the benzisothiazolylpiperazine derivative
ziprasidone (12) displays nanomolar affinity for 5-HTj o
receptors, which has been suggested to play a significant role
in its pharmacological actions [53]. Other potent dopamine
and 5-HT 4 ligands in clinical or preclinical development as
potential atypical antipsychotics incorporate a phenyl- or a
(2-alkoxyphenyl)piperazine unit, such as mazapertine (14)
[54] and PD 158771 (15) [55]. The (2,3-dihydro-1,4-
benzodioxin-2-yl)methylamino group in some novel
antipsychotics, such as MDL 72832 (16) [56], can also be
regarded as a bioisosteric equivalent of the (2-
alkoxyphenyl)piperazine framework (Fig. 2).

Other serotonin receptors have aroused interest as
possible targets for novel antipsychotics with improved
profiles. Clozapine and its major metabolite N-desmethyl-
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clozapine are potent 5-HT, antagonists [57]. Overactivity at
5-HT;c receptors (formerly classified as 5-HT ¢ receptors)
that control the basal ganglia activity has been related to
extrapyramidal effects and parkinsonism [58]. Olanzapine
(2), sertindole (11) and ziprasidone (12) are examples of
novel antipsychotics with potent 5-HT,c antagonism.
Clozapine and other antipsychotics also display high affinity
for 5-HTg and 5-HT5 receptors [59], which led to the
suggestion of a possible role of these receptors in their
pharmacological profile. Although preliminary data support
a possible therapeutic relevance of these receptors (mainly
the 5-HTg receptors) in the treatment of schizophrenia, this
still remains to be proved due to the absence of specific
ligands [60]. Sertindole (11) and olanzapine (2) display high
affinities for 5-HT¢ receptors, whereas risperidone (8) and
ziprasidone (12) are potent 5-HT7 ligands.

Adrenergic Receptors

Current theories consider that binding to only
dopaminergic and serotonergic receptors cannot completely
account for the atypical properties of novel antipsychotics.
Within the complex multireceptor binding profile of
clozapine, alpha adrenergic effects have been suggested to
play a significant role in their beneficial clinical profile [61,
62]. Thus, stimulation of O adrenergic receptors in the
prefrontal cortex has been related to an impairment of
cognitive functions [63], and o antagonism has been found
to reverse deficits in sensorimotor gating mechanisms [64].
Moreover, an increase in cerebral noradrenergic activity has
been correlated with both the severity of positive and
negative symptoms of schizophrenia [65, 66]. Additionally,
antagonism at central O j-adrenoceptors has been shown to
produce a selective inhibition of mesolimbic versus striatal
dopamine release [67, 68], which could contribute to
minimize the extrapyramidal side effects related to
dopaminergic antagonism. Although o antagonism has
raised some controversy, mainly due to cardiovascular side
effects (orthostatic hypotension, sedation, dizziness), slow
titration and dosage optimization can greatly minimize these
adverse effects of antipsychotic medications [69].

Most classical and atypical antipsychotics exhibit alpha
adrenergic antagonism. However, some novel antipsychotics
are characterized by a specially potent o ; adrenergic
antagonism. Iloperidone (9), quetiapine (3), S 18327 (17)
[70, 71] and ORG 5222 (18) [72] (Fig. 3), are some
examples of antipsychotic compounds in different stages of
development that display higher affinity for o than D, or
5-HT receptors.

Alpha-2 receptors mediate most of the physiological
actions of noradrenaline in the prefrontal cortex [73]. Three
subtypes of human a, adrenoceptors have been cloned, and
have been designated as 054, 0o and Oyc. Affinity for the
O A subtype has also been implicated in the atypical profile
of clozapine [74, 75]. Alpha-2A receptors can be presynaptic
autoreceptors or heteroreceptors, as well as postsynaptic
receptors. Specific stimulation at postsynaptic prefrontal
cortical 0, receptors has been suggested to be responsible for
the enhancement of cognitive functions elicited by the
selective O, adrenergic agonist guanfancine [76], and



Current Strategies for the Development of Novel Antipsychotic Drugs

/

F O 17 S 18327

Mini Reviews in Medicinal Chemistry, 2003, Vol. 3, No. 3 243
s
N

0 ik

18 ORG 5222

Fig. (3). Antipsychotics with high affinity for alpha-adrenergic receptors.

selective potentiation of O, receptor activity has been
proposed to have a beneficial effect in the treatment of the
cognitive deficits associated with schizophrenia [77, 78].
Interestingly, some novel antipsychotics are characterized by
0, antagonism. The effects of 0, antagonism could be a
combination of actions at pre- and postsynaptic receptors. In
practice, antagonism at these receptors has been related to an
enhancement of the cerebral noradrenergic transmission [70],
which could be attributed to a preferential antagonism at the
highly sensitive presynaptic receptors, and has been shown
to improve attention and cognitive functions in humans [74,
79]. Since an increased level of noradrenergic activity at
frontocortical O receptors is predicted to exert the opposite
effect in cognitive functions [80], concomitant O
antagonism could offer an improved profile. Antagonism at
presynaptic 0, heteroreceptors has also been related to a
preferential facilitation of frontocortical versus subcortical
dopaminergic transmission [71]. Additionally, o,
antagonism has been implicated in the anticataleptic
properties of clozapine and its lack of extrapyramidal side
effects [81].

A number of antipsychotics show moderate affinities for
0, receptors, but usually lower than affinities for a; or D,
receptors. Risperidone (8) and ORG 5222 (18) are some of
the most potent antagonists at these receptors, displaying the
same order of affinities for a, as for o receptors.

COMPOUNDS BINDING TO DOPAMINE
RECEPTORS OTHER THAN D,

Traditionally, D, receptors have been considered as a
major target for neuroleptics due to the correlation between
the effective doses of these drugs and their affinity for D,
receptors. Nevertheless, most antipsychotics also interact
with other pre- and postsynaptic dopamine receptors. Recent
progress in molecular biology research has led to the
identification of five dopamine receptor subtypes, which can
be pharmacologically and structurally grouped into two
major families: the D;-like dopamine receptor family,
comprising D; and D5 subtypes, and the D,-like family,
including D,, D3 and D4 subtypes [82]. The particular
anatomical distribution of certain receptor subtypes in brain
areas related to schizophrenia and the binding profile of
some atypical drugs suggest that a preferential
pharmacological action on dopaminergic receptors other than
D, could improve the efficacy against psychotic symptoms
without producing adverse motor and endocrine effects.
During the last decade, anatomic, pharmacologic and genetic
studies have gathered experimental evidence, either
implicating or ruling out the role of dopaminergic receptors

other than D, as pharmacological targets for psychotic
disorders.

D; Receptors

The existence of functional interactions between D; and
D, receptors raised the possibility that D receptors could
represent a target for novel antipsychotic drugs [83].
Although clinical trials with the selective D antagonists
SCH 39166 and NNC 01-0687 failed to demonstrate
convincing efficacy against the positive symptoms, in one of
these studies with SCH 39166 a modest improvement of
negative symptoms was observed [84]. Further observations
revealed a reduced D; receptor population in the prefrontal
cortex of schizophrenic patients [85], a fact that has been
related with the severity of cognitive deficits. Accordingly,
it has been argued that antipsychotics with additional D,
antagonism could display improved properties against the
negative symptoms of schizophrenia.

D3 Receptors

Several lines of evidence point to involvement of D3
receptors in schizophrenia, especially their selective
localization in mesolimbic dopaminergic projections. In the
rat, mRNA for D3 receptors has been detected in the ventral
striatum, and particularly in the shell of nucleus accumbens.
Interestingly, the anatomical location of D3 receptors shows
little overlap with D, receptors and contrasts with the broad
distribution of that receptor subtype [86, 87]. Also in human
forebrain, D3 receptor expressing neurons have been found in
several limbic structures, with small differences to the rat
[88]. These findings are suggestive of a contribution of D;
receptors to the dopaminergic transmission in the limbic
areas, which are known to be directly involved in the
emotional behavior and cognitive function deficits
characteristic of schizophrenia.

Pharmacological data also support a main role for D3
receptors in schizophrenia. In general, antipsychotics display
poor selectivity between D, and D3 receptor antagonism.
Thus, at pharmacological doses, significant blockade of D3
receptors should occur. Moreover, the observed tolerance to
dopamine antagonists, exhibited as a progressive reduction
in their extrapyramidal side effects, but not in their
antipsychotic efficacy, suggests that different receptors could
be involved in either effect. Furthermore, in experimental
animals it was shown that, upon long term treatment with
neuroleptics, an upregulation in the number of D, receptors
occurred, whereas this was not observed with D3 receptors
[89]. Taken together, these data lead to the hypothesis that
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D, receptors in basal ganglia are responsible for the
extrapyramidal effects of antipsychotics, whereas Dj
receptors in mesolimbic regions account for the
antipsychotic effects.

Evidence for alterations in D3 receptors has been obtained
in schizophrenic patients. A 45% increase in D3 receptor
population in ventral striatum was found in non-medicated
patients, but not in those being treated by antipsychotic
medications [90]. Recent studies [91, 92] found an elevation
of D3 receptor mRNA expression in lymphocytes from
schizophrenic patients, a pattern which is probably reflected
in the brain as it has been shown with other neurotransmitter
receptors. More conflicting have been the data from genetic
association studies searching for a possible link between D3
receptors and schizophrenia. The most commonly analyzed
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polymorphism, Ball, is a Ser” to Gly? substitution in the N-
terminal extracellular domain. Since the initial report [93] of
an association between homozygosity for either allele and
schizophrenia, some reports have been in agreement with
this initial finding [94], while the majority failed to confirm
it [95, 96]. A significant but small relationship between Dj
polymorphism and schizophrenia was confirmed for some
subpopulations in two published meta-analyses with
gathered data from about 2,500 patients and controls [97,
98].

Within this framework, compounds acting on this
receptor subtype have become an important focus of research
efforts [99]. Most antipsychotics display high affinity for D3

receptors, although this is usually slightly lower than for D,
receptors. Some new atypical compounds with mixed
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receptor binding profiles that display potent D3 affinity
include abaperidone (10) and ziprasidone (12). In recent
years, a number of selective D3 antagonists have been
introduced as pharmacological tools, but most of them show
inappropriate pharmacokinetic or pharmacodynamic
properties. Nevertheless, some D3 antagonists have been
advanced to preclinical or clinical development.

The structure of (R)-(+)-7-hydroxy-2-(dipropylamino)
tetralin, a dopaminergic agonist with more than 20-fold
selectivity for D3 over D, receptors, served as a starting
point for the design of selective D3 antagonists (Fig. 4). The
aminotetralin derivative (+)-UH 232 (19) is a D3 receptor
ligand with little selectivity over D, receptors. However,
this compound was found to induce catalepsy and increased
prolactin secretion in rats [100], a fact that could be
attributed to poor selectivity or to D3 partial agonist activity
[101]. Moreover, in a clinical trial in six schizophrenic
patients, (+)-UH 232 did not produce an improvement but
rather a worsening in the symptomatology [102]. The
tricyclic derivative (+)-S 14297 (20), with higher D3/D,
selectivity, displayed a profile of functional D3 antagonism
without producing extrapyramidal or endocrine adverse
effects [100]. The aminoindan PNU 99194A (21) [103]
showed moderate D3/D, selectivity and was found not to
induce catalepsy in rats. This compound, however, induced
weak increases in prolactin secretion.

The ortho-methoxybenzamide class of antipsychotics
provided an alternative approach for the design of selective
D3 antagonists. For many years, sulpiride, a mixed D,/D3
antagonist with negligible affinity for non-dopaminergic
receptors, has been recognized as an antipsychotic with
atypical profile [104]. Nevertheless, sulpiride shows low in
vivo efficacy, which has been attributed to poor
bioavailability and brain penetration. Its more lipophilic
analogue remoxipride showed higher in vivo efficacy,
although it was withdrawn from the market due to some
cases of induction of aplastic anemia. Increase in the
selectivity for D3 versus D, receptors has been achieved by
variations in the benzamide aromatic ring. Nafadotride (22)
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[105], a naphthalenecarboxamide derivative, is a potent D
antagonist with moderate selectivity over D, receptors. This
compound was found to induce catalepsy and to increase
plasma prolactin levels, effects probably related to its D,
antagonist properties. The structural similarity between the
N-(2-aminoethyl)benzamide moiety in these compounds and
the y-aminobutyrophenone pharmacophore could account for
this poor selectivity. In this direction, a greater separation
between the amine and amide functions has led to some
potent compounds with about 100-fold selectivity for D3
receptors. The biphenylcarboxamide S 33084 (23) showed
functional D3 antagonism without inducing catalepsy, but it
had little effect in preclinical models of potential
antipsychotic activity [106]. The quinolinecarboxamide SB
277011 (24) was active in the isolation-induced prepulse
inhibition deficit model, but failed to demonstrate
significant activity in other pharmacological models
characteristic of antipsychotic compounds [107].

D4 Receptors

The role of D4 receptors in schizophrenia remains
controversial in spite of some encouraging early reports. The
unique antipsychotic effects of clozapine have been
suggested to be mediated by D4 receptors. This concept was
based on its higher affinity for D4 compared to D; or D3
receptors, and on the good correlation of the therapeutically
effective plasma levels of clozapine with its affinity for Dy
but not for D, or D3 receptors [108]. Moreover, the
anatomical localization of these receptors, almost restricted
to cortical and certain mesolimbic areas [109], could account
for the improvement in negative symptoms seen with
clozapine.

Histopathological data also support a role for these
receptors. Increased levels of a Dgy-like site in striatal
postmortem brain tissues were reported for schizophrenic
patients [110]. Although further neuropathological studies
have questioned these findings [111], more recent reports
seem to confirm them [112, 113].
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Genetic studies have also provided contradictory results.
The existence of a tandem of 48 base pairs in the third
cytoplasmatic loop, which can be repeated from 2 to 10
times, creates a wide structural diversity (D4, to D4 19
receptors). Differences found in the affinity for some Dy
antagonists raised the possibility that this diversity could be
linked to an increased susceptibility to schizophrenia or to
variable responses to clozapine. However, several reported
studies failed to sustain conclusive associations between the
D4 receptor gene and schizophrenia [114].

As for D3 receptors, a number of typical and atypical
antipsychotics (such as haloperidol, risperidone and
olanzapine) display potent, non-selective dopamine Dy
antagonism. In the search for novel antipsychotics devoid of
extrapyramidal side effects, the development of selective Dy
antagonists has recently attracted significant interest [115].
Some lines of research have also pointed to the development
of D4/5-HT, mixed antagonists [116]. Arylpiperazines are
important pharmacophores for compounds with selectivity
for D4 over D, receptors, such as sonepiprazole (25) [117],
CP 293019 [118], L 745870 (26) [119] and the mixed Dy4/5-
HT, antagonist fananserin (27) [120, 121] (Fig. 4). In
preclinical tests, these compounds lacked extrapyramidal and
neuroendocrine side effects, and displayed moderate activity
in some animal models predictive of antipsychotic efficacy
[122]. However, the reported results of the first clinical trials
with L 745870 [123] and fananserin [124] failed to
demonstrate antipsychotic efficacy. Other chemical structures
are represented by the bicyclic amine belaperidone (28) [116]
and the isoxazolylpiperidine L 741742 (29) [125]. Both
compounds have also been discontinued. New selective Dy
antagonists, such as the arylpiperazine PD 172760 [126],
with a higher potency in some animal models of
schizophrenia, are awaiting clinical trials.

Although the first clinical reports obtained with D3 and
D4 selective antagonists do not support a role for these
receptors in schizophrenia, further trials are required to
decide if either pure D3/D4 antagonism or in combination
with other receptors could represent a useful strategy towards
improved treatments for this disease.

Presynaptic Dopaminergic Receptors

Dopaminergic D, and D3 receptors also exhibit a
presynaptic location, controlling the synthesis and release of
dopamine into the synaptic cleft and the neuronal firing of
dopaminergic neurons in a feedback mechanism [127, 128].
Since stimulation of these autoreceptors is expected to
reduce the dopamine output without complete dopaminergic
blockade, compounds acting at presynaptic dopaminergic
receptors have been developed as an alternative strategy for
novel antipsychotic compounds free of the side effects
characteristic of postsynaptic dopamine antagonists. The
phenyltetrahydropyridine derivative roxindole [129] and the
phenylpiperazine OPC 4392 [130] have been shown to
produce moderate improvements in the negative symptoms
in schizophrenic patients without causing extrapyramidal
side effects. Unfortunately, the clinical development of both
compounds has been discontinued. The benzamide derivative
amisulpride (30) is a preferentially presynaptic D,/Dj
receptor blocker with a reduced tendency to produce
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extrapyramidal side effects. At low doses, amisulpride has
shown an improvement of negative symptoms, whereas at
high doses it controls the positive symptoms due to
postsynaptic dopaminergic blockade [131].

COMPOUNDS BINDING TO NON-DOPAMINERGIC
RECEPTORS

Recent findings have provided evidence that atypical
antipsychotic properties can be found in compounds devoid
of direct dopaminergic activity. Action on non-dopaminergic
receptors might lead to improved pharmacological
properties, avoiding some of the side effects that appear with
traditional dopamine antagonists. Two concepts support this
pharmacological profile: a) certain neurotransmitter systems
differentially modulate the dopaminergic transmission in
distinct brain areas, a profile that could offer clear advantages
over unselective direct blockade of D, receptors, and b)
although dopamine is thought to play a prevailing role in
the pathophysiology of schizophrenia, the involvement of
other neurotransmitter systems could account for some facts
not sufficiently explained by the dopaminergic model alone.
The hypothesis of a dopaminergic dysfunction in the
pathogenesis of schizophrenia has required in recent years
some reconceptualization, and a role for other
neurotransmitters has been recognized.

Glutamatergic Receptors

A dysfunction of glutamatergic neurotransmission has
been implicated in the pathophysiology of schizophrenia.
This concept was originally based on the effects of the
dissociative anesthetic phencyclidine. This non-competitive
glutamate antagonist was found to induce a psychotic state
in humans which, in contrast to dopaminergic agents,
mimics many features of schizophrenia, including the
positive, negative and cognitive symptoms [132]. Moreover,
postmortem studies in brain tissues of schizophrenics
showed presynaptic abnormalities in glutamatergic
transmission [133]. The glutamate hypothesis of
schizophrenia is now regarded as a complementary model to
the dopaminergic hypothesis rather than an alternative
theory. Thus, it has been suggested that thalamic
sensorimotor inflow to the cortex is attenuated by the
cortico-striatal glutamatergic pathways, whereas it is
enhanced by dopaminergic stimulation [134].

Glutamate is the main excitatory central neurotransmitter
and is ubiquitously distributed in the central nervous
system, being involved in a great variety of functions. The
physiological effects of glutamate are mediated through two
types of receptors: ionotropic, directly coupled to ligand-
gated ion channels, and metabotropic, coupled to G proteins
[135]. Tonotropic receptors have been classified into three
groups according to their selective ligands: the N-methyl-D-
aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) and kainate receptors.
Metabotropic receptors comprise eight receptor subtypes
termed as mGluR| to mGluRg, which have been categorized
into three subgroups.
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Although most antipsychotics are devoid of significant
affinities for glutamate receptors, glutamatergic
neurotransmission has been related to their mechanism of
action. Thus, the behavioral effects of NMDA receptor
antagonists can be reversed by antipsychotic compounds,
especially those with atypical profiles. Mediation of
dopaminergic, serotonergic and adrenergic mechanisms is
suggested to underlie these effects of the antipsychotic drugs
[136].

Other compounds with direct effect on different
glutamate receptor subtypes are being developed as potential
antipsychotics. NMDA receptors have attracted special
interest since phencyclidine and other psychotomimetics
were shown to act as non-competitive antagonists at these
receptors. The NMDA receptor has a complex structure
formed by an ion channel coupled to recognition sites for
glutamate along with a number of accessory modulatory
sites, including those for the co-agonist glycine, polyamine
modulators, channel blockers such as phencyclidine, and
several metal cations [137]. Exogenous administration of
glutamate or other nonselective agonists appears not to be a
useful approach since these compounds are associated to
neurotoxic and convulsive effects. Instead, enhancement of
glutamatergic transmission by allosteric modulation of the
NMDA receptors at the glycineg site could have positive
effects. Thus, administration of glycine [138] or its partial
agonist D-cycloserine [139] has been reported to improve the
negative symptoms in schizophrenic patients. Nevertheless,
high doses of these compounds were required due to poor
brain penetrability, and D-cycloserine was associated to
some cases of worsening of positive symptoms. Moreover,
experience with the glycine prodrug milacemide provided
inconsistent results [140]. In recent years, compounds with
antagonistic effects at the glycine site, such as L 701324,
have been reported to display some features characteristic of
atypical antipsychotics [141].

Other glutamate receptor subtypes have been suggested to
modulate brain dopaminergic neurons, thus being potential
targets for novel antipsychotics. Allosteric modulation of the
AMPA receptor is another approach to enhance the
glutamatergic transmission. The AMPA positive modulator
CX 516 (31) was shown to act synergistically with other
established antipsychotics [142].

Some subtypes of metabotropic receptors have a basal
ganglia localization and exert modulatory effects on
dopaminergic neurotransmission [143]. Thus, agonists at
group II metabotropic glutamate receptors (mGluy/3) have
been found to display potential antipsychotic effects in some
animal models. The bicyclic analogues of glutamic acid LY
354740 (32) and LY 379268 (33) [144] are agonists at group
II mGluR with good brain penetration, although these
compounds have demonstrated inconclusive antipsychotic
effects.

Sigma Receptors

The question of the precise nature of 0 receptors has been
surrounded by great controversy. Although this receptor was
originally related to the opiate receptor class [145], later
studies demonstrated that sigma receptors did not involve
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opioid activity [146]. In addition, despite some initial
confusion, this receptor was definitely distinguished from
the phencyclidine binding site of the NMDA receptor [147,
148]. Moreover, some speculation aroused about a possible
non-receptor nature of the O binding site [149].
Notwithstanding this, certain facts contributed to put
forward the theory that 0 receptors could mediate the effects
of antipsychotic drugs. The O receptor agonist
N-allylnormetazocine (SKF 10047) caused psychotomimetic
effects in dogs and in man induced hallucinations and
delusions similar to those of schizophrenia. In the brain, 0
receptors are localized in high densities in limbic structures
as well as in motor-related areas [150] and have been shown
to indirectly modulate the dopaminergic transmission [151].
Furthermore, some typical (haloperidol, perphenazine) and
atypical antipsychotics (remoxipride, tiospirone) were found
to display potent binding affinity for 0 receptors [152]. It
has been suggested that the antipsychotic activity of
haloperidol could be mediated by 0 effects, whereas the
extrapyramidal side effects could be associated to its D,
antagonism. Selective ligands for O receptors are thus
regarded as potential candidates for novel antipsychotics.
From the two sigma receptor subtypes (0 and 0) identified
in the brain [153], the 01 subtype is usually implicated in
schizophrenia due to the selectivity of SKF 10047 for this
receptor. In apparent opposition to this evidence, a number
of compounds belonging to different pharmacological classes
(such as the antitussive dextromethorphan, the local
anesthetic cocaine and the steroid hormone progesterone)
display moderate to high affinity for 0 receptors, but are
devoid of antipsychotic activity [154, 155].

The structural features defining O receptor affinity
comprise a great variety of chemical structures [155]. The
carbazole derivative rimcazole (34) [156], a moderately
potent but selective 0 ligand, was discontinued from clinical
studies due to insufficient efficacy and to the appearance of
side effects at higher doses. The pyrimidinylpiperazine BMY
14802 (35), with affinity for 0 and 5-HT; 5 receptors, did
not produce extrapyramidal side effects but failed to
demonstrate antipsychotic efficacy in clinical trials [157].
The arylpiperidine derivative panamesine showed
antipsychotic activity but also motor and endocrine side
effects, which were attributed to an active metabolite that,
unlike the parent compound, displayed D, antagonism [158,
159]. Other o receptor ligands under development as
potential antipsychotics include the phenethylamine
derivative NE 100 [160] and the aryltetrahydropyridine E
5842 [161]. In recent years, attention has been focused in
other potential clinical applications of O ligands, such as
neuroprotection, anxiety, and motor disorders.

Neurotensin Receptors

Several peptide molecules have been found to act as
central neurotransmitters modulating other transmitter
systems. Neurotensin is a tridecapeptide widely distributed
in the central nervous system as well as in peripheral tissues.
In the central nervous system, neurotensin is co-localized
with dopaminergic neurons, acting mainly as a modulator of
dopaminergic transmission [161] through interaction with
specific NT receptors. Two neurotensin receptor subtypes
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have been cloned, NT; and NT,. Some concerns exist,
however, about the role of the NT, subtype, since
neurotensin seems to act as an antagonist at these receptors
[162]. Injection of neurotensin into the brain was found to
produce effects similar to those of the atypical antipsychotics
[163], a fact that led to the suggestion that neurotensin could
be implicated in the pathophysiology of schizophrenia. In
addition, whereas chronic administration of classical
neuroleptics was found to increase neurotensin release in
both limbic and striatal regions, atypical antipsychotics
selectively increased the neurotensin levels in the limbic
system [164]. Moreover, reduced levels of neurotensin have
been found in the cerebrospinal fluid from psychotic patients
[165]. Non-peptide, metabolically stable, neurotensin
agonists have thus been proposed as potential antipsychotics
free of neurologic side effects [166]. However, neurotensin
exhibits complex pharmacological effects and, interestingly,
there has also appeared some evidence indicating that
neurotensin antagonists display antipsychotic properties
[167]. The non-peptidic NT; antagonist SR 48692 (36)
[168], which has affinity for NT, receptors, is currently in
clinical trials as a potential antipsychotic.

Cannabinoid Receptors

Most pharmacological effects of cannabis (marijuana),
especially the induction of schizophrenic-like symptoms, are
attributed to its principal active component, A°-
tetrahydrocannabinol. Its effects were found to be mediated
by specific cannabinoid receptors (CB; and CB;) for which
endogenous ligands (anandamide and palmitoyl
ethanolamine) were further identified. A dysfunction of the
endogenous cannabinoid system has been related to
schizophrenia. Thus, agonists at CB; receptors have been
found to induce an activation of dopaminergic mesolimbic
neurons [169] and elevations of endogenous cannabinoid
levels have been determined in the cerebrospinal fluid of
schizophrenic patients [170]. The cognitive impairments
during psychotic episodes have been related to a
disregulation of the endogenous cannabinoid system [171].
A selective CB; antagonist, SR 141716 (36), showed a
pharmacological profile consistent with antipsychotic
activity [172]. This compound is currently undergoing
clinical trials for schizophrenia as well as for obesity.

Other Non-dopaminergic Receptors

A number of other receptor systems have been implicated
in schizophrenia or in the effects of antipsychotics. Most of
them are co-localized with dopamine D, receptors and have
been shown to modulate the dopaminergic transmission in
selected areas of the brain. Some proposed pharmacological
targets for novel antipsychotic drugs include serotonin 5-
HT; antagonists [173], adenosine A, agonists [174],
cholecystokinin CCK-B antagonists [175] and tachykinins
NK_3 antagonists [176]. More selective ligands are required
to assess the actual role of these receptors in the pathology
of schizophrenia and the potential of these compounds as
novel treatments for schizophrenia.

Jordi Bolos
CONCLUSIONS

Although blockade of the hyperactive dopaminergic
neurotransmission in the mesolimbic system of the brain is
still regarded as the key mechanism for controlling psychotic
symptoms, the extrapyramidal and neuroendocrine adverse
effects associated to D, antagonism constitute a main
drawback of classical neuroleptics. However, the appearance
of clozapine provides evidence that antipsychotic and side
effects are not necessarily associated. New mechanisms are
now emerging as potential targets for atypical antipsychotics
with improved side effect profiles. Action on more selective
dopaminergic receptor subtypes and indirect dopamine
modulation through a variety of non-dopaminergic receptors
are among the multiple hypotheses to explain the
mechanisms of action of the novel compounds. Since
antipsychotics with improved profiles can display different
mechanisms of action, it could be likely that these
hypotheses each only partially account for the atypical
profile of clozapine. It remains possible that an optimal
combination of these mechanisms could offer new strategies
to improved treatments for positive, negative and cognitive
symptoms of schizophrenia and be devoid of unpleasant side
effects. Recent insights into the biochemical basis of
schizophrenia are expected to furnish interesting
opportunities for an efficient control of this devastating
disease.
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