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Many studies have detected in the brain of schizophrenic 
patients various morphological and structural 
abnormalities in various regions and in particular in the 
cortical and limbic areas. These abnormalities might in 
part result from neurodevelopmental disturbances 
suggesting that schizophrenia might have organic causes. 
These abnormalities may be the primary event in 
schizophrenia and be responsible for altered dopaminergic, 
but not only dopaminergic, neurotransmission in these 
regions. If schizophrenia is in some way strictly related to 
brain morphological abnormalities it becomes hard to 
believe that a curative treatment will ever be possible. 
Considering this scenario, treatment of schizophrenia will 
be restricted to symptomatic and preventive therapy and 
therefore, more effective and better tolerated 
antipsychotics are necessary. The widely used classical 
antipsychotic drugs present some disadvantages. They do 
not improve all symptoms of schizophrenia, are not 
effective in all patients, produce a number of unpleasant 
and serious, and partly irreversible, motor side effects. 
The atypical antipsychotic clozapine constitutes a major 
advance in particular for patients not responding to 
conventional neuroleptics. To explain the unique 
therapeutic effect of clozapine many hypotheses have been 
proposed. Most of the explanations given so far assume 
that the D2 blockade is the basis for the antipsychotic 
activity of clozapine and that the difference in respect to 
other antipsychotics is due to the contribution of other 
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receptor interactions. Considering the dopaminergic 
receptor, in particular the recently discovered 04 receptor 
subtype, it has been observed that even if several classical 
neuroleptics exhibit high affinity to the 04 receptor, 
clozapine is more selective for this subtype compared to 
D2 receptors. Moreover clozapine, differently from all 
other conventional neuroleptics, is a mixed but weak 
D1/D2 antagonist. This observation has prompted 
speculation that the synergism between D1 and D2 
receptors might allow antipsychotic effects to be achieved 
below the threshold for unwanted motor side effects. 
Probably the D1 antagonistic activity exerted by clozapine 
at low doses enhances preferentially the extracellular 
concentration of dopamine in specific areas of the brain, 
such as the prefrontal cortex, where a dopaminergic 
hypoactivity has been suggested to be in part responsible 
for negative symptoms of schizophrenia. The clozapine 
enhancement of dopaminergic activity in this brain area 
might explain its efficacy against schizophrenia negative 
symptoms. However, it cannot be excluded that the 
affinities displayed by clozapine for other non
dopaminergic receptors also contribute to its unique 
therapeutic profile. The various hypotheses mentioned in 
this review need to be further validated or disproved. The 
only way to do that is developing new drugs where the 
postulated mechanistic profile is specifically realized and 
to clinically test these compounds. 
[Neuropsychopharmacology 13:177-213, 1995] 
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1. BIOLOGICAL ASPECTS OF SCHIZOPHRENIA 

1.1. Neuroanatomy and Pathology 

Brains of schizophrenic patients have been the subject 
of many different studies aimed at uncovering specific 
alterations that correlate with the development and 
progression of this illness. One of the most consistently 
observed alterations is a mild degree of enlargement 
of the cerebral ventricles (Johnstone et al. 1976; Wein
berger et al. 1979; Kelsoe et al. 1988; Suddath et al. 1989; 
Brown et al. 1986). However, such abnormalities are 
not present in all patients suffering from schizophrenia. 
Whereas several computed tomography (CT) studies 
have confirmed ventricular enlargements of cerebral 
ventricles in schizophrenic patients (Weinberger et al. 
1982; Schulz et al. 1983; Nyback et al. 1982), others were 
unable to detect such changes (Benes et al. 1992; Owens 
et al. 1985; Scottish Schizophrenia Research Group 
1989; Rubin et al. 1993; Heckers et al. 1990). However, 
as only a few studies have been made on first-admission 
patients, effects of medication, hospitalization, and du
ration of the illness on brain-structure fmdings cannot 
be excluded. Thus, the question of whether ventricu
lar enlargement is already present at the first episode 
of the disease ( and consequently is not the result of an
ti psychotic treatment) still remains unsolved. In any 
case the presence of ventricular enlargement is indica
tive for a tissue loss in the brain of schizophrenic pa
tients. Recent studies using magnetic resonance imag
ing (MRI) have demonstrated that the magnitude of the 
ventricular enlargement correlates with the volume 
reduction of temporal lobe gray matter, especially in 
the region containing the amygdala and hippocampus 
(Suddath et al. 1989). 

Among the structural abnormalities found in the 
brain of schizophrenics, those in the medial temporal 
lobe and particularly the volume reduction of the 
amygdala-hippocampal formation are the most consis
tent and have attracted the greatest interest (Wolf et 
al. 1993). These fmdings have recently been confirmed 
in 15 sets of monozygotic twins discordant for schizo
phrenia (Suddath et al. 1990). The use of discordant 
·monozygotic twins allows for the question of whether 
observed anatomic alterations are a real pathologic 
phenomenon or a random finding in schizophrenia to 
be addressed. Significant differences between affected 
and unaffected twins are present in the lateral ventri
cles, third ventricle, temporal lobe (including the an
terior hippocampus), and in the total volume of the gray 
matter in the left temporal lobe (Suddath et al. 1990). 
These differences were not observed in normal pairs 
of twins and are in agreement with the findings of previ
ous studies that reported enlarged lateral and third ven
tricles (Johnstone et al. 1976; Weinberger et al. 1979; 
Kelsoe et al. 1988; Suddath et al. 1989; Brown et al. 1986) 
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and smaller hippocampi (Bogerts et al. 1985) in schizo
phrenic patients. 

The fact that structural differences are present in 
the central nervous system (CNS) of affected mono
zygotic twins compared to unaffected twins strongly 
suggests that the neuropathologic process underlying 
schizophrenia is at least partly not genetic. No correla
tions were observed between the presence of these brain 
alterations and the extent of neuroleptic exposure or 
the duration of the illness in the patients (Weinberger 
et al. 1979; Shelton and Weinberger 1986; Kelsoe et al. 
1988; Golden et al. 1981; Frangos and Athanassenas 
1982; Nasrallah et al. 1982; Schulsinger 1984; Williams 
et al. 1985), thus ruling out the possibility that these 
brain alterations are due to nonspecific aspects of 
schizophrenia or its treatment (Suddath et al. 1990). 
Traditional neuropathologic studies of the brains of 
schizophrenic patients have demonstrated changes 
within the cortex, basal ganglia, limbic system, and 
brainstem. Cortex and amygdala-hippocampal forma
tion are the regions where a number of studies consis
tently found alterations in schizophrenia. In the cor
tex, especially in the prefrontal region, a trend toward 
a reduced cell number and density (Benes et al. 1986; 
Colon 1972) and densely staining, thickened dendrites 
and axons (Tatetsu 1964) has been observed. Analogous 
findings of a volume reduction of the hippocampus 
(Heckers et al. 1991; Bogerts et al. 1985; Falkai and 
Bogerts 1986; Jeste and Lohr 1989; Bogerts et al. 
1990a, b; Delisi et al. 1988), a certain disarray of the 
dendrites of pyramidal cells in the hippocampus 
(Scheibel and Kovelman 1981; Kovelman and Scheibel 
1984), and an altered development of the superficial 
layers of the entorhinal cortex (Beckmann and Jakob 
1991; Jakob and Beckmann 1986) have been found, 
which suggest an alteration of early brain development. 
The entorhinal cortex forms a major part of the para
hippocampal gyrus in humans and functions as an in
terface that processes information exchange between 
the hippocampus and cortical and subcortical areas 
(Jones 1993). There is evidence for early pathologic 
changes in the entorhinal cortex in various disease states 
including Alzheimer's disease. In the entorhinal cor
tex of schizophrenic patients, alteration of normal lami
nar patterns and a certain degree of neuronal disorgani
zation especially in the more superficial layers have been 
detected (Jakob and Beckmann 1986; Beckmann and 
Jakob 1991; Falkai et al. 1988; Arnold et al. 1991a). These 
cytoarchitectural abnormalities have been attributed to 
a particular vulnerability and disturbance in fetal nerve 
cell migration, probably originating in the second tri
mester of pregnancy (Jakob and Beckmann 1986; Beck
mann and Jakob 1991; Falkai et al. 1988; Arnold et al. 
1991a). Considering the numerous interconnections of 
the entorhinal cortex with the hippocampus and wide-
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spread cortical fields, it has been hypothesized that an 
alteration in the early development of the entorhinal 
cortex might generate abnormalities in cortical devel
opment and consequently functionality (Weinberger 
1987). Recently, the study of two microtubule-associa
ted cytoskeletal proteins (MAP2 and MAPS) in the hip
pocampal formation has shown that their expression 
is reduced specifically in the entorhinal cortex and subic
ulum of schizophrenic patients compared to controls 
(Arnold et al. 1991b). These observations might explain 
the cytoarchitectural alterations observed in this region. 
Although these alterations are not easy to interpret, it 
is important to note that their localization in structures 
that play an important role in cognitive processes corre
lates well with the profound alterations observed in 
schizophrenic patients. 

In the last few years, increasing attention has been 
paid to the deficits in various cognitive functions, es
pecially attention, memory, and executive functions 
that occur in schizophrenia {Levin et al. 1989). These 
deficits may be the result of the pathologic alteration 
and dysfunction within the neocortical-limbic neuronal 
network of schizophrenic patients. Recent studies of 
identical twins discordant for schizophrenia have 
shown that there is a correlation between the within
pair difference in left anterior hippocampal volume and 
the difference in the same pair during activation of the 
dorsolateral prefrontal cortex, which occur during per
formance of a cognitive task (Weinberger et al. 1986; 
Weinberger et al. 1988; Rubin et al. 1991; Berman et al. 
1991). In the affected twin compared to his or her co
twin, a smaller hippocampal volume corresponds to a 
low activation of the prefrontal cortex during the per
formance of the cognitive test. This finding reinforces 
the hypothesis that in schizophrenic patients dysfunc
tions of the neocortical-limbic connectivity are present. 

A dysfunctional dopaminergic activity of the dor
solateral prefrontal cortex has been suggested to be 
responsible for the prefrontal hypofunction observed 
in schizophrenic patients during the performance of 
cognitive tasks requiring working memory such as the 
Wisconsin Card Sorting Test (Weinberger et al. 1988). 
However, more recent studies suggest that this dys
function may not be the cause but the result of prefron
tal hypoactivity. Prefrontal neurons, probably gluta
matergic, form synapses with dopaminergic neurons 
that project to the prefrontal cortex (Sesack et al. 1989; 
Sesack and Pickel 1990; Daniel et al. 1991). A dimin
ished activity of these glutamatergic neurons might de
crease the excitability of dopaminergic afferents. Alter
natively prefrontal hypoactivity could be caused by a 
diminished function of glutamatergic neurons project
ing from anterior hippocampus to dopaminergic neu
rons in the ventral tegmental area (Wallas and Fonnum 
1980), which would then result in hypoactivity of 
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prefrontal dopaminergic afferents (Simon et al. 1988; 
Lipska et al. 1992). 

In line with these hypotheses are recent results 
proving the main role played by the hippocampus in 
the regulation of mesolimbic dopaminergic system 
(Lipska et al. 1992; Sesack and Pickel 1990; Van Groen 
and Wyss 1990; Weinberger 1988). In particular it has 
been demonstrated that in rats specific bilateral lesions 
of the ventral hippocampus, with ibotenic acid, pro
duce differential changes in cortical (medial prefrontal 
cortex) and subcortical limbic (nucleus accumbens) 
dopaminergic activity (Lipska et al. 1992). The reduced 
dopamine turnover in medial prefrontal cortex is ac
companied by an increased dopamine concentration in 
nucleus accumbens. 

In summary, preclinical and clinical evidence 
strongly suggests that in schizophrenia structural 
changes of the hippocampus are present (Suddath et 
al. 1990; Heckers et al. 1991; Bogerts et al. 1985; Falkai 
and Bogerts 1986; Jeste and Lohr 1989; Bogerts et al. 
1990a, b; DeLisi et al. 1988; Scheibel and Kovelman 
1981; Kovelman and Scheibel 1984; Beckmann and 
Jakob 1991; Jakob and Beckmann 1986). These changes 
might be partially responsible for (1) the reduced corti
cal dopaminergic activity and consequently the prefron
tal dysfunction (Daniel et al. 1991; Weinberger et al. 
1988) and (2) the disorganization of dopaminergic sys
tems in the striato-limbic system. 

1.2 Neurochemistry 

1.2.1. Dopamine Hypothesis. The most widely ac
cepted hypothesis concerning the neurochemical ab
normality present in schizophrenia is the dopamine hy
pothesis, which states that the cardinal manifestations 
of this mental disease are the result of an increased 
dopaminergic activity in certain brain areas. This in
terpretation gains support from the observations that 
neuroleptics block central dopamine receptors, whereas 
psychotic symptoms can be induced by drugs which 
enhance dopaminergic activity such as amphetamine 
(Seeman et al. 1976). 

At the beginning of the 1970s the existence of only 
one type of receptor was not sufficient to explain the 
multiple actions exerted by dopamine. Subsequently, 
on the basis of biochemical and pharmacologic obser
vations, brain dopamine receptors were divided into 
two types, called D1 and D2. In the last few years the 
advances in the molecular biology of the dopamine 
receptor system led to the identification and character
ization of at least five distinct subtypes of dopamine 
receptors and the existence of further dopamine recep
tor subtypes cannot be ruled out. 

Two out of the five cloned dopamine receptors ex
hibit the functional and pharmacologic properties char
acteristic of the classical D1 receptor, whereas the other 



180 N. Brunello et al. 

three receptor types possess the characteristics of the 
D2 receptor. The five dopamine receptors are now 
divided into two families: the D1 family, which in
cludes the D1 and Ds, and the D2 family, which in
cludes the D2, D3, and 04 receptors. 

THE D, RECEPTOR. The D1 receptor, indepen
dently cloned in 1990 by four different groups of re
searchers (Dearry et al. 1990; Monsma et al. 1990; Suna
hara et al. 1990; Zhou et al. 1990), is a glycoprotein with 
seven transmembrane domains, whereby the N-termin
us is localized to the extracellular surface and the C-ter
minus projects into the cytosol. These characteristics 
are common to all the G-protein-coupled receptors 
cloned up to now (Strader et al. 1989; Dohlman et al. 
1991). The small third cytoplasmatic loop and a long 
C-terminus present in D1 receptors are characteristics 
in common with receptors that are coupled to the Gs 
protein and stimulate adenylate cyclase activity, such 
as the 13-adrenergic receptors (Strader et al. 1989; Dohl
man et al. 1991). 

Using northern blot analysis and in situ hybridiza
tion histochemistry the distribution of mRNA encod
ing for D1 receptors in the brain has been determined 
(Dearry et al. 1990; Monsma et al. 1990; Sunahara et 
al. 1990; Zhou et al. 1990; Gerfen et al. 1990; Fremeau 
et al. 1991; Le Moine et al. 1991; Mengod et al. 1991; 
Weiner et al. 1991). D1 receptor mRNA distribution 
correlates well with the localization of D1 binding sites 
and the regional distribution of dopamine-activated ad
enylate cyclase. The highest expression of D1 receptor 
mRNA has been detected in the caudate putamen, nu
cleus accumbens, and olfactory tubercle, whereas a 
lower expression has been found in the cerebral cor
tex, limbic system, hypothalamus and thalamus. 

THE D5 RECEPTOR. The second receptor belonging 
to the D1 family to be isolated and cloned was the Ds 
receptor (Grandy et al. 1991; Sunahara et al. 1991; Wein
shank et al. 1991). Like the D1 receptor it possesses 
seven transmembrane domains. Considering the trans
membrane domain region between the D1 and Ds 
receptors, an homology of about 80% has been ob
served. Radioligand binding studies have shown that 
various dopaminergic agonists and antagonists display 
similar affinities for the D1 and Ds receptors, the only 
exception being dopamine, which is 5 to 10 times more 
potent at Ds than at D1 receptors. With regard to stim
ulation of adenylate cyclase activity no pharmacologic 
differences were observed between D1 and Ds recep
tors (Grandy et al. 1991; Sunahara et al. 1991; Wein
shank et al. 1991). 

Northern blot analysis has demonstrated the pres
ence of Ds receptor mRNA in the lateral mammillarv 
nuclei, the parafascicular nuclei of the thalamus, and 
several layers of the hippocampus (Tiberi et al. 1991; 
Meador-Woodruff et al. 1992). The Ds receptor mRNA 
seems not to be present in areas where the D1 recep-
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tor mRNA is present, such as striatum, nucleus accum
bens, or olfactory tubercle (Tiberi et al. 1991; Meador
Woodruff et al. 1992). Hence, the brain distribution of 
the Ds receptor mRNA, compared to that of the D1 
receptor, is more restricted. 

THE D2 RECEPTOR. The D2 receptor was the first 
member of this family to be cloned (Bunzow et al. 1988). 
The D2 receptor is like the D1 and Ds receptor, a glyco
protein characterized by seven transmembrane regions. 
Compared to D1 and Ds receptors, the D2 receptor pos
sesses a shorter C-terminus and a larger third cytoplas
matic loop. These two properties are common to many 
G-protein-linked receptors that inhibit adenylate cy
clase activity. 

Northern blot analysis and in situ hybridization 
histochemistry have been used to study the distribu
tion of mRNA encoding D2 receptors in the brain (Bun
zow et al. 1988; Dal Toso et al. 1989; Meador-Woodruff 
et al. 1989; Mengod et al. 1989; Najlerahim et al. 1989; 
Weiner and Brann 1989; Mansour et al. 1990; Stormann 
et al. 1990; Weiner et al. 1990). The results obtained 
correlate well with previous radioligand receptor stud
ies of D2 receptor distribution. The caudate putamen, 
nucleus accumbens, and olfactory tubercle are the areas 
richest in D2 receptor mRNA. In the striatum a certain 
percentage of medium- and large-sized cells appears 
to express D2 receptor mRNA (Gerfen et al. 1990; 
Weiner et al. 1990; Le Moine et al. 1990). Receptor 
mRNA has also been detected in the dopaminergic cell 
bodies in the substantia nigra pars compacta and ven
tral tegmental area, suggesting a possible presynaptic 
role for D2 receptors. 

D2 receptors have been shown to exist in two 
different protein isoforms, which are derived from the 
same gene by alternative mRNA splicing and differ in 
length by 29 amino acids (Dal Toso et al. 1989; Eidne et 
al. 1989; Giros et al. 1989; Grandy et al. 1989; Monsma 
et al. 1989; Selbie et al. 1989; Chio et al. 1990; Miller 
et al. 1990; O'Dowd et al. 1990; O'Malley et al. 1990; 
Rao et al. 1990; Gandelman et al. 1991; Mack et al. 1991; 
Montmayeur et al. 1991). The two isoforms, designated 
as D2s (for short) and D21 (for long), have been shown 
to occur in human, rat, bovine, and mouse brain tis
sue. No pharmacologic differences have been found be
tween the two isoforms; both isoforms are able to in
hibit adenylate cyclase activity (Dal Toso et al. 1989), 
activate K + channels, potentiate arachidonic acid re
lease (Kanterman et al. 1991), undergo agonist-induced 
desensitization in a similar way, and exhibit age-related 
variation in rat brain areas (Della Vedova et al. 1992). 

THE D3 RECEPTOR. This receptor shows a mem
brane topography and an amino acid sequence similar 
to that of the D2 receptor (Sokoloff et al. 1990, 1992b). 
The human D3 receptor, which has been recently 
identified (Giros et al. 1990), has a shorter third cyto
plasmic loop compared to rat 03 receptors; however, 
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the homology between the two receptors is extremely 
high. 

The brain content of 03 receptor mRNA is lower 
than that of the 02 receptor. It is mainly localized in 
the nucleus accumbens, the islands of Calleja, the bed 
nucleus of the stria terminalis, and other limbic areas 
including the olfactory tubercle, hippocampus, mam
millary nuclei, and the hypothalamus (Sokoloff et al. 
1990; Bouthenet et al. 1991). This preferentiallimbic lo
calization of the 03 receptor suggests that it may be in
volved in the control of emotional and cognitive func
tions and that a specific antagonist of this receptor may 
be a useful antipsychotic drug. 

THE 0 4 RECEPTOR. This receptor is the most recent 
dopamine receptor cloned to date (Van Tol et al. 1991). 
Like the 02 and 03 receptor, it has a seven transmem
brane region with a large third cytoplasmic loop and 
a short C-terminus. The overall amino acids sequence 
homology of the 04 receptor with the 02 and 03 recep
tors is about 40%. Radioligand binding studies show 
similar pharmacologic properties of 02, 03, and 04 
receptors. However, drugs exist that are able to differen
tiate between these receptors. For instance, clozapine 
exhibits a 10 times higher and raclopride at least a 1,000 
times lower affmity for the 04 receptor compared to 
the 02 receptor (Seeman and Van Tol 1994). 

Recently polymorphic variants of the dopamine 04 
receptor have been detected. These variants differ by 
inserts consisting of 16 amino acids, which are repeated 
up to 10-fold in the third cytoplasmic loop (Van Tol et 
al. 1992). More recent data indicate that the variants vary 
not only in the number of inserts but that variations 
also exist within the sequence of the inserts (Lichter et 
al. 1993). Hence, 04-like receptors seem to be one of 
the most variable functional proteins currently known 
(Strange 1994). The fact that the variations occur in the 
third loop, which is considered to be the coupling site 
with G-proteins, suggests that differences in G-protein 
interactions may exist among the different forms. In 
fact, different binding properties to some of the vari
ants have been reported for clozapine (Van Tol et al. 
1992). 

The brain distribution of 04 receptors has not been 
well investigated, being hampered by the lack of po
tent and selective ligands and the fact that the density 
of the 04 receptor is much lower than that of the 02 
receptor. Furthermore, the existence of multiple vari
ants makes detection as well as distinction of these mul
tiple forms even more difficult. Preliminary results from 
studies using in situ hybridization techniques suggest 
that the regional distribution of 04 receptor mRNA in 
the brain differs from that of the other dopamine recep
tors. The highest levels of 04 receptor rnRNA has been 
found in the frontal cortex, midbrain, amygdala, hypo
thalamus, and medulla, whereas a lower level is pres
ent in the striatum and olfactory tubercle (Mansour et 

Schizophrenia and Clozapine 181 

al. 1991; Meador-Woodruff et al. 1991; Van Tol et al. 
1991). 

00PAMINERGIC MECHANISMS: BASIC AND CLINICAL 
ASPECTS. Most of the initial studies that investigated 
the role of the dopaminergic system in schizophrenia 
focused on dopamine and its metabolite levels in the 
cerebrospinal fluid and in specific brain areas of de
ceased schizophrenic subjects compared to controls (see 
review by Heritch 1990). Although the results obtained 
from these studies are very variable, they indicate that 
dopamine turnover in schizophrenia may be both re
duced and dysregulated. It has been suggested that a 
reduced dopamine turnover is associated with a dimin
ished dopamine release, which consequently induces 
a postsynaptic supersensitivity. The possible presence 
of an increased number of dopaminergic receptors in 
schizophrenic brain is still the subject of intense inves
tigation. Indeed many studies have indicated that in 
postmortem schizophrenia brain tissue, especially in 
the caudate, putamen and nucleus accumbens, dopa
mine 02 and 02-like receptor density is elevated 
(Owen et al. 1978; Lee et al. 1978; Seeman et al. 1987; 
Seeman 1992). Unfortunately this fmding may be 
affected by the neuroleptic treatment received by most 
of the patients. Interesting results have come from a 
recent study in which the density of dopamine recep
tors of a 04 subtype has been measured in postmor
tem striata from patients who died with schizophrenia, 
Huntington's chorea, or Alzheimer's disease (Seeman 
et al. 1993; Seeman and Van Tol 1994). In this study, 
the number of 04 sites was calculated from the differ
ence between the number of binding sites occupied by 
[3H]-emonapride, which binds to 02, 03, and 04 recep
tors, and those occupied by [3H]-raclopride, which 
binds to 02 and 03 but not to 04 receptors. The major 
finding of this study was that the density of 04-like 
receptors is elevated six-fold in the striata of 
schizophrenic patients, but not in the striata of patients 
who died with Alzheimer's disease or Huntington's 
chorea (Seeman et al. 1993; Seeman and Van Tol 1994). 
In the brains of normal individuals or Alzheimer's dis
ease patients, the number of 04 receptors represents 
only a relatively small percentage of the total number 
of dopamine receptors. By contrast, in schizophrenic 
patients the number of 04 receptors constitutes now 
approximately 40% of the total number of 02-like 
receptors. Because the number of 04 receptors is not 
enhanced in the striata of Alzheimer's patients who 
have received neuroleptics, the increased density of 
04-like receptors is probably a brain abnormality 
specific to schizophrenia and not caused by neurolep
tic treatment (Seeman et al. 1993). 

Further support for the previous fmdings comes 
from binding experiments in which the competition be
tween clozapine and [3H]-spiperone in the striatum of 
controls and schizophrenic patients was measured. In 



182 N. Brunello et al. 

control striatum, clozapine occupies 02 receptors but 
not dopamine 04 receptors, whereas in schizophrenics 
where the density of dopamine 04 receptors is en
hanced, clozapine occupies both 02 and 04 receptors 
(Seeman et al. 1993). 

The increased number of dopamine 04 receptors 
in the brain of schizophrenics could conceivably account 
for the unique antipsychotic effect of clozapine and may 
in part invalidate the ther-'\peutic significance attributed 
to 02 receptor blockade exerted by neuroleptics. 
Moreover, the recent identification of polymorphic vari
ants of the 04 receptor in the human population, 
which bind clozapine with different affinities, may in 
part explain different susceptibilities to schizophrenia 
and response to neuroleptic treatment (Van Toi et al. 
1992). 

Another biochemical abnormality detected in the 
striata of schizophrenics concerns the effect of guanine 
nucleotides on dopamine receptor affinity. Guanine 
nucleotides normally enhance [3H)-raclopride binding 
in brain preparations of controls and patients who died 
with Huntington's chorea or Alzheimer's disease but 
not in brain preparations of schizophrenic patients (See
man et al. 1993). Guanine nucleotides produce an even 
higher increase in the density of [3H]-SCH-23390 bind
ing sites (dopamine 01 and Os receptors) in the striata 
of controls, whereas a decrease has been observed in 
the striata of schizophrenics (Seeman et al. 1993). These 
observations suggest the existence of an abnormal in
teraction between dopamine receptors and G-proteins 
in the brains of schizophrenics (Seeman et al. 1993; 
Iversen 1993). However, as such an insensitivity to gua
nine nucleotide has been observed also in the brain of 
patients who died with Parkinson's disease, it may not 
be specific to schizophrenia. In any case, if the nucleo
tide insensitivity, as well as the increased 04 receptor 
density, is related to schizophrenic disorders, it is rea
sonable to assume that such changes are present in 
other neurologic and psychiatric disorders with a 
schizophrenic component. 

It has been shown that in the control of psychomo
tor and physiologic mechanisms, 01 and 02 receptors 
can either enhance or oppose each other's action (Ger
shanik et al. 1983; Walters et al. 1987; Rosengarten et 
al. 1983; Stoof and Kebabian 1981; Clark and White 
1987). Little evidence is available concerning the possi
ble molecular mechanism explaining these 01-02 
receptor interactions. Di-D2 interactions have been es
tablished by radioreceptor studies in postmortem 
homogenized tissue of different brain areas of ex
perimental animals and humans. Results obtained, 
from binding studies, in postmortem striata of controls 
and schizophrenic patients suggest that the link be
tween these two receptors is defective in over half of 
the schizophrenic patients (Seeman et al. 1989). Because 
these data were obtained before the discovery of other 
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dopaminergic receptors, they need to be reevaluated 
in light of the new situation. However, these findings 
suggest that in the brain of schizophrenics the interac
tion processes between the different dopamine recep
tor subtypes is disturbed. 

In the last few years, interesting neurochemical 
findings have been obtained in psychiatric disorders by 
the use of brain imaging techniques (Andreasen 1988). 
Among these techniques, the studies performed using 
positron emission tomography (PET) have analyzed the 
dopamine receptor subtypes in living human brain in 
relation not only to schizophrenia but also to its neu
roleptic treatment (Sedvall 1992). Experiments in which 
[ 11C]-raclopride and [11C]-N-methylspiperone have 
been used to visualize dopamine receptors have shown 
either an increase or no change in D2 dopamine recep
tor density in major basal ganglia of drug-naive schizo
phrenic patients compared to controls (Parde et al. 1990; 
Sedvall 1992, 1993). These discrepancies may be ex
plained by considering the existence of subtypes of 
dopamine receptors, the different affinity of the ligands 
for these dopamine receptor subtypes, and the data ob
tained in the recent work of Seeman and co-workers 
(Seeman et al. 1993) previously reported. 

Because dopamine D1 receptor antagonists pro
duce behavioral effects in experimental animals simi
lar to antipsychotic drugs, PET studies have been per
formed using a specific ligand for the D1 receptor such 
as SCH-23390 and SCH-39166. These studies demon
strate that the total number of D1 receptors in the basal 
ganglia does not differ between controls and drug-naive 
schizophrenic patients (Sedvall 1992, 1993). 

Certainly further studies utilizing brain imaging 
techniques are necessary to elucidate, from a neuro
chemical point of view, the different aspects of involve
ment of brain dopaminergic system in schizophrenia. 

1.2.2. Nondopaminergic Mechanisms Relevant 
to Schizophrenia 

SEROTONIN. In recent years there has been increas
ing interest in a possible role of serotonin in the patho
genesis of schizophrenia. This is due to the fact that 
several recent studies have provided evidence support
ing a role of serotonin in schizophrenia (Kahn and 
Davidson 1993). The efficacy of serotonin (5-HT) antag
onists, such as ritanserin, in ameliorating some schizo
phrenic (negative) symptoms and, when administered 
with haloperidol, in diminishing extrapyramidal side 
effects (Gelders 1989), suggested the usefulness of 5-HT 
receptor blockade in the treatment of schizophrenia. 
In particular these observations indicated a possible role 
of 5-HT in negative symptoms in schizophrenia and in 
decreasing the extrapyramidal side effects induced by 
blockade of dopamine receptors (Leysen et al. 1993b). 
A further stimulus to the study of 5-HT in schizophre
nia comes from the observation that clozapine is a po-
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tent antagonist of S-HT2A and S-HT2c receptors but a 
weak antagonist at D2 receptors (Canton et al. 1990; 
Meltzer 1989). 

In view of the close anatomic connections (Tork 
1991) and the functional interactions (Kelland et al. 1990) 
between the serotoninergic and dopaminergic systems, 
it is plausible to suggest that in schizophrenic patients 
dysregulation of dopaminergic systems is accompanied 
by altered functionality of the serotoninergic system. 
It is possible that in some schizophrenic patients an 
alteration of dopaminergic activities predominates, 
whereas in others the dysfunction concerns mainly the 
serotoninergic system. 

Most of the initial findings related to 5-HT and 
schizophrenia in postmortem brains have not been 
confirmed (Crow et al. 1979; Joseph et al. 1979; Win
blad et al. 1979; Owen et al. 1981; MacKay et al. 1982; 
Reynolds et al. 1983; Korpi et al. 1986; Mita et al. 1986; 
Toru et al. 1988; Arora and Meltzer 1991). Two obser
vations that could be reproduced were enhanced 5-HT 
concentrations in the putamen (Farley et al. 1980; Korpi 
et al. 1986; Toru et al. 1988) and in the globus pallidus 
(Winblad et al. 1979; Korpi et al. 1986) of schizophrenics. 
Studies in which the number of 5-HT uptake sites has 
been measured have indicated a decrease in many brain 
regions including the dorsolateral prefrontal cortex, 
frontal lobe, and anterior cingulate. An increase in the 
number of 5-HT uptake sites has been observed in the 
dorsal and ventral striatum of schizophrenic patients 
(Joyce et al. 1993; Joyce 1993). This result is in agree
ment with the fmding that the levels of 5-HT and/or 
its metabolite 5-hydroxyindolacetic acid (5-HIAA) are 
enhanced in these brain regions of schizophrenic pa
tients (Winblad et al. 1979; Farley et al. 1980). Hence, 
the previous findings are compatible with the view that 
in the schizophrenic brain the serotoninergic innerva
tion of the striatum is increased (Joyce et al. 1992). 

Many studies have focused on 5-HT receptors in 
the schizophrenic brain. However, some results are in
consistent and need to be reconfirmed. Among the ob
servations on 5-HT receptors, those indicating a reduc
tion in particular of the 5-HT2A receptor subtypes in 
prefrontal cortex of schizophrenic patients are the most 
interesting (Mita et al. 1986; Arora and Meltzer 1991; 
Hashimoto et al. 1993). This reduction is accompanied 
by an increase in 5-HT 1A receptors (Hashimoto et al. 
1991; Hashimoto et al. 1993), and as SHT2A and the 
5-HT1A receptors are interactive (Uphouse et al. 1994), 
the two changes may be related (Hashimoto et al. 1993). 

The reported neurochemical findings suggest that 
in the brain of schizophrenics the serotoninergic inner
vation is decreased in the cortex but augmented in the 
striatum. It has been speculated that the simultaneous 
hypoinnervation and hyperinnervation results from 
specific damage of the dorsal raphe, which may occur 
during the period of development of serotoninergic 
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projections (i.e., the second trimester of gestation) 
(Joyce et al. 1993). Thus, the alteration of the neuronal 
structure present in the temporal lobe of schizophrenic 
patients may well be the result of abnormal neuronal 
development. 

NEUROTENSIN. A number of studies has focused 
on the possible involvement of neuropeptides in the 
pathogenesis of schizophrenia. Among these peptides 
neurotensin (NT) has attracted considerable interest. 
NT is an endogenous tridecapeptide found in the CNS 
(Stowe and Nemeroff 1993; Kitabgi 1989; Levant and 
Nemeroff 1988) as well as in the periphery (Leeman and 
Carraway 1982). In the CNS, NT is heterogeneously dis
tributed and associated with dopamine neurons in the 
medial prefrontal cortex, the mesencephalon, and the 
hypothalamus (Uhl and Snyder 1977). In particular, NT 
is closely associated with the mesolimbic, mesocorti
cal, and nigrostriatal dopaminergic systems (see review 
Levant and Nemeroff 1988). High levels of NT have 
been found in regions containing dopaminergic neu
ronal perikarya and dopaminergic terminals (Griffiths 
et al. 1984). 

Clinical studies have demonstrated a diminished 
concentration of NT in the cerebrospinal fluid of 
schizophrenic patients compared to controls (Garver 
et al. 1991; Lindstrom et al. 1988; Widerlov et al. 1982). 
This lower level is not due to pharmacologic treatment 
and seems specific, because it has not been detected 
in major depression, bulimia, and premenstrual syn
drome (Man berg et al. 1983). In schizophrenic subjects 
the decrease of NT in the cerebrospinal fluid has been 
found to correlate positively with diminished locomo
tor activity (Lindstrom et al. 1988), augmented halluci
nations-delusions, thought disorders, and disorganized 
behavior (Garver et al. 1991). Postmortem studies in 
schizophrenic patients indicate that the concentration 
of NT is increased in one frontal cortical area, the Brod
mann' s area (BA) 32, but not in other frontal cortical 
areas such as BA 12 or 24. No changes have been found 
in the nucleus accumbens, hypothalamus, and stria
tum (Nemeroff et al. 1983). 

SIGMA RECEPTORS. The fact that some neurolep
tics exhibit a high affinity to sigma receptor binding sites 
has attracted considerable interest. It has been proposed 
that psychotomimetic effects observed with certain opi
ates and related drugs are due to their effect on these 
receptors (Martin et al. 1976). These psychotomimetic 
effects resemble some of the symptoms observed in 
schizophrenic patients. Therefore, it has been suggested 
that the affinity of some neuroleptics to sigma recep
tors contributes to the therapeutic effect of these drugs 
(Kohler et al. 1990; Bowen et al.1990). This hypothesis 
still remains to be confirmed (Jackson et al. 1993), al
though clinical studies with sigma antagonists failed 
to demonstrate relevant therapeutic effects in the treat
ment of schizophrenia (Chouinard and Annable 1984; 
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Gewirtz et al. 1994). The fact that certain neuroleptics 
exhibit a high affinity for dopamine as well as sigma 
binding sites has increased interest in the characteriza
tion of the biology and functional role of sigma binding 
sites (for a review, see Walker et al. 1990). 

It has been postulated that dopaminergic signal 
transduction may be partially modulated by sigma 
receptors. This hypothesis has been evaluated using 
a mouse fibroblast cell line transfected with a eucaryotic 
expression vector containing the gene of the rat 02 
receptor (Neve et al. 1989). This cell line also expresses 
sigma binding sites. Specific sigma ligands do not 
influence basal, forskolin-stimulated, and forskolin
stimulated and quinpirole-inhibited cAMP levels in 
these cells. These results, although obtained in a par
ticular artificial system, suggest that sigma ligands do 
not influence dopaminergic 02 signal transduction 
(Sommermeyer et al. 1993). 

Moreover, it has been suggested that sigma bind
ing sites mediate some motor effects induced by cer
tain neuroleptics (Walker et al. 1990; Walker et al. 1988). 
However, a recent study has failed to confirm these data 
(Gewirtz et al. 1994). The number and the distribution 
of sigma binding sites in the CNS are still unknown as 
well as their possible involvement in the pathogenesis 
of schizophrenia. Several lines of evidence suggest that 
sigma receptors may modulate catecholamine release 
(Berkowitz 1974; Goldstein et al. 1989; Campbell et al. 
1987; Arbilla and Langer 1984). It has recently been 
reported that sigma agonists are able to stimulate rat 
striatal dopamine synthesis and this effect, which is 
blocked by the sigma antagonist BMY-14802, is proba
bly mediated by a new class of sigma receptors (Booth 
and Baldessarini 1991). Further studies are necessary 
to correctly interpret the effects of sigma ligands on 
dopaminergic neurons. This is due to the fact that most 
of the sigma ligands are not selective and may occupy 
other receptors (PCP, 02, S-HT1A, S-HT2A, and a-1 
receptors), which influence dopaminergic neuronal ac
tivity (Bunney and De Riemer 1982; Bunney et al. 1973; 
Kelland et al. 1990; Zhang et al. 1992a). Moreover only 
a limited correlation has been established between the 
activity of sigma ligands on dopaminergic neurons and 
their affinity for sigma receptors (French and Ceci 1990; 
Meltzer et al. 1992; Zhang et al. 1992b). Recently, it has 
been demonstrated that the effects of BMY-14802 on 
dopamine neuronal firing are indirect, perhaps due in 
part to occupation of S-HT1A receptors (Zhang et al. 
1993). 

In light of the possible presence of an altered 
glutamatergic neurotransmission in schizophrenia (see 
the "Excitatory amino acids" section), the recent demon
stration of interaction between sigma receptors and 
glutamatergic neurotransmission is of certain interest. 
It has been reported, in an in vivo electrophysiologic 
model, that sigma receptor ligands potentiate the effect 
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of N-methyl-D-aspartate (NMDA) on pyramidal neu
rons in the CA3 region of the rat dorsal hippocampus. 
This effect is blocked by the sigma receptor ligands 
BMY-14802 and haloperidol (Monnet et al. 1992; Berge
ron et al. 1993). 

Undoubtedly further basic and clinical studies are 
necessary to understand the involvement of sigma 
receptors in the pathophysiology of schizophrenia and 
their possible role in the therapeutic action of antipsy
chotic drugs. Furthermore, more selective agonists 
and/or antagonists to sigma receptors will be needed 
to carry out these studies. 

GAMMA-AMINOBUTYRIC ACID. It has been specu
lated that gamma-aminobutyric acid (GABA) may play 
a role in the pathophysiology of schizophrenia. In par
ticular the fact that GABA is an inhibitory neurotrans
mitter led to the idea that in schizophrenics the inhibi
tory influence of GABAergic neurons on dopaminergic 
pathways might be decreased, which would result in 
dopaminergic hyperactivity (Roberts 1972; Van Kam
men 1977). In fact, studies of postmortem brain tissue 
(Cross et al. 1979; Perry et al. 1979; Spokes et al. 1980; 
Hanada et al. 1987; Benes et al. 1991) and CSF (Lich
stein et al. 1978; Hare et al. 1980; Gerner and Hare 1981; 
Gold et al. 1980; Van Kammen et al. 1989) suggest al
tered, prevalently reduced, GABAergic neuronal activ
ity in schizophrenia. Discrepancies that exist between 
the results of the various studies might in part be the 
result of potential confounding elements, such as treat
ment with neuroleptic drugs. More recent studies have 
reported a decreased density of interneurons (Benes et 
al. 1991) and an increased density of GABA-A recep
tors in the cingulate cortex in schizophrenia (Benes et 
al. 1992). It was suggested that a loss of inhibitory, prob
ably GABAergic, interneurons might have given rise 
to a compensatory upregulation of postsynaptic GABA 
receptors in the prefrontal and cingulate cortex (Benes 
et al. 1991). A decreased number of GABA uptake sites, 
which is considered to reflect a decrease in GABAergic 
nerve terminals (Czudek and Reynolds 1990), has been 
measured in the temporal lobe and in particular in the 
hippocampus of schizophrenic patients (Simpson et al. 
1989; Reynolds et al. 1990). The lowest level of GABA 
uptake sites was found in the left hippocampus, which 
inversely correlated with the dopamine level in the 
amygdala (Reynolds et al. 1990). This observation sup
ports the idea that a decrease in the inhibitory action 
of GABA can increase dopaminergic activity in meso
temporal structures (Reynolds et al. 1990). However, 
in a study in which the benzodiazepine [3H]-fluni
trazepam was used as a marker of GABAergic recep
tors, no differences in benzodiazepine binding sites was 
detected between schizophrenics and controls in the 
hippocampus (Reynolds and Stroud 1993). In the hip
pocampus the decreased number of GABA uptake sites 
seems not to be compensated by an upregulation of 
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GABA receptors, whereas in the cingulate cortex, an 
upregulation in GABAergic receptors was observed. Al
though these findings are quite interesting, the possi
bility that they may in part be the result of antipsychotic 
drug treatment cannot be ruled out. 

EXCITATORY AMINO ACIDS. Recent attention has 
been focused on the possible role of excitatory amino 
acids, in particular glutamate, in the pathology of 
schizophrenia. Although the involvement of glutamate 
in schizophrenia was suggested more than 10 years ago 
(Kirn et al. 1980), interest increased only after a more 
extensive characterization of the function of the 
glutamatergic system in the brain. The "glutamate hy
pothesis" of schizophrenia postulates that a deficiency 
in glutarnatergic neurotransrnission is involved in the 
pathophysiology of this disease (Kim et al. 1980) lead
ing to a disturbed balance between glutarnatergic and 
dopaminergic systems within the striaturn and nucleus 
accumbens (Carlsson and Carlsson 1990). Hence, drugs 
influencing glutarnatergic neurotransrnission might be 
of therapeutic value in the treatment of schizophrenia. 
The glutamate hypothesis gains support from at least 
three lines of evidence. First, drugs that block the 
NMDA subtype of glutamate receptors can precipitate 
a psychotic-like state in humans. For instance, phen
cyclidine (PCP), which blocks the ion channel associated 
with the NMDA receptor complex, elicits a psychotic 
state in people that includes negative as well as posi
tive symptoms (Domino and Luby 1973; Javitt and 
Zukin 1991). Similarly, arnantadine and memantine, 
which both are noncompetitive NMDA receptor antag
onists (Borman 1989; Kornhuber et al. 1989, 1991), can 
produce psychotic side effects in Parkinson patients and 
exacerbate psychotic symptoms in patients with neu
roleptic malignant syndrome (Riederer et al. 1991; Korn
huber and Weller 1993). Second, recent studies have 
shown a reduction in the release of kainate and NMDA
induced glutamate release from synaptosomes of au
topsied temporal lobes of schizophrenics compared to 
controls (Sherman et al. 1991). Third, in postmortem 
brain tissue of patients with schizophrenia, increased 
binding of glutamate receptors has been found, which 
might reflect upregulation due to decreased glutamater
gic activity. For instance, increased binding has been 
reported for [3H]kainate, [3H]MK-801, and NMDA
receptor associated glycine binding sites in cortical areas 
of schizophrenic patients (Nishikawa et al. 1983; Deakin 
et al. 1989; Kornhuber et al. 1989; Ishimaru et al. 1994). 
Further support for the glutamate hypothesis comes 
from more recent findings. For instance, a selective loss 
of glutarnatergic neurons has been detected in anterior 
cingulate cortex, hippocampus, somatornotor cortex, 
cerebellar cortex, and globus pallidus in small postmor
tem samples of schizophrenic brains compared to con
trols without schizophrenia (Squires et al. 1993). Fur
thermore, using in situ hybridization techniques, a 
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diminished expression of hippocampal non-NMDA 
glutamate receptor rnRNA has been found in the brain 
of schizophrenic patients compared to controls (Harri
son et al. 1991). This last result has been interpreted 
as an indication of abnormal expression of specific sub
types of glutarnatergic receptors (Harrison et al. 1991). 
Concerning abnormalities in glutamate levels in the 
brain and CSF of schizophrenic patients, contradictory 
results have been published. Whereas Kirn et al. (1980) 
reported decreased glutamate CSF levels, others found 
no changes or even enhanced levels (Gattaz et al. 1982, 
1985; Perry 1982; Korpi et al. 1987; Swahn 1990). Alter
ation in the glutamate levels in the CNS or CSF may 
reflect changes in glutamatergic metabolism and/or 
GABAergic transmission within the CNS rather than 
a change in the neuronal concentration of glutamate. 
Several lines of evidence indicate a close interrelation
ship between dopamine and glutamate systems (Carls
son et al. 1993; Carlsson and Carlsson 1990). Experimen
tal findings indicate that dopamine receptors are present 
on glutamatergic terminals of the corticostriatal path
way, which regulate glutamate release in an inhibitory 
manner (Schwarcz et al. 1978; Rowlands and Roberts 
1980; Mitchell and Dogget 1980). Conversely, glutamate 
receptors have been suggested to be localized on do
paminergic terminals of the nigrostriatal pathway and 
to exert a tonic excitatory influence on dopamine release 
(Roberts and Anderson 1979; Roberts et al. 1982; Grace 
1991; Carrozza et al. 1992; Krebs et al. 1991). However, 
based on the observation that NMDA receptor antago
nists failed to decrease basal dopamine release in vivo 
it was proposed that under physiologic conditions 
presynaptic NMDA receptors are not involved in 
directly facilitating tonic dopamine release (Kiss et al. 
1994). Thus, PCP, MK-801, and other NMDA receptor 
antagonists have been reported to stimulate dopamine 
release and to enhance dopamine turnover (Fessler et 
al. 1979; Javitt 1987; Gruen et al. 1990; Rao et al. 1990; 
Imperato et al. 1990). Based on these and other data, 
it has been proposed that NMDA-mediated neural 
transmission may be a presynaptic mechanism for the 
tonic suppression of doparninergic neurotransmission 
involving inhibitory interneurons (Javitt et al. 1991; 
Deutsch et al. 1989). Hence it is conceivable that the 
hyperactivity of the dopaminergic system present in 
schizophrenia could result from a relative deficiency of 
glutamatergic neurotransrnission (Deutsch et al. 1989; 
Carlsson and Carlsson 1990). Finally, it should be 
pointed out that some experimental data from schizo
phrenic brains have been interpreted as expression of 
a localized glutarnatergic hyperactivity (Deakin et al. 
1989). In summary, several observations suggest the 
presence of an altered, probably deficient, glutarnatergic 
neurotransrnission in schizophrenic brains, which 
might in part be responsible for increased dopaminergic 
activity in subcortical and rnesoternporal structures. 
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2. MECHANISMS OF ACTION OF CLOZAPINE 
VERSUS CLASSICAL AND 
NEWER ANTIPSYCHOTICS 

The clinical efficacy of antipsychotic agents has been 
generally attributed to their ability to block dopamine 
Dz receptors in the CNS. This view has been sup
ported by the repeated failure to identify agents effec
tive in alleviating symptoms of schizophrenia that were 
devoid of dopamine D2 antagonist properties. More
over the evidence that the in vitro potencies of a wide 
range of antipsychotics to displace the binding of 
spiroperidol from striatal membranes closely parallel 
the clinically effective (antipsychotic) doses has been 
considered as the strongest argument that the main site 
of antipsychotic action involves blockade of D2 recep
tors (Creese et al. 1976). 

A considerable body of evidence shows that agents 
which are only weak antagonists of D2 receptors are as 
effective antipsychotic drugs as potent antidopaminer
gic neuroleptics, or even more effective (Kane et al. 
1988). Hence the assumption that the complete block
ade of D2 receptors is essential for diminishing some 
psychotic symptoms is no longer tenable or, alterna
tively, that D2 blockade is necessary but even weak Dz 
antagonists can ameliorate symptoms if acting in the 
right place in the brain. Elucidation of the pharmaco
logic mechanisms underlying the clinical profile of these 
atypical antipsychotics has stimulated much interest 
over the past years. In particular the observation that 
clozapine is an effective antipsychotic agent also in pa
tients not responding to conventional neuroleptics and 
produces only minimal extra pyramidal side effects has 
attracted great interest (Kane et al. 1988). 

These findings have emphasized the need for a bet
ter understanding of the neurochemical mechanisms 
underlying clozapine's unique clinical profile. The bio
logic basis of clozapine's pharmacologic spectrum may 
be related to its interaction with several dopamine 
receptor subtypes, as well as on noradrenergic and 
serotoninergic receptors, and its selective influence on 
mesolimbic dopaminergic system (Coward 1992). 

2.1. Clozapine Profile 

Clozapine has been termed an atypical antipsychotic 
drug because, in contrast to conventional neuroleptics, 
it does not produce significant extrapyramidal side 
effects, does not elevate prolactin levels, and after long
term use does not induce tardive dyskinesia (Baldes
sarini and Frankenburg 1991; Lindstrom 1988). The ob
servation that clozapine exerts antipsychotic activity in 
the absence of extrapyramidal side effects invalidated 
the hypothesis that both effects are inevitably linked 
(Caldwell 1978). Furthermore, from a therapeutic point 
of view, clozapine seems to be superior to classic neu-
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roleptics as it alleviates both positive and negative 
symptoms of schizophrenia and is effective in many pa
tients refractory to conventional neuroleptic drugs 
(Kane et al. 1988). Unfortunately, treatment with cloza
pine has been found to be associated with a low but 
significant risk of potentially fatal agranulocytosis 
(Krupp and Barnes 1992). Therefore, its use has been 
restricted to patients not responsive to conventional an
tipsychotics and where regular blood monitoring is pos
sible. Despite this safety problem, the use of clozapine 
is steadily expanding as the therapeutic benefit is con
sidered to greatly outweigh the risk of developing of 
agranulocytosis, if this is minimized by regular blood 
controls. It is understandable that in view of these 
unique therapeutic properties, numerous studies have 
been undertaken with the aim of understanding the 
mechanism of action that distinguishes clozapine from 
classic neuroleptics. Such knowledge could serve as a 
basis for the development of efficacious and safer an
tipsychotic agents. 

2.1.1. Pharmacokinetics and Metabolism of Clozapine. 
Clozapine is rapidly and almost completely absorbed 
from the gastrointestinal tract. Neither the rate nor the 
extent of absorption are influenced by food (Chrismon 
et al. 1988). Peak blood levels appear after single and 
multiple dosing between 0.5 to 4 hours after oral in
take. The elimination half-life after single administra
tion is about 12 hours and increases slightly after mul
tiple dosing (Baldessarini and Frankenburg 1991; Choe 
et al. 1990; Bondesson and Lindstrom 1988). A relatively 
large interindividual variation in bioavailability, steady
state plasma concentrations, and clearance has been ob
served by several investigators (Cheng et al. 1988; Choe 
et al. 1987). For instance, the oral bioavailability has been 
found to vary from 22% to over 90% and to average at 
about 50%-60% (Baldessarini and Frankenburg 1991). 
Doses of 300 mg/day produce plasma concentrations 
between 200 and 600 ng/ml at steady state (Ereshefsky 
et al. 1989). Several factors influence the kinetics of 
clozapine such as age, gender, smoking status, or other 
drugs. For instance, at a given dose, plasma levels are 
20%-30% higher in women than in men and almost 
two-fold higher in older patients as compared to youn
ger patients (Haring et al. 1989). One study reported 
lower plasma concentrations in male smokers compared 
to male nonsmokers (Haring et al. 1989, 1990), whereas 
another study found no difference (Hasegawa et al. 
1993). In patients treated with the antidepressant 
fluvoxamine, the plasma concentrations of clozapine 
were increased up to eight-fold probably because fluvox
amine inhibits the metabolism of clozapine (Hiemke et 
al. 1994). There exists no clear relationship between 
therapeutic response and plasma clozapine concentra
tion (Ackenheil 1989). However, recent data indicate 
that antipsychotic activity requires a threshold plasma 
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concentration of clozapine within the range 300 to 450 
ng/ml (Perry et al. 1991; Hasegawa et al. 1993; Potkin 
et al. 1993). Approximately 95% of clozapine is bound 
to plasma proteins. Studies in rats showed that cloza
pine levels in the brain are up to 24-fold higher than 
those of serum suggesting that the high plasma pro
tein binding does not impair its availability in the brain 
(Baldessarini et al. 1993). Clozapine is moderately 
metabolized by the hepatic P450 microsomal enzyme 
system mainly to N-oxide and N-demethyl compounds. 
In addition, small amounts of hydroxy metabolites 
formed by exchange of the 8-chloro substituent by 
hydroxyl groups and lactamization of the piperazine 
ring have been detected. At least 80% of administered 
clozapine appears in the urine or feces as metabolites. 
Clozapine N-oxide and N-demethyl-clozapine are the 
major metabolites found in human plasma. Centorino 
et al. (1994) reported that in patients treated with cloza
pine at an average dose of 294 mg, the average plasma 
levels of unchanged clozapine were 239 ng/ml ( = 0.73 
mM) representing 48% of the total analytes, whereas 
N-demethyl-clozapine constitutes 41 % and the N-oxide 
11 % of the total analytes. 

2.1.2. Clozapine Basic Pharmacologic Properties. Li
gand binding studies show that clozapine binds to a 
large number of receptor types. This polyvalent charac
ter is an important difference from most classic neu
roleptics. As illustrated in Figure 1, clozapine exhibits 
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a relatively high affinity for the newly discovered D4 
dopamine receptor, for 5-HT2A, a-1 and muscarinic 
M-1 receptors, whereas the affinity to other members 
of the dopamine D1 and D2 family, to a-2 and 5-HT1A 
receptors is between 10 to 50 times lower. By contrast, 
haloperidol binds with high affinity to all known sub
types of the D2 receptor family, and in addition to a-1 
and 5-HT2A receptors. In functional tests both cloza
pine and haloperidol exhibit pure antagonistic proper
ties at the various receptor types (Table 1). 

In experimental animals, clozapine, like conven
tional neuroleptics produces sedation, reduces motor 
activity and inhibits conditioned avoidance respond
ing. On the other hand, it is almost inactive in several 
tests considered to recognize neuroleptic drugs (Table 
2). For instance, even at high doses it fails to block 
apomorphine or amphetamine-induced stereotypies 
and does not produce catalepsy in rats (Eichenberger 
1984; Sanger 1985). 

Classic neuroleptics are well known to accelerate 
dopamine turnover, as indicated by increased brain con
tent of the dopamine metabolites, 3,4-dihydroxyphenyl
acetic acid (DOPAC) and homovanillic acid (HV A). This 
effect has been suggested to reflect a compensatory in
crease in the activity of dopamine neurons due to block
ade of presynaptic and postsynaptic receptors (Carls
son and Lindqvist 1963). Similar to classic neuroleptics, 
clozapine also enhances HV A content in the striatum; 
however, this effect occurs at doses at least 150 times 
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Figure 1. pKi of clozapine and haloperidol toward different receptors: relationship with their free plasma concentrations. 
The black line represents threshold-free plasma concentrations for therapeutic efficacy (clozapine = 11.7 nM; haloperidol = 

1 to 3 nM). An affinity value lower than these concentrations does not have therapeutic efficacy. Binding data from Coward 
et al. (1992); Van Toi et al. (1991); Bolden et al. (1991); Leysen et al. (1993a); Roth et al. (1994); Sokoloff et al. (1992a); Seabrook 
et al. (1992); Sunahara et al. (1991). Plasma concentrations from Seeman (1992). 
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Table 1. In Vitro Effects of Dopaminergic Agonists and Antagonists 
in Functional Receptor Tests 

Test (Reference) Agonist Clozapine Haloperidol 

Postsynaptic D1: adenylate cyclase 
from bovine retina" Dopamine pKi = 6.8 pKi = 7.3 

Presynaptic D2: dopamine release 
from rat nucleus accumbens 
slicesh Quinpirole pA2 = 7.1 pA2 = 8.6 

Postsynaptic D2: acetylcholine 
release from rat striatal slices" Apomorphine pKi = 7.0 pKi = 9.1 

a Markstein (1986). 
b Bull and Sheehan (1991). 

higher than the active dose of haloperidol (Burki et al. 
1974). Furthermore, after acute administration, cloza
pine (10 mg/kg PO) has been reported to enhance and 
haloperidol (3 mg/kg PO) to decrease striatal dopamine 
content. After repeated administration for 7 days, the 
effect of clozapine is retained, whereas tolerance de
velops to the effect of haloperidol (Burki et al. 1974). 
Finally, unlike classic neuroleptics, chronic administra
tion of clozapine does not increase the der..sity of stria
tal D2 receptors (Rupniak et al. 1985). All these ex
perimental observations indicate that clozapine is a 
weak D2 receptor antagonist. As expected from its in 
vitro properties, clozapine also interacts with non
dopaminergic systems (Table 3). For instance, it blocks 
5-hydroxytryptophan (5-HTP)-induced head twitches 
in rats, which is compatible with 5-HTzA antagonistic 
properties. It enhances noradrenaline turnover as 
shown by increased content of the noradrenaline 
metabolite (MOPEG-SO4) indicating antagonistic 
properties at a-2 adrenergic receptors. Finally, cloza
pine blocks oxotremorine-induced tremor in mice, 
which reflects antimuscarinic properties (Sayers and 
Amsler 1977). 

Most neurochemical hypotheses that try to explain 
the atypical character of clozapine have in common that 
they assume that it is not the specific blockade of one 
receptor but rather the combined action on several 
receptor systems that is crucial for its therapeutic ac
tions. 

2.2 Selectivity for Mesolimbic Dopaminergic Neurons 

2.2.1. Dopamine Release and Metabolism. The meso
limbic and mesocortical dopaminergic pathways are 
thought to be involved in the generation of the symp
toms of schizophrenia. The cell bodies are localized in 
the ventral tegmental area (VT A-AlO) of the mesen
cephalon, and their axons project to numerous struc
tures including olfactory bulb and tubercle, amygdala, 
anterior olfactory nucleus, septa} area, nucleus accum
bens, and several cortical areas including cingulate and 
frontal cortex. Contiguous with the ventral tegmental 
area is the substantia nigra (A9) whose dopamine neu
rons densely innervate the neostriatum (caudate-puta
men) and also send projections to the globus pallidus. 
This pathway is called the nigrostriatal tract (Roth et 
al. 1987). 

The effects of neuroleptics on these different 
dopaminergic systems are not equivalent. Administra
tion of a single dose of neuroleptics enhances dopamine 
neuron ii.ring in both the nigrostriatal and mesolimbic 
dopaminergic system. However, when an antipsychotic 
agent is administered repeatedly (e.g., for 3 weeks or 
longer), the spontaneous electrical activity of the 
majority of dopamine neurons ceases (Bunney and 
Grace 1978). Electrophysiologic and pharmacologic evi
dence shows that this cessation of activity is not due 
to an inhibitory effect of the neuroleptic, but instead 
is a consequence of the maintained excitation of the 

Table 2. Behavioral Effects of Clozapine and Haloperidol 

Test (Species) 

Catalepsy (rat) 
Apomorphine-induced gnawing 

(rat) 
Apomorphine-induced climbing 

(mouse) 
Locomotion (mouse) 
Induction of dystonia (monkey) 

Dose 

ED50 mg/kg SC 

ED50 mg/kg SC 

ED50 (30 min) mg/kg PO 
ED50 mg/kg PO 
Dose threshold mg/kg IM 

Data from Stille et al. (1971); Schmutz (1975); Casey (1993). 

Clozapine Haloperidol 

Inactive 0.2 

Inactive 0.1 

4.3 0.03 
2.5 0.3 

>25 0.025 
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Table 3. Clozapine and Haloperidol on In Vivo Effects Not Related to Dopamine 

Test Model (Species) Measure Clozapine Haloperidol 

5-HTP head twitch (mouse) 
Oxotremorine tremor (mouse) 
MOPEG-SO4 content in brainstem 

ED50 mg/kg IP 
ED50 mg/kg PO 

0.8 
14.5 

0.4 
Inactive 

100 mg/kg PO (rat) % of controls 182 ± 9 143 ± 6 

Data from Sayers and Amsler (1977). 

dopamine neuron, which leads to a hyperactivation in
duced depolarization block of spike generation (Grace 
and Bunney 1986). Feedback pathways would appear 
to be involved in the development of depolarization 
block of both A9 and AlO neurons, because it is com
pletely prevented by prior lesioning of striatonigral 
pathways and nucleus accumbens (Bunney and Grace 
1978). In addition, a large body of evidence indicates 
that a presynaptic mechanism is responsible for this 
phenomenon. However, not all antipsychotic agents 
induce depolarization block of both A9 and AlO. For 
instance clozapine does not affect the nigrostriatal dopa
mine system, which is believed to mediate extrapyram
idal side-effects of neuroleptics. In other words, 
whereas chronic administration of conventional neu
roleptics decreases the &ring activity of dopamine neu
rons in both the A9 (substantia nigra) and AlO (ventral 
tegmental area) area, chronic administration of cloza
pine reduces the &ring only of AlO dopamine neurons 
(Chiodo and Bunney 1983). This may account for the 
low propensity of clozapine to induce extrapyramidal 
side-effects. 

Interaction at nondopaminergic receptors has been 
suggested to explain the difference between clozapine 
and conventional neuroleptics with regard to the abil
ity to induce depolarization block of A9 neurons. Al
though the time course for the induction depolariza
tion block in experimental animals correlates roughly 
with the onset of the therapeutic effects, recent findings 
seem to cast doubt on the functional importance of this 
phenomenon for the pharmacologic effects of antipsy
chotic agents. It has been speculated that anesthesia 
might be, in part, responsible for the neuroleptic
induced depolarization block (Anden et al. 1988; Ford 
and Marsden 1986; Kelland et al. 1989; Starle et al. 1990). 
Thus, the functional significance of depolarization in
activation is questioned because dopamine release from 
presynaptic terminals is believed not to be strictly cor
related with neuron firing (Abercrombie and Zigmond 
1990). 

With regard to the effect of clozapine on dopamine 
release, there is considerable controversy as to whether 
clozapine may affect dopamine release acutely or chron
ically in various rat brain regions. Clozapine has been 
reported to produce a dose-dependent blockade of 
dopamine-induced inhibition of dopamine release from 
synaptosomes of rat nucleus accumbens, an effect 

which involves blockade of dopamine autoreceptors 
(Hetey and Drescher 1986). However, using a slice su
perfusion system, it has been shown that clozapine does 
not affect amphetamine-induced dopamine release in 
the nucleus accumbens, whereas after chronic treat
ment, it markedly enhanced amphetamine-induced 
dopamine release into the striatum (Compton and John
son 1989). 

Using in vivo voltammetry, chronic haloperidol has 
been reported to reduce basal dopamine release in the 
striatum and nucleus accumbens, whereas chronic 
clozapine decreased dopamine release only in the nu
cleus accumbens (Blaha and Lane 1987), supporting the 
view of a mesolimbic selectivity for clozapine in reduc
ing &ring and dopamine release. On the other hand, 
additional studies, performed with the same technique, 
failed to support the hypothesis that chronic clozapine 
inactivates mesolimbic dopamine neurons by produc
ing depolarization block and led to the assumption that 
an impulse flow-independent mechanism is involved 
in dopamine release from nerve terminals (Maidment 
and Marsden 1987). 

In order to find possible reasons for these discrepan
cies and to clarify whether the mesolimbic and mesocor
tical dopamine systems respond differently to conven
tional and novel neuroleptics when compared to 
mesostriatal dopamine neurons or whether depolari
zation blockade occurs in the mesolimbic-mesocortical 
system after chronic atypical neuroleptic treatment, in 
vivo brain microdialysis studies have been carried out. 

The results of these investigations have suggested 
that acute administration of various classes of antipsy
chotic drugs may differentially increase the extracellu
lar concentration of dopamine in mesotelencephalic sys
tems. Classic neuroleptics, whose action is thought to 
be mediated mainly through 02 receptors, have been 
found to be more effective in releasing dopamine from 
the terminals of the nigrostriatal dopamine system, 
whereas novel agents, including clozapine and fluper
lapine, have been reported to have a greater effect 
on the mesolimbic, and particularly the mesocortical, 
dopamine system, than that observed in the striatum 
or nucleus accumbens (Imperato and Angelucci 1989; 
Moghaddam and Bunney 1990). 

As clozapine produces a weaker 02 receptor block
ade compared to the typical neuroleptic drugs and as 
there is no evidence demonstrating a negative feedback 
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loop in the mesoprefrontal dopamine system, the ac
tion of clozapine on dopamine release, particularly in 
the prefrontal cortex, appears not to be directly medi
ated through the blockade of presynaptic and post
synaptic dopamine receptors. Recently, evidence has 
been provided showing that scopolamine pretreatment 
inhibits the ability of clozapine to increase extracellular 
dopamine in the striatum, but not in the nucleus ac
cumbens and prefrontal cortex, whereas scopolamine 
pretreatment fails to reverse the enhancement of dopa
mine induced by haloperidol in the striatum (Meltzer 
et al. 1994). This suggests that clozapine differs from 
classic neuroleptics in that its ability to increase dopa
mine release in the striatum acutely depends on mus
carinic receptor stimulation. 

In addition to previous reports, in vivo microdial
ysis studies, investigating the effects of repeated an
tipsychotic administration, indicate that, in contrast to 
traditional neuroleptics, chronic clozapine produces a 
selective decrease of basal dopamine efflux in the nu
cleus accumbens but not in the neostriatum. The dopa
mine agonist apomorphine, at doses low enough to ac
tivate dopamine presynaptic autoreceptors and to 
hyperpolarize dopamine neurons, reversed clozapine
induced &ring inhibition and basal dopamine release 
in the nucleus accumbens, supporting the notion that 
clozapine inactivates the mesolimbic system by induc
ing depolarization blockade (Chen et al. 1991). How
ever, prolonged clozapine treatment did not modify 
dopamine release in the prefrontal cortex suggesting 
either a difference between the mesolimbic and mesa
cortical dopamine pathways in terms of presynaptic 
transmitter regulation or selectivity of effect of cloza
pine in the mesencephalic dopamine systems. Acute 
clozapine challenge in clozapine-treated animals did not 
produce changes in extracellular dopamine concentra
tion in prefrontal cortex showing that clozapine induces 
no tolerance in prefrontal cortex. Low doses of apomor
phine diminished basal efflux of dopamine in medial 
prefrontal cortex of rats treated chronically with cloza
pine, lending support to the assumption that functional 
dopamine autoreceptors exist within the mesocortical 
system (Chen et al. 1992). 

In contrast to these findings, other studies using 
in vivo microdialysis found that chronic clozapine did 
not affect basal dopamine release in the rat nucleus ac
cumbens or striatum (Chai and Meltzer 1992; Invernizzi 
et al. 1990). In addition, it did not alter the ability of 
the low dose of apomorphine to decrease dopamine re
lease in either brain areas. The results of these reports 
are not consistent with the assumption that clozapine 
differentially affects dopamine release in the mesolim
bic versus nigrostriatal system in rats. At the moment, 
the reasons for the divergent findings by different re
search groups are not fully understood, because 
methodologic differences appear to account only in part 
for the discrepancies. Therefore caution is required be-
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fore such results can be extrapolated to clinical situa
tions. 

2.2.2. Specificity for Dopamine Receptor Subtypes. As 
mentioned earlier, it is commonly believed that cur
rently used traditional neuroleptics owe their clinical 
efficacy primarily to a blockade of brain 02 receptors 
(Davis et al. 1991). Although clozapine binds to dopa
mine 02 receptors, this is not a prominent feature of 
its binding profile. Available evidence shows that cloza
pine is also an antagonist at 01 receptors in the brain 
(Meltzer 1991a). 

For many years 01 receptors have been considered 
not to be important targets for therapeutic agents (See
man et al. 1976). However, in recent years new findings 
led to an enhanced interest in the role of 01 receptors. 
For instance, 01 receptors are widely distributed 
throughout the brain and the D1/D2 density ratio is 
clearly higher in limbic and cortical than in striatal areas 
(De Keyser et al. 1993). Furthermore, evidence has ac
cumulated showing that 01 and 02 receptors cooper
ate in a synergistic manner in the control of motor be
havior (Braun and Chase 1986; Robertson and 
Robertson 1986) and neuronal activity (Weick and 
Walters 1987). Moreover, it has been suggested that in 
the neostriatum, but not in other brain areas including 
the cortex, functional receptors of the 01 and 02 fami
lies are co-localized in the majority of efferent neurons 
(Surmeier et al. 1993). Undoubtedly, the debate con
cerning the extent to which interacting dopamine recep
tors are co-localized is still open. Moreover, it has been 
reported that in postmortem striatum from schizo
phrenic patients the link between 01 and 02 receptors 
is reduced (Seeman et al. 1989). Because 01 and 02 
receptors have opposing actions on adenylate cyclase 
activity, a linkage between both receptors has been pro
posed to maintain levels of the second messenger cAMP 
within close limits despite sharp fluctuations of trans
mitter concentrations in the synaptic cleft. A defective 
link between both receptors might result in erratic fluc
tuations of intracellular cAMP levels and disturbed neu
ronal functions (Ashby 1990). Hence, a balanced block
ade of 01 and 02 receptors could also in the absence 
of a functional link produce a buffer effect on intracel
lular cAMP levels. 

Ligand binding studies with membranes of calf and 
human brains indicate that clozapine binds with almost 
the same affinity to 01 and 02 receptors (Coward 1992; 
Hall et al. 1988). These data are in good agreement with 
results from functional receptor tests. For instance, 
clozapine is almost equipotent in reversing 02 agonist
mediated inhibition of dopamine release from brain 
slices and blocking 01 receptor-stimulated adenylate 
cyclase (Bull and Sheehan 1992; Andersen and Brae
strup 1986; Andersen 1988). 

In vivo binding experiments in mice also show that 
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Table 4. Antidopaminergic In Vivo Effects of Clozapine 

Animal Test (Reference) Agonist (mg/kg) Clozapine (mg/kg) Effect 

SKF 38393 3.0 IP 6-0HDA-lesioned neonatal ratsa 

Neonatal rats with lesions of 
DA systema 

Behavior in adult ratsb 

Paw tesF 

Behavior in miced 

LY 171555 0.3 IP 
L-DOPA 100 
+R0-4-4602 
Apomorphine 2.5 SC 
Apomorphine 2.5 SC 
SKF 77434 0.75 SC 
SKF 77434 0.75 SC 
SKF 38393 5 IP 

10 IP 
25 IP 
5 IP 

50 IP 
10 SC 
25 SC 

2.5 SC 
10 SC 
20 IP 
20 IP 

Im = p. inhibition 
Im = t. inhibition 
sn,lm = inhibition 
sn, Im = total inhibition 
st = no effect 
st = no effect 
gr = inhibition 
sn = inhibition 
hrt = inhibition 

LY 171555 1 IP hrt = no effect 
SKF 38393 1.87 IP IDso = 0.68 IP gr = inhibition 

Abbreviations: Im = locomotion, st = stereotypies, sn = sniffing, gr = grooming, hrt = hind limb retraction time, R0-4-4602 = peripheral 
decarboxylase inhibitor. 

a Criswell et al. (1989). 
b Murray and Waddington (1990). 
c Ellenbroek et al. (1991). 
d Vasse and Protais (1988). 

clozapine is almost equipotent in competing with the 
binding of ligands to D1 and D2 receptor binding sites 
(Andersen 1988; Andersen et al. 1986). More impor
tantly, PET studies in patients revealed that conven
tional doses of clozapine produce a comparable but in
complete occupancy both of D1 and D2 receptors in the 
basal ganglia (range 40% to 50%), whereas conventional 
neuroleptics at therapeutic doses occupy between 70% 
to 89% of D2 receptors with little or no occupancy of 
D1 receptors (Parde et al. 1992; Parde and Nordstrom 
1992). The possibility that clozapine fails to fully occupy 
D1 and D2 receptors because of poor brain penetration 
can be excluded because clozapine, which also binds 
to 5-HT2A receptors in vitro, fully displaces radioli
gands from 5-HT2A sites in rats and in people (Leysen 
et al. 1992; Nordstrom et al. 1993). The affmity of cloza
pine to D1 and D2 receptors seems to be sufficiently 
low to allow endogenous dopamine to compete with 
clozapine at D1 and D2 receptor sites at least in areas 
with a high dopamine content such as the striatum 
(Bacopoulos 1983). This notion is further supported by 
the observation that repeated administration of cloza
pine in contrast to conventional neuroleptics fails to in
crease the density of striatal D2 receptors (Rupniak et 
al. 1985). Full receptor blockade usually leads to com
pensatory increases of the respective receptor. The com
bined but partial blockade of striatal D2 and D1 recep
tors by clozapine seems to be a major distinguishing 
factor from other neuroleptics, which also occupy D1 
receptors in vivo such as thioridazine and cis-flupen
thixol (Parde and Nordstrom 1992). The observation that 
D1 antagonism cooperates with weak D2 antagonism 
to diminish both striatal and mesolimbic behavior has 
prompted speculations that the synergism known to 
exist between D1 and D2 receptors might allow anti
psychotic effects to be achieved below the threshold for 
unwanted motor side effects (O'Dell et al. 1990). 

Evidence from behavioral studies supports the view 
that clozapine is an effective D1 receptor antagonist 

(Table 4). It antagonized the turning response induced 
by the selective D1 receptor agonist SKF 38393 in 
unilateral 6-hydroxydopamine (6-OHDA) lesioned rats 
at smaller doses than were needed to block the effects 
of the D2 receptor agonist quinpirole (LY 171555) 
(Criswell et al. 1989). 

Clozapine also blocks self mutilation resulting from 
L-DOPA administration to neonatal 6-OHDA-lesioned 
rats, an effect previously linked to D1 dopamine recep
tor activation, because it is inhibited by the D1 recep
tor antagonist SCH-23390, but not by low doses of the 
D2 receptor antagonist, haloperidol (Criswell et al. 
1989). In the reserpinized rat, clozapine is able to at
tenuate apomorphine-induced stereotyped behavior in 
a manner similar to the selective D1 antagonist SCH-
23390 (Chipkin and Latranyi 1987). By contrast, in the 
intact animal clozapine does not reduce stereotyped be
havior induced by the nonselective dopamine agonist, 
apomorphine (Murray and Waddington 1990). Further
more, clozapine does not induce catalepsy in rats (Cow
ard 1992; Sayers and Amsler 1977). The failure of cloza
pine to produce catalepsy is unexpected in the light of 
a recent study showing that the combination of a selec
tive D1 antagonist with a selective D2 antagonist results 
in a potentiated cataleptogenic effect indicating a syn
ergistic effect of D1 and D2 receptor blockade on the 
production of catalepsy (Wanibuchi and Usuda 1990). 
In addition, clozapine readily antagonized intense 
grooming induced by the selective D1 agonist SKF-
77434 and in a less consistent manner, reduced hyper
activities induced by the selective D2 agonist L Y-163502 
(Murray and Waddington 1990). Moreover the effects 
of clozapine in the paw test for antipsychotic efficacy 
was blocked by a D1 but not a D2 agonist (Ellenbroek 
et al. 1991). Despite its comparable affinities for D1 and 
D2 dopamine receptors in vitro, the behavioral profile 
of clozapine indicates that it has some preferential, al
though not selective, effects in vivo to antagonize D1-
mediated function. This notion is supported by the 
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fmding that clozapine attenuates dopamine-induced 
stimulation of adenylate cyclase to a greater extent than 
would be expected on the basis of its affinity for D1 
binding sites (Andersen and Braestrup 1986). For in
stance, O'Dell et al. (1990) using autoradiographic tech
niques found that daily administration of clozapine (30 
mg/kg IP) for 21 days enhanced striatal D1 binding, 
whereas striatal D2 binding was not changed. Because 
an increase in receptor binding usually represents a 
compensatory event to receptor blockade, the previous 
result suggests that clozapine in vivo preferentially 
blocks dopaminergic neurotransmission via functional 
D1 receptors. Furthermore, based on the previous 
findings it can be speculated that clozapine may pro
duce its antipsychotic like behavioral effects in animals 
primarily by a blockade of brain D1, rather than D2, 
receptors. Although a recent report (Wadenberg et al. 
1993), by comparing pharmacologic and behavioral 
effects of clozapine with those of SCH-23390 and 
raclopride, provides further support for the notion that 
D1 receptor blockade is relevant for the behavioral 
effect of clozapine and perhaps for its "peculiar" clini
cal profile, at present it is difficult to assess the extent 
to which the atypical properties of clozapine may be 
ascribed to its action on D1 receptor-mediated func
tion. However, the possibility remains that D1 recep
tor antagonism is one of the mechanisms responsible 
for clozapine behavioral actions. It is of interest that rats 
treated chronically with clozapine displayed enhanced 
striatal D1 binding without changes in D2 receptors, 
whereas those treated chronically with haloperidol 
showed enhancement of striatal D2 binding with no 
changes in D1 receptor density (Matsubara et al. 1993). 
The opposite regulation of dopamine receptors induced 
by chronic treatment with haloperidol and clozapine 
further suggests that clozapine effects may be in part 
attributed to its interaction with D1 receptors. A num
ber of D1 selective antagonists are now available for 
preclinical and clinical testing. These agents should help 
in understanding how relevant is D1 receptor an
tagonism in contributing to clozapine actions. It is 
widely believed that pure D1 receptor blockade is not 
enough to achieve full antipsychotic effects. Therefore, 
it might be interesting to examine whether the addi
tion of a pure D1 antagonist to a D2 antagonist could 
reproduce the pharmacologic profile of clozapine. In 
other words, the question is whether the combination 
of a D1 with a D2 receptor antagonist enhances the an
tipsychotic action while attenuating the side effects. 

However, D1 receptor occupancy is not a unique 
property of clozapine, because in PET studies a 
significant D1 receptor occupancy has been found in 
subjects medicated with thioridazine and flupenthixol 
(Farde et al. 1992). Hence, it seems that weak D2 recep
tor blockade is a distinguishing characteristic of cloza
pine, so that different ratios of D1/D2 occupancy might 
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account for the different pharmacologic profiles be
tween clozapine and the potent mixed D1 and D2 
receptor antagonist flupentixol. Thus, the combination 
of a comparatively low D2 and high D1 receptor oc
cupancy appears to be a more peculiar property of cloza
pine than binding affinity measured in vitro (Table 5). 
For instance, loxapine, which in vitro exhibits a bind
ing affinity profile similar to clozapine, resembles a typ
ical antipsychotic because its D2 receptor occupancy in 
vivo is 100 times higher than that of clozapine and simi
lar to that of haloperidol (Stockmeier et al. 1993). This 
high potency of loxapine at D2 dopamine receptors, in 
vivo compared to its potency in vitro, is probably due 
to a metabolite of loxapine. Loxapine is converted in 
vivo into 7-hydroxyloxapine, a compound which is 
nearly five-fold more potent than loxapine in occupy
ing D2 receptors (Coupet and Rauh 1979). Although 
7-hydroxyloxapine is not the predominant metabolite 
of loxapine, its levels in human plasma can approach 
those ofloxapine (Cheung et al. 1991). Thus, metabolic 
conversion of loxapine may explain the higher occupancy 
of D2 receptors observed in vivo and consequently the 
fact that loxapine acts as a typical antipsychotic drug. 

Besides the effect on D1 and D2 receptors, interac
tions with other dopamine receptors may also contribute 
to the pharmacologic effect of clozapine. In this regard, 
particular interest has been attracted by the recently 
cloned 03 and 04 dopamine receptors (Dall'Olio et al. 
1989; Sokoloff et al. 1990). In vitro binding studies have 
been conducted to evaluate and compare the affinities 
of clozapine and other antipsychotics toward the re
cently cloned dopamine receptors (Sokoloff et al. 1990; 
Sokoloff et al. 1992b). However, in these studies differ
ent cell types expressing dopamine receptor subtypes 
have been used. As it is well known that posttransla
tional modification of dopamine receptors present in 
different cell types can modify binding results, this as
pect may limit the significance of comparisons of affinity 
data when these were obtained in different cell types. 
With this note of caution in mind the suggestion that 
03 dopamine receptors could have a key role in the an
tipsychotic action of novel neuroleptics is primarily 

Table 5. Occupancy of Central D1, D2, and 5-HT2 
Receptors in Patients Treated with Neuroleptics 

Dosage range (mg/day) 
Free plasma concentration (nM) 
Receptor occupancy 

D1 
D2 
Ratio D1/D2 
5-HT2 

Clozapine Haloperidol 

125-600 
10-12 

36-52 
38-65 
0.85 

84-90 

4-12 
1-3 

3-5 
75-85 
0.05 

Data from Farde et al. (1992); Nordstrom et al. (1993); Seeman 
(1992). 



NEUROPSYCHOPHARMACOLOGY 1995-VOL. 13, NO. 3 

based on the distribution of the mRNA for this recep
tor subtype found in particularly high density in meso
limbic brain areas (Sokoloff et al. 1992b; Schwartz et 
al. 1993). Moreover, based on the approximately equal 
affinity of benzamides for 03 and 02 receptors, which 
contrasts with the lower affinity of haloperidol for 03 
than 02 receptors, it has been proposed that "atypical 
neuroleptics" interact more selectively with 03 than 
with 02 receptors compared to "conventional neu
roleptics" (Sokoloff et al. 1990). In vitro binding studies, 
using the same cell type expressing 02 or 03 dopamine 
receptors, have shown that clozapine, as well as the 
great majority of compounds, display comparable affini
ties for these two receptors. Clorprothixene, levomepro
mazine, and piflutixol exhibit a 10-fold higher affinity 
for 03 than for 02 receptors, whereas the opposite 
receptor profile is exhibited by butyrophenones and the 
benzamides halopemide and remoxipride (Sokoloff et 
al. 1992b). 

The discovery that clozapine exhibits, in different 
cell types expressing 04 or 02 dopamine receptors, a 
3 to 10-fold higher affinity for the recently discovered 
04 receptor than for the 02 receptor led to the proposal 
that the atypical character of clozapine is related to its 
antagonistic effect on 04 receptors (Van Tol et al. 1991; 
Lahti et al. 1993). The 04 receptor hypothesis is com
plicated by the existence of polymorphic variants of this 
receptor to which clozapine exhibits different affinities 
(Van Tol et al. 1992). Although no statistically signmcant 
difference in the distribution of 04 receptor variants 
has been detected so far between schizophrenic patients 
and normal individuals (Shaikh et al. 1993; Sommer et 
al. 1993), the existence of an abnormal not yet charac
terized 04-like receptor variant on which clozapine acts 
cannot be excluded. 

The therapeutically effective plasma concentration 
for clozapine has been proposed to be >350 ng/ml 
(> 1,000 nM) (Perry et al. 1991) and for haloperidol 5 to 
12 ng/ml (13 to 32 nM) (VanPutten et al., 1991). Thus, 
the therapeutic plasma concentrations of clozapine are 
up to 70 times higher than those of haloperidol and are 
in the range necessary to occupy 02 and 01 receptors. 
However, as both drugs bind to plasma proteins, only 
approximately 8.5% of haloperidol and 2% of clozapine 
remain free in the circulating blood. The free concen
tration of clozapine at therapeutic effective doses is still 
in the range that would allow occupation of 04 recep
tors but not (or only a small percentage) of 02 recep
tors ( Seeman 1992; Seeman and Van Tol 1994; Van T ol 
et al. 1991). By contrast, haloperidol although approxi
mately equipotent to clozapine at the 04 receptor ex
hibits a two to five times higher affinity in vitro for the 
other receptors of the 02 family (Van Tol et al. 1991; 
Sokoloff et al. 1992a). Therefore, it has been proposed 
that the free plasma concentration of haloperidol at ther
apeutic doses allows full occupation of 02 and 0 3, but 
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not of 04 receptors (Seeman 1992). However, it is un
solved whether the free or total circulating concentra
tion is relevant for the drug concentration at critical 
receptor sites in the brain. For instance, in rats it has 
been shown that the brain concentration of clozapine 
is up to 24-fold higher than in the serum (Baldessarini 
et al. 1993). Furthermore, PET studies in patients have 
shown that serum concentrations of clozapine close to 
the therapeutic threshold concentration occupy both 
01 and 02 receptors (Farde et al. 1992). Thus, it re
mains unclear whether 04 receptor blockade is in
volved in mediating the antipsychotic activity of cloza
pine. For instance, the observation that remoxipride, 
a D2 receptor antagonist with very little affinity for 04 
receptors, exerts antipsychotic activity comparable to 
conventional neuroleptics without producing strong ex
trapyramidal side-effects (Kohler et al. 1990; Lewander 
et al. 1990; Kane 1993), suggests that D4 blockade is not 
a prerequisite for atypical antipsychotic activity. How
ever, remoxipride has been reported not to be effective 
in chronic or treatment-resistant patients (Vartiainen 
et al. 1993). Thus, it cannot be excluded that a preferen
tial 04 receptor blocking activity of clozapine is in part 
responsible for its activity in treatment-resistant pa
tients. 

2.3. Interaction with Serotoninergic 
Receptor Subtypes 

5-HT2A RECEPTORS. According to a recent hypoth
esis, the beneficial effect of clozapine on negative symp
toms of schizophrenia and its low propensity to induce 
extrapyramidal side-effects may be associated with its 
antagonist effects on serotoninergic receptors. This 
assumption is largely based on the receptor binding 
characteristics and behavioral pharmacology in experi
mental animals. There is considerable evidence that 
antipsychotic drugs that exhibit a high affinity for the 
5-HT2A binding site produce few motor side effects. 
Furthermore, it has been reported that 5-HT2A antag
onists reduce neuroleptic-provoked catalepsy (Maj et 
al. 1975; Balsara et al. 1979; Hicks 1990) as well as in
creased antipsychotic-induced dopamine turnover in 
rats (Saller et al. 1990). Moreover catalepsy generated 
by neuroleptic agents was attenuated by decreasing 
brain serotoninergic activity via rap he nuclei lesions or 
parachlorophenylalanine pretreatment (Kostowski et 
al. 1972), whereas it was potentiated by activating brain 
5-HT mechanisms through the pretreatment with 5-HT 
reuptake inhibitors or 5-HT2A receptor agonists (Carter 
and Pycock 1977). 

Clozapine and a variety of novel neuroleptics, in
cluding fluperlapine and setoperone, exhibit much 
higher in vitro affinity for 5-HT2A receptors than for 
classic dopamine receptors (Meltzer et al. 1989). Regard
less of the methodologic differences, these in vitro 
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findings have been replicated by ex vivo quantitative 
autoradiography, which has demonstrated that cloza
pine displaced about 80% of [3H]-ketanserin binding, 
whereas only 10% of [3H]-spiperone was displaced 
(Sokoloff et al. 1992b). Furthermore, it is well known 
that clozapine also produces an effective S-HT2A an
tagonism in vivo. The head twitch response, induced 
by 5-HTP is generally regarded as a suitable test to ac
cess S-HT2A antagonist activity in vivo. Clozapine 
showed a potent effect in comparison to haloperidol, 
which produced only a weak, nonspecific, inhibitory 
effect, even in doses so high as to provoke full catalepsy 
(Czyrak et al. 1993). Clozapine as well as risperidone 
and zotepine antagonized the stimulatory effects of 
metachlorophenyl-piperazine (mCPP) on the hind limb 
flexor reflex in spinal rats, providing further evidence 
for the S-HT2A antagonistic activity of these agents 
(Czyrak et al. 1993). Finally, clozapine inhibited the 
hyperthermic, plasma corticosterone and prolactin re
sponses provoked by MK 212, a S-HT2A agonist (Nash 
et al. 1988; Roth et al. 1992). Studies investigating the 
degree of receptor occupancy in vivo have demon
strated that, at EDS0 for antagonism of these central 
S-HT2A receptor-mediated effects, clozapine occupied 
approximately 40% of receptors, whereas traditional 
neuroleptics inhibited the central S-HT2A receptor
mediated behavioral effects, at doses that did not pro
duce significant receptor occupancy (Meltzer et al. 
1989). Electrophysiologic studies provide further sup
port for the S-HT2A antagonist properties of clozapine. 
Thus, this agent was able to strongly antagonize the 
suppressant effect on medioprefrontal cortex cell firing 
of the relatively selective S-HT2A agonist 1-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane [(±)-DOI]. 
In contrast, sulpiride and haloperidol failed to alter 
DOI's action (Ashby and Wang 1990). Similarly cloza
pine, but not typical antipsychotics, potently an
tagonized the ability of 2,5-dimethoxy-4-methylam
phetamine, which strongly binds to S-HT2A receptors, 
to attenuate the spontaneous activity of locus coeruleus 
neurons (Rasmussen and Aghajanian 1988). It has been 
shown that chronic treatment with high doses of cloza
pine (20 mg/kg/day) reduced the number of cortical 
S-HT2A receptors (Wilmot and Szczepanik 1989). It is 
of interest that clozapine and other antipsychotics 
downregulate S-HT2A receptors after acute treatment 
(Matsubara and Meltzer 1989). However, the downreg
ulation does not seem specific to atypical antipsychotics, 
because it was also observed after treatment with some 
typical antipsychotic drugs (Matsubara and Meltzer 
1989) and other psychopharmacologic agents. In a re
cent study in psychotic patients, treated with low doses 
of clozapine, S-HT2A receptor occupancy in the frontal 
cortex, as detected by PET studies was found to range 
between 84% and 90%, suggesting that S-HT2A recep-
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tor occupancy might be relevant to the clinical actions 
of clozapine (Table 5 and Nordstrom et al. 1993). 

S-HT2A receptors have been detected in several 
brain regions, and it has been shown that they are in
volved in a variety of behaviors in rats, some of which 
seem to reflect schizophrenic symptoms (Bleich et al. 
1988). The total number of S-HT2A binding sites in the 
frontal cortex of schizophrenics is decreased (Arora and 
Meltzer 1991), so that it appears difficult to fully un
derstand what the beneficial significance of reducing 
S-HT2A binding sites is, if the pathologic process al
ready causes a significant reduction in the number of 
the S-HT2A receptor sites. It is possible to speculate 
that an enhanced serotoninergic activity in schizophre
nia may downregulate S-HT2A receptors, although 
S-HT2A transmission still remains increased, so that 
beneficial effects might arise from S-HT2A receptor 
blockade. In the light of these considerations, it would 
be of great interest to assess the therapeutic potential 
of S-HT2A receptor antagonism. Predominant S-HT2A 
antagonism is a common property of the majority of 
novel neuroleptics and putative neuroleptics including 
amperozide, risperidone, tiosperone, ritanserin, and 
classic agents such as pipamperone and melperone 
(Meltzer et al. 1989). 

The absolute potencies for binding to S-HT2A 
receptor sites vary greatly with the least potent com
pound, melperone, being 230 times less potent than 
risperidone, the most potent one. Clinical trials have 
demonstrated that ritanserin, a S-HT2A antagonist, ex
hibits only a weak and questionable antipsychotic effect 
in schizophrenics, whereas it has been reported that 
it can reduce akathisia and parkinsonism in patients 
receiving standard neuroleptic medications (Gerlach 
1991). These findings argue against the hypothesis that 
selective blockade of S-HT2A receptor subtypes is criti
cally involved in the antipsychotic responses observed 
with atypical compounds. Conversely, risperidone an 
agent with both S-HT2A and 02 receptor antagonist 
properties, has been reported to attenuate both posi
tive and negative schizophrenic symptoms (Gelders 
1989). This would support the hypothesis that com
bined S-HT2A and 02 receptor blockade may be rele
vant to the clinical profile of novel antipsychotics, al
though there is evidence that concurrent ritanserin 
administration failed to alter the neuropharmacologic 
effects due to chronic haloperidol on mesostriatal and 
mesolimbic dopamine neurons (Saller et al. 1990). Fur
thermore, risperidone also produces extrapyramidal 
symptoms at higher doses. 

In conclusion the S-HT2A antagonist properties of 
clozapine and other putative atypical antipsychotic 
drugs are unlikely to account for their clinical efficacy 
or for their lower propensity to induce neurologic side
effects ( Casey 1993), as chlorpromazine and spiperone, 
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two classic neuroleptics also exhibit potent S-HT2A 
receptor antagonism (Altar et al. 1988). However, it is 
more probable that the unique profile of clozapine is 
the consequence of interaction with various subtypes 
of receptors. 

In light of this hypothesis, there have been in vivo 
studies in which the capacity of clozapine (and related 
atypical antipsychotics) and typical antipsychotics to 
occupy S-HT2A, D1 and D2 receptors have been com
pared. It has been reported that atypical antipsychotics 
exhibit in vitro relatively low affinity for D2 sites and 
higher S-HT2AID2 affinity ratio compared to typical an
tipsychotics (Meltzer et al. 1989). Furthermore, in vivo 
binding data, obtained from rat striatum, cerebral cor
tex, and olfactory tubercle, confirm that all typical an
tipsychotics tested strongly occupy D2 receptors, 
whereas only some of them occupied S-HT2A receptors 
and, to a lesser extent, D1 receptors (Matsubara et al. 
1993; Stockmeier et al. 1993). In contrast, clozapine and 
other atypical antipsychotics potently occupied S-HT2A 
receptors and had limited or no effect on D2 and D1 
receptors (Matsubara et al. 1993; Stockmeier et al. 1993). 
Moreover, the atypical antipsychotic drugs were more 
potent in vivo in occupying D2 binding sites in the ol
factory tubercle than in striatum (Stockmeier et al. 1993). 
This last result is in agreement with the observation that 
atypical antipsychotics interfere less with the striatal 
dopaminergic system than typical antipsychotics. For 
typical antipsychotics, but not for atypical ones, a 
significant correlation was found between in vivo oc
cupancy of D2 receptors and the average clinical dose 
(Stockmeier et al. 1993). 

These results clearly indicate that clozapine and 
other atypical antipsychotics are characterized by high 
S-HT2A receptor occupation and less D2 and D1 recep
tor occupation in vivo (Matsubara et al. 1993; Stock
meier et al. 1993). 

S-HT2c RECEPTORS. Available data indicate that 
clozapine, as well as several other atypical and typical 
antipsychotic drugs, possesses high affinity for 5-HT 2c 
receptors (Roth et al. 1992). Based on the affinity for 
this receptor subtype, Roth and co-workers proposed 
a classification of antipsychotics into three groups: an
tipsychotics whose high affinity suggests a functional 
interaction at therapeutic doses; antipsychotics with a 
moderate affinity, which may functionally interact 
when administered at high doses; and antipsychotics 
with such a low affinity that no significant interaction 
can be expected at clinical doses. These results do not 
support the hypothesis that S-HT2c affinity is impor
tant for the clinical efficacy of clozapine and other atyp
ical antipsychotic drugs. Moreover the high affinity to 
S-HT2c receptors is not a characteristic property shared 
by all putative atypical antipsychotic compounds (Roth 
et al. 1992). 

S-HT2c receptor binding studies have found that 
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clozapine possesses a subnanomolar affinity, whereas 
haloperidol shows negligible actions at this receptor 
(Canton et al. 1990; Roth et al. 1992). In accordance with 
these results, chronic clozapine treatment downregu
lates S-HT2c receptor sites in rat brain (Hietala et al. 
1992). The downregulation of S-HT2c receptors dif
ferentiates clozapine from traditional neuroleptics 
(Kuoppamaki et al. 1993a, 1994). 

The S-HT2c receptor subtype exhibits the highest 
density in the choroid plexus but is also present in most 
other parts of the brain. Receptor autoradiographic and 
in situ hybridization studies revealed the presence of 
S-HT2c receptors in relatively high density in frontal 
cortex and in limbic areas (Molineaux et al. 1989; 
Hoffman and Mezey 1989; Mengod et al. 1990), which 
are believed to be involved in the emotional and cogni
tive disturbances of schizophrenia. 

The main metabolites of clozapine are the N-de
methyl- and N-oxide derivatives (Bondesson and Lind
strom 1988). The N-demethyl derivative and particu
larly the N-oxide have been reported to be less active 
than clozapine in several tests for antidopaminergic ac
tivity (Schmutz and Eichenberger 1982). However, com
pared to clozapine the N-demethyl derivative exhibits 
a higher affinity for 5-HT 2c and a comparable affinity 
to S-HT2A receptors (Kuoppamaki et al. 1993b). Be
cause under steady-state conditions the plasma concen
tration of the N-demethyl derivative is similar to that 
of clozapine, the question arises whether this metabo
lite participates in the clinical activity of clozapine. How
ever, it is unclear how well the N-demethyl metabolite 
penetrates into the brain and more importantly whether 
S-HT2c and S-HT2A receptor antagonism is responsible 
for the atypical properties of clozapine. Although drugs 
with 5-HTic and S-HT2A antagonistic properties have 
been reported to substitute for clozapine in a drug dis
crimination test (Wiley and Potter 1992), other studies 
came to the conclusion that a high affinity for human 
S-HT2c receptors does not differentiate atypical from 
classic antipsychotics (Roth et al. 1993). 

The functional significance of S-HT2c antagonism 
in the unique pharmacologic profile of clozapine is still 
unclear. However, further studies are required to clar
ify whether the clozapine-induced alterations in the 
characteristics of 5-HT2c receptors may contribute to 
some of its atypical properties. 

S-HT1A RECEPTORS. The recent finding of an in
creased number of S-HT1A receptors on pyramidal 
neurons in prefrontal and temporal cortices of patients 
with chronic schizophrenia led to an increased interest 
in this receptor type (Deakin et al. 1989). This observa
tion suggests that interaction at S-HT1A site may 
cooperate in regulating cortical glutamatergic transmis
sion, providing the possibility of restoring glutamater
gic dysfunction, possibly occurring in schizophrenia 
(Carlsson and Carlsson 1990). 
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In binding studies clozapine showed a 5-HT1A 
receptor affinity in the micromolar range (Coward et 
al. 1992), which is not enough, considering the free 
plasma concentration of clozapine at therapeutic effec
tive doses (Seeman 1992), to occupy 5HT1A receptors 
(Figure 1). However, it is unsolved whether the plasma 
concentration is really relevant for the drug concentra
tion at critical receptor sites in the brain. On the con
trary, all other antipsychotics demonstrated much lower 
preference for the 5-HT1A site (Mason and Reynold 
1992). 

Interestingly, compounds structurally related to 
clozapine, but devoid of its atypical pharmacologic 
profile, bound to a substantially lesser extent to 5-HTlA 
receptors (Mason and Reynold 1992). 

Globally these data do not exclude the hypothesis 
that interaction of clozapine at 5HT 1A receptors may be 
involved in the mechanism underlying its clinical 
effects, although this hypothesis awaits further substan
tiation. 

s-HT3 RECEPTORS. s-HT3 receptors have recently at
tracted much attention, because it has been reported 
that stimulation of these sites on dopamine terminals 
may facilitate dopamine release (Blandina et al. 1988). 
Therefore 5-HT3 receptor blockade has been suggested 
to be of therapeutic potential in schizophrenia. Some 
preliminary data with 5-HT3 antagonists have been 
reported, but no conclusion can be drawn, as results 
from large double-blind, controlled trials are awaited 
(Meltzer 1991b). Clozapine, as well as several other anti
psychotic agents, bind to these receptors with relatively 
low affinity (Watling et al. 1990). It is unlikely that the 
weak interaction at the 5-HT3 site may contribute to 
clozapine's action. 

5-HT6 AND S-HT7 RECEPTORS. Recently the 5-HT6 
(Monsma et al. 1993; Ruat et al. 1993a) and the 5-HT7 
(Bard et al. 1993; Lovenberg et al. 1993a; Plassat et al. 
1993; Ruat et al. 1993b; Meyerhof et al., 1993; Shen et 
al. 1993) receptors have been cloned. 5-HT6 receptors 
seem to be mainly present in the striatum and various 
antipsychotic and antidepressant drugs appear to bind 
with high affinity to these receptors (Monsma et al. 
1993). 

The affinity of several typical and atypical antipsy
chotic drugs toward these two receptors have been ex
tensively studied using HEK-293 cells stably transfected 
with 5-HT6 receptors and COS-7 cells transiently ex
pressing 5-HT7 receptors (Roth et al. 1994). A large 
number of typical and putative atypical antipsychotic 
drugs bind with high affmity to the 5-HT6 and 5-HT? 
receptors. Clozapine, as well as other putative atypical 
antipsychotic drugs, exhibits high affinity for these two 
receptors. These results indicate that the ability to bind 
to 5-HT6 and/or 5-HT7 receptors is not important for 
obtaining an antipsychotic devoid of extrapyramidal 
side-effects (Roth et al. 1994). However, the possibility 
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that effects at 5-HT6 and S-HT7 receptors may partici
pate in the mechanism of action of those atypical anti
psychotic agents possessing high affinity toward these 
receptors needs to be verified. 

2.4. Interaction with Other Neuronal Systems 

2.4.1. Adrenergic Mechanisms. Although the evidence 
for a primary noradrenergic abnormality in schizophre
nia is not convincing, noradrenaline dysfunctions may 
influence symptomatology and the course of the disease. 

It has been proposed that increased norepinephrine 
levels are specifically associated with an acute schizo
phrenic syndrome, whereas chronic stable schizophrenic 
patients do not show these elevated levels (van Kam
men and Antelman 1984). 

Therapeutic interventions in psychotic subjects 
with centrally active antinoradrenergic drugs have led 
to inconclusive results. By contrast, it has been reported 
that concurrent chronic administration of prazosin, an 
a-1 antagonist, with a classical neuroleptic, haloperidol, 
mimicked the clozapine effect in reducing dopamine 
efflux in nucleus accumbens, as detected by in vivo vol
tammetry (Lane et al. 1988). 

Clozapine shows very high affinity at a-1 adrener
gic receptor sites, whereas the affinity at a-2 and 13 ad
renergic receptors is lower. After repeated treatment, 
clozapine produced a 68% increase of a-1 receptor sites 
in rat forebrain, and no change in the number of 02 
receptors (Cohen and Lipinski 1986). Upregulation of 
a-1 but not 02 receptors reflects the ratio of potent an
tiadrenergic over a weak antidopaminergic effect of 
clozapine. Furthermore, chronic administration of 
clozapine enhanced the firing rate of noradrenergic neu
rons in rat locus coeruleus, whereas conventional neu
roleptics failed to affect noradrenergic activity at this 
level (Ramirez and Wang 1986). The blockade of a-1 
postsynaptic or a-2 presynaptic sites may account for 
this effect as well as for the increased CSF norepineph
rine level, occurring after chronic clozapine treatment 
in schizophrenics (Lieberman et al. 1991). In conclusion, 
because there is evidence that disturbances in nor
adrenergic activity may contribute to some aspects of 
schizophrenia, it cannot be ruled out that the an
tiadrenergic property of clozapine might be partially in
volved in its neuropharmacologic activity. 

2.4.2. Anticholinergic Mechanisms. Clozapine has a 
relatively high affinity for muscarinic binding sites 
(Miller and Hiley 1974). It has been reported to interact 
with all five cloned human muscarinic receptor sub
types, but has shown higher selectivity for the Ml sub
type (Bolden et al. 1992). It has been proposed that this 
property may, in part, explain its low propensity to in
duce extrapyramidal side-effects (Miller and Hiley 
1976). Clozapine has also been found to reduce the ace
tylcholine content in the basal ganglia as well as to an-
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tagonize the ability of haloperidol to increase striatal 
acetylcholine turnover (Racagni et al. 1976). These data 
provided further support for the view that clozapine's 
anticholinergic potency is an adequate explanation for 
its inability to provoke neurologic side-effects. In addi
tion, due to its anticholinergic properties, chronic treat
ment with clozapine resulted in a marked increase of 
muscarinic binding sites in mouse brain (Friedman et 
al. 1983). Moreover, it has been observed that in ro
dents, the concomitant administration of an anticho
linergic with the conventional neuroleptic haloperidol 
changed haloperidol's functional inhibition of both 
nigrostriatal and mesolimbic dopamine systems into a 
selective inhibition of only the mesolimbic dopamine 
system, thus reproducing the effects observed after 
clozapine treatment (Chiodo and Bunney 1985; Lane 
and Blaha 1986). 

However, these findings have been recently ques
tioned, because clozapine's functional mesolimbic selec
tivity has not been replicated by the addition of an an
ticholinergic compound to haloperidol (Gardner et al. 
1993). These recent results are in agreement with previ
ous findings, including animal studies, showing that 
by combining haloperidol with anticholinergic drugs, 
a clozapine-like pharmacologic profile was only partly 
duplicated (Coward et al. 1989). Furthermore, in con
trast with anticholinergics, coadministration of cloza
pine with haloperidol failed to attenuate the enhance
ment in striatal turnover induced by haloperidol alone 
(Carvey et al. 1990) and to prevent development of 
haloperidol-induced behavioral hypersensitivity and 
proliferation of D2 receptor binding sites (Carvey et al. 
1988). Finally, it has been reported that both haloperidol 
and clozapine, chronically administered for 1 year, did 
not alter the carbachol-increasing effect on phos
phoinositide hydrolysis in rats (Rubinstein et al. 1989), 
suggesting that effects on cholinergic mechanisms do 
not completely account for the difference between cloza
pine and typical antipsychotics. This conclusion also 
receives support from the clinical observation that 
combining anticholinergic drugs with conventional 
neuroleptics, although reducing the incidence of acute 
extrapyramidal side-effects, does not prevent the de
velopment of tardive dyskinesia (Klawans 1973; Ger
lach 1977). 

In the light of the previous and other results show
ing that anticholinergics added to conventional neu
roleptic medication worsen psychosis and therefore do 
not produce the superior therapeutic efficacy of cloza
pine (Singh and Kay 1979; Johnstone et al. 1983), it is 
unlikely that the intrinsic anticholinergic activity of 
clozapine participates significantly in the mechanism 
responsible for its beneficial effects (Richelson 1984; 
Meltzer and Nash 1991). 

2.4.3. GABAergic Mechanisms. Chronic administra
tion of classic neuroleptics decreases GABA turnover 
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within the rat substantia nigra (Mao et al. 1977; Marco 
et al. 1977) and, probably as a result of this, induces 
GABAergic supersensitivity in this region (Gale 1980; 
Frey et al. 1987). In contrast, clozapine enhances nigral 
GABA turnover when chronically administered. The 
difference between clozapine' s actions and those of 
standard neuroleptics on nigral GABA sensitivity is 
believed to be relevant to the appearance of tardive 
dyskinesia-like phenomena, as demonstrated by inves
tigations in the rat and the monkey (Gunne and Hagg
strom 1983; Gunne et al. 1984). 

Using in vivo microdialysis, it has been recently 
reported that clozapine increases GABA release in rat 
ventral striatum, but not in the globus pallidus, whereas 
haloperidol induced opposite effects in these areas 
(Drew et al. 1990). It has been suggested that the in
teraction of clozapine at the D1 receptor may be 
responsible for the increased GABA efflux in the stria
tum, because D1 receptors are closely associated with 
striatonigral GABAergic pathways (Coward et al. 1989). 
Few reports have described the effects of clozapine 
treatment on GABA receptors. An increase of [3H]
flunitrazepam binding sites has been found in mem
brane preparations from a whole mouse brain, proba
bly related to an increase in GABAergic activity 
(McPherson et al. 1987), whereas, more recently, a de
crease of benzodiazepine receptors in rat frontal cor
tex and in the olfactory tubercle has been observed 
(Giardino et al. 1991). At present there is no evidence 
that the effect of clozapine on GABAergic transmission 
is relevant for its unique antipsychotic action. On the 
other hand, drugs interacting with brain GABAergic 
systems failed to improve schizophrenic symptoms, ei
ther alone or in combination with classic neuroleptics 
(Tamminga and Gerlach 1987). 

2.4.4. Glutamatergic Mechanisms. Contradictory 
results exist with regard to a possible interaction of 
clozapine with glutamatergic neurotransmission. For 
instance, clozapine has been reported to displace the 
noncompetitive NMDA receptor antagonist [3H]MK-
801 from binding sites in homogenates of rat striatum 
with a Ki-value of 0.4 mM and based on electrophysio
logic studies to exert antiglutamatergic effects (Lidsky 
et al. 1993). On the other hand, clozapine and another 
putative "atypical" neuroleptic, umespirone, have been 
found to reverse animal behaviors mediated by NMDA 
receptor antagonists suggesting that, at least at NMDA 
receptors they act as functional agonists (Schwartz et 
al. 1987; Schmidt et al. 1991; Hauber 1993). Such a 
profile would be in line with the glutamate hypothesis 
of schizophrenia, which postulates that the symptoms 
of this disease are linked to glutamatergic hypoactivity. 
Hence, at present it is unclear whether glutamatergic 
mechanisms play a role in the antipsychotic effect of 
clozapine. 
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2.4.5. Neuropeptides and Endocrine Mechanisms. Evi
dence has accumulated that neuropeptides localized 
within midbrain dopamine neurons may be involved 
in the action of antipsychotic agents. The ability of 
neuroleptics to facilitate dopamine neuronal activity 
while blocking dopamine receptors alters the ratio of 
aminergic to peptidergic transmission within meso
telencephalic systems (Gariano and Groves 1989). The 
postulated neuroleptic-induced shift from mostly dopa
minergic to primarily peptidergic transmission may 
have several implications, some of which may be rele
vant to the clinical actions of antipsychotics. Relevant 
to these clinical actions of antipsychotic is the hyper
prolactinemia that represents the most important inter
action between the endocrine system and neuroleptic 
administration. Hyperprolactinemia is a common side
effect of typical neuroleptic administration but not of 
treatment with clozapine. 

NEUROTENSIN. Preclinical investigations in rats 
have demonstrated that acute and chronic administra
tion of typical neuroleptics, such as haloperidol, chlor
promazine, and pimozide, produces a significant rise 
in neurotensin concentrations in specific brain regions, 
including caudate and nucleus accumbens (Govoni et 
al. 1980). In contrast, clozapine increased neurotensin 
levels in nucleus accumbens, but not in caudate (Kilts 
et al. 1988), whereas other putative novel neuroleptics, 
such as BMY 14802 and ICI-943, enhanced neuroten
sin in both areas (Levant and Nemeroff 1990; Levant 
et al. 1991). 

It is noteworthy that phenothiazines devoid of an
tipsychotic actions failed to affect brain neurotensin con
centrations (Govoni et al. 1980). The differential effects 
of clozapine on neurotensin concentration in rat nucleus 
accumbens and caudate have been implicated in the low 
propensity of this compound to induce extrapyrami
dal side-effects. Animal studies, utilizing in situ hybrid
ization histochemistry, have showed that the effects of 
haloperidol on neurotensin concentrations in nucleus 
accumbens and in caudate were preceded by parallel 
rises in the expression of proneurotensin mRNA (Wil
liam et al. 1990; Merchant et al. 1991). By contrast, 
chronic administration of clozapine and remoxipride 
enhanced neurotensin mRNA expression in nucleus ac
cumbens, but not in caudate nucleus (Merchant and 
Dorsa, 1993). 

By using [3H]-neurotensin autoradiography, en
hanced binding sites were found in the substantia nigra 
of both humans and rodents chronically treated with 
haloperidol (Uhl and Kuhar 1984). Recently, evidence 
has been presented that chronic administration of 
haloperidol but not clozapine increases the levels of 
neurotensin mRNA (Bolden-Watson et al. 1993). These 
preclinical data are consistent with clinical studies show
ing that antipsychotic drugs are able to increase CSF 
neurotensin levels in schizophrenic patients (Garver et 
al. 1991). In fact, this phenomenon may represent the 
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homologue of the well-documented increase in neu
rotensin occurring in nucleus accumbens and caudate 
of rodents after antipsychotic treatment. All these 
findings may have important implications, as neuroten
sin has been reported to possess neurolepticlike effects 
in animal investigations, allowing speculation that 
clozapine's selective effects on mesolimbic neuroten
sin content may contribute to its unique clinical profile. 

PRoLACTIN. The secretion of prolactin from the an
terior pituitary is mainly controlled by an inhibitory 
dopaminergic influence (Ben-Jonathan et al. 1977; Fuxe 
et al. 1974). Blockade of D2 receptor by typical anti
psychotics enhances prolactin secretion from anterior 
pituitary and subsequently leads to increased plasma 
prolactin concentration. Increased serum prolactin has 
also been observed after acute clozapine administration 
(Meltzer et al. 1975; Gudelsky et al. 1987). However, 
this effect is much weaker and shorter-lasting compared 
to that observed after typical neuroleptics administra
tion (Meltzer et al. 1975; Gudelsky et al. 1987; Gudelsky 
et al. 1989). In fact, from a clinical point of view, cloza
pine does not induce hyperprolactinemia. The minimal 
effect of clozapine on prolactin has been suggested to 
be due to a compensatory enhancement of dopamine 
synthesis in tuberoinfundibular neurons (Gudelsky et 
al. 1989). However, unlike typical neuroleptics, cloza
pine does not antagonize the inhibitory effect of dopa
mine on prolactin release from anterior pituitary cells 
in culture (Lamberts et al. 1990). The previous findings 
indicate that the minimal effect of clozapine on prolac
tin secretion might also be due to interaction with the 
serotoninergic system at the suprapituitary level (Cow
ard 1992). The inability of clozapine to effectively block 
the pituitary D2 receptors (Meltzer and Gudelsky 1992; 
Lamberts et al. 1990) is in agreement with the data from 
biochemical and behavioral studies (see section 2.2.2) 
showing that this drug is relatively weak in blocking 
D2 receptors. 

OTHER PEPTIDES. Repeated administration of halo
peridol reduced preprosomatostatin mRNA in neurons 
of nucleus accumbens, frontal cortex, and medial stria
tum, whereas chronic clozapine raised mRNA for 
preprosomatostatin in the nucleus accumbens, but not 
in the striatum (Salin et al. 1990). Finally, chronic 
haloperidol and clozapine differently affected dynor
phin peptides and substances P in rat basal ganglia 
(Nylander and Terenius 1986). As these neuropeptides 
have been suggested to be involved in motor function, 
the reported differences on peptide content may be part 
of the neurochemical mechanisms responsible for the 
differences in the behavioral effects between novel and 
conventional neuroleptics. 

3. CONCLUDING REMARKS 

In recent years evidence has accumulated suggesting 
that schizophrenia might have organic causes. Various 
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subtle morphologic and structural abnormalities have 
been detected in various cortical and limbic areas con
sidered to result in part from neurodevelopmental dis
turbances. Such abnormalities may be the primary 
event in schizophrenia and be responsible for disturbed 
dopaminergic neurotransmission in these regions. If 
morphologic abnormalities predispose for this illness 
and are the primary cause of schizophrenia, it is hard 
to believe that a curative treatment will ever be possi
ble. Thus, treatment will be restricted to symptomatic 
and preventive therapy. Therefore, effective and well
tolerated antipsychotics are necessary. The first anti
psychotic agents, now designated classic neuroleptics, 
have the disadvantages of not improving all symptoms 
of schizophrenia and of not being effective in all patients 
and of producing a number of unpleasant and serious 
and partly irreversible motor side-effects. The discov
ery of clozapine constitutes a major advance in partic
ular for patients not responding to conventional neu
roleptics. There exist many hypotheses for the unique 
therapeutic effect of clozapine. However, adequate ex
planations should not only explain why clozapine 
produces minimal extrapyramidal side-effects but also 
why it improves both positive and negative symptoms 
and is active in patients resistant to conventional an
tipsychotics. Most of the explanations given so far as
sume that the basis for the antipsychotic activity of 
clozapine is 02 blockade and that the difference in re
spect to other antipsychotics is due to the contribution 
of other receptor interactions. For instance, it has been 
proposed that S-HT2A receptor blockade and a high 
affinity for muscarinic receptors attenuates extrapyra
midal side-effects resulting from 02 blockade. More
over blockade of S-HT2A receptors could also provide 
efficacy for negative symptoms. However, the obser
vation that risperidone, a new drug with potent mixed 
S-HT2AID2 antagonist properties, produces catalepsy 
in rats and at higher doses extrapyramidal symptoms 
in patients and inconsistently improves negative symp
toms does not support this hypothesis (Borison et al. 
1992). With the recent discovery of the 04 receptor 
subtype, this receptor has been suggested to play a role 
in the action of antipsychotic drugs. Even if several clas
sic neuroleptics exhibit high affinity to the 04 receptor, 
clozapine is more selective for this subtype compared 
to 02 receptors. On the other hand, clozapine differs 
from all other conventional neuroleptics in two other 
important aspects. It is a mixed but weak 01/02 an
tagonist and in vivo studies suggest that clozapine 
produces a combined but only partial blockade of both 
receptor types. This observation has prompted specu
lation that the synergism between 01 and 02 receptors 
might allow antipsychotic effects to be achieved below 
the threshold for unwanted motor side-effects. Another 
interesting property, which distinguishes clozapine 
from conventional neuroleptics and which is probably 
related to its D1 antagonistic properties, is its effect on 
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dopamine release. Clozapine at lower doses enhances 
preferentially the extracellular concentration of dopa
mine in the striatum and prefrontal cortex of awake rats 
(Imperato and Angelucci 1989). Because dopaminergic 
hypoactivity in the prefrontal cortex has been suggested 
to be in part responsible for negative symptoms of 
schizophrenia, the fact that clozapine indirectly en
hances dopaminergic activity in this brain area might 
explain its efficacy against negative symptoms. How
ever, it cannot be excluded that other nondopaminer
gic receptor affinities of clozapine also contribute to its 
unique therapeutic profile. The only way to validate or 
to disprove one of the various hypotheses mentioned 
previously is to develop new drugs where the postu
lated mechanistic profile is specifically realized and to 
clinically test these compounds. 
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